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1. Introduction

Photocatalysis appears as an interesting approach for different applications, with
the possibility of using sunlight as a sustainable and renewable source of energy. This
technology is based on the use of a semiconductor that can be excited by light with
an energy higher than its band gap inducing the formation of energy-rich electron-hole
pairs, which can be involved in redox reactions. Recent progress explored the chemical
nature of structured semiconductors with the object to improve their electronic and optical
properties, enhancing their photoresponse under different conditions. This Special Issue
collects original research papers, reviews, and commentaries focused on the challenges for
the design of structured semiconductors with photocatalytic applications, thus including
synthesis, characterization of new photocatalysts, studies of activity and stability, and the
mechanisms of photocatalytic reactions.

2. Structured Semiconductors in Photocatalysis

This Special Issue includes outstanding studies focused on structured semiconductors
in photocatalysis for different applications. In this sense, Bobape et al. [1] synthesized
CuO-TiO2 nanocomposites using C. Benghalensis plant extracts. They analyzed the effect of
the CuO to TiO2 ratio on the morphological, optical, electrochemical, and photodegradation
efficiency. The XRD data confirmed the tenorite structure of the CuO and the anatase phase
of the TiO2. The voltammogram of the CuO-TiO2 30/70 electrode showed the highest
response current density, suggesting a higher specific capacitance in this structured semi-
conductor. This sample also showed the highest photocatalytic degradation efficiencies
against methylene blue, ciprofloxacin, and sulfisoxazole, with hydroxyl radicals being the
primary species responsible for the photodegradation. In another study, Matussin et al. [2]
synthesized CeO2 and palladium–doped CeO2 photocatalysts via the microwave-assisted
synthesis method. The authors observed mixed phases of CeO2/Ce2O3, although the
Ce2O3 phase gradually disappeared upon doping with a higher percentage of Pd. The
presence of Pd resulted in a decrease in the band gap energies, and the photoluminescence
intensities were also quenched with Pd doping. Pd–CeO2 NPs showed enhanced activities
under visible light irradiation in the photodegradation of methylene blue and photoan-
tibacterial activities. Chue et al. [3] prepared a hexagonal wurtzite ZnO photocatalyst
via precipitation method. CuS nanoparticles and PbS quantum dots were loaded onto
ZnO via a hydrothermal method to obtain a CuS/PbS/ZnO heterojunction photocata-
lyst. The CuS/PbS/ZnO photocatalyst showed significant absorption capabilities in the
ultraviolet to near-infrared spectral regions, and effectively reduced the recombination
of electron–hole pairs during a photocatalytic reaction. This catalyst demonstrated the
best water splitting effect. Furthermore, after adding a 0.25 M mixed solution of Na2S and
Na2SO3 as the sacrificial reagent, the hydrogen production efficiency from water splitting
reached 6654 μmol g−1 h−1 after 5 h. Tien et al. [4] synthesized a new binary MoS2/Co3O4
nanohybrids. The heterojunction presented an S-scheme structure that acted as electron
traps and promoted light absorption capacity for the degradation of methyl orange under
visible light. The photocatalyst also showed excellent stability and recyclability over five
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consecutive cycles, without noticeable changes in the nanocomposite structure. The boosted
photocatalytic degradation and redox activities of MoS2/Co3O4 can be attributed to the
created S-scheme heterostructure to facilitate the separation of and delay recombination of
photoinduced charge carriers. In another study, Rezgui et al. [5] studied a heterogeneous
photo-electro-Fenton process, which is an attractive technology for the removal of recal-
citrant pollutants. To better exploit the presence of an irradiation source, a bifunctional
catalyst with TiO2 nanoparticles embedded into an iron–chitosan matrix was developed.
The catalytic activity of the catalyst was improved by the optimization of the loaded TiO2
content. The prepared composite catalysts based on TiO2, Fe3O4, and chitosan were called
TiO2/Fe3O4-CS beads. The best catalyst with an optimal ratio TiO2/Fe = 2 exhibited a high
efficiency in the degradation and mineralization of chlordimeform insecticide. Under the
optimum conditions, a real effluent loaded with 30 mg L−1 of the insecticide was efficiently
treated, leading to 80.8 ± 1.9% TOC reduction after 6 h of treatment, with total removal
of the pollutant after only 1 h. Hudandini et al. [6] loaded Ag onto ZnO by an ultrasonic
spray pyrolysis system at different Ag contents (1, 5, and 10 wt%). An increase in the
ZnO-Ag activity compared with pristine ZnO was observed at a carrier gas ratio of 0:1
with reaction rate constants of 0.0059 and 0.0025 min−1, respectively, in the degradation of
textile wastewater under UV light irradiation. Babyszko et al. [7] analyzed the modification
of titanium dioxide with fumed silica. The SiO2/TiO2 photocatalysts were obtained by
the sol-gel method and were then calcined under an argon atmosphere. Various SiO2
weights (2–17.2 wt.%) were prepared. The modification of titanium dioxide with SiO2
inhibited the increase in crystallite size of anatase and brookite during calcination and the
decrease in specific surface area values. The photocatalytic activity was determined based
on the decomposition of methylene blue under UV irradiation. All the obtained SiO2/TiO2
photocatalysts showed higher activity compared to the starting TiO2. Dies et al. [8] pre-
pared fluoride-doped TiO2 (F-TiO2) photocatalysts by an efficient and simple one-step
synthesis and tested them in the UV-photo-degradation of methylene blue and bisphenol
A. F-TiO2 defeated commercial TiO2, and almost complete pollutant removal was achieved
within 30 min. The energy consumption was reduced as a result of the suitable reactor
set-up, which reduced light scattering, and by the application of a long-pulse radiation
procedure, where the lamp was switched off during periods of continued degradation.
This enhanced the overall photocatalytic performance. Under these conditions, 80% of
dye removal was attained within 15 min of radiation with an energy consumption of only
0.070 Wh min−1, demonstrating a much better efficiency when compared to previously
reported data. The catalyst was reusable, and its performance can be improved by the
addition of H2O2. The results were validated by BPA degradation and the treatment of real
wastewater with both pollutants. Harris et al. [9] investigated ZnO powders prepared by
alkali precipitation using different [Zn(acetate)2(amine)x] compounds to alter the particle
size and aspect ratio. Slow precipitations from 95 ◦C solutions produced micron-scale parti-
cles with morphologies of hexagonal plates, rods, and needles, depending on the precursor
used. Powders prepared at 65 ◦C with rapid precipitation yielded particles with minimal
morphology differences, but the particle size was dependent on the precursor used. The
smallest particles were produced using precursors that yielded crystals with low aspect
ratios during high-temperature synthesis. Particles produced during rapid synthesis had
sizes ranging from 21 to 45 nm. The materials prepared using precursors with less volatile
amines were found to retain more organic material than ZnO produced using precursors
with more volatile amines. The amount of organic material associated with the nanoparti-
cles influenced the photocatalytic activity of the ZnO, with powders containing less organic
material producing faster rate constants for the decolorizing of malachite green solutions
under ultraviolet illumination, independent of particle size. [Zn(acetate)2(hydrazine)2] pro-
duced ZnO with the fastest rate constant and was recycled five times for dye degradation
studies that revealed minimal to no reduction in catalytic efficiency. Akitunde et al. [10]
studied disinfection and photocatalytic degradation of organic contaminants using visible
light-activated GCN/Ag2CrO4 nanocomposites. The organic pollutants studied were 2,4-

2



Catalysts 2023, 13, 1111

dichlorophenoxyacetic acid and methyl chlorophenoxy propionic acid present in Killex®, a
commercially available herbicide, bovine serum albumin (BSA) protein, and SARS-CoV-2
spike protein. The disinfection experiments were conducted on wastewater secondary
effluent. Overall, the results indicate that GCN/Ag2CrO4 nanocomposite is a promising
photocatalyst in degrading organic pollutants and disinfecting microorganisms under
visible light irradiation within a reasonable time. Lang et al. [11] evaluated a TiO2–CNT–Ag
ternary composite film synthesized using the plasma-enhanced chemical vapor deposition
method by simultaneously feeding a carbon nanotube (CNT)/Ag suspension and titanium
tetraisopropoxide gas. The performance of the TiO2-composite film for the degradation of
rhodamine 6G under simulated solar light irradiation was evaluated. The rate constant of
the prepared TiO2–CNT–Ag for rhodamine 6G degradation was approximately 1.8 times
greater than that of the prepared TiO2. This result indicates that the addition of CNT and Ag
significantly improved the photocatalytic activity of the prepared films. This same research
group prepared TiO2–Ag nanoparticle composite films by plasma-enhanced chemical vapor
deposition (PECVD) using a mixture of aerosolized AgNO3, which was used as an Ag
nanoparticle precursor, and titanium tetraisopropoxide, which acted as the TiO2 precur-
sor [12]. Notably, the use of PECVD enabled a low process temperature and eliminated the
need for pre-preparing the Ag nanoparticles, thereby increasing the process efficiency. The
photocatalytic activity of the deposited films was determined by assessing the degradation
of methylene blue under UV light irradiation. The Ag ions were successfully reduced
to metallic nanoparticles and were embedded in the TiO2 film. The best photocatalytic
activity was achieved for a 1 wt% Ag-loaded TiO2 composite film, which was 1.75 times
that of pristine TiO2. Finally, Sanni et al. [13] studied the synthesis approach (thermal
polyol and deposition–precipitation) regarding the dispersion of Ag/AgBr nanoparticles
dispersed on activated carbon prepared from chemically impregnated pinecone to increase
their photocatalytic efficiency on the degradation of tetracycline.

This Special Issue also includes two reviews. The first one is a work by Venezia et al. [14]
that described the state of the art of the current design strategies and emerging trends to
hierarchical catalysts. Nature mimicking implies the design of nanostructured materials,
which can be assembled into a hierarchical structure, thus outperforming the features of the
neat components because of their multiple length scale organization. This approach can be
effectively exploited for the design of advanced photocatalysts with superior catalytic activity
for energy and environment applications with considerable development in the recent six
years. The review presented different synthesis strategies, including template-free structuring,
and organic, inorganic, and hybrid templating. Furthermore, emerging approaches based on
hybrid and bio-waste templating were also highlighted. Finally, a critical comparison among
available methods was carried out based on the envisaged application. The second review
by Sreedhar and Noh [15] described the advancements in solar desalination of seawater by
various Ti3C2 MXene-based morphologies for freshwater generation. The study explained
key features such as light absorption, reflection, multiple internal reflection, hydrophilicity,
lower thermal conduction, light-to-heat generation, and salt rejection for achieving efficient
desalination output throughout the visible and broadband region. Specifically, it explored the
self-floating and salt rejection nature of various state-of-the-art 2D Ti3C2 MXene structures.
Among the different morphologies, Ti3C2 MXene in the form of a membrane is believed to be
a promising morphology that effectively desalinates seawater into freshwater.

It can be concluded that structured semiconductors have key characteristics for many
kinds of applications and purposes [16]. Probably, due to their high tunability and versabil-
ity, we will assist in the future with a fast development of these amazing materials that can
be fundamental for many applications.
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Green Synthesis of CuO-TiO2 Nanoparticles for the
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Abstract: CuO-TiO2 nanocomposites were successfully synthesized using the C. benghalensis plant
extracts. The effect of the composition of CuO to TiO2 on the morphological, optical, electrochemical,
and photodegradation efficiency in the composites was studied. SEM, XRD, UV-vis, FTIR, TGA, BET,
and CV were used to characterize these materials. The XRD data reported the tenorite structure
of the CuO and the anatase phase of the TiO2. SEM showed the spherical morphologies for all the
CuO-TiO2 NPs, and these were also mesoporous in nature, as depicted by BET. The voltammogram of
the CuO-TiO2 30/70 electrode showed a higher response current density compared to the other two
samples, suggesting a higher specific capacitance. Upon testing the photocatalytic efficiencies of the
CuO-TiO2 nanocomposites against methylene blue (MB), ciprofloxacin (CIP), and sulfisoxazole (SSX),
the highest degradation of 94% was recorded for SSX using the CuO-TiO2 30/70 nanocomposites.
Hydroxyl radicals were the primary species responsible for the photodegradation of SSX, and the
material could be reused once. The most active species in the photodegradation of SSX has been
identified as OH•. From this study, it can be noted that the CuO-TiO2 nanocomposites were more
selective toward the degradation of antibiotics (sulfisoxazole and ciproflaxin) as compared to dyes
(methylene blue).
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1. Introduction

Water pollution is one of South Africa’s most serious environmental problems, adding
to the water scarcity the country is facing [1–3]. Despite this, contaminants such as dyes and
antibiotics are being detected in natural water sources, and the number of contaminants
detected has increased in recent years as new emerging pollutants are reported each
year [4,5]. The textile sector contributes significantly to water pollution in the environment
by dumping dye-bearing waste effluents [6–9]. Even at low concentrations, the presence
of these dyes (which can be anionic, cationic, or non-ionic) in water is highly apparent
and undesired [10]. Humans can be exposed to these toxic dyes through direct or indirect
consumption of polluted water via the food chain [11]. The after effect has been reported to
be mutagenic to human health and damaging to the aquatic ecology [12].

Methylene blue (MB) is a cationic dye that has been classified as a toxic colorant [11].
This pollutant is non-biodegradable due to its complex aromatic composition, and it
damages septic tanks during wastewater treatment [13].

Sulfisoxazole (SSX) is an endothelin receptor antagonist that protects retinal neurons
against ischemia/reperfusion and lipopolysaccharide damage [14]. On the other hand,
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excessive usage of SSX may leave traces of the medicine in animal products [15]. How-
ever, wastewater treatment plants that treat pharmaceutical wastes transfer the SSX into
freshwater environments [14]. SSX residues in the aquatic environment may cause allergic
responses, drug resistance, and endocrine problems [16].

Ciprofloxacin (CIP) is the most commonly prescribed fluoroquinolone antibiotic [17,18].
CIP is effective against a wide range of Gram-negative and Gram-positive bacteria and
is one of the emerging pharmaceutical contaminants found in water [17–19]. It is often
found in the environment and has been demonstrated to be genotoxic and it is a primary
metabolite of enrofloxacin, a popular fluoroquinolone used in veterinary medicine [18].
CIP is also difficult to completely remove using conventional treatment methods [18,19].
Thus, some of the CIP has remained in the water following treatment in concentrations
measured in parts per million (g/mL) or even parts per billion (ng/mL), its unpredictable
toxicological effects have sparked growing concern [20]. As a result, there is a strong need
to develop materials that can remove various pollutants such as MB, SSX, and CIP from
effluents before they are discharged into freshwater systems [13–19].

Several methods such as adsorption, electrocoagulation, and membrane filtration
have been used for the elimination of these pollutants in wastewater streams [11,14,18].
Most of these approaches have drawbacks such as excessive sludge generation, formation
of by-products, high operational costs, and poor selectivity, thus researchers are moving
toward Advanced Oxidation Processes in particular the photocatalysis process as its been
shown to be an efficient method for the degradation of multiple pollutants. However,
in the treatment of organic MB, SSX, and CIP, these approaches fall short of the dye
wastewater discharge criteria. Given the current environmental issues, finding a cost-
effective and environmentally friendly technique to breaking down organic contaminants
is critical [21–23].

Metal oxide semiconductor catalysts have received much press in recent years because
of their capacity to convert solar energy and clean up pollution [24]. The process of
photocatalytic degradation using metal oxides is frequently utilized in water treatment due
to its efficacy in removing pollutants and has no secondary pollution [24,25]. Researchers
are currently focusing on metal oxide nanostructured composites due to their unique
features, such as a high surface to volume ratio and quantum confinement effects [22].
Various metal oxides such as ZnO, CuO, NiO, TiO2, etc., are highly explored but nanosized
transition metal oxides, such as copper oxide (CuO) and titanium oxide (TiO2), have
attracted scientific interest due to their potential applications in medicine, sensing, catalysis,
etc. [22,24,26]. CuO has gained much attention among transition metal oxides because of
its intriguing photochemical and photomagnetic capabilities [26]. It is a photoconductive
p-type semiconductor with a narrow bandgap (1.2 eV) and has been used in a variety
of applications in gas sensing, catalysis, super capacitors, and field emission, to name
a few [24,27]. CuO has a monoclinic structure and is employed in a variety of device
fabrication units depending on its properties [22]. It is one of the most important catalysts
used to remove industrial effluents from the environment [21].

On the other hand, TiO2 is an n-type semiconductor with a large band gap that
ranges from 3.2 to 3.6 eV and it is widely used in cosmetics, coatings for paper and medical
devices, as well as gas sensors [24]. Although TiO2 is a promising material for photocatalytic
applications, its wide bandgap energy of 3.2 eV limits its absorption to UV light at max =
365–387 nm [23,25,28]. It was recorded that TiO2 can only utilize 5–8% of the UV light and
for the vis light it was recorded to be relatively low [6,25,29]. One significant benefit is that
when TiO2 reacts with another metal oxide, it forms heterojunctions [22,24,29]. However,
metal doping of TiO2 has a low thermal stability and is prone to photo corrosion [25]. CuO
has been frequently employed to enhance the photocatalytic properties of TiO2 [25–27].
This is because it can reduce the photogenerated electrons and holes from recombining
while simultaneously lowering the energy of the band gap [24–28]. The disadvantage with
the synthesis of such CuO-TiO2 nanocomposite, is the use of harmful chemicals. Thus,
it is critical to synthesize CuO-TiO2 nanocomposites using a simple, eco-friendly, and
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cost-effective method that does not require the use of hazardous reagents. In recent years,
the synthesis of CuO-TiO2 using biological methods such as plant extracts has sparked
considerable interest in the field of nanotechnology [30]. Some of the required properties in
these materials have been reported to have been added from bimetal oxides synthesized
from plant extracts, microorganisms, and enzymes. Plant-mediated nanocomposites for
example, can be used to degrade a wider range of pollutants, such as pharmaceutical and
dyes strains, due to the phytochemicals they contain.

Various studies have been conducted on the photodegradation of organic pollutants
using the green-derived CuO/TiO2 nanocomposites. Lu et al. [29] prepared the CuO/TiO2
nanocomposite. In their study, UV light was irradiated and 100% of phenol was degraded
after 80 min. Approximately, 98 and 88% of MB and MO, respectively, was degraded by
CuO/TiO2 nanocomposite after 150 min irradiation by Khodadadi et al. [30]. Based on the
previous studies discussed, the photocatalytic efficiency of TiO2 were improved by coupling
the material with CuO. Hence there is a need to prepare the CuO-TiO2 nanocomposites as
photocatalyst semiconductors.

In this study various ratios of CuO-TiO2 nanocomposites were synthesized using the
Commelina benghalensis (C. benghalensis) plant extracts for the first time. The plant is rich in
phytochemicals that can act as trapping and capping agents during bimetallic synthesis [25].
The physical, optical, surface, and electrochemical properties were investigated. The effect
of the different compositions of the photocatalysts were also explored for the degradation
of various pollutants, methylene blue, ciprofloxacin, and sulfisoxazole.

2. Results and Discussions

2.1. FTIR Characterization

Figure 1a,b shows the IR spectrum of the C. benghalensis plant extract, CuO, TiO2-
NPs, and CuO-TiO2 nanocomposites. An intense band at 1641 cm−1 for C. benghalensis
extracts was noted. This corresponds to the amide band, which is caused by a carbonyl
stretch and N-H deformation vibrations in the amide linkage of C. benghalensis proteins [31].
These could be from alkaloids and tannins, which were identified from this plant, both
of which are known to be stabilizing and reducing agents [32,33]. For the CuO-NPs, a
Cu-O bond vibration at around 516, 832, and 1052 cm−1, which shows the formation of the
CuO metal oxide, was noted [29,34]. The hydroxyl groups (–OH) from the C. benghalensis
plant extract were responsible for the absorption bands at 1663 cm−1 (bending mode) and
3388 cm−1 (stretching mode), whereas the Cu-O stretching vibration mode was responsible
for the formation of the absorption bands at 510, 832, and 1052 cm−1 [35,36]. Peaks
associated with the bending and stretching vibrations of hydroxyl groups (OH) were seen
in CuO-TiO2 samples at ~1651 and 3356 cm−1, respectively, and the Ti-O and Ti-O-Ti
bands were also detected vibrating at 400–900 cm−1 [32]. In addition, when identifying
the stretches of the composites (Figure 1b), a peak at 1376 cm−1 representing the stretching
vibrations of Cu-O-Ti groups confirmed the presence of CuO structures on the surface of
TiO2 nanoparticles [37,38]. This verifies the development of a chemical link at the CuO-TiO2
interface. The CuO-TiO2 nanocomposite at the 50/50 composition had more intense peaks,
which corresponded to the C. benghalensis, CuO, and TiO2 peaks. The intensity of the peaks
increased in the order CuO-TiO2 30–70 < CuO-TiO2 70–30 < CuO-TiO2 50–50. Table 1 shows
the detailed peak formations of the compounds.
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Table 1. The IR peaks depicted for C. benghalensis plant extract, C. benghalensis-mediated CuO, and
TiO2 nanoparticles.

Wavenumber Compound Correspondence Functional Group Refs.

3345 cm−1

3356 cm−1

3335 cm−1

30/70 CuO-TiO2
50/50 CuO-TiO2
70/30 CuO-TiO2

O-H (stretch)
H- (bonded) Phenols [31–34]

3335 cm−1 C. benghalensis N-H (vibrations) Amide proteins [31,34]

2210
2335 TiO2 C-H (stretch) Alkanes [35]

1925
2094

TiO2
CuO -C-C- Stretch [35]

1641 cm−1
CuO
TiO2

C. benghalensis
(NH)C=O II amines [31–34]

1557 cm−1 CuO N-H (bending) I amines [35]

1361 cm−1 CuO-TiO2 Cu-O-Ti (stretch) Metal oxides [37,38]

1010 cm−1 TiO2 O-H (bending) Alkyl halides [35]

411 cm−1

916 cm−1

1010 cm−1
TiO2

Ti-O (bending)
Ti-O-Ti (bending) Alkyl halides [36–38]

516 cm−1

832 cm−1

1052 cm−1
CuO Cu-O (stretch) Metal oxide [35]

Figure 1. (a) FTIR diagram for the C. benghalensis extract, TiO2, and CuO and the (b) CuO-TiO2

nanocomposites with different compositions.

2.2. Optical Properties of CuO-TiO2 Nanocomposites

The UV-vis absorption spectra of CuO-TiO2 30/70, CuO-TiO2 50/50, and CuO-TiO2
70/30 were explored in Figure 2a to determine the properties of the material in the
200–800 nm spectrum. For all the CuO-TiO2 nanocomposites, the absorption band was
found to be 301 nm. The intensity of the absorption peak increased with the composition
of CuO on the TiO2 material. The adsorption edge of all the prepared samples was the

8



Catalysts 2023, 13, 163

same, indicating that CuO was deposited on the surface of TiO2 rather than doped into
the TiO2 crystalline [39,40]. This absorbance band makes the CuO-TiO2 materials better
photocatalysts in the visible light region. Zhang et al. [39] obtained an absorption band at
380 nm, whereas Shi et al. [40] obtained it at 385 nm, and Yu et al. [41] at 388 nm. When
compared to the literature, it shows that the absorbance peaks of all green-synthesized
CuO-TiO2 in this study were redshifted. This could be due to the difference in the synthetic
process of the CuO-TiO2 nanocomposites. In this study, a plant extract of C. benghalensis was
utilized as a reducing agent, as opposed to the NaOH, NaBH4, and C2H6O2 that was used
by Zhang et al. [39], Shi et al. [40], and Yu et al. [41], respectively. The band gap energies
(Eg) of materials were determined by extrapolating and intersecting the linear portion of
absorbance to the energy axis [28]. The Eg values for the CuO-TiO2 30/70, CuO-TiO2 50/50,
and CuO-TiO2 70–30 were found to be 3.76, 3.72, and 3.79 eV, respectively. The optical band
gap energy (Eg) for all the CuO-TiO2 nanocomposites was calculated based on the absorp-
tion spectrum of the samples according to the equation of Eg = 1240/wavelength [23]. From
the literature, Gnanasekaran et al. [35] obtained a band gap of 2.98 eV, Muzakki et al. [36]
recorded 3.01 eV, and Chowdhury et al. [27] obtained 3.17 eV. These studies used NaOH
and urea as reducing agents. Therefore, in this study, maybe due to the phytochemicals
present in the C. benghalensis plant extract, which was used as a reducing and capping
agent, may have led to the higher band gap values of the CuO-TiO2 nanocomposites.

Figure 2. (a) UV-vis curves for CuO-TiO2 (30/70, 50/50, and 70/30) and the corresponding (b) Tauc’s
plot.

2.3. Structural and Phase Composition Analysis

To obtain the structural properties, crystallite size, and phase composition of the
nanocomposites, XRD analysis (Figure 3) was conducted. The XRD data of pure CuO were
assigned with 2θ diffraction peaks at 35.6◦ (002), 38.9◦ (200), 48.65◦ (−202), 58.23◦ (202),
61.53◦ (−113), and 66.2◦ (−311) agreed to the JCPDS card no. 48-1548, which identified the
tenorite structure of CuO [42–44]. The TiO2 was identified by the characteristic diffraction
peaks at 25.3◦ (101), 36.9◦ (103), 37.8◦ (004), 48.05◦ (200), 53.9◦ (105), 62.12◦ (213), 68.7◦
(116), 70.311◦ (220), 75.03◦ (215), and 76.02◦ (301) corresponding to the anatase phase of
TiO2 (according to the JCPD 21-1272) [44]. The relative broad peaks at 35.3◦, 38.9◦, and
48.37◦ were indexed to the diffraction of the TiO2 planes (103), (004), and (200), and CuO
planes (−103), (200) and (−202) demonstrating that TiO2 and CuO coexist in the CuO-TiO2
heterojunction [45]. This is reasonable given that the anatase TiO2 lattice constants are
identical to those of CuO. The intensity of the peaks of CuO and TiO2 decreased in the
CuO-TiO2 bimetallic. It is interesting to note that the visibility of CuO peaks (plane −111
and 200) was more visible in the CuO-TiO2 (70/30) than the (30/70) and the TiO2 peaks
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(plane 101 and 200) were more intense in the CuO-TiO2 (30/70), vice versa. This showed
the difference in the composition of the two metal oxides. Then on the TiO2-CuO (50/50),
the peaks from both CuO and TiO2 were more intense and visible as compared to those
of CuO-TiO2 (70/30) and CuO-TiO2 (30/70). These data corroborate with the FTIR data
because the presence of Ti-O, Cu-O, and C-H. N-H peaks were also intense on the FTIR data
for the 50/50 composition. The Scherrer Equation (2) was used to calculate the crystalline
sizes of materials, and the sizes were found to be 17.03, 17.13, 39.72, 47.2, and 39.14 nm for
the TiO2, CuO, and CuO-TiO2 30/70, 50/50, and 70/30, respectively. This demonstrates
that the formation of the heterojunctions led to an increased crystallite sizes [41].

D = Kλ/β cos θ (1)

where: K = Scherrer constant (i.e., 0.94),

λ = X-ray wavelength (0.154060 nm)
β = Full width at half-maximum of the (101) XRD peak
θ = The Bragg diffraction angle (degree).

Figure 3. TiO2, CuO, and CuO-TiO2 (30/70, 50/50 and 70/30) XRD patterns.

2.4. Morphological Analysis of the Various Materials

Figure 4a,b shows the SEM images of the biosynthesized CuO nanoparticles. The
materials are shown to be thick tubes in shape, as shown in the literature previously, with
some aggregation, and have a particle size distribution of 50–250 nm, with dominant
particle sizes being between 100 and 200 nm (Figure 4k) [24]. For the TiO2, the SEM images
in Figure 4c,d showed spherically shaped nanoparticles with a particle size distribution
of (Figure 4l) 50–400 nm with dominating particles ranging in size from 100 to 300 nm.
The lesser agglomeration that was observed on the TiO2 may be due to the optimum
concentration of the plant extract that was utilized [37]. Upon analyzing the three bimetallic
materials, the more we increased the composition of CuO on TiO2, the less spherical the
composites became, which is evidence that Cu, Ti, and O species are strongly demonstrated
to be homogeneously distributed throughout the entire selected area, and the formation

10



Catalysts 2023, 13, 163

of the p-n heterojunction between CuO and TiO2 is revealed [40]. The particle sizes of
the spherical nanocomposites increased as we increased the composition of CuO. The
particle size distribution of CuO-TiO2 30–70, 50–50, and 70–30 was 100–200 nm, 125–250,
and 105–250, respectively. The larger particle sizes may be due to the agglomeration that
is observed from CuO-TiO2 30–70 to 70–30. To further confirm the formation of these
materials, EDS analysis was conducted as reported in Figure S1a–e.

Figure 4. (a–j) SEM images for TiO2, CuO, and CuO-TiO2 (30/70, 50/50, and 70/30) and their (k–o)
particle size distributions.
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2.5. TGA and DTA Analysis

For thermal analysis studies on the CuO-TiO2 nanocomposites (Figure 5a), two mass
losses were observed arising from the elimination of water. All mass losses were linked to
the endothermal transformation, according to the DTA curves (Figure 5b). At the molar
ratios CuO-TiO2 = 30:70, 50:50, and 70:30, total mass losses of the nanocomposites were
6.5%, 1.8%, and 8.3%, respectively. When compared to the TiO2 reference sample, a 50%
increase in copper (II) oxide content enhanced the thermal stability in the temperature range
of 20–1000 ◦C. All of the materials studied had suitable thermal stability up to 1000 ◦C,
which is in line with previous studies by Ashok et al. [42] where weight loss percentages
were 9.0, 4.5, 3.0, and 2.5 for CT-5, CT-6, and CT-7, respectively. The 50/50 CuO-TiO2
nanocomposite was the most thermally stable composite of all the materials

Figure 5. (a) TGA diagrams and (b) the derivatives diagrams of TiO2, CuO, and CuO-TiO2 (30/70,
50/50, and 70/30).

2.6. N2 Adsorption-Desorption Studies, BJH Pore Volume, and BET Surface Area

The surface area, pore diameter, and pore volume analysis through N2 adsorp-
tion/desorption isotherms for all the CuO-TiO2 nanocomposites are demonstrated in
Figure 6a–e. All the samples exhibited a type III hysteresis loop except for the TiO2 material,
which had an H1 hysteresis loop [43]. The BET surface areas of the photocatalysts generally
decreased as the CuO loading increased. The BET surface area of the materials formed
at the molar ratios CuO-TiO2 30/70, 50/50, and 70/30 was 5.58, 5.74, and 3.22 m2/g,
respectively. On the other hand, the surface area of TiO2 and CuO was 13.18 m2/g and
1.613 m2/g, respectively. All the materials, excluding TiO2, were mesoporous in nature [44].
The mesoporous nature of these materials could have been influenced by the manner of the
pore diameter distribution of copper (II) oxide [45].
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Figure 6. The adsorption-desorption isotherms (a–e) with the pore volume distribution curve (inset)
and (f) the surface area diagrams for TiO2, CuO, and CuO-TiO2 (30/70, 50/50, and 70/30).

2.7. Electrochemical Characterization of the Composites

Cyclic and linear swept voltammetry were used to test the electrochemical properties
to quickly determine information about the thermodynamics of redox processes and the
electron transfer between an electrolyte and a modified working electrode. CV and linear
curves of bare (unmodified) glassy carbon electrodes modified with different samples
(S1–S3) at the scanning rate of 2 mV/s are displayed in Figure 7A,B. According to the graph
observed, there was no electrochemical performance revealed by the bare GCE electrode.
An electrochemical reaction was revealed after the modification of GCE with the three
different samples noted due to the peak potential and high current density. All the CV
curves for the modified electrode displayed a similar shape, a redox peak, but the different
positions of the redox peaks were dependent on the type of sample. A couple of redox
peaks and an increase in the current density can be seen clearly in the voltammogram
of each sample. Voltammogram curves generally reveal redox peaks and high current
density, indicating a pseudo-capacitance behavior [11,12]. An anodic peak appeared to
the positive sweep around 0 to 0.2 V due to the oxidation of CuO, and cathodic peaks
appeared to the negative ongoing from −0.2 to −0.3 due to the reduction of Cu2+/Cu1+.
Noticeably, the voltammogram of the CuO-TiO2 30/70 (S1) electrode showed a higher
response current density compared to the other two samples, suggesting a higher specific
capacitance, and it could be due to more titanium dioxide, as there is a synergistic effect
that increases the electrochemical properties of copper oxide. In addition, this may be
attributed to the high conductivity of the electrode due to the p-n junction between CuO
and TiO2 nanoparticles, which enhances the electrochemical activities. This implies that
more TiO2 nanoparticles added to the CuO, which is an n-type semiconductor, play an
important role in increasing the electrochemical activity of the electrode to show the best
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response in terms of voltammetry. The electrochemical results can make the electrode to be
the best candidate for electrochemical applications due to their best voltammetric response
and possible photocatalytic applications. The specific capacitance was calculated from the
area under the curve of cyclic voltammetry using Equation (3) and was found to be 164,
134, and 113 for samples 1, 2, and 3, respectively.

Cp =
A

2kmΔV
(2)

A—area under I-V curve, k—scan rate, m—active mass, ΔV—potential window.

 

Figure 7. Cyclic (A) and linear (B) voltammetry curves of bare GCE and modified A: GCE/ CuO-
TiO2 30/70 (S1) B: GCE/ CuO-TiO2 50/50 (S2): GCE/ CuO-TiO2 70/30 (S3) in 0.5 M H2SO4 as an
electrolyte.

Figure 8 reveals CV at different scan rates of 5–50 mV/s for three different samples.
The cyclic voltammogram curves showed that the current density increased with increasing
the scan rates; thus, the voltammetric current is directly proportional to the scan rate and
gives an indication of the excellent rate capability of the modified electrode. There was a
slight shift of redox peaks (oxidation and reduction) toward a more positive and negative
potential, illustrating that the electrochemical kinetics are controlled by the diffusion process
and displaying a rapid charge transfer [38].

The EIS was also used to study the electrochemical impedance properties of the
samples (S1–S3). It is a prevailing tool to investigate the capacitive behavior of the samples.
It is used to study the charge transfer resistance and diffusion process from the solution
to the modified electrode surface and to the resistance of the electrolyte [14,45–47]. In
Figure 9, the Nyquist plots of CuO-TiO2 30/70 (S1), CuO-TiO2 50/50 (S2), and CuO-TiO2
70/30 (S3) that were modified in the glassy carbon electrode are shown. As seen from
the graph, the results show that all samples revealed a semi-circle in the high-frequency
range, which is related to the charge transfer resistance caused by faradic reactions. The
intersection of the curve signifies solution resistance, which is an indication of the resistance
of the electrolyte and modified electrode [48,49]. A straight line in the low-frequency
resistance, which corresponds to Warburg impedance, indicates an ion diffusion process
on the modified electrode and electrolyte [15,16]. The EIS data suggest that the CuO-TiO2
electrode material showed faster charge transport ability, leading to suitable electrochemical
properties. Therefore, the electrochemical results showed that the modified CuO-TiO2
electrode (30:70) is an outstanding electrode material for electrochemical application due
to its great voltammetric response, suitable electrochemical properties, and best charge
transfer resistance.
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Figure 8. Cyclic voltammetric at different scan rates (2–50 mV/s). (A): GCE/ CuO-TiO2 30/70 (S1)
(B): GCE/ CuO-TiO2 50/50 (S2) and (C) GCE/ CuO-TiO2 70/30 (S3) in 0.5 M H2SO4 as an electrolyte.

Figure 9. Nyquist plot of GCE/ CuO-TiO2 30/70 (S1) GCE/ CuO-TiO2 50/50 (S2): GCE/ CuO-TiO2

70/30 (S3) in 0.5 M H2SO4 as an electrolyte.
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2.8. Photodegradation of MB Dye Using the CuO-TiO2 Nanocomposite
2.8.1. Photodegradation of MB UV Light

The green-synthesized CuO, TiO2, CuO-TiO2 30/70, 50/50, and 70/30 photocatalysts
were used for the degradation of MB dye (Figure 10A). From the analysis, 18%, 65%, 17%,
33%, and 14% of the MB pollutant was degraded. It can be noted that there was a drastic
drop in the degradation efficiencies of these materials, in particular with the 30/70 CuO-
TiO2 and the 70:30 CuO-TiO2, which recorded 17% and 14% degradation. Sankar et al. [46],
using the CuO photocatalyst, were able to degrade 50% of Coomassie brilliant blue R-250
after 240 min exposure to sunlight. Lingaraju et al. [50] utilized a green-synthesized CuO
photocatalyst to degrade ~100% of trypan blue dye after 140 min irradiation under UV light.
The green-synthesized CuO/TiO2 prepared by Lu et al. [29] degraded 100% of phenol after
160 min exposure to UV light. Khodadadi et al. [30] synthesized CuO/TiO2 nanocomposite,
which was able to degrade 100% of MB and methyl orange (MO) after 10 min irradiation
with UV light. It can be noted that for the green-derived CuO and TiO2 NPs, for their
improved degradation to occur, extended time periods (360 min) were noted even though
in one study, the degradation was still only 50% using CuO. In addition, the choice of
the pollutant could play another major role. Using CuO/TiO2, for all the pollutants there
was a complete degradation for all the mentioned pollutants, and thus it is the complete
opposite of what has been obtained in our study, with a maximum degradation of 33% for
MB, considering that optimum conditions from other similar studies were used. Thus, it is
suspected that the phytochemicals from the various plant extracts used for the synthesis of
these materials also play a major in their optical properties. In addition, their activity could
be pollutant dependent; thus, it was important that we also investigate other pollutants,
such as sulfisoxazole and ciprofloxacin, which are pharmaceutical pollutants. From the
kinetics study (Figure 10B), it was noted that the CuO-TiO2 30/70 nanocomposite had a
better fitting than the first-order kinetics as the other two materials did not fit completely.
The rates of reactions were 0.014, 0.0029, and 0.001 min−1 for the CuO-TiO2 30/70, 50/50,
and 70/30, respectively.

Figure 10. (A) Photodegradation of MB by CuO, TiO2, and various ratios of CuO-TiO2 and (B)
kinetics study of the CuO-TiO2.

2.8.2. Photodegradation of CIP and SSX Using UV light

For the degradation of antibiotics (CIP and SSX), similar conditions as with MB, but
the concentration of SSX and CIP was 10 mg/L (Figures S2 and S3), and from Figure 11A,
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all the CuO-TiO2 nanocomposite showed a high degradation efficiency against SSX than
for CIP. The CuO-TiO2 photocatalyst degraded 51% (30/70), 55% (50/50), and 67% (70/30)
of CIP, while CuO and TiO2 only degraded 58.2 and 62.7%, respectively. From the kinetics
diagram (Figure 11B), the rates of reactions were 0.044, 0.0069, and 0.009 min−1 for the
CuO-TiO2 30/70, 50/50, and 70/30, respectively, meaning the rate of the reaction for CuO-
TiO2 was faster compared to the other two materials. On the other hand, the percentage
degradation of SSX by CuO-TiO2 30/70, 50/50, and 70/30 was recorded to be 93.6%, 93.2%,
and 91.2%, which is the highest for these composites compared to MB and CIP, respectively.
While the degradation of CuO and TiO2 was 44.8% and 50.2%, respectively. Comparing the
results with previous studies, Mofokeng et al. [48] prepared a CuO/TiO2@GCN, which was
able to degrade 94% of 10 mg/mL ketoprofen (KP) after 30 min irradiation of visible light.
Using UV light, Castaneda et al. [49] degraded 90% of caffeine within 3 h using 100 mg of
CuO-TiO2-F photocatalyst. Hajipour et al. [50] utilized 5 mg of TiO2/CuO photocatalyst to
degrade 80% of amoxicillin. The CuO-TiO2-GO prepared by Cosma et al. [51] degraded
95% and 98% of amoxicillin and ciprofloxacin, respectively. The photodegradation process
was conducted over 120 min. Li et al. [52] used green-synthesized TP-TiO2 to degrade
90% of CIP in 60 min under the UV-vis light source. These nanocomposites are suitable
photocatalysts for the degradation of pharmaceutical drugs.

Figure 11. (A) Photocatalytic degradation of various materials against SSX and CIP, (B) kinetics of
CIP, and (C) kinetics of SSX.

2.8.3. Effect of Trapping and Mechanism of Degradation

In an effort to test the cost-effectiveness of a material, reusability studies were con-
ducted using the 30/70 CuO-TiO2 NPs for the degradation of SSX. It is important for
synthesized materials to not only have a high degradation efficiency but to ensure their
material are cost-effective should they be upscaled. In this study, the 30/70 CuO-TiO2
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material was tested for its efficiency at least four times. As it can be noted (Figure 12B), the
material was not reusable as the efficiency significantly dropped. Upon testing the species
responsible for the degradation, it can be noted that the •OH species were the main active
species for the degradation of SSX as the degradation dropped to 59% as these species were
trapped during the photodegradation process. Other studies have also shown the •OH
radicals to be the species responsible for their degradation.

Figure 12. (A,B) Reusability studies, (C,D) effect of reactive.

On the basis of the observed photocatalytic activities and the characterizations shown
above, a probable mechanism for the photooxidation of SSX is illustrated in Scheme 1. TiO2
is a wide band gap semiconductor; thus, due to its limited access to the wider spectrum,
low bandgap materials such as CuO are coupled with it to reduce the recombination rate
and fast generation of radicals. Upon irradiating enough light on the photocatalysts, the
electrons were excited and moved up to the conduction band of TiO2. These photoexcited
electrons reacted with the O2 species that were adsorbed on the TiO2 surface, thus forming
the O2 radical anion and the OH radical through the protonation process [43]. Therefore,
the CuO, which is a low bandgap material (1.2 eV), assisted in the reduction of the holes
and electron recombining. Furthermore, environmentally friendly materials are potentially
formed.
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Scheme 1. For the mechanism of degradation.

3. Experimental Procedure

3.1. Chemicals and Materials

Analytical grade chemicals such as Cu(NO3)2·3H2O, propan-2-ol (C3H8O), ethylene-
diaminetetraacetic acid (EDTA), p-benzoquinone (C6H4O2) and ciprofloxacin (CIP), methy-
lene blue (MB), Titanium Fluoride (TiF4) were purchased from Sigma Aldrich, Germany.
The pharmaceutical antibiotic sulfisoxazole (SSX) was obtained from the organic group at
the University of Limpopo’s Department of Chemistry. Methylene blue dye was purchased
from Merck chemicals, Germany. The C. benghalensis plant was harvested, dried, and
ground at the University of Limpopo. No further purifications were performed in all the
chemicals used.

3.2. Preparation of the Plant Extracts

The C. benghalensis plants were collected in the fields of University of Limpopo between
September–November (yearly basis). The plant was washed with tap water, then the leaves
and flowers were removed in order to work with only the roots and stem. The plant was
dried (indoors) for 6–8 weeks. The dry plant was then crushed (using a blender) and stored
in an airtight container. The plant extracts of C. benghalensis (See Scheme 2) were prepared
in a 500 mL flask containing 250 mL of hot water. A total of 10 g C. benghalensis powder
was added and further heated at 80 ◦C for 15 min. The resulting green-brownish extract
was cooled (at room temperature) and then collected by vacuum filtration. The extracts
were reserved in a refrigerator for further use.

Scheme 2. C. benghalensis plant extract preparation.
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3.3. Preparation of C. benghalensis-Mediated TiO2 Nanoparticle Synthesis

Green-medisted TiO2-NPs were prepared by mixing 50 mL of 0.5 M TiF4 with an
aliquot of 50 mL of 10 g C. benghalensis extract, respectively. The mixture was then heated
for two hours at 90 ◦C until it turned brownish-yellowish color. The mixture was allowed
to cool at room temperature before being centrifuged for 30 min at 4000 rpm. It was then
washed and centrifuged in distilled water for another 15 min at 4000 rpm. After that, the
solid precipitate was transferred to the crucible and calcined for 2 h in a 400 ◦C furnace
before cooling. The product was gathered, crushed, and stored for later.

3.4. Preparation of C. benghalensis-Mediated CuO-NPs

An aliquot of 50 mL of C. benghalensis extract was added to 5 g of cupric nitrate
(Cu(NO3)2·3H2O) and then boiled at 80 ◦C for 1 h until a brown-colored paste was observed.
The paste was collected in a ceramic crucible and heated in an air furnace at 400 ◦C for
2 h. A black powder was obtained, and the product was carefully collected and packed for
characterization.

3.5. Synthesis of CuO-TiO2 Nanocomposite

The CuO-TiO2 nanocomposites were synthesized (Scheme 3) by adding an aliquot of
50 mL of the C. benghalensis to the Cu(NO3)23H2O and TiF4 at ratios of 70:30, 50:50, and
30:70, separately. The mixture was heated at 80 ◦C for an hour to produce a paste. The
paste was then transferred into a crucible and calcined in a furnace for 2 h. The products
were collected and crushed for further characterization and applications.

Scheme 3. Green synthesis of CuO-TiO2 nanocomposite.

3.6. Characterization of CuO-TiO2 Materials

FTIR, over a range of 4000–500 cm−1, was used to study the stretching bond fre-
quencies of the synthesized CuO-TiO2 nanocomposites, phytochemical identification, and
nanoparticle synthesis. The optical parameters of the generated materials, as well as
the concentration of the dye and pharmaceutical component, were determined using a
PerkinElmer Spectrum SP-UV 500VDB spectrophotometer. The bandgap energy (Eg) of
CuO-TiO2 nanocomposites was calculated using Tauc’s plot. The crystallinity and phase
composition of the materials were determined by scanning for 15 min in the range of 20–90
2θ degrees on a Bruker AXS D8 Advance X-ray Diffractometer (XRD) (Germany). Scanning
electron microscopy (SEM), coupled with Image J, was used to determine the particle size
distribution and morphology of the samples. The electron-dispersive X-ray (EDX) analysis
was used for elemental identification and chemical composition of the nanocomposites.
Pore sizes, specific surface area, and pore volume were measured at 196 ◦C using the
Bruner–Emmet–Teller (BET) surface analyzer, with which the sample was heated to 150 ◦C
for 2 h using N2 gas flow. A Perkin Elmer Pyris Thermogravimetric Analyzer (TGA) was
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used to test the thermal stability, with a thermal analyzer, SDT Q600, heating 10 mg of the
sample to 900 ◦C at a rate of 10 ◦C/min.

3.7. Electrochemical Experiment

Cyclic voltammetry (CV), linear swept voltammetry (LSV), and electrochemical impedance
spectroscopy (EIS) techniques were evaluated to characterize the electrochemical proper-
ties of the samples, using an Autolab electrochemical workstation with three electrodes
electrochemical cell, namely the modified glassy carbon electrode as a working electrode,
Ag/AgCl as a reference and platinum wire as a counter electrode in 0.5 M H2SO4 as an elec-
trolyte. Glassy carbon was modified with 3 different samples, namely CuO-TiO2 (30/70),
CuO-TiO2 (50/50) CuO-TiO2 (70/30). The samples were renamed as CuO-TiO2 (30/70):
sample 1 (S1), CuO-TiO2 (50/50) sample 2, and (S2) CuO-TiO2 (70/30): sample 3 (S3). The
voltametric tests were recorded in the potential range of −0.6 V to 0.6 V at a different scan
rate from 2 to 50 mV/s. Before the modification of the glassy carbon electrode, the electrode
was polished with 1, 0.5, and 0.03 μm polishing powder and then rinsed with ethanol and
distilled water after each polish.

3.8. Preparation of the Modified Electrode

An amount of 3 mg of different powders (S1–S3) was dissolved in 1000 μL of ethanol,
and 3 μL of 5% Nafion solution was added; thereafter, the mixtures were ultra-sonicated to
make a slurry. Then 3 μL of the solution was drop-coated on the surface area of the glassy
carbon electrode and allowed to dry using an oven at 35 ◦C for 15 min. The electrochemical
impedance spectroscopy was recorded over the frequency range of 0.1–100 kHz. Before each
electrochemical measurement, the solution was purged using Ar gas for deoxygenation.

3.9. Photocatalytic Degradation of Dyes and Antibiotics

The 30 mg of CuO-TiO2 powder was added in 300 mL of 20 ppm methylene blue
(MB), then stirred in a photochemical reactor in the absence of light for 30 min to reach the
adsorption-desorption equilibrium. Then, the mixture was exposed to UV light (450 W) for
2 h. Upon exposure to the light, at 30 min intervals, 3 mL of the samples were collected
for analysis using the UV-vis spectrophotometer. The max of 668 nm for MB was used to
monitor the degradation over time. The efficiency of the degradation was calculated by the
following equation:

% Degradation =

(
Ao − Af

Ao

)
× 100% (3)

where:

Ao = is the initial absorbance at 0 min (adsorption-desorption).
Af = is the final absorbance of 30, 60, 90, and 120 min of photodegradation

Similar steps were followed for the degradation of the antibiotic CIP and SSX, except
upon analysis, max values of 275 and 290 were used, and the concentration was 10 ppm.

3.10. Recyclability Studies of SSX

To determine both the stability and recyclability of the CuO-TiO2 nanocomposites, then
4 cycle experiments were conducted following similar conditions for normal photocatalytic
degradation experiments. After every cycle, the photocatalyst was thoroughly washed
with distilled water and recovered by membrane filtration. Then, it was dried at 60 ◦C to
obtain a powder-like material for the next cycle.

3.11. Effect of Scavengers on the Degradation of SSX

To determine the effect of scavengers on the degradation of the SSX, holes (h+), hy-
droxyl radicals (OH·), and superoxide (O2

−) were investigated during the photodegrada-
tion process. A measure of 2 mL (5 mmol) of EDTA, isopropyl alcohol, and p-benzoquinone
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was added, respectively, for each individual experiment. The photodegradation of similar
conditions for normal photocatalytic degradation experiments was followed.

4. Conclusions

CuO-TiO2 p-n heterostructured photocatalysts were prepared in this study and tested
for the degradation of MB, CIP, and SSX pollutants under UV light irradiations. This
research was motivated by the need for highly efficient photocatalysts for the degradation
of pollutants in wastewater. The materials were found to be spherical in shape with varied
particle sizes, thermally stable, and electrochemically active, which could potentially assist
in the photodegradation of the organic pollutants. These materials also displayed high
degradation potential against antibiotics CIP and SSX when exposed to UV light. The
degradation efficiency of CIP and SSX were recorded to be 67.3% and 93.64%, respectively.
Furthermore, it was shown that the heterostructured photocatalysts could not be reused.
Additionally, the species that is most active in the photodegradation of SSX was identified
as OH•. These heterojunctions were shown to be selective toward antibiotic degradation as
compared to dyes.
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(b) EDS of C. Benhghanlensis CuO NPs; (c) EDS of C. Benhghanlensis CuOTiO2(30/70); (d) EDS of
C. Benhghanlensis CuOTiO2(50/50); € EDS of C. Benhghanlensis CuOTiO2(70/30); Figure S2: SSX
photodegradation curves by (a) 30/70 CuO-TiO2 (b) 50/50 CuO-TiO2 (c) 70/30 CuO-TiO2 (d) TiO2
and (e) CuO nanomaterials; Figure S3: CIP photodegradation curves by (a) 30/70 CuO-TiO2 (b) 50/50
CuO-TiO2 (c) 70/30 CuO-TiO2 (d) TiO2 and (e) CuO nanomaterials.
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Abstract: Cerium oxide (CeO2) can exhibit good photocatalytic and photoantibacterial activities.
However, its light-harvesting property is rather limited due to its large band gap. In order to boost
these properties, doping with metal ions can improve light absorption and charge mobility. In this
report, CeO2 and palladium−doped CeO2 (Pd−CeO2) NPs were synthesized via the microwave-
assisted synthesis method. The structural, optical, and morphological studies of CeO2 and Pd−CeO2

NPs were carried out using various techniques. Mixed phases of CeO2/Ce2O3 were observed in pure
CeO2 (S−CeO2) and Pd−CeO2. However, the Ce2O3 phase gradually disappeared upon doping
with a higher percentage of Pd. Almost spherical particles were observed with average sizes between
6 and 13 nm. It was found that the incorporation of Pd reduced the particle size. Moreover, band gap
energies of S−CeO2 and Pd−CeO2 NPs were reduced from 2.56 to 2.27 eV, and the PL intensities
were also quenched with more Pd doping. The shifts in the conduction band and valence band were
found to cause the reduction in the band gap energies of S−CeO2 and Pd−CeO2 NPs. In the case of
photocatalytic degradation of methylene blue, photoelectrochemical, and photoantibacterial activities,
Pd−CeO2 NPs showed enhanced activities under visible light irradiation. Therefore, Pd−CeO2 NPs
have been shown to be a visible-light active material.

Keywords: cerium oxide; CeO2; Pd−doped CeO2; noble metal; oxygen vacancies; MB degradation;
antibacterial studies

1. Introduction

Antibiotics have been used to treat bacterial infections that are major causes of chronic
infections and mortality. However, studies found that the widespread use of antibiotics
has led to the emergence of multidrug-resistant bacterial strains [1]. In general, the major
groups of antibiotics that are currently in use have three bacterial targets, namely: cell wall
synthesis, translational machinery, and DNA replication machinery [2]. However, bacterial
resistance can develop at each mode of action. Nanoparticles (NPs) have demonstrated
broad-spectrum antibacterial properties against Gram-positive and Gram-negative bacteria.
Studies have revealed that NPs do not show antibiotic resistance mechanisms because
NPs contact directly with the bacterial cell wall, which would be less prone to promoting
resistance in bacteria. Therefore, NPs can be potentially used as an alternative antibiotic.
According to research, the major processes underlying the antibacterial effects of NPs are
disruption of the bacterial cell membrane, generation of ROS, penetration of bacterial cell
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membrane, and induction of intracellular antibacterial effects, including interactions with
DNA and proteins [2,3].

Organic dyes, which generally consist of non-biodegradable, highly poisonous, and
colored pigments, have been reported to be present and widely spread in industrial wastew-
ater originating from the paper, textile, and apparel industries [4,5]. Even at low concen-
trations, dyes can be clearly seen and pollute various aquatic environments [6]. These
dye-polluted effluents are harmful to living organisms [7]. Dyes such as methylene blue
(MB) can also cause serious threats to humans, for example, abdominal disorders, respira-
tory problems, and digestive and mental disorders [8,9]. Hence, the removal of dyes from
wastewater is important. Apart from that, redox reactions have shown promising water
treatment activity as the reaction products can be conveniently separated and removed [10].
Owing to this, researchers have applied electrochemical systems to diverse functional
applications, including photovoltaics [11], fuel cells [12], supercapacitors [13], as well as
sensors [14]. It is reported that heterostructure exhibits interesting electrochemical proper-
ties owing to the possibility of a dual charge storage contribution from both materials [15].
Nevertheless, materials with high porosity and large surface areas are highly suitable for
electrochemical applications [16].

Metal oxides such as TiO2 [17], ZnO [18], Fe2O3 [19], CeO2 [20], etc., have shown
remarkable activities in biological and photocatalytic activities. Among these, CeO2 has
shown extensive industrial applications in medicine, catalysis, solid oxide fuel cells, lu-
minescence, optical, and sensor technologies [21–25]. Despite being a highly abundant
material, its redox ability to change between Ce3+

� Ce4+ has also attracted significant at-
tention. CeO2 has been synthesized using hydrothermal, sol-gel, precipitation, microwave,
and green synthesis methods where multiple morphologies such as cube, rod, spherical,
and flower-like particles have been produced [26–30]. In catalytic applications, the activity
of CeO2 primarily arises from the reduction of Ce4+ to Ce3+ and the formation of oxygen
vacancies [31,32]. The modification in shape and size results in the formation of surface
defects such as Vo, which endows it with the ability to exist in either the Ce3+ or Ce4+ state
on the surface of the particle [33,34].

In addition, dopants with different ionic states incorporated into CeO2 can gener-
ate more structural defects to gain charge neutrality, enhancing physical properties and
biocompatibility. Many studies have emphasized a strong synergy between CeO2 and
noble metals, which can significantly enhance catalytic activities [35]. Among the noble
metals, palladium is increasingly used in electrical equipment, dental materials, implanted
medical devices and automobiles as catalysts [36]. The incorporation of Pd2+ into the
CeO2 crystal lattice has shown better catalytic activity than the palladium-supported CeO2
catalyst [37]. It is believed that the unique properties of Pd-doped CeO2 depend on the
active components of palladium and the interaction between palladium and CeO2 [38].

Therefore, in this study, CeO2 (S−CeO2) and Pd−doped CeO2 (Pd−CeO2) NPs were
synthesized using a microwave-assisted synthesis method. To the best of the authors’
knowledge, a study on Pd−CeO2 with mixed phases of CeO2 and Ce2O3 has not yet been
explored. Moreover, studies on the photocatalytic degradation of methylene blue (MB) were
conducted using synthesized-CeO2 (S−CeO2) and (0.5, 1, 3 and 5%) Pd−CeO2 under visible
light irradiation for 5 h. The photoelectrochemical studies, namely, linear sweep voltam-
metry (LSV) and electrochemical impedance spectroscopy (EIS), were performed under
dark and visible light conditions using NaCl as the electrolyte. Moreover, the photoan-
tibacterial/antibacterial properties of S−CeO2 and (0.5, 1, 3 and 5%) Pd−CeO2 NPs were
also carried out for 24 h using bacterial strain Staphylococcus aureus (S. aureus) KCTC 1916
(Gram-positive) and Pseudomonas aeruginosa (P. aeruginosa) KCTC 1637 (Gram-negative).

2. Results and Discussion

2.1. Structural Analysis of CeO2 and Pd−CeO2 NPs

XRD provides a broad range of information related to the crystallographic nature and
chemical structure of materials. The XRD patterns of the S−CeO2 and Pd−CeO2 NPs are
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shown in Figure 1a, with diffraction peaks in the range of 20◦ to 80◦. The peak positions at
about 2θ = 28.56◦, 33.27◦, 47.36◦, 56.40◦, and 59.10◦ of each sample correspond to the (111),
(200), (220), (311), and (222) planes of CeO2 cubic fluorite phase (JCPDS no. 00-004-0593)
(Figure S1). In S−CeO2, the diffraction peak of Ce2O3 was observed, suggesting that mixed-
phase CeO2/Ce2O3 (JCPDS no. 00-023-1048) was present. It was found that gradually, the
peak corresponding to Ce2O3 decreased with higher Pd doping. Hence, the peak intensity
at 28.56◦ was seen to increase. This suggests that Pd doping inhibited the formation of
Ce2O3 and suggested that the incorporation of Pd2+ lowered the appearance of the Ce2O3
phase. The ionic radii of Pd2+ and Ce4+ are 86 and 101 pm, respectively. No other peaks
were observed that contribute to the presence of PdO. Therefore, it can be concluded that
Pd2+ was successfully incorporated into the CeO2 lattice.

Figure 1. (a) XRD patterns and (b) FTIR-spectra of S−CeO2 and (0.5, 1, 3, and 5%) Pd−CeO2 NPs.

Furthermore, the average crystallite sizes were estimated using Debye-Scherrer’s
Formula (1):

D =
0.9λ

βcosθ
(1)

where β is the full width at half maximum (FWHM), in radians, of the peak for a given (hkl)
value, λ = 1.5406 Å for the CuKα radiation used, and θ is the diffracting angle. The average
crystallite sizes were found to be 34.67, 37.25, 16.25, 23.03, and 19.17 nm for S−CeO2, 0.5%,
1%, 3%, and 5% Pd−CeO2 NPs, respectively (Table 1).

Table 1. The average crystallite size (D), lattice parameter, cell volume, and average lattice strain of
S−CeO2 and Pd−CeO2 NPs.

Sample
Average Crystallite

Size (D, nm)
Lattice

Parameter, a (Å)
Cell Volume

(Å3)
Average Lattice

Strain

S−CeO2 34.67 5.414 158.69 0.0022
0.5% Pd−CeO2 37.25 5.408 158.16 0.0009
1% Pd−CeO2 16.25 5.423 159.48 0.0004
3% Pd−CeO2 23.03 5.409 158.25 0.0019
5% Pd−CeO2 19.17 5.428 159.93 0.0022
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The average lattice strain was also calculated using Equation (2):

ε =
βhkl

4tanθ
(2)

The lattice parameters of S−CeO2 and Pd−CeO2 were observed to be comparable
with the bulk CeO2 (5.411 Å). The average lattice strain was decreased significantly when
0.5% and 1% Pd were incorporated. However, as more Pd2+ were incorporated into the
lattice, it would cause higher lattice strain. This can also be seen that as more Pd was doped,
the cell volume increased slightly.

2.2. Fourier Transform-Infrared Spectroscopy of CeO2 and Pd−CeO2 NPs

FT-IR spectroscopic studies of S−CeO2 and Pd−CeO2 NPs were carried out within the
range of 450–4000 cm−1 at room temperature (Figure 1b). The broad band at approximately
3400 cm−1 for all samples is attributed to the stretching mode of absorbed O-H in the
samples. A broad, intense peak at 450 cm−1 corresponds to the O-Ce-O stretching mode.
At approximately 900 cm−1, a broad peak was observed in S−CeO2 and Pd−CeO2 NPs,
which corresponds to the bending of the intercalated Ce-O [39]. Moreover, a peak at
about 1730 cm−1 was also observed in all samples, and it could be assigned to the H-O-H
bending mode.

2.3. X-ray Photoelectron Spectroscopy

XPS was performed at room temperature to investigate the chemical state and the
electronic structure of the elements in S−CeO2 and 0.5 and 5% Pd−CeO2 NPs (Figure 2).
Figure 2a shows the complete survey scan spectra of the samples, which confirmed the
presence of Pd 3d, O 1s, and Ce 3d. Figure 2b shows the six typical peaks for Ce 3d. The
peaks positioned at 883.43, 886.80, 896.26, 898.89, 905.59, and 914.75 eV is characteristic
of Ce4+ [40]. Peaks at 898.89, 905.59, and 914.75 eV correspond to 3d3/2, whereas peaks
at 883.43, 886.80, and 896.26 eV correspond to 3d5/2 [41]. No obvious shift in the binding
energy of Ce 3d spectra was observed.

Figure 2c shows the Pd 3d spectra of 0.5% Pd−CeO2 and 5% Pd−CeO2 NPs. As a
result of the spin-orbit coupling, the Pd 3d spectra are split into two peaks of 3d5/2 and 3d3/2
at 335.03:335.03 eV and 340.40:340.31 eV, respectively. The XPS spectrum of O 1s can be seen
in Figure 2d, in which all peaks exhibit two asymmetrical peaks, indicating the presence of
O2−, OH−, and O− at the surface of the nanostructures. The peak at higher binding energy,
i.e., 531–532 eV, is attributed to O2− vacancies and adsorbed -OH or H2O, while the peak
at lower binding energy, 529 eV, is attributed to the metal-oxygen binding [42]. S−CeO2
showed a dominant peak at 531–532 eV, suggesting that O2− vacancies or adsorbed -OH
were mainly found in the sample. On the other hand, 0.5 and 5% Pd−CeO2 showed
a dominant peak at 529 eV [42]. The difference might be due to the formation of the
Ce2O3 phase in S−CeO2 and the gradual decrease of the Ce2O3 phase in both 0.5 and 5%
Pd−CeO2, as shown in XRD. The typical C 1s were observed in the spectra (Figure 2e),
which were derived from the carbon coating used in the analysis. The atomic concentration
of C 1s, O 1s, Ce 3d, and Pd 2p can be found in Table 2. The estimated Pd content in both
0.5% and 5% Pd−CeO2 is lower than the expected value.
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Figure 2. XPS spectra of S−CeO2, 0.5% Pd−CeO2, and 5% Pd−CeO2: (a) Survey scan, (b) Ce 3d,
(c) Pd 3d, (d) O 1s, and (e) C 1s.

Table 2. Atomic concentration of C 1s, O 1s, Ce 3d, and Pd 3d of S−CeO2, 0.5% Pd−CeO2, and 5%
Pd−CeO2.

Sample
Atomic Concentration (%)

C 1s O 1s Ce 3d Pd 3d

S−CeO2 12.4 74.1 13.5 -
0.5% Pd−CeO2 12.6 72.1 15.1 0.2
5% Pd−CeO2 19.0 66.3 12.8 1.9
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The band gap reduction of S−CeO2 and Pd−CeO2 NPs might be due to the develop-
ment of mid-gap states either above the valence band (VB) or below the conduction band
(CB). Therefore, to study the cause of the reduction of band gap energy, VB-XPS was carried
out for S−CeO2 and Pd−CeO2 NPs (Figure 3a).

Figure 3. (a) Valence band XPS spectra of S−CeO2, 0.5% Pd−CeO2, and 5% Pd−CeO2 NP; (b) zoomed
valence band spectra of (i) S−CeO2, (ii) 0.5% Pd−CeO2, and (iii) 5% Pd−CeO2 to estimate the band
gap; and (c) proposed density of electronic states (DOS) for (i) S−CeO2, (ii) 0.5% Pd−CeO2, and
(iii) 5% Pd−CeO2 NPs.
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The zoomed area of VB-XPS is shown in Figure 3b. The VB maximum of S−CeO2,
0.5% Pd−CeO2, and 5% Pd−CeO2 NPs were found to be at 0.39, 0.16, and −1.63 eV,
respectively (Figure 3b(i–iii)). The optical band gap energy obtained from the Tauc plot was
2.56, 2.50, and 2.27 eV for S−CeO2, 0.5% Pd−CeO2, and 5% Pd−CeO2 NPs, respectively.
Consequently, based on the materials’ optical band gap and VB maxima, the CB minima
would follow at −2.17, −2.34, and −3.90 eV for S−CeO2, 0.5% Pd−CeO2, and 5% Pd−CeO2
NPs, respectively. The shifts of VB and CB result in the band gap energy reduction, as
proposed in Figure 3c.

2.4. Optical Studies of CeO2 and Pd−CeO2 Using UV-vis-DRS and Photoluminescence Spectroscopy

UV-Vis DRS analysis is used to estimate the band gap energies of S−CeO2 and
Pd−CeO2 NPs. The Tauc plot derived from the Kubelka–Munk function is shown in
Figure 4a. The band gap energies of all samples were estimated using the Kubelka–Munk
Equation (3):

F(R) =

(
(1 − R)2

2R
× hν

) 1
2

(3)

where R is the measured absolute reflectance of the samples. The band gap was obtained
from the plots of [F(R)hv]1/2 versus hv, as the intercept of the extrapolated linear part of the
plot at [F(R)hv]1/2 = 0, assuming that the absorption coefficient (α) is proportional to the
Kubelka-Munk function F(R).

 
Figure 4. (a) Tauc plot derived from Kubelka-Munk function for band gap energy estimation, and
(b) photoluminescence spectra of C−CeO2, S−CeO2, and Pd−CeO2 NPs.

The band gap energy of C−CeO2, S−CeO2, 0.5% Pd−CeO2, 1% Pd−CeO2, 3%
Pd−CeO2, and 5% Pd−CeO2 NPs were found to be decreasing (3.10 to 2.27 eV) as shown in
Table 3. This shows that Pd doping is proven to decrease the band gap energy of the CeO2.
Pd doping is reported to help in reducing the energy difference between a CB and VB of
CeO2, which enhances the electronic conductivity of CeO2. Moreover, oxygen vacancies
(Vo) might be produced at the interface between the grains of Pd−CeO2 NPs. Furthermore,
the absorption edge of C−CeO2, S−CeO2, 0.5% Pd−CeO2, 1% Pd−CeO2, 3% Pd−CeO2,
and 5% Pd−CeO2 NPs were greatly shifted into the visible region with the Pd doping as
shown in Figure 4a.
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Table 3. Band gap energy of C−CeO2, S−CeO2, and Pd−CeO2 NPs.

Sample Band Gap Energy (eV)

C−CeO2 3.10
S−CeO2 2.56

0.5% Pd−CeO2 2.50
1% Pd−CeO2 2.47
3% Pd−CeO2 2.42
5% Pd−CeO2 2.27

PL is used to evaluate the optical study of the crystals, defects on the surface and
excitation fine structure of the semi-conducting materials. PL intensity describes the
lifetime of electron relaxation from the VB to the CB, as well as the separation efficiency
of photogenerated e−/h+ [43]. From Figure 4b, the PL intensity was decreased with more
Pd doping concentration. This indicates that Pd doping can efficiently inhibit the e−/h+

recombination process due to the electron or hole trap levels (in this case, Pd2+/Pd3+ or
Pd+/Pd2+) in the band structure of CeO2. Moreover, the reduction in peak intensity might
be due to the formation of more oxygen defects, increased surface defects, as well as
maximum separation of charge carriers [44].

2.5. Transmission Electron Microscopy Analysis of CeO2 and Pd−CeO2 NPs

Figure 5 exhibits the TEM, HR-TEM, and SAED images of S−CeO2, 0.5%, and 5%
Pd−CeO2 NPs. Both S−CeO2 and Pd−CeO2 (Figure 5a,d and g) have almost spherical
morphology. At the same time, a rod-like structure was observed for S−CeO2 NPs only. The
average particle sizes of S−CeO2, 0.5% Pd−CeO2, and 5% Pd−CeO2 are about 13, 9, and
6 nm, respectively. This shows that the incorporation of Pd into the lattice of CeO2 decreased
the particle size. The d-spacing value of the lattice planes was also determined from the
HR-TEM images (Figure 5b,e,h). The d-spacing values for S−CeO2, 0.5% Pd−CeO2, and
5% Pd−CeO2 NPs are estimated to be around 0.3, 0.2 and 0.1 nm, which corresponds to the
(111), (200), and (220) planes of a fluorite-structure of cubic CeO2 [45]. This is in accordance
with the XRD analysis (Section 2.1).

Moreover, the nano-crystallinity of S−CeO2 and Pd−CeO2 NPs were examined by
selected area electron diffraction (SAED) analysis, as shown in Figure 5c,f and i. It was
observed that S−CeO2, 0.5%, and 5% Pd−CeO2 exhibit four prominent broad rings, which
can be attributed to the (111), (200), (220), and (311) reflections of the fluorite cubic CeO2
structure. This observation is supported by the XRD patterns reported earlier (Section 2.1).

The EDX mapping images shown in Figure S2a–c confirmed the presence of Ce, O,
and Pd in S−CeO2, 0.5%, and 5% Pd−CeO2 NPs, respectively. The percentage of Ce was
seen to decrease with more Pd content. The percentage mass of Ce, O, and Pd can be found
in Table S1. This shows that Pd has been successfully incorporated into the CeO2 lattice.
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Figure 5. TEM, HR-TEM, and SAED patterns of (a–c) S−CeO2, (d–f) 0.5% Pd−CeO2, and (g–i) 5%
Pd−CeO2 NPs.

3. Applications

3.1. Photocatalytic Degradation of MB

The photocatalytic degradation of MB using S−CeO2 and Pd−CeO2 NPs was carried
out under visible light irradiation in a total experiment duration of 5 h. The activity of
C−CeO2 against MB dye under visible light was also investigated to compare the pho-
tocatalytic efficiency with the synthesized materials. Figure 6a shows the average C/C0
of the photocatalytic degradation of MB using C−CeO2, S−CeO2, and Pd−CeO2 NPs,
while the average percentage of the photocatalytic degradation of MB and the absorption
spectra of MB within 5 h can be seen in Figures S3 and S4, respectively. Based on the study,
adsorption-desorption equilibrium was reached in 30 min, in which C−CeO2 showed a
slight adsorption capacity. About 39–61% adsorption was reached for the synthesized ma-
terials suggesting that the addition of Pd effectively increases the affinity of MB molecules
towards photocatalysts [46]. The enhanced adsorption is also driven by the increase in the
surface area contributed by significantly reduced particle size [46].
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Figure 6. (a) The average C/C0 of photocatalytic degradation of MB using C−CeO2, S−CeO2, and
Pd−CeO2 NPs under visible light irradiation, (b) LSV, and (c) EIS Nyquist plots of S−CeO2, 0.5%,
1%, 3%, and 5% Pd−CeO2 photoelectrode in the dark and under visible light irradiation.

The effectiveness of the photocatalysts in the photocatalytic degradation of MB was
seen as follows: 1% Pd−CeO2 > 5% Pd−CeO2 > S−CeO2 > 0.5% Pd−CeO2 > 3% Pd−CeO2
> C−CeO2. A small response from C−CeO2 might be due to the larger band gap energy,
which was found to be 3.10 eV. Moreover, 3% Pd−CeO2 and 0.5% Pd−CeO2 also showed
lower responses despite their lower band gap energies. This might be due to variations in
particle size, which resulted in lower responses in the photocatalytic activity. In addition
to that, a smaller surface area might also lead to less active sites present on the surface
of the photocatalysts [47]. S−CeO2 and 5% Pd−CeO2 showed almost similar activities.
The activity of S−CeO2 was higher than some of the materials, which might be due to the
mixed CeO2/Ce2O3 phases, as shown in Figure 1a. The presence of both phases can ease
the redox reaction between Ce3+ and Ce4+, which causes the photocatalytic activities to
increase [48–50]. Choudhury et al. also stated that an electron from Ce3+ can be transferred
to adsorbed oxygen to form reactive oxygen species (ROS), i.e., superoxide radicals (O2

•−),
whereas holes interact with water to form hydroxyl radicals (•OH) [51]. In addition, the
e− in the CB can be trapped by oxygen vacancies and then react with O2 to form O2

•−.
These radicals are involved in the degradation of MB into harmless products [52]. Recom-
bination of photogenerated e− and h+ was restrained through the Ce3+/Ce4+ redox and
oxygen vacancies which finally improved the photocatalytic performance of the Pd−CeO2
materials [53]. Moreover, smaller particle size as well as low band gap energy also effec-
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tively increased the photocatalytic activity [54]. Nevertheless, 5% Pd−CeO2 showed a
slightly better performance than S−CeO2 due to its smaller particle size and band gap
energy. Accordingly, 1% Pd−CeO2 showed the highest response, which might be due to
the optimum Pd loading. This shows that a further increase in doping does not enhance
the photocatalytic degradation of MB [46]. Table 4 summarizes the average percentage
of photocatalytic degradation of MB activities using S−CeO2 and Pd−CeO2 NPs under
visible light irradiation.

Table 4. The average percentage MB dye degradation using C−CeO2, S−CeO2, and Pd−CeO2 under
visible light irradiation.

C−CeO2 S−CeO2 0.5% Pd−CeO2 1% Pd−CeO2 3% Pd−CeO2 5% Pd−CeO2

0 h 3.87 ± 1.94 44.92 ± 3.60 42.21 ± 6.34 61.87 ± 3.97 39.57 ± 0.81 50.83 ± 1.52
1 h 3.33 ± 1.04 47.22 ± 2.06 45.58 ± 7.54 61.20 ± 6.92 40.67 ± 1.03 50.18 ± 0.80
2 h 4.19 ± 0.66 51.69 ± 2.77 48.19 ± 7.73 64.63 ± 7.92 44.07 ± 2.50 53.62 ± 2.72
3 h 4.57 ± 1.33 54.13 ± 1.52 50.35 ± 6.55 67.42 ± 8.64 45.36 ± 2.02 54.85 ± 2.15
4 h 7.12 ± 3.82 58.99 ± 2.29 54.72 ± 5.71 70.87 ± 9.48 47.31 ± 3.19 57.56 ± 3.31
5 h 10.28 ± 3.13 60.48 ± 3.76 60.33 ± 1.76 72.07 ± 5.34 51.20 ± 3.47 62.10 ± 4.27

3.2. Photoelectrochemical Studies of Pd−CeO2 NPs

The electrochemical and photoelectrochemical studies of S−CeO2 and Pd−CeO2 NPs
were analyzed using LSV and EIS. Figure 6b shows the LSV analysis carried out in the
dark and under visible light at 100 mV/s in the range of −0.7–1.5 V. S−CeO2 showed the
lowest photocurrent, and 5% Pd−CeO2 showed the highest photocurrent. As the doping
percentage increases (Figure 6b), the photocurrent response also increases. Each material,
respectively, showed a higher response under visible light irradiation as compared to their
response in the dark, suggesting that the materials were light-responsive. The improvement
in the photocurrent response in Pd−CeO2 was attributed to the light absorption ability
due to the creation of a mid-gap state which lowered the band gap energy [55]. The band
gap energy of Pd−CeO2 was narrowed with higher Pd doping, in which the valence
electrons can be excited to the conduction band state by absorbing light. It is stated that
the e−/h+ pairs will recombine unless they are separated quickly [56]. In general, a high
photocurrent suggests that the material has a strong ability for the generation and transfer
of the photoexcited charge carrier under light irradiation [57]. Therefore, in this case,
5% Pd−CeO2 exhibits better electron-hole separation, and it might be excited easily by
visible light.

EIS was performed in the dark and under visible light irradiation at 0.0 V with a
frequency ranging from 1–106 Hz (Figure 6c). The EIS Nyquist plots show the charge
transfer resistance and separation efficiency between the photogenerated electrons and
holes [58]. In general, a small arc radius and low resistance indicate higher charge transfer
efficiency [55]. S−CeO2 showed the highest resistance, followed by 0.5% and 1% Pd−CeO2
indicating the slow interfacial charge-transfer process. This response might be due to their
high band gap energies. In each case, there was no significant decrease in the resistance
under visible light, which suggests that the transfer efficiency of the photogenerated
electrons and holes was not accelerated under light irradiation. On the other hand, 3%
Pd−CeO2 and 5% Pd−CeO2 showed significant responses, especially under visible light
irradiation. This suggests that lower resistances derived from both 3% and 5% Pd−CeO2
show a faster interfacial charge-transfer process. Other factors can also facilitate charge
separation and transfer efficiency, such as the presence of Ce3+ and oxygen vacancies [55].

3.3. Antibacterial Activities of Pd−CeO2 NPs

The effect of bactericidal activities of S−CeO2 NPs and Pd−CeO2 NPs was examined
against one Gram-positive bacteria (i.e., S. aureus) and another against Gram−negative
pathogenic bacteria (i.e., P. aeruginosa). Since the synthesized NPs are light sensitive,
the antibacterial activities were performed in the absence and presence of light. The
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antibacterial effect of Pd−CeO2 and S−CeO2 NPs under light and dark conditions is
shown in Figure 7. The results showed that both S−CeO2 NPs and Pd−CeO2NPs exhibit
concentration-dependent inhibitions of S. aureus growth under light or dark conditions
(Figure 7a,b). At a high concentration of 2048 μg/mL in the dark, the growth inhibition
of S. aureus cells was found to be higher (reduction of 1.3 log CFU) in the presence of
5% Pd−CeO2 NPs as compared to the CeO2 NPs (reduction of 1.2 log CFU) (Figure 7a).
Similarly, in the presence of light at 2048 μg/mL, the antibacterial effect of 5% Pd−CeO2
NPs was also found to be higher (reduction of 1.6 log CFU) as compared to the S−CeO2
NPs (reductions 1.0 log CFU) (Figure 7b). The bactericidal effect of CeO2 NPs was found to
be higher in the presence of light as compared to dark conditions. This finding suggests
that light enhances the bactericidal effect of CeO2 NPs towards Gram-positive bacteria
S. aureus.

 

Figure 7. Log reduction of the S. aureus treated with different concentrations of S−CeO2 NPs and
Pd−CeO2 NPs incubated under (a) dark and (b) light conditions. Log reduction of the P. aeruginosa
treated with different concentrations of S−CeO2 NPs and Pd−CeO2 NPs incubated under (c) dark
conditions and (d) light conditions, where ***, **, and * imply significance at p < 0.0001, p < 0.01, and
p < 0.05, respectively, while ns means non-significant.

The antibacterial effect of S−CeO2 NPs and Pd−CeO2 NPs on P. aeruginosa was found
to be different as compared to S. aureus (Figure 7c,d). There was no concentration-dependent
inhibition of P. aeruginosa cell growth in the presence of light and dark conditions. The
growth inhibition at the higher concentration (2048 μg/mL) and dark conditions was found
to be non-significant in the presence of 5% Pd−CeO2 NPs as compared to the S−CeO2 NPs
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(Figure 7c). The results in the presence of light were found to be significantly effective at all
tested concentrations of S−CeO2 NPs and Pd−CeO2 NPs (Figure 7d).

In the presence of light and high concentration (2048 μg/mL), the 5% Pd−CeO2 NPs
showed a significant reduction of P. aeruginosa cells (1.0 log CFU) compared to the S−CeO2
NPs (0.6 log CFU). Based on the findings of the present study, it is clear that light acts as
a sensitizing agent, which results in the enhanced antibacterial activity of CeO2 NPs as
compared to dark conditions. Previous research has shown that UV light irradiation causes
the formation of reactive oxygen species (ROS) such as •OH, O2

•−, and singlet oxygen
(O−) from metal-NPs [59–62]. This evidence can be explained in the current study by the
possibility of ROS generation during the photocatalytic degradation of the MB experiment
(Section 3.1). In addition, Pd-doping will also result in the enhanced antibacterial effect of
CeO2 NPs, and the effect was increased with the increasing concentration of Pd. Overall,
these effects were found to be more effective towards Gram-positive bacteria S. aureus than
the Gram-negative pathogen P. aeruginosa.

In general, the antibacterial activity of metal oxides is associated with the release of
metal ions from metal oxides. It is reported that metal ions are involved in the destruction
of the bacterial cell and membrane [63]. This could lead to the possibility of metal oxides
penetrating the cell. In the case of CeO2, CeO2 dissociates into Ce4+ ions (most of the time
under irradiation of visible light) and interacts with the bacterial cell and penetrates the
cell [64]. This might lead to changes in cell integrity, lactate dehydrogenase leakage and cell
death. Moreover, the generation of ROS is also responsible for antibacterial activity [65].
When CeO2 is irradiated with light, e− are promoted to CB and reacted with molecular
oxygen to form O2

•−. The photogenerated h+ reacts with H2O molecules on the surface of
CeO2 to form •OH radicals. These two radicals are believed to be contributing significantly
to the destruction of the bacterial cell membrane [60].

4. Experimental

4.1. Chemicals, Bacterial Strain, Culture Media, and Growth Conditions

Cerium(III) nitrate hexahydrate 98% (Ce(NO3)3·6H2O) and commercial CeO2 (C−CeO2)
were purchased from Sigma-Aldrich whereas, palladium(II) chloride anhydrous (PdCl2)
was obtained from Fluka. Water was purified using Aquatron (England) prior to use. For
photocatalytic degradation of MB and photoelectrochemical studies, MB and NaCl were
obtained from Merck. For electrode preparation, ethanol (95%), ethyl cellulose 48–49.5%
(w/w) ethoxy basis, and alpha-terpineol were obtained from Daejung Chemicals and Metals
Co., Ltd., Sigma-Aldrich and Merck, respectively. The bacterial strain S. aureus KCTC 1916
(Gram-positive) and P. aeruginosa KCTC 1637 (Gram-negative) were purchased from the
Korean Collection for Type Cultures (KCTC, Daejeon, Korea). The bacteria were cultivated
using Tryptic soy broth (TSB) and a TSB agar plate (Difco Laboratory Inc., Detroit, MI,
USA). The growth temperature of the bacterial strain was 37 ◦C under aerobic conditions.

4.2. Instrumentations

CeO2 and (0.5, 1, 3, and 5%) Pd−doped CeO2 NPs were synthesized using a microwave-
assisted method (Anton Paar Monowave 400, Graz, Austria). Fourier Transform-Infrared
Spectroscopy (FT-IR) was used to identify the possible functional groups present in the
synthesized CeO2 and Pd−CeO2 NPs using Shimadzu IRPrestige-21 FT-IR Spectropho-
tometer. The stretching frequencies obtained were plotted as %transmittance mode on the
y-axis and wavenumber (cm−1) on the x-axis from 450 to 4000 cm−1. The morphology,
structure, and elemental mapping were analyzed using field emission transmission electron
microscopy (FE-TEM) and selected area electron diffraction (SAED) using JEM-F200 (JEOL
Ltd., Tokyo, Japan). The determination of band gap energy of S−CeO2 and Pd−CeO2
NPs was investigated using UV-Vis diffuse reflectance spectroscopy (DRS) (Shimadzu,
UV-2600, Tokyo, Japan). A photoluminescence (PL) study was carried out using F-7000
Fluorescence spectroscopy (Hitachi High Tech, Tokyo, Japan) with an excitation wave-
length of 370 nm. X-ray photoelectron spectroscopy (XPS) and valence band (VB)-XPS were
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performed (Kratos Analytical, AXIS Nova, Manchester, UK). Photocatalytic activities of MB
dye degradation were carried out using a photochemical reactor Toption (TOPT-V) having
a 300 W Xenon lamp, and the photocatalytic degradation of MB was monitored using
UV–visible spectrophotometer (Shimadzu UV-1900, Japan). Photoelectrochemical studies
were performed using Autolab (MetroHm, Herisau, Switzerland) under dark and visible
light irradiation (Simon FL30 LED Floodlight, 100 W, Jiangsu, China). The measurements
were carried out and taken from NOVA software. Photoantibacterial studies of S−CeO2
and Pd−CeO2 NPs were investigated using a 96-well microplate in the presence of the LED
light (One & One Plus OP-0303 Nape Slim LED Stand).

4.3. Microwave-Assisted Synthesis of Cerium Oxide Nanoparticles

CeO2 NPs were synthesized using the microwave-assisted method. Briefly, 0.05 M of
Ce(NO3)3·6H2O solution (15 mL) was prepared in a microwave vessel. Exactly 2.4 mL of
1 M NaOH was added dropwise into the solution. Subsequently, the microwave reaction
was carried out at 180 ◦C for 15 min at 850 W microwave power. The precipitate formed
was centrifuged and washed three times with water before it was dried at 80 ◦C. The
product was stored and labeled as S−CeO2.

4.4. Microwave-Assisted Synthesis of Pd−CeO2 Nanoparticles

Pd−CeO2 NPs were synthesized using the same method as mentioned above. A 15 mL
of 0.05 M Ce(NO3)3 solution was prepared. A specific amount of PdCl2 was then added
to prepare 0.5, 1, 3, and 5% Pd−CeO2. Subsequently, 1 M NaOH was added dropwise
into the solution. The microwave reaction was carried out at 180 ◦C for 15 min at 850 W
microwave power. The precipitate was formed, centrifuged, and washed three times with
water before it was dried at 80 ◦C. The products were stored and labeled as 0.5% Pd−CeO2,
1% Pd−CeO2, 3% Pd−CeO2, and 5% Pd−CeO2 for further use.

4.5. Electrode Preparation

S−CeO2, 0.5%, 1%, 3%, and 5% Pd−CeO2 electrodes were prepared using the doctor
blade method. In brief, 25 mg of the respective sample was mixed with 0.5 mL ethanol and
0.5 mL α-terpineol. The mixture was sonicated for 10 min. Then, 25 mg of ethyl cellulose
was added to the mixture and stirred at 80 ◦C for ~2 h to produce a thick paste. The paste
was then spread on fluorine-doped tin oxide (FTO) glass electrode by 2 cm × 1 cm using a
doctor blade. The glass electrode was dried at 80 ◦C for 24 h prior to use.

4.6. Photocatalytic Degradation of MB Dye

The photocatalytic degradation of MB dye using S−CeO2 and Pd−CeO2 NPs under
visible light irradiation was monitored using UV-Vis spectroscopy. Exactly 10 mg of
S−CeO2 and 0.5, 1, 3, and 5% Pd−CeO2 NPs were dispersed in 50 mL of 10 ppm MB
dye solution. The sample mixture was stirred in the dark for 30 min to reach adsorption-
desorption equilibrium. Then, the reaction tubes were irradiated with visible light (300 W)
for 5 h in which the absorbance of the solution was measured every 1 h. The percentage of
photocatalytic dye degradation of MB was obtained using Equation (4):

% photocatalytic MB dye degradation =

(
Ablank − Asample

)
Ablank

× 100 (4)

where Ablank is the absorbance of MB only and Asample is the absorbance of MB dye after
photocatalytic degradation by the photocatalyst.

4.7. Photoelectrochemical Studies

The photoelectrochemical response of S−CeO2 and Pd−CeO2 NPs was examined
through linear sweep voltammetry (LSV) and electrochemical impedance spectroscopy
(EIS) experiments. The experiments were carried out under ambient conditions in the dark
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and under visible light irradiation (LED, 100 W) in 100 mL of a 1 M NaCl aqueous electrolyte
solution. The distance between the light and reactor vial was 22 cm. The prepared glass
electrode, Ag/AgCl electrode, and Pt electrode were used as the working electrode, refer-
ence electrode, and counter electrode, respectively. For each electrode, LSV and EIS were
performed in the dark and later under visible light irradiation at 100 mV/s in the potential
range of −0.7–1.5 V and at 0.0 V with a frequency ranging from 1–106 Hz, respectively.

4.8. Assays for Antibacterial Activities of Pd−CeO2 Nanoparticles

A single colony from the agar plate of each bacterium was inoculated in the TSB and
incubated for 12 h at 37 ◦C under shaking conditions (250 rpm). The seed culture was
diluted into fresh TSB in order to achieve the final OD600 ~0.05. The diluted cell culture
(300 μL) was placed in a 96-well microtiter plate and treated with different concentrations
of S−CeO2 and 0.5, 1, 3, and 5% Pd−CeO2 NPs. The concentrations of these NPs ranged
from 265 to 2048 μg/mL. Two sets of microtiter plates were prepared to contain different
concentrations of NPs. One set of microplates was incubated in the dark for 24 h at 37 ◦C.
The second set of the microplates was incubated in the presence of LED light that was
set at the height of 27 cm for 24 h at 37 ◦C. After incubation, the cell culture (100 μL) was
transferred into another 96-well microplate containing 200 μL sterile TSB. A two-fold serial
dilution (up to 10−8 dilutions) of the cell culture was carried out. The serially diluted cell
culture (100 μL) was spread-plated on the TSA plates. The TSA plates were incubated
at 37 ◦C for 24 h, followed by the counting of the total colonies. The log colony forming
unit (CFU) values of treated and untreated cells were calculated. All the experiments were
carried out in triplicate.

5. Conclusions

S−CeO2 and 0.5, 1, 3, and 5% Pd−CeO2 NPs were successfully synthesized using the
microwave-assisted method. Mixed phases of CeO2/Ce2O3 were obtained in S−CeO2 and
0.5, 1, and 3% Pd−CeO2. However, there were no mixed phases observed in 5% Pd−CeO2
NPs. Average crystallite sizes were found to be between 16.25–37.25 nm. Based on the
TEM images, irregularly spherical shaped S−CeO2 and Pd−CeO2 NPs were observed
with an average particle size between 6 and 13 nm. The band gap energy of S−CeO2
decreased with the addition of higher Pd content, in which the band gap narrowing
phenomena was illustrated through the DOS scheme. One percent of Pd−CeO2 NPs
showed enhanced responses under visible light irradiation in photocatalytic degradation of
MB. Meanwhile, 5% Pd−CeO2 showed enhanced responses in photoelectrochemical and
photoantibacterial activities. Therefore, Pd−CeO2 has shown visible light active properties
and can be potentially used in photocatalysis and photoantibacterial applications.
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(c) 5% Pd−CeO2 NPs; Figure S3. The average percentage of photocatalytic degradation of MB dye
using C−CeO2, S−CeO2, and Pd−CeO2 NPs under visible light irradiation; Figure S4. Absorbance
spectra of photocatalytic degradation of MB using (a) C−CeO2, (b) S−CeO2 (c) 0.5%, (d) 1%, (e) 3%,
and (f) 5% Pd−CeO2 NPs; Table S1. Percentage mass of Ce, O, and Pd elements in S−CeO2, 0.5%
Pd−CeO2, and 5% Pd−CeO2 NPs using EDX-Mapping.
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Abstract: A hexagonal wurtzite ZnO photocatalyst was prepared via a precipitation method. CuS
nanoparticles (NPs) and PbS quantum dots (QDs) were loaded onto ZnO via a hydrothermal method
to obtain a CuS/PbS/ZnO heterojunction photocatalyst. The CuS/PbS/ZnO photocatalyst obtained
via the abovementioned method has significant absorption capabilities in the ultraviolet to near-
infrared spectral regions, and effectively reduced the recombination of electron–hole pairs during a
photocatalytic reaction. Electron microscope images showed that in the CuS/PbS/ZnO photocatalyst
prepared at 130 ◦C, the particle size of the PbS QDs was approximately 5.5–5.7 nm, and the bandgap
determined from the Tauc plot was 0.84 eV; this catalyst demonstrated the best water splitting
effect. Furthermore, after adding a 0.25 M mixed solution of Na2S and Na2SO3 as the sacrificial
reagent in photocatalysis for 5 h, the hydrogen production efficiency from water splitting reached
6654 μmol g−1 h−1.

Keywords: heterojunction; CuS/PbS/ZnO; photocatalyst; hydrogen production; sacrificial reagent

1. Introduction

With industrial development and rapid population growth, humanity has accelerated
the consumption of the Earth’s resources, especially fossil fuels and forest resources. Some
scholars have pointed out that, among the energy sources on Earth, petroleum can be used
for about 40 years, natural gas for 60 years, and coal for 200 years. The concentration of
carbon dioxide in the atmosphere due to the heavy usage of fossil fuels has reached a
record high, exacerbating the greenhouse effect and causing rapid melting of the Arctic
ice cap and global climate change. These phenomena are extremely detrimental to the
sustainable development of human civilization. Therefore, all countries worldwide are
actively undertaking research and development to secure new energy resources, with the
aim of discovering an energy system to replace petroleum.

The calorific value of hydrogen is very high. Hydrogen can generate 142 million joules
of heat energy per kilogram, which is three times that of gasoline and three and a half times
that of natural gas. Hydrogen combustion can generate higher energy density, along with
water, and will not produce greenhouse gases such as carbon dioxide, rendering it a form
of clean energy. If hydrogen can be produced sustainably, combined with safe and efficient
storage, transportation, and utilization, a platform for the sustainable use of hydrogen
energy can be established to transform the current “petroleum economy” society into a
clean and zero-carbon “hydrogen economy” society.

Solar energy can be regarded as an inexhaustible resource. The average light energy
reaching the Earth is approximately 1.7 × 1017 W, and 1% of this energy is equivalent
to providing the world’s 7.4 billion people with 200 days of energy consumption. If this
solar energy can be effectively harnessed, the efficiency of energy usage can be improved,
and huge progress can be made towards realizing the vision of establishing low-carbon
nations and sustainable development. In recent years, the utilization of semiconductor
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photocatalysts for converting solar energy has become an important research direction.
Semiconductor photocatalysts are used for water splitting to produce hydrogen [1,2],
as well as in photocatalysis [3], the degradation of organic pollutants [4], and biomass
energy conversion [5], all of which can be used to find reliable and stable solutions for
environmental issues.

The current shortage of traditional energy requires the emergence of alternative energy
sources. Among them, hydrogen energy is one of the high-profile energy sources, and there
are more and more reports on the production of H2. The advantage of this work is that the
materials used are not expensive, which reduces the cost of synthesis. The photocatalyst
synthesis method is a hydrothermal method, and the process is simple.

Photocatalytic water splitting using solar energy to produce hydrogen was first pro-
posed by Japanese scholars Fujishima and Honda in 1972. The titanium dioxide electrode
of the anode absorbs light, and its valence band electrons excite the conduction band.
Electrons come to the platinum electrode along the circuit to generate hydrogen. The holes
on the titanium dioxide of the anode react with water to generate oxygen. Concurrently,
hydrogen gas is generated on the platinum cathode; this phenomenon is the well-known
Honda–Fujishima effect [6].

The method of electrochemically producing H2 from H2O is to put the cathode, anode
and membrane in water and apply voltage to anode to produce H+, which then reacts
with the electrons on the cathode to produce H2. Moreover, the strategy of photochemical
production of H2 is to place a material that can absorb light energy in water, and through
the irradiation of sunlight, the electrons of the material jump from the valence band to
the conduction band, generating electron–hole pairs, and H+ reacts to produce H2. These
two methods of producing H2 are the methods that are currently being discussed and
researched, and it is expected that they can replace the traditional methods of producing H2
in the future. These two methods can be linked together. In fact, photocatalyst degradation,
photocatalyst hydrogen production, solar cells, etc., are all combined and used together [7].

In photocatalytic systems, the main function of the photocatalyst is to absorb the solar
energy of different wavelengths to conduct reactions. Photocatalytic materials, such as
TiO2 [8], ZnO [9], CdS [10], and BiVO4 [11], have been developed for hydrogen production
via water splitting. As ultraviolet radiation only accounts for 4% of sunlight, the wave-
length of visible light accounts for a much larger percentage. In order to further extend
the absorption range of the photocatalyst to the visible region of sunlight and adjust the
redox potential to increase the efficacy of hydrogen production, different metal ions such
as Pt, Au, Cu, and other transition metals can be added to [12–14] or combined with other
semiconductor molecular structures to form heterojunction composite photocatalytic com-
pounds [15–17], such as CdS@ZnO, CuS/ZnO, ZnO/ZnS, etc., which have heterojunction
photocatalytic potential. In this manner, the original bandgap of the semiconductor can be
altered to achieve effective electron–hole separation and enhance the efficiency of hydrogen
production. For the CuS material, the reduction potential is −0.48 eV and the oxidation
potential is +1.18 eV, while the reduction potential of water is 0 eV and the oxidation poten-
tial is +1.23 eV. It is revealed that the reduction potential of CuS is lower than that of water.
When CuS receives energy, it is suitable for the reduction reaction of water to generate hy-
drogen; the energy gap of CuS is 1.66 eV, which belongs to the visible light absorption range.
However, due to the poor optical stability of semiconductors with narrow bandgaps, the
high rate of electron–hole recombination in the photocatalytic hydrogen production process
leads to poor hydrogen production efficiency. In order to improve the hydrogen production
efficiency, in their research, Wang et al. added Na2S and Na2SO3 as sacrificial reagents to
effectively reduce electron–hole recombination [18]. In 1996, Alivisatos reported on the use
of quantum dots (QDs) to control and adjust the size of semiconductor materials [19] in
order to improve the solar absorption and bonding problems encountered with narrow
bandgap semiconductors, and increase the photocatalytic hydrogen production efficiency.

The PbS QDs and CuS loaded onto ZnO in this study can absorb light in the near-
infrared range during the photocatalytic reaction, and thus the photocatalyst is not limited
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by the range of UV and visible wavelength. The size of the PbS QDs can also be adjusted
by changing the light wave absorption position of the photocatalyst.

When the conduction band potential of the photocatalyst is lower than the reduction
potential of water (0 V vs. NHE, pH = 0), and the valence potential is higher than the
oxidation potential of water (1.23 V vs. NHE, pH = 0), the photocatalyst absorbs light
energy greater than the bandgap value, resulting in electron–hole pair separation. The
electron transitions to the conduction band to reduce the hydrogen ions in the water to
hydrogen, and the holes left in the valence band oxidize the oxygen ions in the water to
generate oxygen; this process is termed photolysis by the semiconductor photocatalyst.
Due to its bandgap of 3.2 eV, TiO2 can only absorb in the UV region of the solar spec-
trum: its photoelectric conversion efficiency is limited, and it is subject to electron–hole
recombination, which affects the overall photocatalytic performance.

Nandi et al. loaded ZnO NPs and CdS NPs onto a CuS photocatalyst and adjusted
the energy band relationship of the photocatalyst through the heterostructure, which effec-
tively improved the efficiency of photocatalytic degradation [20]. Chang et al. prepared
dendritic PbS@CuS photocatalysts by a hydrothermal method and used NaCl, Na2S, and
Na2SO3 as sacrificial reagents for photocatalytic hydrogen production, achieving a hy-
drogen production efficiency of 1736 μmol h−1 g−1 [3]. Shi et al. first synthesized PbS
with QDs and then prepared a PbS@ZnO/graphene oxide photocatalyst. Through the
multiple exciton generation of PbS QDs, a good cooperative effect with graphene oxide was
produced, which effectively facilitated electron generation and electron–hole separation
and improved the efficiency of photocatalytic hydrogen production [21]. Liu et al. prepared
a (ZnS-PbS)/Au/TiO2 photocatalyst via a hydrothermal method, where the loaded PbS
QDs enhanced the absorption range of the photocatalyst from the near-infrared zone to
the visible light region. Moreover, 20 wt% methanol was used as a sacrificial reagent for
hydrogen production, which afforded an efficiency of 5011 μmol h−1 g−1 [22]. Wang et al.
electrochemically modified a ZnO rod/reduced graphene (rGO)/CdS composite with
CuS at room temperature to obtain a good heterostructure material. These studies show
that CuS nanoparticles play a key role in enhancing the visible light response, and ex-
hibit excellent catalytic performance. A visible-light photocatalytic H2 production rate of
1073 μmol h−1 g−1 was obtained with a CuS-ZnO/rGO/CdS heterostructure containing
0.23% CuS and 1.62% CdS [23].

Thus far, many ZnO-based substrates have been prepared by doping with transition
metals or rare earth metal nanoparticles to reduce the electron–hole recombination rate and
extend the light response into the visible region [24,25]. The generation of composites with
other semiconductors has also been used to form heterostructures that combine bandgaps
and different properties to enhance photocatalytic activity. However, if energy can be
absorbed in the near-infrared region, the efficiency of photocatalytic hydrogen production
could be further improved [26].

The aforementioned research results demonstrate that the photocatalytic efficiency
of photocatalysts can be improved by loading a narrow bandgap semiconductor on the
photocatalyst substrate to form a heterojunction. Therefore, in this study, CuS NPs and
PbS QDs were loaded onto the surface of a ZnO photocatalyst to improve the bandgap
relationship of the photocatalyst by utilizing sulfide with a narrow bandgap and increasing
the absorption range of the photocatalyst in the visible light region and the near-infrared
region, so as to improve the photocatalytic hydrogen production efficiency.

2. Results and Discussion

2.1. Analysis of Material Properties

The prepared heterojunction photocatalyst was analyzed using transmission electron
microscopy (TEM), as is shown in Figure 1. Figure 1a shows that ZnO prepared via
the precipitation method has a rectangular shape and a particle size of approximately
323.8 nm. The sulfide CuS NPs prepared via the hydrothermal method at 130 ◦C had
a size of approximately 35.7 nm, and presented a sheet-like morphology similar to the
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shape reported by Saranya et al. [27]. The particle size of the PbS QDs was approximately
5.5–5.7 nm, and the particle shape was approximately spherical, which is similar to that of
the PbS QDs prepared by Liu and colleagues [22].

 

Figure 1. TEM analysis of CuS/PbS/ZnO heterojunction photocatalyst. (a) Analytical images
of CuS/PbS/ZnO photocatalyst, (b) image analysis of the lattice spacing for CuS NPs loaded
onto ZnO, (c) image analysis of PbS QDs and ZnO lattice spacing, and (d) EDX analysis of
CuS/PbS/ZnO photocatalyst.

The high magnification TEM image of the photocatalyst (Figure 1b) shows a lattice
spacing of 0.247 nm for ZnO, corresponding to the (101) crystal face of hexagonal wurtzite;
the lattice spacing of the CuS (101) crystal plane was 0.326 nm. From Figure 1c, the lattice
spacing of the (200) plane of PbS QDs was 0.296 nm, which is consistent with the results
of Sun and Chang et al. [3,7] and is consistent with the XRD results presented hereinafter.
The TEM image of the prepared CuS/PbS/ZnO photocatalyst was analyzed by energy-
dispersive X-ray spectroscopy (EDX) (as shown in Figure 1d), whereby Cu, Pb, S, Zn, and
O were clearly observed, in addition to C originating from the carbon-coated copper mesh
itself. Thus, it was confirmed that the CuS NPs and PbS QDs were successfully loaded onto
the ZnO photocatalyst.

The XRD data for the prepared CuS/PbS/ZnO photocatalyst are shown in Figure 2.
The characteristic peaks of hexagonal wurtzite ZnO were observed at 2 θ values of 31.8◦,
34.5◦, 36.3◦, 47.6◦, 56.6◦, 62.9◦, 66.4◦, 68.0◦, and 69.1◦, corresponding to the (100), (002),
(101), (102), and (110) crystal faces; the data are consistent with JCPDS card no. 36-1451 [28].
The characteristic peaks of the loaded CuS NPs were observed at 27.3◦, 27.8◦, 29.4◦, 31.9◦,
48.1◦, 52.7◦, and 59.1◦, corresponding to the (100), (102), (103), (110), (108), and (116) crystal
faces, consistent with JCPDS card no. 06-0464 [29]. The characteristic peaks of PbS were
apparent at 26.0◦, 30.1◦, 43.1◦, 51.0◦, 53.5◦, 62.6◦, 68.9◦, 70.9◦, and 78.9◦, corresponding to
the (111), (200), (220), (311), (222), (400), (331), (420), and (422) crystal faces, consistent with
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JCPDS card no. 05-0592 [3]. Thus, CuS NPs and PbS QDs were successfully loaded onto the
ZnO photocatalysts at 100 ◦C, 130 ◦C, 150 ◦C, and 170 ◦C by the hydrothermal method.

Figure 2. XRD analysis of CuS/PbS/ZnO heterojunction photocatalysts prepared under different
hydrothermal temperatures.

As is shown in Figure 2, the characteristic peaks of the loaded CuS at 31.9◦ and
48.0◦ overlapped with the characteristic peaks of ZnO at 31.8◦ and 47.5◦, which intensified
the peaks. The characteristic peaks of the loaded PbS at 62.6◦and 68.9◦ overlapped with
those of ZnO at 62.9◦ and 69.1◦, leading to higher intensities. This indicates the presence
of CuS and PbS in the photocatalyst. Moreover, these peaks were more intense for the
CuS/PbS/ZnO photocatalyst prepared at higher hydrothermal temperature because the
formation of sulfides was more complete under the hydrothermal environment [30].

2.2. Spectral Properties of Prepared Heterostructure Photocatalysts

Table 1 shows ZnO, PbS/ZnO, CuS/ZnO, and CuS/PbS/ZnO photocatalysts incident
at a single wavelength light to detect the absorbance of the photocatalysts. It can be found
that single composition of ZnO photocatalyst absorbs UV (300–350 nm), but ZnO does
not absorb from VIS. to NIR (400–1800 nm). Comparing PbS/ZnO and CuS/ZnO, it can
be seen that ZnO-loaded PbS QDs can enhance the absorption of 400–1800 nm; while the
ZnO-loaded CuS can enhance the absorption of 350–1800 nm, the above two carriers can
improve the absorption of ZnO. Further comparison can be found that for the wavelength
of 350–600 nm, CuS is more improved; as for PbS QDs, it is more improved at 800–1800 nm.

Table 1. Monochromatic light source to the contribution of each component in the photocatalyst.

Photocatalyst

Single Wave Length Light (nm) 300 350 400 600 800 1000 1400 1800

Absorbance of the Photocatalysts (a.u.)

ZnO 0.408 0.615 0.000 0.000 0.000 0.000 0.000 0.000

PbS/ZnO 0.408 0.616 0.345 0.746 0.861 0.838 0.913 0.860

CuS/ZnO 0.408 0.625 0.665 0.754 0.627 0.627 0.587 0.546

CuS/PbS/ZnO 0.408 0.626 0.445 0.787 0.870 0.885 0.904 0.858

The UV-VIS-NIR spectra of the CuS/PbS/ZnO photocatalysts prepared at various
hydrothermal temperatures are shown in Figure 3, and the dotted line in Figure 3 represents
the position of the maximum absorption wavelength of sulfide quantum dots synthesized
by different hydrothermal temperatures, which can confirm the quantum confinement

47



Catalysts 2022, 12, 1677

effect of quantum dots. When the hydrothermal temperature is lower, the smaller size
of synthesized quantum dots is produced and spectrum present the blue-shift of the
absorption wavelength is occurred. The CuS/PbS/ZnO photocatalysts prepared at all the
hydrothermal temperatures had significant absorption bands from the near-infrared to
the visible light region. The photocatalysts prepared at 100 ◦C and 130 ◦C absorbed more
strongly at wavelengths of 380–760 nm. In comparison, the photocatalysts prepared at
150 ◦C and 170 ◦C had weaker absorption in the visible spectral region. The maximum
absorption wavelength was shifted from 1435 nm for the sample prepared at 170 ◦C
to 817 nm for the congener prepared at 100 ◦C, which suggests that the absorption of
the photocatalyst prepared using the lower-temperature hydrothermal conditions shifted
towards the shorter wavelength. Hence, it was concluded that the sulfide QDs prepared at
lower temperatures had a smaller particle size, and the bandgap was widened due to the
quantum confinement effect, which resulted in a blue-shift of the absorption [31].

Figure 3. UV-VIS-NIR spectra of CuS/PbS/ZnO photocatalysts prepared at various hydrothermal
temperatures. Dotted lines indicate the maximum absorption wavelength of photocatalysts.

The bandgaps of the sulfide QDs and ZnO photocatalysts were obtained via an analysis
of the Tauc plots. Figure 4 shows the Tauc plot for the CuS/PbS/ZnO photocatalysts
prepared at different hydrothermal temperatures. The CuS/PbS/ZnO photocatalyst had
two bandgaps: a lower bandgap of PbS, and a higher bandgap of ZnO. As can be deduced
from Figure 4, the bandgap of ZnO increased from 2.95 eV to 3.10 eV and the bandgap of PbS
QDs decreased from 0.71 eV to 0.55 eV for the CuS/PbS/ZnO photocatalysts prepared in
the hydrothermal temperature range of 100–170 ◦C. The bandgap of the PbS QDs prepared
at a hydrothermal temperature of 130 ◦C was approximately 0.84 eV, which corresponds
to PbS QDs of approximately 5.5 nm in the TEM image in Figure 1a. The relationship
between the particle size and bandgap of PbS QDs is consistent with the study of Liang
and co-workers [32]. Guchhait et al. also indicated that smaller PbS QDs particles should
have a larger bandgap, which could shift the absorption from the near-infrared region to
the visible light region, resulting in a blue-shift phenomenon [33].
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Figure 4. Tauc plot of CuS/PbS/ZnO photocatalysts prepared at various hydrothermal temperatures.

Electron–hole pair recombination in the photocatalyst was investigated by PL spectral
analysis. When the photocatalyst absorbs light energy, the electrons will transition from the
ground state to the excited state, and the electrons will fall back to the ground state and gen-
erate fluorescence. This process is termed electron–hole pair recombination. The degree of
electron–hole recombination in the photocatalyst determines the fluorescence intensity [29].

Figure 5 shows the PL spectrum of the prepared photocatalyst. Figure 5a shows the
PL spectrum of the ZnO photocatalysts loaded with different sulfides. Fluorescence was
generated in the wavelength range of approximately 400 nm to 800 nm, and the strongest
fluorescence intensity was at a wavelength of 600 nm. Non-loaded ZnO produced the
strongest fluorescence intensity, at a wavelength of 600 nm, whereas the fluorescence inten-
sity decreased significantly for the ZnO photocatalyst loaded with the CuS NPs and PbS
QDs, indicating that the loaded sulfide QDs effectively reduced the electron–hole recom-
bination rate of the photocatalyst [34]. In comparison with the PbS/ZnO and CuS/ZnO
photocatalysts, the fluorescence intensity generated by the CuS/PbS/ZnO photocatalyst
was the lowest, which indicates that when CuS NPs and PbS QDs were simultaneously
loaded onto the ZnO photocatalyst, the sulfide QDs and ZnO photocatalysts approached
each other more closely, which effectively reduced the recombination of electron–hole
pairs [35]. Yendrapati et al. [29] pointed out that the higher the peak value of the PL, the
stronger the fluorescence intensity generated by the photocatalyst, corresponding to a
faster electron–hole recombination rate. In contrast, the lower the peak value of the PL,
the weaker the fluorescence intensity generated by the photocatalyst, indicating a slower
electron–hole recombination rate.

Figure 5b shows the PL spectrum of the CuS/PbS/ZnO photocatalysts prepared
at different hydrothermal temperatures. The CuS/PbS/ZnO photocatalysts prepared at
different hydrothermal temperatures also emitted the maximum fluorescence intensity at
600 nm. The fluorescence intensity of the photocatalysts prepared at temperatures from 170
to 130 ◦C decreased gradually, where the photocatalyst prepared at 130 ◦C had the lowest
fluorescence intensity. This is because the particle size of the sulfide QDs prepared at a
lower hydrothermal temperature was smaller, and the bandgap of the sulfide QDs increased
due to the quantum confinement effect, which effectively facilitated the separation of the
electron–hole pairs and reduced the incidence of recombination. Notably, the highest PL
peak intensity was observed for the photocatalyst prepared at 100 ◦C. This might be due to
the hydrothermal temperature being too low, the crystallinity of the sulfide QDs being low,
or crystal defects, which may have led to a high electron–hole pair recombination rate [36].
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Figure 5. PL spectra of the prepared photocatalysts at 579 nm as the excitation wavelength (a) Various
sulfides supported on ZnO photocatalyst, and (b) CuS/PbS/ZnO photocatalysts prepared at different
hydrothermal temperatures.

2.3. Hydrogen Production by Water Splitting with Photocatalysts

Figure 6 shows the hydrogen production efficiency of the respective photocatalysts in
a 0.25 M aqueous mixed solution of Na2S and Na2SO3 as sacrificial reagents. The photo-
catalytic efficiency of the photocatalyst was studied by irradiating the aqueous solution
containing the photocatalyst and sacrificial reagents with light generated by a solar sim-
ulator for 5 h. Figure 6a shows that the hydrogen production of the ZnO photocatalyst
loaded with sulfide QDs was better than that of the non-loaded ZnO photocatalyst, and
the hydrogen production achieved with the respective photocatalysts increased with time.
CuS and PbS of the CuS/ZnO and PbS/ZnO photocatalysts facilitated energy absorption
from the near-infrared to visible light region. PbS and CuS are prone to photocorrosion;
thus, the hydrogen production rates of the CuS/ZnO and PbS/ZnO photocatalysts were
lower. As is shown in Figure 6b, the hydrogen production achieved with the ZnO photo-
catalyst without any loading was 203 μmol g−1 h−1, whereas the hydrogen production
of the CuS/PbS/ZnO photocatalyst was 6654 μmol g−1 h−1, which is 32 times that of
the non-loaded ZnO photocatalyst. The CuS/PbS/ZnO photocatalyst had a higher hy-
drogen production rate, because the simultaneous loading of PbS QDs and CuS NPs not
only facilitated absorption in the near-infrared and visible light regions, but the prepared
ternary CuS/PbS/ZnO heterojunction photocatalyst was also more efficient. The effective
electron–hole separation reduced the incidence of recombination [35].

Figure 6. Hydrogen production efficiency of respective photocatalysts in aqueous solution containing
0.25 M Na2S and Na2SO3 as sacrificial reagents. (a) Relationship between hydrogen production and
time. (b) Hydrogen production rate in μmol g−1 h−1.
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Wang et al. reported that CuS/ZnS nanomaterials exhibit high visible light-induced H2
generation activity. The H2 generation rate increases with increasing Cu2+ ions. However,
as with other cocatalysts, when the maximum amount of Cu2+ is reached (above 7 mol %),
the hydrogen evolution rate decreases significantly. This is due to light shielding by excess
CuS, which reduces the number of active sites on the surface [37].

Figure 7 shows the hydrogen production experiment of loading different contents
of CuS NPs on PbS/ZnO and adding Na2S and Na2SO3 mixture (0.25 M) as a sacrificial
reagent. It exhibits that as the amount of CuS NPs loaded onto PbS/ZnO increases, the
hydrogen production will increase. When the CuS NPs loading is 2 wt.%, the hydrogen
production is the highest, and when the loading reaches 3 wt.% and 4 wt.% the hydrogen
production of the photocatalyst decreased. The reason is that the over-loaded CuS NPs
shield the specific surface area of PbS/ZnO, greatly reducing the active sites and light
absorption of PbS/ZnO.

Figure 7. Rate diagram of hydrogen production on PbS/ZnO loaded with different contents of
CuS NPs.

TON specifies the maximum use that can be made of a catalyst for a special reaction
under defined reaction conditions by the number of molecular reactions or reaction cycles
occurring at the reactive center up to the decay of activity.

The calculation formula of TON:

Hydrogen production rate (μmole × min−1)/amounts of photocatalyst (μmole)

In order to obtain the hydrogen production effect of a single-component photocatalyst
and heterogeneous photocatalyst (CuS/PbS/ZnO) in a monochromatic light environment,
the authors designed the following experiments:

50 μmole of CuS, PbS, ZnO and CuS/PbS/ZnO were used for the hydrogen production
experiment under the monochromatic light source environment between 300 nm and
1200 nm (0.25 M mixed solution of Na2S and Na2SO3 as the sacrificial reagent). The
relevant data collection Tables 2 and 3 are as follows.
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Table 2. Evaluation of hydrogen production rate by single and heterojunction photocatalysts at
monochromatic light.

Photocatalyst

Single Wave Length Light (nm) 350 600 800 1000 1200

Hydrogen Production Rate (μmol min−1)
ZnO 224 0 0 0 0
PbS 0 212 234 188 201
CuS 0 197 220 207 194

CuS/PbS/ZnO 24 h 130 ◦C 271 346 375 394 446

Table 3. Evaluation of single and heterojunction photocatalyst activities at monochromatic light.

Photocatalyst

Single Wave Length Light (nm) 350 600 800 1000 1200

Turnover Number, TON (min−1)
ZnO 4.48 0 0 0 0
PbS 0 4.24 4.68 3.76 4.02
CuS 0 3.94 4.40 4.14 3.88

CuS/PbS/ZnO 24 h 130 ◦C 5.42 6.92 7.50 7.88 8.92
Note: The photocatalyst amounts of CuS, PbS, ZnO and CuS/PbS/ZnO are all 50 μmole.

From the table ‘Evaluation of single and heterojunction photocatalyst activities at
monochromatic light’, it can be seen that the TON of each component of a single-component
photocatalyst is smaller than that of heterojunction photocatalyst under the environment
of monochromatic light, which can also explain that the heterojunction synthesized by
hydrothermal method photocatalyst has better hydrogen production rate.

Figure 8 shows hydrogen production in the presence of the CuS/PbS/ZnO photo-
catalysts prepared at different hydrothermal temperatures. The photocatalytic reaction
proceeded in the presence of the photocatalyst without the addition of a sacrificial reagent
(as is shown in Figure 8a), where the photocatalyst prepared at 130 ◦C afforded the best
hydrogen production. The hydrogen production curves of the photocatalysts prepared
at hydrothermal temperatures in the range of 150–170 ◦C were similar. This is due to
the quantum confinement effect, because the particles of sulfide QDs prepared at lower
hydrothermal temperature (130 ◦C) were smaller, which increased the bandgap of the
sulfide QDs and effectively separated the electron–hole pairs. However, the particle size
of the sulfide QDs prepared at higher hydrothermal temperatures (150 and 170 ◦C) was
relatively larger; thus, the hydrogen production was lower than that achieved with the
photocatalysts prepared at 130 ◦C. Moreover, after five hours of the photocatalytic process,
the hydrogen production was lower for the photocatalyst prepared at a hydrothermal
temperature of 100 ◦C. This might be because the hydrothermal temperature was low, and
the crystallinity of the prepared sulfide QDs was low; thus, it was easy to generate crystal
defects, leading to the recombination of the electron–hole pairs. This result is consistent
with the previous PL analysis.

Wang et al. [38] pointed out that adding a mixed solution of Na2S and Na2SO3 to the
aqueous solution of the photocatalytic system as a sacrificial reagent effectively reduced
electron–hole recombination in the photocatalyst. Na2S generates S2−, which is more
unstable than the sulfide photocatalyst, causing the electron–hole pairs to oxidize S2− to a
greater extent whilst protecting the sulfide photocatalyst from photocorrosion. However,
the oxidation of S2− produces polysulfide Sn2− (Equation (1)), which affects the efficiency
of hydrogen production. The added Na2SO3 will dissociate to give SO3

2− and convert
Sn2− back to S2− (Equation (2)); thus, the photocatalyst is able to produce hydrogen. The
efficiency is unaffected and SO3

2− also reacts with the electron–hole pairs to sweep them
away and prevent recombination (Equation (3)). The overall reaction formula with the
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mixed sacrificial reagents is represented by Equation (4). The reaction mechanism in the
presence of Na2S mixed with Na2SO3 as sacrificial reagents is as follows:

2S2− + 2h+ → S2
2− (1)

S2
2− + SO3

2− → S2O3
2− + S2− (2)

SO3
2− + h+ + 2OH− → SO4

2− + 2H+ (3)

SO3
2− + S2− + 2h+ → S2O3

2− (4)

In this study, 0.25 M of Na2S and Na2SO3 mixed solution was added as a sacrificial
reagent to aid the photocatalyst in removing electron–holes during the photocatalytic
reaction, so as to reduce the electron–hole recombination rate (as is shown in Figure 8b).

Figure 8. Analysis of hydrogen production in the presence of CuS/PbS/ZnO photocatalysts prepared
at different hydrothermal temperatures. (a) No addition of Na2S and Na2SO3 mixed sacrificial
reagent. (b) Addition of 0.25 M Na2S and Na2SO3 mixed sacrificial reagent.

After adding the sacrificial reagent (Na2S mixed with Na2SO3), the hydrogen produc-
tion of the photocatalyst was significantly improved. In comparison with the photocatalyst
without the added sacrificial reagents, the hydrogen production increased greatly (by
77–88%), which proves that adding Na2S and Na2SO3 as sacrificial reagents effectively
reduced electron–hole recombination in the photocatalyst and improved the hydrogen
production efficiency of the photocatalyst.

An SEM analysis of the photocatalyst (Figure 9) showed that the hexagonal wurtzite
ZnO (in the shape of a rectangle) was still visible in the samples treated at hydrothermal
temperatures of 100–150 ◦C. As the hydrothermal temperature increased, agglomeration
gradually occurred, and was most prominent in the photocatalyst prepared at the hy-
drothermal temperature of 170 ◦C. The specific surface area/pore volume/pore size of
the CuS/PbS/ZnO photocatalysts prepared at different hydrothermal temperatures was
determined through Brunauer–Emmett–Teller (BET) analysis (see Table 4). The surface
area decreased from 33.2 m2 g−1 for the photocatalyst prepared at 100 ◦C to 23.0 m2 g−1

for the congener prepared at 170 ◦C, indicating that a higher hydrothermal temperature
led to a lower specific surface area of the photocatalyst. This is because the photocatalyst
powders prepared at higher hydrothermal temperatures agglomerated easily [39], which is
consistent with the SEM analysis. The larger the surface area of the photocatalyst, the more
reaction sites there are, and the better the photocatalytic hydrogen production efficiency
of the photocatalyst [40]. Through the abovementioned analysis of the photocatalytic
hydrogen production, it was discovered that the crystallinity of the loaded sulfide QDs
also affected the hydrogen production efficiency of the photocatalyst.
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Figure 9. SEM images of CuS/PbS/ZnO photocatalysts prepared at different hydrothermal tempera-
tures. (a) 100 ◦C, (b) 130 ◦C, (c) 150 ◦C, and (d) 170 ◦C.

Table 4. BET surface area, pore volume, and pore size of CuS/PbS/ZnO.

Photocatalyst
BET Surface Area

(m2 g−1)
Pore Volume

(cm3 g−1)
Pore Size

(nm)

CuS/PbS/ZnO 100 ◦C 28.98 0.21 29.05
CuS/PbS/ZnO 130 ◦C 33.20 0.26 30.79
CuS/PbS/ZnO 150 ◦C 27.57 0.23 33.13
CuS/PbS/ZnO 170 ◦C 23.09 0.23 39.37

The CuS/PbS/ZnO photocatalyst, prepared at a hydrothermal temperature of 130 ◦C
in an autoclave, was irradiated with a solar simulator for photocatalytic reaction for 5 h,
the solution was centrifugated to collect the photocatalyst, and was reused 10 times for
hydrogen production analysis (as shown in Figure 10), during which the photocatalyst still
maintained a hydrogen production rate of 78%. Thus, the prepared CuS/PbS/ZnO photo-
catalyst exhibits good stability and reusability, and it is speculated that when the mixture
of water and sacrificial reagent is replaced, it is not performed in a dark environment, so
the photo-corrosion of sulfides is caused, and when the photocatalyst is recycled and the
photocatalytic reaction is performed again, the amount of hydrogen produced is dropped.

Figure 10. Hydrogen production efficiency of CuS/PbS/ZnO photocatalyst prepared at a hydrothermal
temperature of 130 ◦C, under photocatalytic reaction with solar simulator irradiation for 5 h.
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3. Materials and Methods

3.1. Experimental Reagents

The laboratory-grade chemicals used in this study and their purity were as follows: zinc
acetate (Showa, 99%, Tokyo, Japan), copper acetate (Alfa Aesar, 99%, Heysham, UK), lead
acetate (Alfa Aesar, 99%, Heysham, UK), thioacetamide (Alfa Aesar, 99%, Essex, MA, USA),
sodium sulfide (Acros, 98+%, Hel, Belgium), sodium sulfite (Showa, 97%, Tokyo, Japan),
sodium hydroxide (Showa, 97%, Tokyo, Japan), and ammonia (Showa, 28%, Tokyo, Japan).

3.2. Synthesis of ZnO Nanomaterials

The ZnO used in this study was prepared by the precipitation method. Firstly, 3 g
of Zn(CH3COO)2·2H2O was weighed and dissolved in 100 mL of deionized (DI) water.
The solution was then heated to 80 ◦C and stirred at 300 rpm with a magnetic stirrer for
30 min. At the same time, 20 mL of dilute NH3 solution was added dropwise at a rate of
1–2 mL/min, and stirring was continued for 2 h. After stirring, the solution was allowed to
stand at room temperature, after which the precipitate was filtered by ultrasonic vibration
for 30 min. The precipitate was then washed with DI water and C2H5OH several times and
freeze-dried for 8 h. After drying, the ZnO photocatalyst powder was collected in a sample
bottle and covered with aluminum foil to avoid exposure to external light sources.

3.3. Synthesis of CuS/PbS/ZnO Photocatalyst by Hydrothermal Method

An appropriate amount of Pb(CH3COO)2·2H2O and Cu(CH3COO)2·H2O was weighed
and dissolved in DI water to form an acetate solution, which was then mixed with the
ZnO photocatalyst powder synthesized above and stirred uniformly. Excess CH3CSNH2
(2.5 times the mixture of lead acetate and copper acetate) was added at a rate of 1–2 mL/min,
stirred for 2 h, and then ultrasonically shaken for 30 min. After completion of the reaction,
1 M NaOH was added to adjust the pH of the solution to 11, and the solution was poured
into a Teflon-lined container, placed in an autoclave, and heated to 100, 130, 150, or 170 ◦C
for 24 h via the hydrothermal method. After heating, the mixture was left to cool to room
temperature, and the precipitate was washed several times with DI water and C2H5OH and
freeze-dried for 8 h. After drying, the CuS/PbS/ZnO photocatalyst powder was obtained
and stored in a sample bottle wrapped with aluminum foil to avoid exposure to external
light. Figure 11 shows the bandgap correlation diagram of the prepared CuS/PbS/ZnO
heterojunction photocatalyst.

Figure 11. Bandgap correlation diagram of the prepared CuS/PbS/ZnO heterojunction photocatalysts.
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3.4. The Degree of Recombination of Photocatalyst

The degree of recombination of the photocatalyst is the electron–hole recombina-
tion rate of the prepared photocatalyst, which is measured via fluorescence spectrometer
photoluminescence (PL). When the photocatalyst is irradiated with a light source with
a wavelength of 579 nm, the excited photocatalyst generates electrons in the conduction
band, and then falls back to the conduction band to generate fluorescence. In this way,
the recombination rate of the electron–hole pairs of the photocatalyst was judged by the
fluorescence intensity of each sample.

3.5. Photocatalytic Hydrogen Production

The photocatalytic water splitting hydrogen production reactor system used in this
study was a semi-open type. The simulated light source was a 300 W solar simulator, and
an AM 1.5 G filter was installed as the illumination light source. The distance between
the light source and the photocatalytic reactor was 20 cm. The main body of the reactor
was made of light-transmitting quartz glass. There were four holes on the reactor, two of
which were the inlet and outlet holes for helium gas, and two of which were the pressure
detection hole and the sampling port. CuS/PbS/ZnO photocatalyst powder (50 mg) was
placed in the reactor, and the photocatalytic reaction was carried out in pure water to study
the effect of hydrogen production via water splitting. The results were compared those
obtained by adding 0.25 M sacrificial reagent (mixed solution of Na2S and Na2SO3). After
adding the 0.25 M sacrificial reagent (mixed solution of Na2S and Na2SO3) and allowing
the photocatalytic reaction to proceed for 5 h, the solution was centrifuged at 6000 rpm
to filter out the photocatalyst. Subsequently, under similar conditions, the water splitting
experiment to produce hydrogen was repeated 10 times.

In the photocatalytic decomposition of water for hydrogen production, the gas in the
reactor was extracted by a gas needle every hour and passed through a gas chromatograph
(GC, YL Instrument 6500GC system) connected to a thermal conductivity detector (TCD)
to analyze the hydrogen content. During the process, helium was used as the carrier gas,
where the gas flow rate was 30 mL/min. The sample was injected into the injection port
at a temperature of 180 ◦C; the column type was molecular-sieves, and the temperature
was set at 60 ◦C. CuS/PbS/ZnO photocatalyst is used on organic compounds (such as a
five-membered ring system), but it may be cracked due to high temperature in the process
of illumination. However, it is believed that photocatalyst research can be carried out in
the ring catalyst system in the future. [41].

4. Conclusions

CuS NPs and PbS QDs were successfully loaded onto ZnO photocatalysts by a hy-
drothermal method, and the resulting CuS/PbS/ZnO heterojunction photocatalyst was
applied to photocatalytic hydrogen production under sunlight irradiation. The sulfide-
loaded PbS QDs and CuS NPs on the ZnO photocatalyst enhanced the absorption of the
photocatalyst in the near-infrared region to the visible light region. The quantum con-
finement effect of the sulfide QDs widened the bandgap of the photocatalyst, and indeed
reduced electron–hole recombination, thus effectively improving the photocatalytic hydro-
gen production efficiency of the photocatalyst. The CuS/PbS/ZnO photocatalyst prepared
at a hydrothermal temperature of 130 ◦C had better efficiency, where the hydrogen produc-
tion amounted to 6654 μmol g−1 h−1 when a 0.25 M aqueous mixture of Na2S and Na2SO3
was added as a sacrificial reagent.
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Abstract: In this work, a new binary MoS2/Co3O4 nanohybrids was successfully fabricated and
the chemical structures, morphologies, electrochemical and optical characterizations were carried
out. In addition, heterojunction nanoparticles present in S-scheme structures act as electron traps
and promote light absorption capacity for the degradation of Methyl orange (MO) with visible-light
activity. MoS2/Co3O4 nanohybrids suggested excellent photocatalytic performance compared to
bare MoS2 and Co3O4, where 95.6% of MO was degraded within 170 min, respectively. The results
also showed excellent stability and recyclability over five consecutive cycles, without noticeable
changes in the nanocomposite structure. The boosted photocatalytic degradation and redox activities
of MoS2/Co3O4 can be attributed to the created S-scheme heterostructure to facilitate the separation
of and to delay recombination of photoinduced charge carriers. We believe that this strategy of
exploiting nanohybrid photocatalysts has great potential in the field of environmental catalysis and
diverse applications.

Keywords: photodegradation; nanohybrids; MoS2/Co3O4; methyl orange (MO); environment remediation

1. Introduction

Environmental contamination and energy demand represent a worldwide concern.
To overcome these problems, nanomaterials are an alternative to address environmental
aspects of wastewater treatment contamination and energy generation by organic com-
pounds [1–3]. The immoderate emptying of waste toxic organic dyes, such as methyl
orange (MO), into soils and water pools counteracts environmental protection and safety.
Consequently, it is necessary to treat the dyeing wastewater with practical and harmless
methods [4,5]. It is well-known that solar light is a favorite choice of clean energy for
decomposing pollutants due to its great redox activity and energy density only makes
H2O [6]. The utilization of visible light is a rather effective process as it adopts abun-
dantly available solar light. To date, the photocatalytic system, as a green and direct reach,
has been found to be effective in environmental treatment, especially in the removal of
organic pollutants. Photocatalytic degradation with visible light activity is employed to
excite the semiconductor material creating electron (e−) and hole (h+) pairs for the degra-
dation of organic compounds. To date, different semiconductors have been adopted as
photocatalysts in environmental applications [7]. Photocatalytic removal pollutants have
attracted sufficient exploration attention and are considered a hopeful system to solve the
energy crisis and environmental issues. However, the low absorption of sunlight, high
electron–hole recombination, and photo-decay effects are still limiting to the acquisition
of an efficient photocatalyst with visible light activity. [8]. Accordingly, it is necessary to
fabricate and acquire nano-heterojunction photocatalysts with great solar-to-redox reaction
conversion performance.

Recently, heterostructured photocatalysts have attracted researchers’ attention due
to superior features such as improved electron–hole pair separation performance [9]. The
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transition-metal dichalcogenides (TMDs) have obtained large attention owing to a series
of interesting excellent properties [10]. Between these materials, molybdenum disulfide
(MoS2) has great charge carrier density, high conductivity, and a controllable energy band
gap, which is valuable and effective for optimizing environmental remediation and im-
proving photocatalytic water splitting capability with visible light irradiation [11]. As a
kind of normal TMDs, MoS2 has a bandgap energy of about 1.7~2.7 eV and proper valence
conduction band potentials that own great photocatalytic efficiency and can employ an
immense section of solar light [12]. Unfortunately, the poor light harvesting ability, inactive
removal pollutants performance, and quick recombination rate of photo-excited charge
carriers are the natural disadvantages that inhibit the useful utilization of MoS2 [13]. In
addition, Co3O4 also exhibits obvious stability under the photocatalytic system. In addition,
Co3O4 possesses the matched band gap potential with MoS2 to develop an efficient step-
scheme (S-scheme) heterostructure because the valence band (VB) of Co3O4 is close to the
conduction band (CB) of MoS2 based on previous works [12]. However, the Co3O4 catalyst
absorbs primarily visible light and possesses a wide band gap energy, which prohibits their
photocatalytic efficiency. Among these heterostructures, MoS2 and Cobalt oxide (Co3O4)
photocatalysts exhibit various superior properties for instance remarkable direct bandgaps,
excellent mechanical properties, outstanding optical property as well as distinguished
photocatalytic efficiency [14–16]. On the other hand, bare MoS2 and Co3O4 for direct
photocatalytic water splitting or removal of contaminants are quite challenging because of
their poor operation and high electron and hole recombination rate [17,18]. In addition, this
heterojunction not only improved H+ adsorption and promoted migration and transport
of H+ to the surface reactive sites, but further suppress the stacking or aggregation of
materials [19]. To solve this issue, a common method is to develop nano-heterostructure
between Co3O4 and MoS2 under visible light irradiation to improve their visible light
activity. To overcome these barriers, substantial promotions have been made in the rea-
sonable formation and design of MoS2/Co3O4-based nanohybrids with well-established
interfaces and nanostructures [20]. Constructing heterojunction photocatalysts can assist
the charge transfer between the diverse photocatalysts and enhance the separation of charge
carriers. Therefore, the introduction of new-form nano-heterojunction photocatalysts with
structural variety, band gap energy, and better visible-light utilization is superior in this
investigate area [21,22].

In the present study, a new MoS2/Co3O4 nanohybrid photocatalyst was fabricated by
a facile hydrothermal route for powerful photocatalytic activity. The green–hydrothermal
technique is energy-saving, cost-effective, environmentally friendly, and a green process
compared with other synthesis methods [23,24]. To our knowledge, there is no report on
the photocatalytic degradation of MoS2/Co3O4 nanohybrids with visible light irradiation.
A potential S-scheme heterojunction can be constructed between MoS2 and Co3O4 while
Schottky junction developed at the MoS2/Co3O4 interface, respectively, which connected
to enhance the charge carries separation ability. With the optimized amount of Co3O4
loading in the composite, the MoS2/Co3O4 nano-heterojunction displayed a great removal
MO rate of 95.6%, which was approximately 2.1 and 2.3 folds higher than that of bulk
MoS2 and Co3O4 samples, respectively. MoS2/Co3O4 nanohybrids demonstrated higher
photocatalytic efficiency than MoS2 and Co3O4 on the removal of MO dye with visible
light irradiation. This system opened up a new route for the controlled fabrication of
MoS2-based heterojunction and also improved their organic compound photodegradation
activity. The further the surface reactive positions created by the huger specific surface
area, the higher the redox efficiency due to the farther negative conduction capacity, and
decreased recombination degree of photogenerated electrons and holes eventually resulted
in improved photocatalytic performance.

2. Results and Discussion

XRD analysis was further collected to check the crystal phase form and structural
composition of the as-fabricated photocatalysts, as exhibited in Figure 1. During the
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hydrothermal process, the apparent feature peaks of MoS2 were weaker while several new
feature peaks appeared at 31.2◦, 36.8◦, 44.9◦ and 59.4◦ of the MoS2/Co3O4 photocatalysts,
which are related with the (220), (311), (400) and (511) diffraction face of Co3O4 (JCPDS
No. 42–1467) [15], respectively. The MoS2 materials exhibits a series of primary feature
peaks at 14.3◦, 32.9◦, 39.8◦, 44.5◦, 50.2◦, 50.7◦, and 60.7◦, which assigned to the (002), (100),
(103), (006), (105), and (110) crystal planes (JCPDS: 37-1492), respectively, and no other
impurity peaks were perceived [11]. Its value indicating that there is no altered signal in
the XRD analysis of the MoS2/Co3O4 nanocomposites compared to the MoS2 and Co3O4
samples, suggesting that the presented Co3O4 content is fewer, and the dispersion is greater,
and there are no other impurity peaks or feature peak shift. In addition, when the reaction
solutions concentration of Co3O4 was increased from 5 wt% to 20 wt%, the (311) feature
peak intensity of Co3O4 became higher, which indicated an enlarge in the dosage of Co3O4
in the heterojunction. In particular, contrast with the XRD analysis of Co3O4, the overall
diffraction intensities of MoS2/Co3O4 heterojunctions were altered at 36.8◦ with (311)
diffraction face (see Figure 1 inset). In addition, the feature peaks of MC-X (X = 5 wt%,
10 wt%, 15 wt%, and 20 wt%) are comparable to the feature XRD analysis of MoS2 without
additional impurity peaks, which suggests that the nanohybrids photocatalyst further
possess coherent crystal structure [25,26].

 
Figure 1. XRD patterns of MoS2, Co3O4, MC-5%, MC-10%, MC-15%, and MC-20% samples, inset
shows the intensity of (311) XRD peak.

In order to explore the development step of morphologies after hydrothermal process,
SEM and TEM were characterized. As exhibited in Figure 2a,b, apparently large-sized
bulk MoS2 and Co3O4 can be found, respectively. It is obtained that the microstructure of
the photocatalyst is sphere-like and plate-like with approximately 5 μm equivalent size.
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However, the MoS2 and Co3O4 possess a high grade of collection, which intensely suppress
the surface of the active location of the photocatalysts. As displayed in Figure 2c, the
MoS2/Co3O4 heterojunction presents a nanomaterial with an irregular surface, which gives
it a greater specific surface area. Therefore, this reflection was verified in the specific surface
area examination test. It is pronounced that despite the size of MC-X being immensely
decreased, the crystals of MoS2 still retain great crystallinity, as presented by the (002) major
peak observed in the XRD patterns (Figure 1). This nanohybrid of MoS2/Co3O4 serves
a sufficient area for the efficient load of Co3O4, which can mainly disperse MoS2/Co3O4
nanohybrids and decrease aggregation. As displayed in Figure 2d, the MoS2/Co3O4-
20% heterojunction displays an aggregated form with a dimension of approximately
4–10 nm. From Figure 2e, the lattice fringe of 0.26 nm could be apparently noticed, which
corresponds to the (002) plane of hexagonal MoS2. The fringe spacing of 0.32 nm is assigned
to the (311) plane of Co3O4. During further testing, it could be found that the MoS2/Co3O4-
20% nanohybrids were eventually constructed. The element mappings exhibit that the
Mo, S, and Co elements are consistently distributed in the MoS2/Co3O4-20% nanohybrids
(Figure 2f–i). The construction of the heterostructure of MoS2/Co3O4 is broadly supposed
to possess a definite effect on promoting the charge carrier’s separation ability of photo-
catalytic. The consistent distribution of Mo, S, and Co elements can confirm the effective
formation of MoS2/Co3O4 nanohybrids.

Figure 2. SEM images (a) MoS2 (b) Co3O4 (c) MoS2/Co3O4, (d) TEM and (e) HRTEM images
of MoS2/Co3O4, (f–i) Elemental mapping images of MoS2/Co3O4 nanohybrids with elemental
distribution of Mo, S, and Co.
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The UV-vis absorption spectra are generally adopted to check the visible light ab-
sorption capability of the photocatalyst, and the analysis of the as-prepared MoS2/Co3O4
heterojunction is exhibited in Figure 3. As can be observed, the two optical band gaps of
MoS2/Co3O4-X nanocomposites are 1.56~1.69 eV (Eg1) and 2.31~2.61 eV (Eg2), which are
in good agreement with the MoS2 and Co3O4 energy band gap. As MoS2/Co3O4 photocat-
alyst is a photo-response sample, it possessed a wide wavelength absorption ability. Eg1 is
joined to the onset of O(II)-Co(III) excitations [13–15]. The maximum response wavelength
of MoS2/Co3O4 is extended to 550 nm. Then, it presents a narrower band gap (Eg2) of
2.31~2.61 eV after adding Co3O4, which is favorable to improve visible light application
and photoexcited charge carriers. In addition, the UV-vis spectra of the MoS2/Co3O4
nanohybrids are relativity close. The construction for this case is that the minor added
dosage of Co3O4 does not generate an apparent alteration to the light absorption efficiency
of the MoS2/Co3O4 nanohybrids. The MC-20% nanohybrids display better light absorption
and the absorption range has a minor red shift in the range of 550–680 nm. It could be
assigned to the cooperation between MoS2 and Co3O4. Hence, the Co3O4 materials may be
a significant reason to enlarge the light absorption of the MoS2/Co3O4 nanohybrids. The
band gap energy (Eg) of the corresponding photocatalyst was received via the transformed
Kubelka–Munk function [27,28]. As exhibited in Figure 3b, the Eg2 (Eg1) values of MC-5%,
MC-10%, MC-15%, and MC-20% are about 2.61 (1.56) eV, 2.51 (1.61) eV, 2.45 (1.64) eV,
and 2.31 (1.69) eV.

Figure 3. (a) UV–vis DRS absorption spectrum and (b) Tauc plots of as-prepared nanocomposites.

Then, X-ray photoelectron spectroscopy (XPS) is validated to recognize surface infor-
mation of the fabricated samples. Figure 4a displays the survey XPS spectra. As further
observed, MC-20% is constructed of Mo, S, Co and O elements, which involve the integral
elements of MoS2/Co3O4 nanohybrids. There are no other impurity peaks emerging in
survey spectra, suggesting that there are no other contaminate photocatalysts during hy-
drothermal route. The high-resolution spectrum of Mo 3d (Figure 4b) could be divided
into two peaks, which centered are at ∼229.6 eV and ∼232.8 eV, referring to Mo 3d 5/2
and Mo 3d 3/2 [10]. Correspondingly, two feature peaks in the high-resolution S 2p XPS
spectra of MC-20% centered at nearly 162.6 eV and nearly 163.6 eV (Figure 4c) are referring
to S 2p3/2 and S 2p1/2, respectively [11]. As shown in Figure 4d, binding energies of
∼780.1 eV and ∼795.5 eV referring to Co 2p 3/2 and Co 2p 1/2 for MC-20% nanohybrids,
respectively [14]. The O 1s spectra of MC-20% (Figure 4e) binding energies at 529.8 eV
and 531.8 eV, referring to the O2− in the Co3O4 and the adsorbed oxygen [15]. These
results suggested that the MoS2/Co3O4 nanohybrids were well fabricated with a strong
interaction between MoS2 and Co3O4. The elements concerned with the formation of

63



Catalysts 2022, 12, 1474

MoS2/Co3O4 nanohybrids were confirmed by the EDS spectra. Four noticeable peaks were
obtained at nearly 0.8 keV, which was owing to the presence of oxygen atom, and other
three peaks arising at 0.8 keV and 6.9 keV related to Co, and 2.3 keV, are related to Mo and
S as exhibited in Figure 4f. The results confirmed the successful fabrication of MoS2/Co3O4
nanohybrids. The Brunauer-Emmett-Teller (BET) specific surface areas of MoS2, Co3O4,
and MC-20% are evaluated to be ~35.2, 24.6, and 68.7 m2 g−1, respectively (Table 1). The
main aperture size of MoS2, Co3O4, and MC-20% are ~38.4, 48.5 and 8.9 nm, respectively.
The pore volumes of MoS2, Co3O4, and MC-20% are ~0.193 cm3 g−1, 0.124 cm3 g−1and
0.372 cm3 g−1, respectively. BET of MC-20% was more than 2 times than that of MoS2 and
Co3O4, demonstrating the introduced Co3O4 had a critical influence on raising the specific
surface area of MoS2.

 

 

Figure 4. Cont.
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Figure 4. The surface chemical station analysis of MC-20%, (a) Survey spectra, High resolution XPS
spectra of (b) Mo 3d spectra, (c) S 2p spectra, (d) Co 2p spectra, and (e) O 1s spectra, (f) EDS analysis
of MC-20% nanohybrids.

Table 1. The physical adsorption parameters of the photocatalysts of MoS2, Co3O4, and MC-20%
were measured three times.

Samples Specific Surface Area (m2/g, BET) a Total Pore Volume (cm3/g, BET) b Average Pore Diameter (nm, BJH) b

MoS2 35.2 ± 5 0.193 ± 0.02 38.4 ± 5

Co3O4 24.6 ± 5 0.124 ± 0.02 48.5 ± 5

MC-20% 68.7 ± 5 0.372 ± 0.02 8.9 ± 3
a Received from BET analysis. b Relative pressure (P/P0) was 0.99.

Figure 5a exhibits the decay in absorbance peak intensity of 447 nm with extending
irradiation time. It displays that the absorbance ability of MO was continuously removed
with visible light activity in the presence of the as-fabricated photocatalysts. In addition,
the absorbance of MO decreased significantly with the increase of irradiation time by using
MC-20% nanohybrids as primarily photocatalyst under solar irradiation was recorded
by UV–vis absorption spectroscopy, which proved the destruction of MO molecules. The
photocatalytic activity of MO by as-fabricated MoS2, Co3O4 and MC-X materials was
evaluated with and without visible light activities (Figure 5b). The control experiments
displayed the capability values for the self-photocatalytic of MO pollutants under same
light condition. This result suggests that the degradation of MO pollutants is owing to the
photodegradation activity in the as-fabricated samples. On the other hand, the individual
MoS2 and Co3O4 samples could degrade about 45.8 and 41.4% of MO under 140 min of
visible light radiation. The photodegradation capability of the photocatalysts followed the
sequence: MC-20% nanohybrids > MC-15% nanohybrids > MC-10% nanohybrids > MC-5%
nanohybrids > MoS2 > Co3O4. This poor photodegradation performance could be assigned
to the high recombination of electrons and holes in the bulk component [29]. Noticeably,
MC-20% nanohybrids described excellent photodegradation performance of MO pollutants
(~95.6%) than bare MoS2 or Co3O4, which was about 2.3 folds than bare Co3O4. The major
process of photocatalytic reaction for the composite magnetic photocatalyst MoS2/Co3O4
based on the basic principles and studies reported in the literature can be summarized
as follows:

MoS2 + hν → MoS2
(
e−CB + h+

VB
)

(1)

Co3O4 + hν → Co3O4
(
e−CB + h+

VB
)

(2)

O2 + e−CB → •O−
2 (3)

MoS2
(
e−CB

) → Co3O4
(
e−CB

)
(4)

2H+ + •O−
2 + 2e−CB → H2O2 (5)

Co3O4
(
h+

VB
) → MoS2

(
h+

VB
)

(6)
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2H2O + h+
VB → O2 + 4H+ (7)

Composite h+ + MO → MO∗ (Oxidation) (8)

MO + Composite h+or •O−
2 → Degradation products (9)

MO + HO• → MO(HO•) → Intermediates + HO• → CO2 + H2O (10)

 

 
Figure 5. Cont.
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Figure 5. Photocatalytic study of MO degradation, (a) time-dependent UV−Vis absorption spec-
tra, (b) conversion of MO over various photocatalysts, (c) pseudo−first-order kinetics study of the
degradation, (d) degradation rate constant of as−fabricated samples, (e) recycling and (f) radical scav-
enging activity during the decomposition of MO over MC−20% under visible light, (g) Comparison
of XRD analysis of MC−20% samples before and after photocatalytic.

In addition, the photocatalytic reaction kinetics of an MO removal test was calculated
to a pseudo first order equation model in order to check the photocatalytic activity. The
linear relationship between ln (Co/C) vs. irradiation time (t) is exhibited in Figure 5c and
the removal rate constant (Kapp) is displayed in Figure 5d. The MC-20% nanohybrids
were measured with a higher Kapp value compared to the other synthesized samples. For
effective utility purposes, the stability and reusability of MC nanohybrids were estimated
by cycling runs. After every test, the sample was centrifuged, washed and dried before
operating the next run. As shown in Figure 5e, the photodegradation capability of the
MC-20% sample was 95.6%, 92.3%, 90.5%, 88.3%, and 86.8% for first, second, third, fourth,
and fifth test, respectively. The noticed reduction of the photocatalytic activity of MC-20%
can be referred to an adsorbed MO and its evolution products on the surface of MC-20%
nanohybrids, thus prohibiting the active sites and visible light from approaching the photo-
catalyst [30]. The exploration of the photodegradation mechanism of the nanohybrids acted
as a critical factor in the effective utilization of the heterojunction photocatalyst. Accord-
ingly, the free radical trapping tests were performed, in which p-BQ (1,4-benzoquinone),
IPA (2-propanol) and EDTA-2Na were adopted as scavenging free radical (•O2

−, •OH
and h+) agents [31]. It could be observed from the analysis results in Figure 5f that when
various scavenging free radical agents were further joined, the photocatalytic efficiency of
the MC-20% sample was influenced to altering degrees. The MC-20% sample was highly re-
sponsive to p-BQ and EDTA-2Na, implying that •O2

− and h+ were the major active species
during the photodegradation activity, and •OH only acted as an assisting active species.
Consequently, these results demonstrate that the formation of MoS2/Co3O4 with a proper
ratio (20 wt%) is able to receive the better photocatalytic efficiency of MoS2/Co3O4 in the
nano-heterostructure. The stability and repeatability of the sample are important indexes to
evaluate the performance of photocatalysts. XRD analysis was performed after the fourth
recycling experiment. Taking MC-20% photocatalyst as an example, its activity did not
change significantly after five cycles, which can still degrade 86.8% of MO (Figure 5g). This
result clearly suggests the stability of the fabricated MoS2/Co3O4 NC photocatalyst. In
addition, Table 2 displays the photocatalytic performance of relevant heterojunction in
previous reports [31–36]. By contrast, it is observed that the MoS2/Co3O4 nanomaterial
we prepared has remarkable benefits for organic compounds of high concentration in the
photocatalytic process.
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Table 2. Comparison of photocatalytic activity of some photocatalysts for removal MO dye under
visible light irradiation.

Catalysts
Pollutants

Volume
Concentration Lamp

Mass of
Catalysts

Time (min)
Degradation

Rate %
Reference

ZnO-
TiO2/SO4

2− 25 mL 20 mg L−1 halide 20 mg 72 90 [31]

CoOx/g-C3N4 35 mL 10 mg L−1 Xenon 35 mg 180 92 [32]

ZnPcs 3 mL 3.3 × 10−5 M White LED 10 mg 720 93 [33]

SbSI MRs 50 mL 30 mg L−1 halide 25 mg 10 78 [34]

Sn-ZnO/GO 1000 mL 50 mg L−1 Xenon 100 mg 120 87 [35]

CdS 150 mL 10 mg L−1 Xenon 500 mg 180 94 [36]

MoS2/Co3O4 50 mL 20 mg L−1 halide 10 mg 170 96 Present work

For confirm the presented S-scheme heterojunction, electron spin resonance (ESR)
is adopted to recognize the free radicals produced in the system of MoS2, Co3O4 and
MC-20% nanohybrids. Applying DMPO as a spin capture agent, DMPO-•O2

− and DMPO-
•OH are observed with light conditions. It could be found in Figure 6a that the MC-20%
photocatalyst displays the higher feature signal of DMPO-•O2

−, while the feature signal of
DMPO-•O2

−of MoS2 and Co3O4 is nearly undetectable. It exhibits that the construction
of heterojunction is more favorable to the production of •O2

−, which could be referred
to the rapider migration and separation of photoexcited charge carriers in heterojunction
catalysts [36]. Furthermore, the DMPO-•OH feature signal peaks of MoS2, Co3O4 and
MC-20% could be found in Figure 6b, of which MC-20% possess the highest signal peak.
Hence, it could be resulted that MC-20% nanohybrids can generate more •O2

− and •OH.
The coincidence of •O2

− and •OH radicals further verify that the charge carrier separation
mechanism is S-scheme. The charge transfer routes are analyzed by photoelectrochemical
measurements. Electrochemical impedance spectroscopy (EIS) with visible light activity is
exhibited in Figure 6c, and the smaller semi-circular curve in Nyquist plots expresses the
lesser charge carrier transport resistance. Apparently, the lowest charge carrier transport
resistance in MC-20% imply the greatest efficient charge carrier transport routes [37], which
corresponds with the outstanding PHE capability of MC-20% nanohybrids. As exhibited in
Figure 6d, all the MC-20% nanohybrids electrodes exhibit a great transient photocurrent
response than that bare MoS2 and Co3O4 behaves at the highest intensity, implying the
great efficient charge separation. Room-temperate PL spectra are carried out to check the
charge carrier dynamics behavior. As displayed in Figure 6e, the apparently reduced PL
intensity of MC-20% also proves the prohibited electrons and holes recombination, which
is in good approval with the above results. Furthermore, the performance of the charge
carrier is further explored under photocatalytic redox reactions. The efficient separation
of photo-induced charge carriers is a required situation for enhancing the capability of
photodegradation [38]. It is also found that the poorer the peak PL intensity, the lower
the possibility of electron and hole pairs recombination rate, which is more favorable to
the development of the pollutant removal reaction. This is owing to the evidence that the
formation of nano-heterojunction improves the quick separation and transport of photo-
excited charge carriers, hence, greatly suppressing the recombination rate of photo-induced
charge carriers and enhancing the performance of charge carrier separation.
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Figure 6. DMPO spin−trapping ESR spectra for (a) •O2− and (b) •OH with visible light for MoS2,
Co3O4 and MC−20%, (c) Electrochemical impedance spectra (EIS) of MoS2, Co3O4, and MoS2/Co3O4

in 0.5 M Na2SO4 solution with visible light activity, and (d) Transient photocurrent densities of MoS2,
Co3O4, and MoS2/Co3O4 electrodes in 0.5 M Na2SO4 solution with visible light, (e) PL spectra under
the excitation wavelength of 580 nm of MoS2, Co3O4, MC−5%, MC−10%, MC−15% and MC−20%.

Based on the above data analysis and results, a photocatalytic activity mechanism of
MO removal on MC nanohybrids is recommended, as exhibited in Scheme 1. Following the
introduction of Co3O4 materials on the surface of MoS2, a firm heterostructure is organized.
During exposure to visible light, photocatalysis activity has various efficiencies to the
incident visible light in varied wavelength ranges. In this work, MC nanohybrids can
absorb a broad range of incident visible light with the same conditions, thus generating
more photoexcited charge carriers. More significantly, the system of photocatalytic reaction
of nanohybrids design is higher than that of single-component design, implying in an
improved interaction among reactant and photocatalyst. Ultimately, the excellent hydrogen
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evolution and pollutants removal promote the nanohybrids to have a higher charge carrier
separation behavior [39,40]. In the meantime, a built electric field from Co3O4 to MoS2
induces the downward band curving of MoS2 and upward band curving of Co3O4 at
the heterojunction interface, respectively. During visible light irradiation, both MoS2 and
Co3O4 could be photo-induced to produce electrons and holes. The electric field, curved
band edges and the coulomb interaction notably drive the CB electrons of MoS2 to rebuild
with the VB holes of Co3O4, leading to the practical conservation of the high-oxidative holes
in the VB of MoS2 and high-reductive electrons in the CB of Co3O4, which significantly
promotes the photo-response efficiency of MoS2/Co3O4. This facile S-scheme system can
efficiently weaken the recombination rate of photoinduced charge carriers in the hetero-
junction and improve the recombination of limited photo-generated electron and hole pairs,
hence increasing the excellent redox activity of the photocatalyst. Finally, the enhanced
photodegradation efficiency could be attributed to the increased visible light absorption
ability, more reactive sites and powerful transfer of photo response charge carriers. In
addition, the interface influence is larger than the efficiency of the photogenerated hole
and electron to recombine. The electrons of the conduction band of MoS2 contribute to
the pollutant removal reduction reaction. Then, the holes of Co3O4 are oxidized in the
valence band by the photocatalytic process. This novel S-scheme nanocomposite possesses
better redox ability [19,26,27], which apparently enhances the capability of photocatalytic
pollutants removal. The CB and VB of MC with visible light activity, are induced to create
photoexcited electrons and holes, respectively. On the other hand, the photo-response
charge carriers in MoS2 and Co3O4 will recombine rapidly, implying a weakening in pho-
tocatalytic capability. Although, owing to the presence of Co3O4 cocatalyst, photoexcited
electrons will rapidly migrate to MoS2, and also further water reduction so hydrogen
evolution will appear. Furthermore, the presence of MoS2 can weaken over-potential
and serve more active sites for photocatalytic and can further enlarge the visible light
absorption of Co3O4.

Scheme 1. The possible photocatalytic mechanism of nanohybrids.

3. Materials and Methods

Sodium molybdenum oxide dehydrates (Na2MoO4·2H2O) (≥99.5%), L-cysteine (C3H7
NO2S), Cobalt chloride hexahydrate (CoCl2·6H2O, ≥98%), Methyl orange (MO, ≥85%),
Triton X-100, Potassium hydroxide (KOH, ≥85%), 1-Methyl-2-pyrrolidone (NMP, ≥99%),
absolute ethanol (CH3CH2OH, ≥95%), and acetone (CH3COCH3, ≥99.5%) were used from
Sigma-Aldrich (St. Louis, MO, USA). Deionized water was utilized to produce solutions to
be examined. All the chemicals were adopted directly without purification.
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Typically, 1.2 mmol of Na2MoO4·2H2O and 2.5 mmol the L-cysteine was used to 40 mL
of deionized (DI) water to develop a homogeneous solution via stirring and ultrasonic
treatment for 30 min. CoCl2·6H2O (2.5 mmol) was added in 40 mL distilled water and a cer-
tain amount of surfactant (1%, w/w, Triton X-100) was added subsequently. Subsequently,
the homogeneous solution was transformed into a Teflon-lined stainless-steel autoclave
(100 mL) and reacted at 180 ◦C for 20 h. After cooling down to room temperature naturally,
the pristine dark precipitate was obtained by centrifugation, washed three times with
deionized water, NMP, absolute ethanol and acetone, and dried at 70 ◦C in a vacuum oven
overnight. A series of MoS2/Co3O4 photocatalysts was provided by increasing various
doses of Co3O4 (5 wt%~20 wt%); the individual samples are denoted as MC-X (X = 5 wt%,
10 wt%, 15 wt%, and 20 wt%). Finally, the nanocomposite is prepared via the hydrothermal
method, as shown in Scheme 2.

Scheme 2. Schematic illustration of the formation route of the MoS2/Co3O4 nanohybrids.

X-ray diffraction patterns (XRD) were determined by a Bruker D8 Advanced diffrac-
tometer (Billerica, MA, USA) at 5–75◦ with a scanning step of 20◦/min at room temperature.
Hitachi UV-4100 UV–visible spectrophotometer and Edinburgh Analytical Instruments
F-7000 (Tokyo, Japan) were adopted to check the UV–vis diffusive reflectance spectra and
photoluminescence (PL) spectra with an excitation wavelength of 620 nm. The microstruc-
ture and morphology of different samples also were tested by employing scanning electron
microscopy (SEM) micrographs (ZEISS AURIGA, Oberkochen, Germany) and transmission
electron microscopy (TEM) experiment (JEOL JEM-2100F, Tokyo, Japan). Electron paramag-
netic resonance (EPR) spectra were observed on a Bruker A300 (Munich, Germany) at room
temperature under atmospheric conditions. A CH Instruments electrochemical workstation
with a standard three-electrode system was recorded to carry out electrochemical measure-
ments in 0.2 M Na2SO4 solution. Furthermore, the saturated Pt electrode and Hg/Hg2Cl2
electrode were used as the counter electrode and reference electrode, respectively. The
working electrode was used according to the next procedure: the as-prepared photocata-
lysts (20 mg) were dispersed in 10 mL of DI water to obtain a homogeneous suspension
with a consecutive ultrasonic process. The chemical states and surface species were tested
by X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific, Waltham, MA, USA).

Photodegradation of MO pollutants over various MC-X photocatalysts was performed
at room temperature with visible light activity. A 350 W Xe lamp was employed as the
visible-light source. A total of 20 mg of samples were added in 100 mL MO aqueous
solution (20 mg L−1). The above reaction solution was further stirred under the dark
for 20 min to organize absorption-desorption equilibrium between photocatalysts and
MO compounds. Under light activity, a definite quantity of reaction solution was carried
out from the combination solution at contributed intervals, followed by centrifugation to
eliminate all the materials. The concentration alters of MO pollutants were obtained via
UV-vis spectroscopy under photocatalytic activity.
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4. Conclusions

In this study, MoS2/Co3O4 nanohybrids were fabricated adopting a facile hydrother-
mal process. The prepared nanohybrids exhibited better capability for the degradation
of MO dye from aqueous solution. The maximum MO photodegradation performance
approached by the nanohybrids was 95.6%, and the reaction rate constants was 0.021.
The MoS2/Co3O4 nanohybrids with 20 wt% loading of Co3O4 on MoS2 nanoparticles,
displays excellent photocatalytic response for MO dye removal as compared to the bare
photocatalysts and other nano-heterojunctions. The 20 wt% MoS2/Co3O4 nanohybrids
were the optimal photocatalysts through photoreduction and photodegradation activity
greater than that of bare MoS2 and Co3O4. The result demonstrates that the formation
of MoS2/Co3O4 nanohybrids is conducive to the production of excellent photo response
carriers and the enhancement of visible light absorption. In addition, the fabrication of
nanohybrids effectively inhibits the recombination rate of photo response electrons and
holes in the photocatalytic activity. Thereby, this research paves way for the facile formation
of nanohybrids system for diverse environmental fields.
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Abstract: Heterogeneous photo-electro-Fenton process is an attractive technology for the removal of
recalcitrant pollutants. To better exploit the presence of an irradiation source, a bifunctional catalyst
with TiO2 nanoparticles embedded into an iron–chitosan matrix was developed. The catalytic activity
of the catalyst was improved by the optimization of the loaded TiO2 content. The prepared composite
catalysts based on TiO2, Fe3O4 and chitosan were called TiO2/Fe3O4-CS beads. The best catalyst
with an optimal ratio TiO2/Fe = 2 exhibited a high efficiency in the degradation and mineralization
of chlordimeform (CDM) insecticide. Under the optimum conditions (concentration of catalyst equal
to 1 g L−1 and applied current intensity equal to 70 mA), a real effluent doped with 30 mg L−1

of CDM was efficiently treated, leading to 80.8 ± 1.9% TOC reduction after 6 h of treatment, with
total removal of CDM after only 1 h.The generated carboxylic acids and minerals were identified
and quantified. Furthermore, the stability and reusability of the developed catalyst was examined,
and an insignificant reduction in catalytic activity was noticed for four consecutive cycles of the
photo-electro-Fenton process. Analyses using SEM, XRD and VSM showed a good stability of the
physicochemical properties of the catalyst after use.

Keywords: photo-electro-Fenton process; chlordimeform; wastewater treatment; bifunctional catalyst

1. Introduction

In recent decades, the extensive use of pesticides to improve agricultural production
has led to an increased risk of water pollution. In fact, these pollutants can be classified as
persistent and extremely toxic organic substances. The ability of these harmful pollutants
to easily bioaccumulate even at very low concentrations represents a serious issue that can
cause problems for the environment, human health and living organisms [1]. Consequently,
the removal of pesticides from water and wastewater has become a great global challenge.

In recent years, electrochemical advanced oxidation processes (EAOPs) have been
considered an option for the removal of toxic and persistent organic micropollutants from
wastewater [2–4]. One of the most powerful and attractive techniques among EAOPs is the
electro-Fenton (EF) process, whereby hydrogen peroxide (H2O2) is generated at a cathode
by O2 reduction (Equation (1)), and a ferrous ion or iron oxide catalyst is added to the
effluent [5]. The EF process is very effective in the mineralization of organic pollutants
due to the production of strongly oxidizing hydroxyl radicals through the Fenton reaction
(Equation (2)) [6]. However, this technology is limited by a few factors, such as the rapid
accumulation of Fe(III) ions and the possibility of their complexation with hydroxyl ions
and oxidation products during treatment [7].

O2 + 2 H+ + 2 é → H2O2 (1)
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H2O2 + Fe2+ → Fe3+ + OH− + •OH (2)

The presence of UV irradiation has two specific aims: the regeneration of Fe(II) ions
and the degradation of the formed complexes until their mineralization due to an additional
production of •OH [8]. This process is called the photo-electro-Fenton (PEF) process, and it
leads to great performance in the mineralization of organic pollutants [9,10].

However, the application of UV irradiation could increase the operational cost, but it
can be justified by the use of a photocatalyst, such as TiO2, to increase its economic cost
effectiveness. The application of a ferromagnetic-TiO2 composite material is widely used
for photocatalysis due to its efficiency and magnetic properties [11,12].

In fact, in a heterogeneous system, many solid catalysts containing iron, such as Fe,
Fe2O3, Fe3O4 and FeOOH, were successfully used for the treatment of recalcitrant organic
pollutants in water [13–17]. Among iron oxides, the immense popularity of Fe3O4 as
a catalyst originates from its broad application potential due to high saturation magne-
tization, easy handling, relatively low cost, non-toxicity and environmentally friendly
character [18,19]. Titanium oxide (TiO2) has also shown widespread photocatalytic applica-
tion in the field of wastewater treatment due to its unrivalled properties of non-toxicity,
easy UV activation, chemical stability and availability [20]. Despite all these outstanding
properties, TiO2 deployment for photocatalytic application has witnessed drawbacks due
to its large energy band gap of about 3.2 eV [20,21]. In addition, one of the problems
hindering TiO2 use is its agglomeration in aqueous solution, which requires a post-filtration
treatment [21]. In order to overcome the problem of the band gap of TiO2, several studies
revealed that the presence of Fe3O4 enhances the photocatalytic activity of TiO2 by decreas-
ing the charge carrier recombination, with a band gap of the composite material around
2.5 eV. This is caused by the generated Z-scheme on the composite TiO2/Fe3O4 where
the recombination between holes and electrons on TiO2 is restrained by the addition of
another valence band (Fe3O4). Indeed, Fe-species have been reported as an outstanding
alternative for creating Z-scheme photocatalytic heterojunction systems [22]. Moreover,
this modified TiO2 nanoparticle can be separated from water by means of an external
magnetic field [11,23]. However, the use of magnetic separation is complicated in real water
applications. Therefore, the use of a catalytic support, such as chitosan, for both metal
oxides (Fe3O4 and TiO2) not only avoids the agglomeration issue, but it also facilitates
catalyst recovery, protects ferroparticles from oxidation and extends their storage life [24].

Therefore, in the present study, we innovatively synthesized the TiO2/Fe3O4-CS cat-
alytic beads through a green co-precipitation method in only one step. The co-precipitation
method involves the dispersal of a mixture of chitosan and metals into an alkaline solution
to form nanoparticles strongly bound to chitosan with attractive catalytic and magnetic
properties for easy catalyst recovery and reuse [24–28]. TiO2/Fe3O4-CS was used as a novel
nano-structured heterogeneous catalyst for the oxidation of CDM insecticide by an efficient
cyclic PEF process; therefore, Fe(II), within the structure of Fe3O4, can activate the Fenton
system [29], and TiO2 acts as a photocatalyst to better exploit the use of UV irradiation.
In the PEF system, an electrochemical reactor was used for the electrogeneration of H2O2,
and the catalyst was added to a second photocatalytic reactor. The effects of operational
parameters were studied, such as the TiO2 loading in the beads, catalyst dosage and the
current intensity applied. Under optimal conditions, aqueous wastewater doped with
30 mg L−1 of CDM was treated. The carboxylic acids and inorganic ions generated during
the treatment process were identified and quantified. Finally, the electric energy consumed
was estimated, and the stability of the best catalyst in terms of CDM and TOC removal
efficiencies was studied.

2. Results

2.1. Optimization of Operational Parameters
2.1.1. Performance Comparison of Several Processes for the Removal of CDM

Initially, some control experiments were performed. To begin with, the adsorption
assays of the developed catalytic beads showed no CDM adsorption after 4 h of treat-
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ment on the synthesized catalytic beads (data not shown). Then, the low efficiencies
of photoelectrolysis–H2O2 (electrogenerated H2O2 + UV-LED) and photocatalysis (1 g
of TiO2/Fe3O4-CS catalyst + UV-LED) systems revealed, respectively, 70.6 ± 5.3% and
13.2 ± 4.4% of CDM removal yield after 1 h of electrolysis (Figure 1) along with only
18.2 ± 3.3% and 4.4 ± 1.6% of TOC abatement after 4 h of treatment (Table 1). However, the
PEF process running at I = 50 mA and pHi = 3, in the presence of 1 g L−1 TiO2/Fe3O4-CS, ex-
hibited higher efficiency, with total degradation of CDM after only 1 h and TOC abatement
equal to 69.6 ± 2.7% after 4 h of treatment (Table 1).

Figure 1. Performance comparison of several processes and effect of the addition of TiO2 to magnetic
chitosan beads: (a,d) % removal of CDM; (b) −Ln (C/C0) vs. time; (c) [H2O2] vs. time: I = 50 mA in
the presence of 1 g L−1 of catalyst and at pHi = 3.

2.1.2. Influence of TiO2 in Magnetic Chitosan Beads

As found previously in the PEF system, the composite catalyst TiO2/Fe3O4-CS showed
higher catalytic activity, with total degradation of CDM after only 1 h and TOC abatement
of around 70% after 4 h of treatment. However, in the presence of Fe3O4-CS catalytic
beads, only 87.9 ± 3.1% CDM removal yield and TOC abatement was achieved, not
exceeding 33.9 ± 4.1%. The higher photocatalytic activity of TiO2/Fe3O4-CS beads could
be attributed to the acceleration of electron mobility in the FeIII/II/TiO2 system [12,30]
and the synergistic combination of PEF with photocatalysis. It is widely reported that
the combination of TiO2 and Fe3O4, with their different band gaps, can suppress the
electron–hole recombination, enhancing the photocatalytic activity, and thus, the PEF
process efficiency, thanks to the generation of the Z-scheme [11,22,30–32]. Moreover, the
degradation of CDM by the PEF process was found to follow a pseudo-first-order kinetic
(Figure 1b), which is probably related to the steady •OH concentration throughout the
treatment process [33,34]. To evaluate the catalytic decomposition of the oxidant, the
concentration of H2O2 was monitored during treatment with and without the developed
catalysts, and the results are presented in Figure 1c. In the absence of the catalyst and
UV-LED lamp, the accumulated amount of H2O2 after 4 h of electrolysis was estimated
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at 64.4 ± 0.5 mg L−1. In the presence of UV-LED irradiation, the concentration of H2O2
decreased to 53.8 ± 0.9 mg L−1, which means that the amount of H2O2 decomposed by
photolysis after 4 h of electrolysis was around 16.6%. As expected, by adding the Fe3O4-CS
and TiO2/Fe3O4-CS catalytic beads to the (H2O2 + UV-LED) system, the concentration of
the oxidant decreased significantly to 39.9 ± 1.1 mg L−1 and 29 ± 0.8 mg L−1, respectively,
indicating that approximately 38% and 55% of the H2O2 amount was decomposed. These
findings were in agreement with our previous results, and they confirmed the best catalytic
activity of TiO2/Fe3O4-CS beads because an increase in the decomposition rate of H2O2
is related to an increase in the production yield of •OH radicals [35]. Therefore, it is clear
that the incorporation of TiO2 into magnetic CS beads favors an effective usage of H2O2,
allowing great improvement to the PEF process efficiency.

Table 1. Summary table of mineralization rates.

Parameter Assay
Rate of TOC Removal after 4 h of

Treatment

Performance comparison of
several processes

TiO2/Fe3O4-CS(2) + UV-LED 4.4 ± 1.6
H2O2 + UV-LED (Without catalyst) 18.2 ± 3.3

TiO2/Fe3O4-CS(2) + H2O2 + UV-LED 69.6 ± 2.7
Influence of TiO2 in magnetic

chitosan beads
Fe3O4-CS + H2O2 + UV-LED 33.9 ± 4.1

TiO2/Fe3O4-CS(2) + H2O2 + UV-LED 69.6 ± 2.7

Effect of TiO2 loading content into
magnetic chitosan beads

Molar ratio TiO2/Fe = 1 38.2 ± 3.5
Molar ratio TiO2/Fe = 2 69.6 ± 2.7
Molar ratio TiO2/Fe = 3 54.2 ± 5.6
Catalytic beads of TiO2 24.5 ± 1.9

Effect of catalyst dosage

0.25 g L−1 40.9 ± 4.1
0. 5 g L−1 60.8 ± 3.2

1 gL−1 69.6 ± 2.7
1.5 g L−1 70.2 ± 1.7
2 g L−1 58.2 ± 6.2

Effect of current intensity
50 mA 68.6 ± 4.9
70 mA 76.9 ± 3.7
100 mA 77.7 ± 1.2

2.1.3. Effect of TiO2 Loading Content into Chitosan Beads

In order to increase the catalytic activity of TiO2/Fe3O4-CS beads, the effect of TiO2
content in the catalyst was studied. For this purpose, the molar ratio TiO2/Fe was varied
during the preparation of the catalyst from 1 to 3 (to facilitate a designation of the developed
catalysts, the molar ratio values between the brackets were added to TiO2/Fe3O4-CS). The
results showed that a molar ratio equal to 2 (TiO2/Fe3O4-CS(2)) was optimal, leading to total
degradation of CDM after 1 h (Figure 1d) and TOC removal yield of around 70% after 4 h of
treatment (Table 1), against 38.2 ± 3.5% and 54.2 ± 5.6%, respectively, for the molar ratios
TiO2/Fe = 1 and 3. On the other hand, the comparison of the photocatalytic activities of
TiO2/Fe3O4-CS(2) and TiO2-CS (Figure 1d) showed a remarkable difference in their catalytic
performance, which was greater for the composite catalyst. In fact, the CDM degradation
rate did not exceed 35% after 1 h of treatment using TiO2-CS beads, with low TOC abatement
estimated at 24.5 ± 1.9% after 4 h of treatment. Therefore, it is obvious that the Fe(II) ions in
TiO2/Fe3O4-CS catalytic beads notably improve their catalytic performance by the Fenton
reaction with H2O2, so that •OH radicals are produced. Numerous studies have reported
the high photocatalytic activity of the mixture of TiO2/Fe3O4 compared to pure TiO2, and
they explained this improvement by the fast photogenerated electron transfer between
Fe3O4 and TiO2, which can effectively reduce electron/hole recombination [12,33,36,37].

To sum up, a molar ratio TiO2/Fe = 2 is optimal both for the removal of the pollutant
and its mineralization. In fact, varying the molar ratio from 1 to 2, the photocatalytic
activity of the catalytic beads increased through the increase in TiO2 active sites. The
improvement in pollutant degradation and mineralization by the increase in TiO2 load in
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the iron catalysts has already been reported by many research studies, and it is related to
the enhancement of the electron transfer reducing electron–hole recombination [32,38]. For
a molar ratio TiO2/Fe = 3, the catalytic performance of the system decreased due to the
decrease in active iron sites in favor of the photocatalytic sites of TiO2, which has a wide
band gap energy, causing a rapid recombination of the electron–hole pairs [39]. It is well
known that the fast recombination of charge carriers significantly lowers the photocatalytic
performance [24,40]. Thus, a TiO2/Fe molar ratio equal to 2 was optimal for the preparation
of TiO2/Fe3O4-CS beads, and the catalyst TiO2/Fe3O4-CS(2) was selected thereafter.

The photodegradation of pesticides using TiO2/Fe3O4-based materials as catalysts has
been poorly reported. Compared to the efficiency of TiO2/Fe3O4 composite catalysts listed
in Table 2, TiO2/Fe3O4-CS showed good catalytic activity. Nevertheless, the reactor set-up,
such as the irradiation source, can greatly affect the overall efficiency of the process [41].

Table 2. The comparison of photodegradation efficiency of TiO2/Fe3O4-CS catalytic beads with other
TiO2/Fe3O4-based materials against different pesticides.

Catalysts Pesticides Degradation Efficiency (%) Refs.

Fe3O4-TiO2/reduced graphene oxide Atrazine 99% within 40 min [42]
N-doped TiO2@SiO2@Fe3O4 nanocomposite Paraquat 98.7% within 180 min [43]
Bare 3D-TiO2/magnetic biochar dots Diazinon 98.5% within 30 min [44]
TiO2/Fe3O4-CS Chlordimeform 100% removal within 60 min Present work

2.1.4. Effect of Catalyst Dosage

Catalyst dosage was another parameter affecting the heterogeneous Fenton
reaction [45]. The effect of catalyst dosage on the degradation of CDM by the PEF process
was studied by applying a current intensity of 50 mA at pHinitial = 3. It is clear from
Figure 2a that the increase in TiO2/Fe3O4-CS(2) catalytic beads from 0.25 g L−1 to 1 g L−1

increased the rate of CDM removal, and an almost total degradation was obtained for all
assays after 1 h of treatment, with an improvement in TOC abatement, respectively, from
40.9 ± 4.1% to 69.6 ± 2.7% (Table 1). For a concentration equal to 1.5 g L−1, there was a
trivial enhancement in CDM and TOC removal efficiencies. However, the removal yields
of CDM and TOC were decreased for a high concentration equal to 2 g L−1. Indeed, an in-
crease in the concentration of catalytic beads in solution can inhibit the penetration of light
into the photocatalytic reactor [46,47]. Additionally, an increase in the active catalytic sites
can cause secondary reactions with •OH radicals, thus producing less reactive oxidizing
species (Equation (3)), which can reduce the efficiency of the process for the mineralization
of organic pollutants [25].

Fe2+ + •OH → Fe3+ + OH− (3)

2.1.5. Effect of the Current Intensity

The current intensity applied is a key parameter in the electrochemical Fenton tech-
nologies because it is the driving force for the reduction in oxygen, leading to the generation
of H2O2 at the cathode, and it affects the regeneration of Fe(II) [48]. In order to study the
effect of the current intensity applied on CDM degradation and its mineralization by the
PEF process, several experiments were carried out using different current intensities in
the range from 50 mA to 100 mA in the presence of 1 g of TiO2/Fe3O4-CS(2) and at initial
acid pH (Figure 2b). The results showed that an increase in the current intensity from
50 mA to 70 mA leads to total degradation of the pollutant after only 1 h, with almost 10%
improvement in TOC abatement (Table 1). This finding can be mainly attributed to the fast
production of H2O2 at a higher current and the fast regeneration of Fe(II) enhancing the
production of •OH radicals [49].
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Figure 2. (a) Effect of catalyst dosage, (b) Effect of current intensity.

As seen in Figure 2b and Table 1, no further increase in the removal efficiencies was
observed for the current intensity applied beyond 70 mA. This behavior can indicate that
parasitic reactions, such as the four-electron reduction in O2 with H2O formation, as well
as the decomposition and hydrogenation of H2O2, would take place when the current
increased beyond a certain value [49–52]. On the other hand, working at higher current
intensities can generate a degradation of our organic catalytic support “CS”. In fact, several
studies have shown the degradation of CS in the presence of an irradiation source and
high concentrations of H2O2 [53,54]. An optimal current intensity equal to 70 mA, which
ensured high treatment efficiency and good catalyst stability, was therefore established for
the upcoming experiments.

To confirm the role of •OH radicals in the mineralization of the organic pollutant,
isopropanol was used as a •OH scavenger. The degradation of CDM was totally inhibited
in the presence of isopropanol. Thus, •OH should be the main active species for the
degradation of CDM by the PEF process.

2.2. Treatment of Wastewater Doped with Chlordimeform by Photo-Electro-Fenton Process

To evaluate the applicability of the PEF process using TiO2/Fe3O4-CS(2) as a catalyst
for the removal of CDM in a more complex matrix than ultrapure water, an experiment
was carried out on secondary treated wastewater kindly given by the municipal wastew-
ater treatment plant in the northwest of Spain, whose physiochemical characteristics are
summarized in Table 3.

Table 3. Physicochemical properties of the collected wastewater.

Parameter Value

Total organic carbon TOC (mg L−1) 52.7
Chemical oxygen demand DCO (mg L−1) 35
Biological oxygen demand BOD5 (mg L−1) 2
Conductivity (mS cm−1) 3.33
pH 7.31
Turbidity (mg L−1) 12

Under optimal experimental conditions ([CDM]i = 30 mg L−1, [TiO2/Fe3O4-CS(2)]
= 1 g L−1, and I = 70 mA), total degradation of CDM was achieved after 1 h, and TOC
abatement reached 50.6 ± 5.1% after 1 h of electrolysis; then, it increased slowly to attain
80.8 ± 1.9% after 6 h of treatment (Figure 3b).

Furthermore, a slight decrease in the efficiency of the system was noticed compared
to previous results when ultrapure water was used as the matrix (Figure 2b). This finding
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can be explained, according to zazouli et al. [55], by the presence of organic matter and
inorganic anions in wastewater. In fact, the anions (X−) can react with the •OH to produce
X−• radicals, which are less reactive.

In addition to the aqueous matrix influence, it should be noted that EEC is another big
concern, which should be considered for sustainable development [56]. The results showed
that global EEC was low compared to some literature values on the treatment of real
wastewater by electrochemical processes [57–59] around 1.7 kWh m−3 and 1.4 kWh m−3,
respectively, for real wastewater and ultrapure water matrices. However, it should be
noted that the difference (�0.3 kWh m−3) is probably due to the presence of degradable
compounds in the treated wastewater matrix, whose oxidation requires a little more energy.

2.3. Evaluation of Organic Acids and Minerals Produced during Treatment

Studies of organic pollutants’ mineralization by advanced oxidation processes show
that oxidation by •OH radicals leads to the formation of carboxylic acids [60,61]. To
better assess the oxidative capacity of our PEF process, an analysis of carboxylic acids
was performed in order to identify and quantify them during treatment. The evolution
of the identified acids during the mineralization of CDM is presented in Figure 3c. All
the acids produced reached their maximum concentrations after around 2 h. Then, they
decreased to a zero value after 6 h of treatment, indicating the deep mineralization of all
detected acids. The concentration of oxalic acid during the treatment process was low
(almost zero), which can be explained by the high reactivity of oxalic acid with Fe(III) and
the formation of Fe(III)–oxalate complexes that are easily photolysed in the presence of
UV light and H2O2 oxidant [62]. However, the other acids detected were malonic, succinic,
formic and glycolic acids, appearing at the beginning of treatment. These results showed
the effectiveness of our PEF process in removing the aliphatic compounds known for their
resistance to oxidation.

Figure 3. Treatment of a real effluent: (a) % removal of CDM; (b) % removal of TOC; (c) [carboxylic
acids] vs. time (d) [ions] vs. time: I = 70 mA in the presence of 1 g L−1 of TiO2/Fe3O4-CS(2) and at
pHinitial = 3.

On the other hand, considering the CDM molecule is composed of a chlorine atom and
two nitrogen atoms, its treatment by an advanced oxidation process leads to the production
of minerals. The evolution of these ions was monitored by ion chromatography. The ob-
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tained results (Figure 3d) showed that the chloride ions reached a maximum concentration
of 6.22 mg L−1 after 1 h; this concentration presented the total amount initially present in
the parent molecule. This finding was in agreement with several studies, which have shown
that the release of chloride ions is rapid using a BDD anode and that the dechlorination
of aromatic compounds occurs before the opening reaction of the aromatic cycle [63–65].
Then, the concentration of chloride ions decreased to approximately half (3.05 mg L−1)
after 6 h of treatment, which was in agreement with the results found by Mhemdi et al. [64]
who studied the effect of the anode material (platinum and BDD) on the evolution of
chlorides during the mineralization of 2-chlorobenzoic acid by an electrochemical oxidation
process. The results showed that, for platinum, the concentration of chloride ions reached
a maximum after 2 h and then remained constant. Using the BDD anode, a different
behavior of chloride ions was observed. They accumulated rapidly after 1 h; then, their
concentration decreased due to their oxidation to chlorine (Cl2), which transformed into
hypochlorite ions HClO− by hydrolysis. Consequently, the decrease in the accumulated
chloride concentration during treatment could be explained by the oxidizing power of the
BDD anode and the synthesized catalysts, causing the transformation of Cl− ions into Cl2.

Furthermore, the concentration of nitrate ions (NO3
−) after 6 h was estimated at

0.68 mg L−1. However, the accumulated concentration of ammonium ions (NH4
+) was

high, and it was around 4.75 mg L−1. The accumulated concentrations of nitrate and
ammonium ions after 6 h of treatment represent approximately 90% of the amount of
nitrogen initially contained in the molecule of CDM. Consequently, one can confirm that
CDM is mineralized during PEF application.

2.4. Stability of the Catalyst
2.4.1. Catalytic Stability

The recycling and reusability of a heterogeneous catalyst are important parameters for
economic and environmental considerations [66]. The TOC abatement obtained using the
same TiO2/Fe3O4-CS(2) beads for four consecutive runs is depicted in Figure 4. After each
run, the catalyst was washed with distilled water and dried at ambient temperature. The
results showed that TOC removal remained almost constant for four cycles of reuse. The
slight decrease (�6.7%) observed in the fourth cycle could be attributed to the modification
of the physicochemical properties of the catalyst’s surface by the effect of UV-LED irradia-
tion and the presence of H2O2 as an oxidant. In addition, possible leaching of Fe ions in the
reaction medium was checked. The leached amount of Fe after each run did not exceed
1.7 mg L−1, corresponding to 0.5% of the initial metal content in catalytic beads. These
results revealed an excellent structural stability of the catalytic beads and minimal leaching
of iron according to the environmental standards demanded by the European Union (<2
mg L−1) [67].

2.4.2. Characterization of Catalyst before and after Use
SEM Analysis

The SEM images of TiO2/Fe3O4-CS(2) beads before and after use are illustrated in
Figure 5. As shown, the surface of the beads is smooth, indicating that iron and TiO2
are attached to CS. The use of high magnification highlighted the observation of TiO2
nanoparticles on the surface of the beads. The comparison of images in Figure 5a,b showed
that, after four consecutive cycles, the surface of the beads was slightly damaged by
oxidizing conditions and UV-LED irradiation, which explained the leaching of the metal.
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Figure 4. Stability of the catalytic activity of TiO2/Fe3O4-CS(2) beads.

Figure 5. Morphology of catalyst: (a) TiO2/Fe3O4-CS(2) before use, (b) TiO2/Fe3O4-CS(2) after use.

XRD Analysis

In order to determine the crystalline structure of the TiO2/Fe3O4-CS(2) beads, an
XRD analysis was performed. In the XRD patterns (Figure 6a), the peak positions at
2Theta = 30.14◦, 35.59◦, 43.47◦, 53.87◦, 57.41◦ and 62.65◦ corresponded, respectively, to
the Miller indices of (220), (311), (400), (422), (511) and (440) of the crystalline structure
of Fe3O4, and the peak positions at 2Theta = 25.29◦, 37.78◦, 38.59◦, 48.01◦, 55.03◦, 68.74◦,
70,25◦, 75.01◦, 82.62◦ could be attributed to the diffraction planes of (110), (101), (004),
(220), (105), (400), (220), (215) and (312) of the crystalline structure of TiO2. The obtained
peaks are well matched with standard data JCPDS-ICDD card N◦:00-019-0629 for the Fe3O4
magnetite and 00-021-1272 for the TiO2 anatase.
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Figure 6. (a) X-ray diffraction patterns of TiO2/Fe3O4-CS(2) beads, (b) Magnetization curves of the
fresh and used TiO2/Fe3O4-CS(2) beads.

The analysis of the catalytic beads used allowed us to obtain a diffractogram similar
to that of fresh beads. In fact, indexing the pattern exhibited the crystal structure of the
TiO2 anatase (ICDD 00-021-1272). However, the peak positions at 2Theta = 30.14◦, 35.59◦,
43.47◦, 48.01◦, 55.03◦, 57.41◦ and 62.65◦ corresponded, respectively, to the Miller indices
of (220), (311), (400), (421), (422) (511) and (440) of the crystalline structure of maghemite
Fe2O3 (ICDD 00-039-1346) instead of magnetite Fe3O4. Fe2O3 had the same spinel structure
as magnetite, but it only contained iron in the trivalent Fe(III) state [68], which indicated
the oxidation of Fe3O4. Furthermore, using the Debye–Scherrer equation, the grain size of
TiO2 was estimated at 64.5 nm, while the size of Fe3O4 was around 11.6 nm, indicating that
the beads exhibit superparamagnetic behavior [69].

Magnetic Properties Analysis

The magnetization curve of the TiO2/Fe3O4-CS(2) beads revealed a saturation intensity
equal to 11.40 emu/g (Figure 6b). This low value is due to the presence of non-magnetic
materials (CS and TiO2) [70]. The magnetization intensity of the beads used was almost
the same, and it was estimated at 10.48 emu g−1, which means that the beads have a good
stability of the magnetic properties after four consecutive cycles.

3. Materials and Methods

3.1. Chemical Products

All chemicals were of analytical–laboratory grade and applied without further pu-
rification. Chlordimeform, chitosan, sodium hydroxide, ferrous sulfate iron (II), iron (III)
chloride, titanium oxide and potassium titanium oxide oxalate dehydrate were purchased
from Sigma-Aldrich (Madrid, Spain). Acetic acid, sulfuric acid and nitric acid were sup-
plied by Analar Normapur (Radnor, PA, USA). Acetonitrile (HPLC-grade) was purchased
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from Fisher Scientific (Loughborough, UK). Ultrapure water obtained through reverse
osmosis technology (Basic 360) was utilized throughout all the experiments.

3.2. Preparation of TiO2/Fe3O4-Chitosan Magnetic Beads

An eco-friendly, low-cost and simple approach was used to synthesize the composite
catalysts. Magnetic TiO2/Fe3O4-CS beads were prepared via a precipitation method using
sodium hydroxide (1 M) as a precipitating agent. First, 2% CS gel solution was prepared by
dissolving 1 g of CS in acetic acid (1%) under stirring at room temperature. After the total
dissolution of CS flakes, 5 mmol of iron salts at a molar ratio Fe3 +:Fe2 + = 2:1 was added.
Then, the TiO2 nanoparticles were blended in the iron salts–CS gel solution. The amount
of TiO2 varied from 5 mmol, 10 mmol to 15 mmol, which corresponds, respectively, to the
molar ratios TiO2/Fe equal to 1, 2 and 3. By adding TiO2, the color of the solution changed
from orange to white, as shown in Figure 7A. Then, the mixture was dropped through a
syringe into the hardening sodium hydroxide solution to create spherical CS gel beads. The
beads were washed several times with deionizer water to remove any residual alkali and
dried in an oven at 50 ◦C.

Figure 7. (A) Chitosan gel/Fe3O solutions. (B) Wet chitosan beads at a molar ratio TiO2/Fe: (1) 0; (2) 1;
(3) 2 and (4) 3. (C) Superparamagnetic behavior of the TiO24-CS beads at a molar ratio TiO2/Fe = 2.

As seen in Figure 7B, the obtained beads are black for those containing iron only, and
they take on a greenish coloration in the presence of TiO2. All the prepared beads exhibited
magnetic behavior in the presence of an external magnetic field (Figure 7C). The TiO2-CS
beads were prepared following the same alkaline co-precipitation method without addition
of iron salts.

3.3. CDM Removal Assays

The PEF process of CDM degradation was performed in a cyclic mode, as shown in
Figure 8. The process was composed of two reactors connected in series, allowing the
treatment of (400 mL, 30 mgL−1) CDM solution. A recirculation flow (200 mL min−1) was
set using a pump to connect the two reactors.
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Figure 8. Cyclic electro-photocatalytic reactors: (I) electrochemical reactor: (1) power supply,
(2) carbon felt electrode, (3) BDD electrode, (4) air supply, (5) magnetic stirrer, (6) peristaltic pump;
(II) photocatalytic reactor: (5) magnetic stirrer, (7) UV-LED lamp, (8) catalytic beads.

The first reactor is electrochemical, composed of a glass beaker with a capacity of
250 mL, which permits the production of H2O2 by the reduction of dissolved oxygen on the
cathode surface, which is a carbon felt (19.5 × 6 × 0.3 cm, Mersen, Barcelona, Spain) placed
around the inner wall of the cylindrical cell, while the anode is a boron-doped diamond
(BDD: 5 × 2.5 × 0.2 cm, Neocoat S.A.) placed in the middle of the cell. The system was run
under a galvanostatic mode using an E 3512 A generator (Agilent, Santa Clara, CA, USA).

Na2SO4 was added previously as a support electrolyte at a concentration of 0.01 M,
and the pH was adjusted to 3 using sulfuric acid solution. Air bubbling was maintained
15 min before the start of the reaction and through the treatment in order to saturate the
medium with oxygen.

The second reactor is a cylindrical glass cell. A low-consumption UV-LED lamp
(365 nm, 40 W, 550 lumens) from Luckylight electronics was placed above it, emitting at
a wavelength equal to 365 nm. The catalyst was added into the photocatalytic reactor to
promote its activation and avoid its electrochemical degradation, especially in the presence
of a powerful oxidizing BDD anode in the first reactor.

To highlight the contribution of (photoelectrolysis + H2O2) and photocatalysis pro-
cesses to the degradation of CDM, assays were conducted, respectively, without catalytic
beads and in the absence of a current. Likewise, to evaluate the adsorption process contri-
bution, another assay was conducted in the absence of UV irradiation and a current.

3.4. Analytical Methods
3.4.1. Determination of CDM Concentration

During experiments, the samples were collected and filtered prior to analysis through
a 0.45 μm pore-size cellulose acetate membrane. CDM was quantified by HPLC (Agilent
1260 equipped with UV detector) with a C18 reverse-phase (4.6 mm × 250 mm, 5 μm;
Agilent) column. The diode array detector was set at a fixed wavelength equal to 240 nm.
The eluent was water/acetonitrile (60/40), with a flow rate of 1 mL min−1.

3.4.2. Determination of Carboxylic Acids Concentrations

To identify and quantify the carboxylic acids generated during electrolysis, an HPLC
was used with a diode array detector fixed at 206 nm. A Rezex™ ROA-Organic Acid
H+ (8%) (300 × 7.8 mm, i.e., 8 μm) column was used and placed in an oven at 60 ◦C.
The eluent was 0.005 N H2SO4 solution pumped at a flow rate of 0.5 mL min−1. The
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identification of carboxylic acids was based on a comparison of the retention times with
those of pure standards.

3.4.3. Determination of Ions Concentrations

The ions generated were quantitatively followed by an ion chromatography system
DIONEX ICS-3000. The separation of ions was performed by a Metrosep A Supp 5 column
(4.0 × 250 mm). The eluent was 3.2 mmol L−1 Na2CO3 and 1 mmol L−1 NaHCO3 at a flow
rate of 0.7 mL min−1. The limit of quantification (LOQ) of all chromatographic methods
was 0.1 mg L−1.

3.4.4. Total Organic Carbon Measurements

The total organic carbon (TOC) was measured via catalytic high-temperature combustion
by multi N/C 3100 equipment (Analytic Jena, Germany) coupled with a non-dispersive
infrared detector. The percentage removal of TOC was calculated using the following equation:

% removal of TOC =
TOC0 − TOCt

TOC0
× 100 (4)

with TOC0 and TOCt representing the initial TOC and that at instant t.

3.4.5. Determination of Fe Concentration

The Fe concentration was determined by Inductively Coupled Plasma ICP (model:
Optima 4300 DV Perkin Elmer Instruments). To obtain a metal solution from the heteroge-
neous catalyst, an acid digestion method was carried out using a concentrated nitric acid
solution with the beads and placed on an autoclave at 121◦C (Danish standard DS250).

3.4.6. Determination of H2O2 Concentration

The concentration of H2O2 was determined by a colorimetric method using a (Thermo
Electron Corporation Helios) spectrophotometer because a titanium oxalate complexing
agent can react with H2O2, producing a yellow peroxo–titanium complex, which absorbs
at λmax = 400 nm [71].

3.4.7. Characterization of the Synthesized Catalysts

The surface morphology of the catalytic beads was observed using a scanning elec-
tron microscope (JEOL JSM-6700F). The crystalline structure of the obtained catalysts was
determined by X-Ray Diffraction (XRD, X’Pert PRO MPD). Finally, the Physical Proper-
ties Measurement System equipment (PPMS Ever Cool-II 9T) with a Vibrating Sample
Magnetometer (VSM) at 298 K was used to explore the magnetic properties of the catalysts.

3.5. Specific Energy Consumption

The electric energy consumption (EEC) per unit volume of treated solution (kWh m−3)
was calculated according to the following equation [72]:

EEC
(

kWh m−3
)
=

I × E × t
V

(5)

where I is the current applied (A), E is the average cell voltage (V), t is the electrolysis time
(h), and V is the solution volume (L or m3).

4. Conclusions

In summary, magnetic TiO2/Fe3O4-CS beads were synthesized following an easy in
situ co-precipitation approach. The molar ratio TiO2/Fe was studied, and the enhanced
catalytic activity of TiO2/Fe3O4-CS, with a molar ratio equal to 2, was probably due to the
reduced recombination of charge carriers on the surface of the catalyst.

The performance of the PEF process using TiO2/Fe3O4-CS(2) as a photocatalyst for the
treatment of real wastewater doped with CDM insecticide was evaluated under optimal
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experimental conditions. Complete CDM removal was attained in 1 h, and more than 80%
TOC abatement was achieved after 6 h of treatment, with simple carboxylic acids as the
main by-product.

The catalytic activity of TiO2/Fe3O4-CS(2) was satisfactorily validated in four con-
secutive cycles, and a slight decrease was obtained between the first and the fourth runs.
Post-reaction catalyst characterization showed a high stability of magnetic properties
despite the oxidation of Fe3O4 to Fe2O3, which is known for its good catalytic activity,
sometimes similar to Fe3O4. Thus, the slight decrease in the catalytic activity could be
attributed to the leaching of metals caused by the effect of the oxidizing conditions and
UV-LED irradiation on catalytic beads.

This study offered a simple approach for constructing an eco-friendly, simple recovery
and efficient bifunctional catalyst for advanced oxidation processes for treating recalcitrant
organic pollutants in wastewater.
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Abstract: Wastewaters of the textile industry, e.g., those generated in Gresik, Indonesia, are a possible
threat to the environment and should be treated before disposal. Photodegradation is a more
promising method to overcome this problem than conventional methods such as biodegradation.
ZnO is widely used for photodegradation due to its unique physical and chemical properties and
stability. In this study, Ag was loaded onto ZnO, which is non-toxic and inexpensive, can improve
the electron–hole separation, and has a significant catalytic potential. Pristine ZnO and ZnO-Ag
nanoparticles were fabricated by an ultrasonic spray pyrolysis system at different Ag contents
(1, 5, and 10 wt%). The carrier gas ratio (O2:N2) was also changed (1:0, 1:2, 1:1, 2:1, and 0:1) to
examine its effects on the nanoparticle characteristics. The nanoparticle characteristics were examined
using X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and Brunauer, Emmett, and Teller (BET) specific surface area. The results were interpreted
in relation to photodegradation under UV light irradiation. An increase in the ZnO-Ag activity
compared with pristine ZnO was observed at a carrier gas ratio of 0:1 with reaction rate constants
of 0.0059 and 0.0025 min−1, respectively.

Keywords: chemical vapor deposition (CVD); gas-phase; photodecomposition; specific surface
area; nanocomposite

1. Introduction

The growth in the textile industry with its large water consumption impacts the en-
vironment because wastewater effluents contain large quantities of organic pollutions [1].
These compounds have highly toxic effects on living organisms [2]. Advanced oxidation
processes (AOP) by photocatalysts have been considered for the treatment of dye-polluted
wastewaters [1,3,4]. The advantages of AOP include (i) fast degradation of pollutants,
(ii) complete mineralization of harmful organic wastes, (iii) operation at ambient tem-
perature and pressure, and (iv) reduction of the toxicity of organic compounds [5]. The
process of AOP mainly involves the generation of reactive hydroxyl radicals and its further
functionalization to degrade organic compounds. Currently, most research focuses on
photocatalytic oxidation using materials such as semiconductors [1,6].

ZnO (band gap energy = 3.37 eV) can degrade harmful organic compounds [3]. It
is a semiconductor that is low-cost, is environmentally safe, and has good physical and
chemical stability [2,7]. In addition, it has a high surface area and high photosensitivity [8].
However, the fast recombination of the excited electrons (e−) and holes (h+) due to its
large band gap energy significantly limits the utilization of ZnO [7,8]. Nevertheless, several
studies reported several methods, such as doping with metals, e.g., Au [8,9], Ag [8,10,11],
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and Pt [10], to increase the functionality of ZnO. These metals can suppress the recombina-
tion of electrons and holes by acting as an electron sink for the excited electrons from the
valence band of ZnO [8]. In this study, ZnO was loaded with Ag because of its photocat-
alytic potential, low-cost, and non-toxicity [2]. ZnO-Ag for photodegradation of organic
pollutants has also been extensively studied because of its good performance [11].

Nanocomposite fabrication can be obtained by several methods in the liquid or gas
phase. However, the liquid-phase method involves more steps than the gas-phase method.
Gas-phase methods include spray pyrolysis, sputtering, and electron-beam evaporation [7].
In this study, ultrasonic spray pyrolysis is used for nanocomposite synthesis. This is a
single-step fabrication process that results in a better dispersion of the produced nanoma-
terials, which further enhances its activity [12]. This method consists of generation of the
droplets by a nebulizer followed by solvent evaporation, precursor chemical reaction, and
densification of the formed particles [9,13].

Here, ultrasonic spray pyrolysis is used to fabricate pristine ZnO and ZnO-Ag nanopar-
ticles. The process was optimized to produce desirable nanoparticles for the degradation of
organic compounds. The nanoparticle formation or characteristics of the fabricated ZnO
nanoparticles is affected by several parameters such as the precursor concentration [14],
carrier gas flow rate [14,15], type of carrier gas used [16], and furnace temperature [14,17].
Several studies have used spray pyrolysis with different carrier gases. Different carrier
gases generate different structures and properties of the nanocomposites. Air and nitrogen
as carrier gases generated ZnO nanoparticles with different morphologies and resistiv-
ities [16]. Other studies that used materials such as ZnO/Mn, fabricated using oxygen,
nitrogen, or air as the carrier gas, showed that the carrier gas type affected the magnetic
characteristics of the nanocomposites, which is significantly affected by lower system tem-
peratures [18]. Furthermore, other semiconductors, such as α-Ga2O3, was fabricated using
different carrier gases. A carrier gas containing a high oxygen concentration generated
higher crystallinity and better film quality [19]. Previous studies have shown the effect of
different carrier gases used toward the characteristics of the produced nanoparticles. These
effects may be further attributed to the reaction conditions based on the type of gas used.
Air and oxygen create an oxidizing atmosphere for the reactions, whereas gases such as Ar
or N2 provide an inert reaction atmosphere. Thus, these two types of carrier gases produce
different characteristics of the nanoparticles [13].

To the best of our knowledge, the effect of the carrier gas on the characteristics and
photocatalytic activity of ZnO-Ag nanocomposites has not been explored in detail. This
work provides a close examination of the characteristics of the produced nanoparticles
fabricated using an ultrasonic spray pyrolysis method at different carrier gas ratios (oxygen
to nitrogen). The morphology was observed using scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), and the elemental analysis was observed
using energy dispersive spectroscopy (EDS). Furthermore, the crystallinity and crystallite
size were investigated by X-ray diffraction (XRD), and the specific surface area (SBET) was
studied by the nitrogen adsorption isotherm using the Brunauer Emmett and Teller (BET)
method. The correlation of these characteristics with the carrier gas ratio (O2:N2) and the Ag
contents (0, 1, 5, and 10 wt%) was investigated. Furthermore, the photocatalytic degradation
of organic compounds in actual textile wastewaters using the produced nanoparticles was
examined under UV light irradiation.

2. Results and Discussion

2.1. Morphological Analysis of the Produced Nanoparticles

Figure 1a–h shows the morphology of ZnO and ZnO-Ag nanoparticles synthesized
by ultrasonic spray pyrolysis. The figure shows crumpled spherical secondary submicron
particles. No significant morphological change is observed at different carrier gas ratios
and Ag contents. The cumulative size distribution (Figure 1i,j) of the secondary submicron
nanoparticles was also measured. The increase in the Ag content does not affect the size
distribution; however, the diameters of the secondary particles slightly increased with the
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increase in the nitrogen carrier gas ratio. The formation of these nanoparticles occurred
during the evaporation of the solvent droplets in the aerosolized precursor followed by
compression and decomposition of the precursor in the tubular furnace [20]. These mor-
phological results agree well with previous studies. The formation of the nanoparticles and
the obtained morphology are affected by several parameters such as the evaporation rate of
the solvent and concentration of the precursor [12,21]. Upon evaporation, the confinement
force, which compresses the droplets within the pathway, affects the morphology and size
of the nanoparticles. The confinement force is proportional to the evaporation rate, which
is significantly affected by the furnace temperature. A furnace temperature of 400 ◦C is
sufficiently high to cause a significant water (solvent)-evaporation rate and the crumpled
spherical structure of the nanoparticles. Furthermore, the precursor concentration is pro-
portional to the confinement force and particle size. However, the confinement force is
inversely proportional to the particle size. Thus, appropriate concentrations should be used
to produce the desired morphology and size of nanoparticles.

Figure 1. Morphology of (a) pristine ZnO, (b–d) ZnO-Ag with Ag content of (b) 1 wt%, (c) 5 wt%,
(d) 10 wt% fabricated at an O2:N2 ratio of 0:1, (e–h) ZnO-Ag with Ag content of 10 wt% fabricated at
different O2:N2 ratios, and (i,j) a cumulative size distribution of the nanoparticles.

TEM images (Figure 2a,b) show that the crumple-shaped spheres consisted of smaller
primary nanoparticles. The EDS results (Figure 2c,d) indicated the presence of Zn, O, and
Ag. In pristine ZnO, the ZnLα, ZnKα, ZnKβ, and OKα peaks confirm the presence of ZnO.
The AgLα peak confirms the presence of Ag nanoparticles. The CuKα and CuKβ peaks
correspond to the TEM grid that was used for observations in TEM measurements, and no
impurities are observed in the samples.
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Figure 2. TEM-EDS of (a,c) Pristine ZnO and (b,d,e) ZnO-Ag nanoparticles at Ag content of 1 wt%.

2.2. Analysis of the Crystal Structure of the Produced Nanoparticles

The crystallization of the nanoparticles was observed using selected area electron
diffraction (SAED) of ZnO-Ag (Figure 3a). The figure shows rings corresponding to the
(100), (101), (102), and (110) lattice planes of wurtzite ZnO. The high-resolution TEM
(HRTEM) image (Figure 3b) confirms the presence of the Ag nanoparticles and with a (111)
crystal plane.

Figure 3. (a) SAED and (b) HR-TEM of ZnO-Ag nanoparticles at a Ag content of 1 wt%.

Hexagonal ZnO was identified by the XRD peaks (Figure 4) at 2θ = 31.5◦, 33.9◦, 35.8◦,
and 56.5◦ that correspond to the (100), (002), (101), and (110) crystal planes, respectively [6].
Zn peaks are observed with high nitrogen ratios (Figure 4a). During fabrication, zinc
acetate dihydrate was used as the precursor, which decomposes to form Zn vapor at 400 ◦C,
and when enough oxygen is present, ZnO is formed [22]. The Ag peak could only be
observed at high Ag contents, either for oxygen or nitrogen-rich ratios, with the FCC peak
of Ag observed at 2θ = 37.82◦ for the (111) crystal plane [6,23]. These XRD peaks prove
the existence and successful formation of crystallized ZnO and Ag nanoparticles from
the decomposition of zinc acetate dihydrate and silver nitrate by spray pyrolysis for both
nitrogen- and oxygen-rich ratios.
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Figure 4. Crystalline phase of ZnO and ZnO-Ag fabricated at a carrier gas (O2:N2) ratio of (a) 0:1 and
(b) 1:0. (symbols correspond to Δ Zn, * ZnO, and # Ag).

The crystallite size of ZnO was calculated using Scherrer’s Equation (1). Figure 5
indicates that the crystallite size in a nitrogen-rich system that has not significantly changed
with the addition of Ag to the ZnO nanoparticles. The crystallite size continues to increase
with the increase in the oxygen ratio of the carrier gas. However, at a higher oxygen ratio,
the crystallite size of pristine ZnO and the nanocomposite decreases. This is in accordance
with the report by Li, et al. [24], such that for annealed ZnO under air, N2, O2 and vacuum
following the grain size for air > N2 > O2 > vacuum, the existence of oxygen in the system
was reported to suppress the grain growth by pinning the grain boundaries. At higher
oxygen ratios, however, pristine ZnO nanoparticles have a slightly lower crystallite size
than the ZnO-Ag nanocomposites. In this study, the presence of Ag nanoparticles affects
the increase in the crystallite size of ZnO nanoparticles, especially at high oxygen ratios
in the carrier gas. The increase in ZnO size with the addition of Ag in the oxygen-rich
system can be explained by the more prominent effects of Ag doping toward ZnO in the
oxygen, which may influence the crystal of ZnO nanoparticles [25]. Instead of following
the significant decrease in size of pristine ZnO in higher oxygen ratios, the addition of Ag
gave a higher crystallite size compared to pristine ZnO.

Figure 5. Crystallite size of ZnO at different carrier gas ratios and Ag contents.

2.3. Surface Area of the Produced Nanoparticles

The SBET of the nanoparticles was obtained using a nitrogen adsorption BET method.
The surface area of the nanoparticles can significantly affect their photocatalytic activity.
Tightly packed structure of the nanoparticles has a high surface area and free volume,
which significantly increase their photocatalytic activity [21]. High surface area increases
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the contact between the active sites of the nanoparticles with pollutants, which can optimize
the degradation of the organic compounds [12]. Figure 6 indicates that, except for samples
with 5 wt% Ag content, SBET decreases with the increase in the oxygen ratio. The largest
SBET is measured at a Ag content of 10 wt% using only nitrogen as the carrier gas. In
general, a pure nitrogen carrier gas exhibits a larger SBET than that of samples produced
with the mixture or pure oxygen carrier gas. However, this is not consistent with the size
change of the secondary nanoparticles, of which the size increase should have decreased
SBET. This difference in the results can be attributed to the crumpled sphere shape of the
nanoparticles developed in this study.

Figure 6. Specific surface area of ZnO and ZnO-Ag at different Ag contents and carrier gas
(O2:N2) ratios.

Furthermore, the difference in SBET can be explained by the mechanism of the nanopar-
ticle growth in the tubular furnace, in which the carrier gas atmosphere is expected to
change the average temperature in the chamber and the evaporation rate of the solution [16].
Nitrogen has lower thermal conductivity than oxygen, which results in a lower evaporation
rate, leading to the formation of non-aggregated nanoparticles. Aggregated nanoparticles
tend to have lower surface area than non-aggregated nanoparticles.

2.4. Photocatalytic Activity of Pristine ZnO and ZnO-Ag at Different Carrier Gas Ratios

The photocatalytic activity of pristine ZnO and ZnO-Ag nanoparticles was studied
for the degradation of textile wastewater under UV light irradiation. The process involves
the decomposition of organic pollutants in the wastewater to less harmful compounds
or minerals [26]. Figure 7 illustrates the effect of Ag content and type of carrier gas on
the degradation reaction rate constant. Different Ag contents (0–10 wt%) and carrier gas
ratios exhibited similar tendencies of rate constants, where the pure nitrogen carrier gas
has the highest photocatalytic activity in all samples. As previously discussed, the carrier
gas used in the system may affect several characteristics of the produced nanoparticles.
The increase in the nitrogen ratio in the system increases the nanoparticle SBET. High
SBET values can enhance the photocatalytic activity. Zn metal is also observed in the
nanoparticles of the systems with higher nitrogen ratios. The synergetic effect of Zn can
suppress the electron–hole recombination and further enhance the photocatalytic activity
compared to pristine ZnO nanoparticles [27]. At 10 wt%, the effect of the carrier gases on
the photocatalytic activity is more pronounced than at lower Ag contents. However, the
reason for this phenomenon is still not clear. Thus, the Ag content and carrier gas type
have a significant effect on the photocatalytic activity of the developed nanoparticles.
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Figure 7. (a) Photocatalytic degradation percentage of the pollutants using ZnO-Ag synthesized by
pure nitrogen as the carrier gas and (b) reaction rate constant of the produced nanoparticles under
UV light irradiation.

The absorbance of the prepared samples with the mixed carrier gases and Ag contents
were observed (Figure 8). The absorbance can be used to estimate the band gap energy
(Figure 9) from (αhv)n = A(hv − Eg), where α, hv, A, and Eg are the absorption, photon en-
ergy, constant, and band gap, respectively [28]. The absorbance measurement showed good
response to the shorter wavelength of light, which indicated better performance under UV
light irradiation. In addition, the existence of Ag metal nanoparticles was also proven from
the absorbance spectra, with Ag metal nanoparticle peaks at wavelengths of 350–400 nm,
which is a result from the localized plasmon resonance of Ag metal nanoparticles. The
band gap energy of pristine ZnO showed a lower band gap energy of 3 eV compared to the
typical band gap energy of ZnO that is 3.37 eV. A slight decrease in band gap energy with
the increase in Ag content can be observed, which indicates a good photo response with
increase in Ag content.

Figure 8. Absorbance spectra of ZnO-Ag nanoparticles with different carrier gas ratios and
Ag contents.
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Figure 9. Band gap of ZnO-Ag nanoparticles with different carrier gas ratios and Ag contents.

Despite the higher surface area and lower band gap energy obtained with a Ag content
of 10 wt%, the optimum photocatalytic activity is obtained at a Ag content of 5 wt%. This
could be attributed to the excessive amount of Ag at a Ag content of 10 wt%, which also
acts as charge recombination centers. The negatively charged Ag increases the capturing
of holes, which reduces the electron–hole separation and hence decreases the degradation
of organic compounds [12,29]. In addition, the increase in foreign material can decrease
the photocatalytic activity because of the shielding effect toward the active sites of the
photocatalyst [28]. Thus, this photocatalytic degradation is affected by several parameters
such as the surface area [2,12], crystallinity [26], crystallite size [6] of ZnO as well as the
concentration of the loaded materials [2]. The possible photocatalytic activity of ZnO is
described by other research as shown below [8].

ZnO + hv (UV) → ZnO (eCB
− + hVB

+)
hVB

+ + OH− → •OH
eCB

− + O2 → •O2
•O− + 2H+ → 2•OH
•OH + organic pollutants → 2•OH
The UV photon energy excites the electrons from the valence band of ZnO, which

induces the formation of holes. These holes react with the existing OH−, forming •OH
radicals. Furthermore, electrons can react with oxygen to form •OH radicals. These species
are known to have significant roles in the degradation process.

3. Materials and Methods

3.1. Preparation Methods

Nanoparticles were formed using an ultrasonic spray pyrolysis system (Figure 10)
following the experimental method given in our previous study [4]. Zinc acetate dehydrate
crystals (Zn(CH3COO)2·2H2O, 99.5%, E. Merck, D-6100 Darmstadt, FR Germany) were
used as the precursor to fabricate ZnO nanoparticles. Distilled water was added to the
powder to form a zinc acetate aqueous solution (0.1 M). To uniformly dissolve zinc acetate,
the solution was ultrasonicated for 30 min. Afterward, the aqueous solution was continu-
ously fed to the nebulizer using a peristaltic pump (Omron, NE-U17, Kyoto, Japan). The
precursor was aerosolized, and the produced droplets were continuously carried to the
tubular furnace by the carrier gas at a total flow rate of 2 L/min. Various ratios of O2:N2
were used in the carrier gas (1:0, 1:2, 1:1, 2:1, and 0:1). The tubular furnace temperature was
maintained at 400 ◦C. Evaporation of the solvent and decomposition of the precursor to
form nanoparticles occurred inside the furnace. The produced nanoparticle powder was
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collected in the electrostatic precipitator at an applied voltage of 40 kV and a temperature
of 120 ◦C, which was maintained to ensure that there was no condensation.

Figure 10. Experimental setup of the nanoparticle synthesis using a spray pyrolysis method.

ZnO-Ag nanocomposites were fabricated by adding silver nitrate (AgNO3, 99.5%, E.
Merck, D-6100 Darmstadt, FR Germany) at concentrations of 1, 5, and 10 wt% to the zinc
acetate solution. The same method mentioned above was used to fabricate and collect the
ZnO-Ag nanocomposite.

3.2. Materials Characterization

The particle morphology was observed using SEM (FlexSEM1000, Hitachi High Tech-
nologies, Tokyo, Japan), and further observation of the morphology and elemental analysis
was conducted by TEM-EDS (JEM-2010, JEOL, Tokyo, Japan). The crystallinity and phase
composition of the nanoparticles were determined by XRD (Philip XPERT MPD, Philips,
Almelo, The Netherlands) operated at a 40 kV and 30 mA. The XRD patterns were obtained
within a 2θ range of 20–80◦. The crystallite size (D) of the nanoparticles was determined by
the Scherrer formula shown below:

D =
k λ

B cos θ
(1)

where k is a constant (k = 0.9), λ is the X-ray wavelength (λ = 0.154 nm), B is the full width
at half maximum of the peak, and θ is the XRD peak angle [6,23]. Furthermore, The SBET
of the nanoparticles was determined by a nitrogen gas adsorption device (Quantachrome
Instruments, Boynton Beach, FL, USA) based on the BET method.

3.3. Photocatalytic Test

The photocatalytic activity of the nanoparticles was tested for the degradation of
organic dye pollutants found in real textile wastewater obtained from UD, ATBM Jufri
Hartono, Gresik, East Java. The wastewater was firstly 10× diluted by the as-received
distilled water. Next, the diluted pollutant solution (30 mL) was poured inside a beaker
glass, in which the nanoparticle powder (10 mg) was added and continuously stirred
throughout the photocatalytic test. The sample was placed in a dark chamber for 30 min
to obtain the adsorption–desorption equilibrium of the photocatalyst and dye pollutants.
The photocatalytic test was conducted for 90 min, in which the absorbance was mea-
sured at 30 min intervals using a UV–Vis spectrophotometer. The sample was centrifuged
at 5000 rpm for each measurement to separate the powder catalyst from the liquid pollu-
tant. The absorbance of the obtained supernatant was then measured using the UV–Vis
spectrophotometer. The concentration of the dye is proportional to the measured inten-
sity [26]. Thus, the reaction rate constant was calculated based on the slope of the dye
concentration–intensity curve, i.e., ln(Ct/Co) = kt [30], where k, t, Ct, and Co are the reaction
rate constant, reaction time, final concentration, and initial concentration, respectively.
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4. Conclusions

Crumpled pristine ZnO and ZnO-Ag nanoparticles with high surface area were fabri-
cated by a one-step ultrasonic spray pyrolysis method at different Ag contents and O2:N2
carrier gas ratios. The carrier gas ratio did not significantly affect the morphology, crystallite
phase, or primary size of the nanoparticles. However, the SBET and photocatalytic activity
of the nanoparticles changed with the increase in the nitrogen ratio. The nanoparticles
exhibited good performance, and optimum activity (reaction rate constant = 0.0059 min−1)
was observed for the ZnO nanoparticles with a Ag content of 5 wt%, which were fabricated
in a nitrogen-rich system.
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Abstract: The paper presents a modification of titanium dioxide with fumed silica. The SiO2/TiO2

photocatalysts were obtained by the sol-gel method and then were calcined under an argon atmosphere.
Various SiO2 weights (2–17.2 wt.%) were used in the materials’ preparation stage. The obtained samples
were characterized using advanced analytical methods, such as FT-IR/DRS infrared spectroscopy, X-ray
diffraction, SEM scanning electron microscopy, and UV-Vis/DRS spectroscopy. The BET specific surface
area and zeta potential of samples were also measured. Based on the obtained results, it was observed
that the modification of titanium dioxide with SiO2 effectively inhibited the increase in crystallite size
of anatase and brookite during calcination and the decrease in specific surface area values. Moreover,
the presence of SiO2 in the nanomaterials contributed to the increase in the size of specific surface
area and the change in band gap energy values. The photocatalytic activity was determined based
on the decomposition of methylene blue under UV irradiation. Thermal modification in an inert gas
atmosphere significantly increased the dye removal rate. It should be noted that all the obtained
SiO2/TiO2 photocatalysts showed higher activity compared to the starting TiO2. It was also found
that the photocatalytic activity increased along with the increase in SiO2 content in the sample (up
to 14.3 wt.% of SiO2). The highest activity was recorded for SiO2(11.1%)/TiO2_400 and SiO2(14.3%)/
TiO2_400 samples.

Keywords: photocatalysis; titanium dioxide; fumed silica; methylene blue decomposition

1. Introduction

Advanced oxidation processes are promising methods for removing pollutants from
the environment. One is heterogeneous photocatalysis, which can purify water and air [1–4].
Due to its properties, titanium dioxide is one of the most commonly used semiconductors
in the photocatalytic oxidation of organic compounds. It is characterized by a relatively
low price, non-toxicity, high photoactivity, and chemical stability [5]. At the same time,
intensive research is being conducted worldwide to increase the efficiency of photocatalytic
processes. The studies aim to improve the physicochemical properties of titanium dioxide
affecting photocatalytic activity.

There are many methods used to obtain TiO2, such as hydrothermal, solvothermal,
sol-gel, or precipitation [6], but the sol-gel method is effective for controlling the size and
morphology of the synthesized particles while obtaining homogeneous materials [7–11].
During the sol-gel process, factors such as the initial composition of the reaction mixture,
i.e., the molar ratio of water to the metal precursor, type of solvent, type and concentration
of catalyst, temperature, and the pH of the solution affect the rate of hydrolysis and
polycondensation [12]. In addition, calcination also significantly influences the physical
and chemical properties of the final product [13]. For example, Ciesielczyk et al. [14]
proved that calcination causes significant changes in the porous structure parameters. In
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particular, there was a significant reduction in the surface area and pore volume for the
calcined samples.

Photocatalysts with enhanced activity can be obtained by modifying titanium dioxide
using various compounds, e.g., metals or their oxides and non-metals [15]. Recently, the
silica modification of titanium dioxide is becoming more popular. It has been proven that
the addition of SiO2 increases the surface of the photocatalyst, increasing the adsorption
of pollutants [16]. The enhanced adsorption of contaminants on the silica surface, in
turn, improves the photocatalytic activity of mixed SiO2–TiO2 oxides compared to pure
TiO2 [17,18]. Jimmy et al. [19] and Yu et al. [20] found that the addition of SiO2 causes the
inhibition of TiO2 crystallization. Moreover, adding SiO2 increases the amount of water and
hydroxyl groups adsorbed on the surface, improving the hydrophilic and photocatalytic
properties [21–23].

Several methods of preparation of TiO2 with silica are presented in the literature. The
most commonly used silica precursors are tetraethoxysilane (TEOS), tetramethoxysilane
(TMOS), and silica gel [24,25]. The sol-gel method for the synthesis of TiO2/SiO2 was used
by Fatimah [24]. Titanium(IV) isopropoxide (TTIP) was used as a TiO2 precursor, while
tetramethoxysilane (TMOS) and tetraethoxysilane (TEOS) were used as silica precursors.
The molar ratio of titanium dioxide to silicon was 4:9. The obtained nanomaterials were then
calcined at 500 ◦C for 4 h. The photocatalytic activity of new nanomaterials was determined
based on the decomposition of methylene blue. It was found that using tetraethoxysi-
lane as a silica precursor results in obtaining material with a larger specific surface area
and pore volume, which in turn increases photocatalytic efficiency. Qourzal et al. [25]
obtained a TiO2-SiO2 photocatalyst by hydrolyzing TTIP in silica gel. The material was
calcined at 400 ◦C for 2 h in the air atmosphere. It was noted that the presence of silica
suppresses the anatase to rutile phase transformation. Based on the decomposition of
β-naphthol under UV light, they found that the prepared material showed 2.7, 4, and
7.8 times higher photocatalytic activity than commercial TiO2 P25, TiO2 PC50, and TiO2
“Aldrich” photocatalysts, respectively. Enhances photocatalytic activity has been attributed
to the high adsorption capacity of the photocatalyst and a large specific surface area.
Nandanwar et al. [26] obtained composites by the sol-gel method, using titanium(IV) iso-
propoxide as TiO2 precursor, tetraethoxysilane (TEOS) as silica precursor, ethanol as solvent,
and hydrochloric acid as a promoter of the hydrolysis reaction. In addition, polyethylene
glycol (PEG) and the non-ionic Triton X-100 surfactant were used during the preparation
phase. The photocatalytic activity was measured by methylene blue degradation. In the
case of the Triton X-100 sample, after only a few minutes of exposure to the UV light,
approx. 50% of methylene blue was degraded. These results confirm that TiO2/SiO2 with
the addition of Triton X-100 shows a higher degradation efficiency than TiO2/SiO2 with
polyethylene glycol.

This work proposes a new method of titanium dioxide nanomaterial modification
with fumed silica. SiO2/TiO2 nanomaterials were prepared using the sol-gel method. An
essential element of the preparation was introducing the heating stage of the obtained
nanomaterials in the argon atmosphere. This represents a kind of novelty concerning the
preparation methods because, in the methods described in the literature for obtaining this
type of materials, the calcination process was carried out mainly in an air atmosphere. The
photocatalytic activity of gained samples was determined based on the methylene blue
decomposition under UV irradiation. The effect of specific physicochemical properties on
photocatalytic activity was also investigated. To the best of our knowledge, this is the first
paper in which fumed silica with average primary particle size of 7–14 nm was used as a
silica precursor. According to the manufacturer, the used silica characterizes a relatively
large specific surface area (>200 m2/g). The novelty of the presented study was also the
determination of the calcination effect on the photocatalytic and physicochemical properties
of TiO2 nanomaterials modified with fumed silica obtained in an inert gas atmosphere.
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2. Results and Discussion

2.1. Characterization of the Photocatalysts

The surface character of the prepared TiO2 samples was analysed by FT-IR/DRS
spectroscopy. In Figure 1A,B, the FT-IR/DR spectra of starting TiO2, silica-modified TiO2
and samples calcined in an argon atmosphere are shown. All spectra presented charac-
teristic bands for TiO2-based nanomaterials. Analysing the obtained spectra, the bands
in the range of 3730–2500 cm−1 attributed to the stretching mode of O–H group were
confirmed [27]. As can be seen from Figure 1A,B, the intensity of the mentioned peaks
increased with the increasing amount of silica used for modification. It was related to the
presence of Si–OH groups and adsorbed water formed by silica deposition on titanium
particles [28]. After the calcination process (see Figure 1B), a decrease in the intensity of this
band was observed compared to the unheated materials due to the change in the content of
hydroxyl groups on the semiconductor surface [29]. The narrow band located at 1610 cm−1

is characteristic of the vibrations of molecular water bending mode [30]. Band located at
3710 cm−1 corresponds to the OH groups surface-bonded to titanium [31,32]. At 930 cm−1,
an intense band assigned to the O–Ti–O stretching modes was observed, and for photocata-
lysts modified with silica, the band in question was slightly shifted, which indicates the
presence of interaction between titanium and silicon [33]. After silica modification, a new
band located at 1160 cm−1 attributed to the asymmetrical stretching of Si–O–Si bonds was
noticed [34]. It can be noted that the intensity of the upper-mentioned peak increased with
the increase in silica amount used for TiO2 modification. The peak noticed at 1780 cm−1

was ascribed to the C=O stretching vibration.

Figure 1. FT-IR/DR spectra of starting TiO2 and silica-modified TiO2 prior (A) and after heat
treatment (B).
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In Figure 2A,B, the XRD diffraction patterns of the starting TiO2, silica-modified TiO2
and samples calcined in an argon atmosphere are shown. The phase composition and
average crystallite sizes of the studied samples are compared in Table 1. It should be noted
that the presented results refer to the crystalline phase. Based on the analysis of obtained
data, the presence of reflections characteristic of anatase and brookite was found. The
characteristic reflections (101), (004), (200), (105), (204), (116), and (215), corresponding to the
anatase phase, were recorded at 2θ = 25.6, 38.6, 48.8, 55.2, 63.6, 70.1, and 76.3◦, respectively
(JCPDS 04-002-8296 PDF4+ card). Two reflections (111), (121) characteristic of the brookite
phase were recorded at 2θ = 25.6 and 30.3◦ (JCPDS 04-007-0758 PDF4+ card). The reflection
from brookite located at 2θ = 25.6◦ overlapped with the reflection characteristic of anatase.
Therefore, the size of brookite crystallites was calculated based on the reflectance located
at 2θ = 30.3◦. The presence of the brookite phase was due to the use of hydrochloric acid
as a catalyst for the hydrolysis reaction of titanium(IV) isopropoxide [35]. It can be noted
that calcination at 400 ◦C did not contribute to the phase transition of anatase to rutile, and
this is a typical phenomenon because the phase transition of anatase to rutile occurs at
temperatures above 600 ◦C [36]. It is also worth noting that the reflections narrowed and
sharpened after calcination. This was attributed to eliminating defects at grain boundaries
during heating at higher temperatures [37]. According to the data in Table 1, the anatase
to brookite ratio remained similar, i.e., 59:41, only when the amount of silica precursor
introduced was 11.1wt.% the anatase content started to increase. This can be explained
by the fact that the amorphous phase was not included in the presented results. As it is
known, silica used for modification was amorphous. Therefore, the observed increase in
the anatase phase with increasing SiO2 content may be overestimated by up to 20–30%.
After the calcination process, a decrease in brookite content was observed, which was
related to the greater crystallization of anatase than brookite. Only when the amount of
silica precursor introduced was 11.1wt.% the brookite content start increasing, which was
related to the crystallization process progress. It should also be noted that the calcination
process had a significant effect on the increase in average anatase and brookite crystallite
size. The average crystallite sizes of anatase for non-calcined materials were 4–5 nm and
8–16 nm for the calcined samples. In contrast, the crystallite sizes of brookite ranged from
2 to 6 nm for non-calcined photocatalysts and 7–9 nm for calcined photocatalysts. This
indicates an increase in the crystallinity of samples after calcination. However, comparing
the crystallite size of SiO2/TiO2 materials after heating with starting TiO2_400 sample, it can
be observed that the crystallite size of anatase and brookite was smaller for silica-modified
photocatalysts than for the sample without SiO2 addition. For example, the size of anatase
crystallites for starting TiO2_400 was 14 nm, while for the SiO2(17.2%)/TiO2_400 sample, it
was only 8 nm. According to Xu et al. [38] and Lu et al. [39], silica can effectively prevent
the growth of TiO2 crystallites during the calcination process.

Figure 2. Cont.
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Figure 2. XRD patterns of starting TiO2 and silica-modified TiO2 prior (A) and after heat treatment (B).

Table 1. XRD phase composition, average crystallites size, specific surface area and pore volume
distribution of starting TiO2 and silica-modified photocatalysts.

Sample Code
Phase Composition [%] Mean Crystallite Size [nm] SBET

[m2/g]
Vtotal

[cm3/g]
Vmicro

[cm3/g]
Vmeso

[cm3/g]Anatase Brookite Anatase Brookite

starting TiO2 57 43 5 ± 0.2 2 ± 0.2 193 0.109 0.079 0.030

SiO2(2%)TiO2 58 42 5 ± 0.2 2 ± 0.2 234 0.159 0.090 0.069

SiO2(4%)/TiO2 59 41 5 ± 0.2 4 ± 0.2 221 0.148 0.090 0.058

SiO2(7.7%)/TiO2 59 41 5 ± 0.2 4 ± 0.2 218 0.171 0.085 0.171

SiO2(11.1%)/TiO2 81 19 5 ± 0.2 5 ± 0.2 208 0.265 0.080 0.185

SiO2(14.3%)/TiO2 77 23 5 ± 0.2 6 ± 0.2 207 0.285 0.080 0.205

SiO2(17.2%)/TiO2 81 19 4 ± 0.2 6 ± 0.2 228 0.366 0.088 0.278

starting TiO2_400 63 37 14 ± 0.4 9 ± 0.4 54 0.101 0.020 0.081

SiO2(2%)/TiO2_400 66 34 16 ± 0.4 7± 0.4 89 0.177 0.031 0.146

SiO2(4%)/TiO2_400 68 32 11 ± 0.4 7 ± 0.4 98 0.160 0.036 0.124

SiO2(7.7%)/TiO2_400 66 34 11 ± 0.4 7 ± 0.4 104 0.189 0.039 0.150

SiO2(11.1%)/TiO2_400 67 33 10 ± 0.4 7 ± 0.4 121 0.259 0.043 0.216

SiO2(14.3%)/TiO2_400 72 28 9 ± 0.4 8 ± 0.4 135 0.313 0.051 0.262

SiO2(17.2%)/TiO2_400 72 28 8 ± 0.4 8 ± 0.4 146 0.371 0.056 0.315

The adsorption–desorption N2 isotherms of starting TiO2 and the SiO2/TiO2 materials
are shown in Figures 3 and 4. It can be noted that the samples presented three kinds
of isotherm types. Most of the photocatalysts (starting TiO2, SiO2(2, 4%)/TiO2, starting
TiO2_400, SiO2(2–7.7%)/TiO2_400) displayed a typical type IV isotherm with an H3 hys-
teresis loop, which is characteristic of mesoporous materials, according to the IUPAC
classification [40]. The H3-type hysteresis loop does not show any adsorption limit in
the high relative pressure range and is characteristic of slotted pores [41,42]. The sample
(starting TiO2) showed a type I isotherm characteristic of microporous materials. On the
other hand, SiO2(2%)/TiO2 and SiO2(4%)/TiO2 isotherms in the initial p/p0 range were
defined as type I isotherm, and in the intermediate and higher pressure range as type II
isotherm. The isotherms of starting TiO2_400, SiO2(2%)/TiO2_400, SiO2(4%)/TiO2_400 and
SiO2(7.7%)/TiO2_400 samples demonstrated an asymmetric and triangular type H2 of the
hysteresis loop, what was attributed to blockage of pores/percolation in a narrow range of
pore necks [40,43]. For starting TiO2, the hysteresis loop did not occur.
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Figure 3. Adsorption–desorption isotherms of: (A) starting TiO2, SiO2(2%)/TiO2 and SiO2(4%)/TiO2,
(B) starting TiO2, SiO2(7.7%)/TiO2, SiO2(11.1%)/TiO2, SiO2(14.3%)/TiO2 and SiO2(17.2%)/TiO2.

Figure 4. Adsorption–desorption isotherms of: (A) starting TiO2_400, SiO2(2%)/TiO2_400
and SiO2(4%)/TiO2_400, (B) starting TiO2_400, SiO2(7.7%)/TiO2_400, SiO2(11.1%)/TiO2_400,
SiO2(14.3%)/TiO2_400 and SiO2(17.2%)/TiO2_400.
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Table 1 shows the specific surface area value and the pore size distribution for all the
obtained materials. The specific surface area of the starting TiO2 was 193 m2/g. The values
presented in Table 1 show that the photocatalysts modified with silica were characterized
by a higher specific surface area (up to 234 m2/g) in comparison to the materials obtained
the same way but without the addition of SiO2. The average size of anatase crystallites
has not changed. Therefore, the use of silica in the titanium dioxide modification process
contributed to the increase in the specific surface area of the photocatalysts. The specific
surface area of the silica used for modification was >200 m2/g [44]. Bao et al. [45] also
observed an increase in the surface area for the materials modified with silica. In this case,
the specific surface area changed from 15.4 m2/g for pure TiO2 to 127.7 m2/g for silica-
modified TiO2. Table 1 noted that, as the SiO2 content increased, the total pore volume also
increased. This is a normal phenomenon associated with an increase in the size of a specific
surface area. For example, the pore volume for the starting TiO2 was 0.109 cm3/g, and for
SiO2(17.2%)/TiO2 was 0.366 cm3/g. It can be concluded that the SiO2 modification had a
significant effect on the increase in SBET and the total pore volume. After the heat treatment,
the specific surface area of the reference photocatalysts decreased from 193 m2/g for the
starting TiO2 sample to 54 m2/g for the sample calcined at 400 ◦C (starting TiO2_400). Thus,
the correlation between calcination and the decrease in the size of the specific surface area is
possible to observe. Calcining titanium dioxide causes the sintering and agglomeration of
TiO2 particles, which then results in a decrease in the size of the specific surface area [46]. It
should also be noted that the specific surface area did not decrease in the range of materials
after calcination. This is related to the relatively large specific surface area of silica and
the fact that the addition of silica inhibits the growth of crystallites. The specific surface
area of photocatalysts changed from 54 m2/g for the starting TiO2_400 to 146 m2/g for the
SiO2(17.2%)/TiO2_400 sample.

Scanning electron microscope analysis in the SE (secondary electron) mode was con-
ducted to determine the morphology of obtained photocatalysts and the approximate size of
agglomerates/aggregates that form SiO2/TiO2 particles. Figure 5A–C shows example SEM
images for the starting TiO2 and the SiO2(14.3%)/TiO2_400 sample. The SEM images shown
in Figure 5A,B indicate that the particles of starting TiO2 form large aggregates consisting of
finely agglomerated particles and larger clusters at the periphery, forming a matrix of large
aggregates. An irregular and indeterminate shape characterized the individual particles. It
is also worth noting that the TiO2 particles were embedded in unreacted TTIP matrix. After
the modification process using SiO2 and calcination in an argon atmosphere, the grains had
a more regular spherical shape. An increase in the size of photocatalyst aggregates was also
observed after modification (350–500 nm) compared to the starting TiO2 (150–350 nm). This
results from the tendency of silica particles to form larger structures [47]. In addition, silica
can effectively prevent the growth of TiO2 crystallites after calcination, and it is well known
that the tendency of particle agglomeration/aggregation is especially observed for small
particles [38,39]. Both the starting TiO2 and SiO2(14.3%)/TiO2_400 particles tended to form
large aggregates. However, it can be noted that the aggregation ability of the photocatalyst
particles increased due to the modification of titanium dioxide with silica.

In Figure 6A,B, the UV-Vis/DR spectra of starting TiO2, silica-modified TiO2 and
samples calcined in an argon atmosphere are shown. The SiO2/TiO2 materials exhibited
typical absorption of radiation in the UV area due to the intrinsic absorption of TiO2 [48].
For the starting TiO2_400 sample, an absorption peak was observed at 305 nm, which was
related to the transition of an electron from the valence band (O 2p) to the conduction band
(Ti 3d) [49]. Compared with the reference sample, all silica-modified materials showed a
shift in the absorption edge toward lower wavelengths (blue shift). The values of the band
gap energy of SiO2/TiO2 photocatalysts were higher than the starting TiO2 because of the
blue shift that occurred due to modification. According to the literature [45], the increase in
the value of band gap energy can be attributed to the quantum effect. This increase in the
value of band gap energy causes a decrease in the energy valence band and an increase in
the edge of the conductivity band, which may lead to the slowdown of the electron–hole
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pair recombination process. In turn, the slowing the electron–hole pair recombination
process contributes to the increase in photocatalytic activity.

 

Figure 5. SEM images taken for (A,B) starting TiO2 captured at different magnifications and
(C) SiO2(14.3%)/TiO2_400.

Figure 6. UV-Vis/DR spectra of starting TiO2 and silica-modified TiO2 prior (A) and after heat
treatment (B).

According to the data presented in Table 2, silica modification did not change the sur-
face character of the tested materials. After the modification, the surface of the SiO2/TiO2
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photocatalysts remained positively charged, as did the surface of the reference sample
without any SiO2 content. Silicon-derived bands were observed on the FT-IR spectra of
the studied samples. Ferreiry-Neto et al. [50] showed that modification of TiO2 with silica
causes a decrease in the zeta potential. Therefore, the TiO2 photocatalysts modified with
silica showed lower zeta potential values than the starting TiO2. It is also important to
note the decrease in zeta potential for SiO2/TiO2 photocatalysts after heating compared to
non-calcined materials. Moreover, as the pH increased, the zeta potential value for these
samples decreased. The higher the pH, the lower the zeta potential value of tested materials.
The SiO2(17.2%)/TiO2_400 sample showed the lowest zeta potential (+14.6 mV). Our obser-
vations agree with those of Nowacka et al. [51], who found that the zeta potential decreases
with increasing pH value, confirming that the zeta potential value strongly depends on pH.

Table 2. The band gap energy and zeta potential values of starting TiO2 and silica-modified titania
photocatalysts.

Sample Code Eg [eV] pH Zeta Potential δ [mV]

starting TiO2 3.05 ± 0.01 3.1 +38.9
SiO2(2%)/TiO2 3.09 ± 0.01 2.8 +35.8
SiO2(4%)/TiO2 3.10 ± 0.01 3.2 +35.7

SiO2(7.7%)/TiO2 3.12 ± 0.01 3.2 +32.8
SiO2(11.1%)/TiO2 3.22 ± 0.01 3.3 +33.6
SiO2(14.3%)/TiO2 3.22 ± 0.01 3.4 +31.0
SiO2(17.2%)/TiO2 3.23 ± 0.01 3.4 +31.0

starting TiO2_400 2.98 ± 0.01 4.1 +39.0
SiO2(2%)/TiO2_400 3.07 ± 0.01 4.0 +33.2
SiO2(4%)/TiO2_400 3.11 ± 0.01 4.2 +30.2

SiO2(7.7%)/TiO2_400 3.15 ± 0.01 4.3 +19.5
SiO2(11.1%)/TiO2_400 3.23 ± 0.01 4.4 +19.7
SiO2(14.3%)/TiO2_400 3.22 ± 0.01 4.4 +17.9
SiO2(17.2%)/TiO2_400 3.24 ± 0.01 4.5 +14.6

2.2. Photocatalytic Activity Test

The photocatalytic activity of the starting TiO2 and the new silica-modified TiO2 pho-
tocatalysts were assessed based on the methylene blue degradation under the influence of
UV radiation. The photolysis of dye solution (without the addition of a photocatalyst, see
Figure 7) was also investigated. The experiment showed that the MB decomposition due to
the photolysis process was negligible (ca. 0.5%). The distribution of methylene blue in the
presence of starting TiO2 and TiO2 modified with silica before and after heat treatment is
shown in Figure 8A,B. In addition, the results of the dye decomposition rate after 5 h of UV
(138 W/m2 UV in the range of 280–400 nm and 167 W/m2 VIS in the range of 300–2800 nm)
irradiation were compared, as shown in Figure 9A,B. It should be noted that all SiO2/TiO2
photocatalysts showed higher activity compared to the photocatalyst without the addition
of SiO2. Undoubtedly, the amount of silica used for modification played an important
role in the photoactivity of the tested samples. It was observed that the decomposition
degree increased with an increase in the SiO2 content in the sample (up to 14.3 wt.%
of SiO2). SiO2(11.1%)/TiO2 and SiO2(14.3%)/TiO2 samples demonstrated the highest activ-
ity, for which the methylene blue degradation degree was 40.99 and 42.73%, respectively.
In comparison, the MB decomposition degree for the starting TiO2 was 7.19%. The silica
modification contributed to an increase in specific surface area and pore volume, as well as
a change in the band gap energy value. All SiO2-modified samples showed a higher specific
surface area and pore volume than the starting TiO2. For example, the specific surface area
and pore volume of starting TiO2 sample were 193 m2/g and 0.109 cm3/g, respectively, and
those of the SiO2(11.1%)/TiO2 sample were 208 m2/g and 0.265 cm3/g. In addition, the use
of silica in the titanium dioxide modification process contributed to the inhibition of SBET
decrease in the range of materials after calcination. For example, the size of specific surface
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area for starting TiO2_400 sample was 54 m2/g, while that for SiO2(11.1%)/TiO2_400 and
SiO2(14.3%)/TiO2_400 was 121 m2/g and 135 m2/g, respectively. It is well known that the
specific surface area has an important role in increasing photocatalytic activity [52]. The
high surface area provides a number of active centers that can adsorb a large number of
pollutant molecules [53]. In the case of post-calcination materials, a relationship between
the increase in specific surface area and the increase in the applied silica weighting was
also noted. The higher the amount of silica in the material composition, the higher the
specific surface area. For example, the size of the specific surface area for the sample
SiO2(2%)/TiO2_400 was 89 m2/g, and for the sample SiO2(17.2%)/TiO2_400, it was already
146 m2/g. This was related to the fact that silica inhibits the growth of crystallites. Another
parameter influencing the improvement of the photocatalytic activity was the change in the
band gap energy. The band gap energy for the SiO2(11.1%)/TiO2 and SiO2(14.3%)/TiO2
(3.22 eV) samples was higher than for the starting TiO2 (3.05 eV). Moreover, a relationship
between the increase in activity and the value of band gap energy was observed. The higher
the value of band gap energy, the higher the activity. The highest activity was observed in
photocatalysts, whose Eg value was 3.22 eV and 3.23 eV. Bao et al. [45] and Periyat et al. [54]
suggested that the increase in band gap energy value slows down the electron–hole pair
recombination process. This is since an increase in the band gap energy reduces the energy
valence band and increases the edge of the conductivity band. The phase composition
was also an important parameter determining the activity. It is important to note that the
photocatalysts that showed the highest activity comprised 66–72% anatase and 28–34%
brookite. Similar results were also obtained by Allen et al. [55], who studied the effect of
the brookite phase on the photoactivity of TiO2. They showed that photocatalysts mixtures
of anatase and brookite show high photocatalytic activity. A photocatalyst obtained by
calcination at 400 ◦C and containing 69% anatase and 31% brookite in its composition
removed about 97% of methyl orange after 180 min of irradiation. This was explained by
the fact that the conductivity band of the TiO2 brookite phase is shifted more cathodically
by 0.14 eV than that of anatase. This displacement facilitates interfacial electron transfer to
molecular oxygen. It should be noted that photocatalysts after calcination showed higher
activity compared to non-calcined materials. The higher activity for the samples after
calcination was attributed to the larger crystallite size of anatase. The recorded increase
in anatase crystallite size indicates the transformation of the amorphous phase present
in non-calcined materials. Zhang et al. [56] determined that the photocatalytic activity is
the highest when the anatase crystallite size is around 10 nm, which concord with our
observations. In our case, the photocatalysts with a crystallite size up to 10 nm showed the
highest activity.

Figure 7. Methylene blue photolysis curve during 5 h of UV light irradiation.
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Figure 8. Methylene blue decomposition under UV irradiation of starting TiO2 and silica-modified
TiO2 prior (A) and after calcination at 400 ◦C (B).

Figure 9. Methylene blue decomposition degree after 5 h of UV light irradiation for starting TiO2 and
silica-modified TiO2 prior (A) and after calcination at 400 ◦C (B).
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In order to better understand the photocatalytic degradation of methylene blue, the
apparent reaction rate constants were determined. The degradation of methylene blue
for the starting TiO2_400 followed the zero-order model. However, for SiO2(4%)/TiO2,
SiO2(7.7%)/TiO2, SiO2(17.2%)/TiO2, SiO2(4%)/TiO2_400, SiO2(7.7%)/TiO2_400 and
SiO2(11.1%)/TiO2_400, the dye degradation followed a pseudo-first-order model. For
all other samples, the degradation followed a pseudo-second-order model. The linear
transformations of zero order, pseudo-first order, and pseudo-second order are shown in
Figure 10A–C. It can be seen that, after 3 h of radiation, the points on the graphs started
to deviate slightly from the typical linear curve. The observed reduction in reaction rate
was due to the formation of intermediates during the dye decomposition. According to
the data presented in Table 3, the highest k1 values of methylene blue decomposition were
obtained for the heat-treated photocatalysts. Similar to the pseudo-first-order model, higher
k2 values were recorded for the materials after calcination. It should be noted that the
highest rate constant (0.052 L/(min·mg) was observed for SiO2(14.3%)/TiO2_400, and this
value is 17.3 times higher than for starting TiO2.

Figure 10. The zero-order plot (A), the pseudo-first-order (B), and the pseudo-second-order plot
(C) of methylene blue decomposition.
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Table 3. The fitting parameters, zero, pseudo-first, and pseudo-second reaction rate constants for
methylene blue decomposition (after 5 h of UV radiation).

Sample
Code

k0

(mg/(L·min))
R2 Sample Code

k1

(1/min)
R2 Sample Code

k2

(L/(min·mg))
R2

starting
TiO2_400 0.583 0.99 SiO2(4%)/TiO2 0.042 0.99 starting TiO2 0.003 0.99

SiO2(17.2%)/TiO2 0.068 0.99 SiO2(2%)/TiO2 0.003 0.99
SiO2(7.7%)/TiO2 0.075 0.99 SiO2(2%)/TiO2_400 0.011 0.99

SiO2(4%)/TiO2_400 0.176 0.99 SiO2(11.1%)/TiO2 0.012 0.99
SiO2(7.7%)/TiO2_400 0.225 0.99 SiO2(14.3%)/TiO2 0.012 0.99
SiO2(11.1%)/TiO2_400 0.294 0.98 SiO2(17.2%)/TiO2_400 0.046 0.99

SiO2(14.3%)/TiO2_400 0.052 0.98

2.3. Photocatalytic Mechanism

The proposed mechanism for methylene blue (MB) degradation in the presence of
SiO2/TiO2 is shown in Figure 11. When the photocatalyst absorbs a photon with an energy
equal or greater than the band gap energy, the activation occurs, which means an electron
ejection from the valence band and its transfer to the conduction band with the generation
of an electron gap. The active hydroxyl radicals are generated. As an active oxidizing
agent, the hydroxyl radicals attack the MB presents at the surface of TiO2 and decompose it
into harmless species, such as carbon dioxide and water. However, it is well known that
the high recombination of photogenerated e−-h+ pairs makes it difficult for the effective
photodegradation of pollutants. According to the literature [57,58], connection between
TiO2 and SiO2 (in our case, confirmed by the DRIFT analysis suggesting the presence of
Ti–O–Si band) enhances charge carriers’ separation (e− and h+) and facilitates the transfer
between each other. Thus, the suppression of the electron–hole recombination is limited,
causing the enhancement in photoactivity.

Figure 11. Schematic of the photocatalysis mechanism on SiO2/TiO2 surface (based on [57]).

3. Materials and Methods

3.1. Materials and Reagents

The SiO2/TiO2 photocatalysts were obtained with the sol-gel method using titani-
um(IV) isopropoxide TTIP (≥97%, Sigma-Aldrich Co., Saint Louis, MO, USA) as a pre-
cursor of TiO2, fumed silica (≥99.8%, SBET > 200 m2/g, average particle size 7–14 nm,
PlasmaChem GmbH, Germany) as a silica precursor, isopropyl alcohol (pure p.a, Firma
Chempur®, Piekary Śląskie, Poland) as a solvent and hydrochloric acid (35–38% pure,
Firma Chempur®, Piekary Śląskie, Poland) as a promoter of the hydrolysis reaction. Methy-
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lene blue (purity ≥ 82%, Firma Chempur®, Piekary Śląskie, Poland) was used as an organic
dye compound in photocatalytic tests.

3.2. Preparation of SiO2/TiO2 Photocatalysts

The sol-gel method was used to obtain SiO2/TiO2 photocatalysts. Titanium(IV) iso-
propoxide and fumed silica were chosen as TiO2 and SiO2 precursors, respectively. At first,
5 mL of titanium precursor was dropwise added to 15 mL of isopropyl alcohol. Then, 2,
4, 7.7, 11.1, 14.3, or 17.2 wt.% of silica precursor was added. Next, the pH of the obtained
solution was adjusted to 2 with hydrochloric acid. Then, the hydrolysis process was started
by slowly adding 100 mL of water: isopropyl alcohol mixture (25:75 v/v). In the end, the
solution was placed in a magnetic stirrer for 1 h and then left for the ageing process taking
24 h. The obtained gel was dried in a muffle furnace at 100 ◦C for 24 h. Finally, the received
material was calcined at 400 ◦C in a tube furnace under an argon atmosphere (60 mL/min,
purity: 5.0, Messer Polska Sp. z o.o., Chorzów, Poland). The obtained photocatalysts were
determined as follows: SiO2(x%)/TiO2_400, where x is the weight percentage of SiO2 in
the sample and 400 is the heating temperature. The reference sample, labelled as a starting
TiO2, was also received using the same method but without silica.

3.3. Characterization Methods

Diffuse reflectance DRIFT spectra were recorded using FT-IR-4200 spectrometer
(JASCO International Co. Ltd., Tokyo, Japan) equipped with a DiffuseIR accessory (PIKE
Technologies, Cottonwood Dr, Fitchburg, WI, USA) and were examined in the range of
4000–400 cm−1. The crystalline structure of received photocatalysts was identified utilizing
XRD analysis (Malvern PANalytical B.V., Almelo, The Netherlands), using Cu Kα radia-
tion (λ = 0.154056 nm). The XRD diffractograms were collected in the range of 20–80◦ on
2θ scale. The PDF-4+ 2014 International Centre for Diffraction Data database (04-0028296
PDF4+ card for anatase and 04-007-0758 PDF4+ card for brookite) was used for the spec-
ification of the phase composition. The mean crystallite sizes of the nanomaterials were
calculated using the Rietveld method. The surface area (SBET) and pore volume of the tested
photocatalysts were calculated from the nitrogen adsorption–desorption measurements
at 77 K carried out in QUADRASORB evoTM Gas Sorption analyzer (Anton Paar GmbH,
Graz, Austria). All samples were degassed at 100 ◦C for 16 h under a high vacuum before
measurements to preclean the surface of the tested samples. The total pore volume (Vtotal)
was calculated from the adsorbed nitrogen after the pore condensation was completed
at a relative pressure p/p0 = 0.99. The volume of micropores (Vmicro) was determined
using the Dubinin–Radushkevich equation. The volume of mesopores (Vmeso) was de-
termined as the difference between Vtotal and Vmicro. The surface nature of the studied
materials was determined from scanning electron microscopy SEM images. The SU8020
Ultra-High Resolution Field Emission microscope (Hitachi Ltd., Tokyo, Japan) was used
for the measurements. The UV-Vis/DR diffuse reflection spectra of the prepared samples
were recorded in the range of 200–800 nm using a V-650 UV-Vis spectrophotometer (JASCO
International Co., Tokyo, Japan) equipped with an PIV-756 integrating sphere accessory
for studying DR spectra. Spectralon (Spectralon® Diffuse Reflectance Material, Labsphere,
USA) was used as the standard sample. The values of the band gap energy (Eg) of the
studied photocatalysts were calculated with the Kubelk–Munk Equation (1) [59]:

F(R) = (1 − R)2/2R (1)

where

F(R)—radiation absorption coefficient;
R—reflectance.

From the above equation, the radiation absorption coefficient was determined. Next,
the dependence of energy corresponding to each wavelength was plotted against the
square of the inverse of the energy product and the absorption coefficient (F(R)·E)1/2.
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Finally, a tangent was drawn where the fit is closest to the energy change curve. After
transforming the equation of the plotted line, the value of band gap energy was obtained.
ZetaSizer NanoSeries ZS (Malvern Panalytical Ltd., Malvern, UK) was used to deter-
mine the zeta potential values. The zero-order reaction rate constant can be described as
(Equation (2)) [60]:

C0 − Ct = k0t (2)

The pseudo-first reaction rate constant was determined using the Langmuir–Hinshelwood
kinetics model, as shown in Equation (3) [61]:

ln(C0/Ct) = kKt = k1t (3)

While the pseudo-second reaction rate constant can be described as (Equation (4)) [62]:

1/Ct − 1/C0 = k2t (4)

where:

C0—initial concentration of the methylene blue in solution [mg/L];
Ct—concentration of the methylene blue at time t [mg/L];
k0—zero-order reaction rate constant [mg/(L·min)];
k1—pseudo-first reaction rate constant [1/min];
k2—pseudo-second reaction rate constant [L/(min·mg)];
t—time of irradiation [min];
K—adsorption coefficient of the reactant [L/mg].

3.4. Photocatalytic Activity Test

The photocatalytic activity of the obtained SiO2/TiO2 materials was determined
using a methylene blue (MB) solution (10 mg/L) as a model water pollutant. During the
experiment, a glass beaker containing 0.2 g/L of the tested photocatalyst and 0.5 L of
MB solution was placed under an artificial UV-VIS light source comprised of six lamps
with the power of 20 W each (Philips) with the radiation intensity of about 138 W/m2

UV (for the range of 280–400 nm) and 167 W/m2 VIS (for the range of 300–2800 nm).
The emission spectrum of the lamp used is shown in Figure 12. Prior to irradiation,
the suspension was stirred in the dark for 1 h to establish the adsorption–desorption
equilibrium. After that, the lamps were switched on, and the suspension was irradiated for
5 h while maintaining vigorous stirring. A sample (10 mL) of the suspension was collected
every 1 h and then centrifuged to separate the photocatalyst from the MB solution to
determine the MB degradation. The methylene blue absorbance was measured by the V-630
UV-Vis spectrometer (Jasco International Co., Tokyo, Japan). The degradation degree of
methylene blue was described with Ct/C0 formula, where Ct stands for the dye absorbance
at a given time point and C0 for the dye absorbance after adsorption.

Figure 12. Emission spectrum of the UV-VIS lamp (6 × 20 W, Philips), 138 W/m2 UV for 280–400 nm
and 167 W/m2 VIS for 300–2800 nm.

119



Catalysts 2022, 12, 1372

4. Conclusions

In conclusion, SiO2/TiO2 nanomaterials were prepared by a sol-gel method combined
with a calcination process at 400 ◦C in an inert gas atmosphere. In this paper, fumed
silica was used as a silica precursor for the first time. The presence of SiO2 on the TiO2
surface was confirmed by FT-IR/DRS infrared spectroscopy. The relationships between the
effects of different properties on the photocatalytic activity of the obtained materials were
determined. It was found that the modification with SiO2 increased the specific surface
area and total pore volume. In addition, the presence of a modifier contributed to a change
in the value of band gap energy and effectively inhibited the growth of crystallites during
thermal modification. The photoactivity of the obtained samples was investigated by the
degradation of methylene blue under UV irradiation. In general, it was found that the
applied modification of titanium dioxide using SiO2, both without and with the calcination
phase, contributed to the increase in photocatalytic activity. All the obtained photocatalysts
showed higher activity (up to 75.81%) than the starting TiO2, which removed only 7.19%
of methylene blue. Moreover, the photocatalytic activity increased with increasing SiO2
content in the sample. Samples containing 11.1 and 14.3 wt.% SiO2 showed the highest
removal of methylene blue.
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Abstract: Fluoride-doped TiO2 (F-TiO2) was synthesized by an efficient and simple one-step synthesis
and successfully used for the UV-photo-degradation of the toxic and stable pollutants methylene
blue (MB) and bisphenol A (BPA). Initially, the synthesized catalyst was characterized and compared
to untreated TiO2 (P25 Degussa) by different physical–chemical analyses such as XRD, band gap
calculation, SEM, EDS, FITR, ECSA, or EIS. F-TiO2 defeated commercial TiO2, and almost complete
pollutant removal was achieved within 30 min. The energy consumption was reduced as a result
of the suitable reactor set-up, which reduced light scattering, and by the application of a long-pulse
radiation procedure, where the lamp was switched off during periods where the radical degradation
continued. This enhanced the overall photocatalysis process performance. Under these conditions,
80% of MB removal was attained within 15 min radiation with an energy consumption of only
0.070 Wh min−1, demonstrating a much better efficiency when compared to previously reported data.
The catalyst was reusable, and its performance can be improved by the addition of H2O2. The results
were validated by BPA degradation and the treatment of real wastewaters with both pollutants. The
results were so encouraging that a scale-up reactor has been proposed for future studies.

Keywords: catalyst synthesis; fluoride-doped titanium dioxide; pulse radiation; process evaluation;
photocatalyst characterization

1. Introduction

One of the main global problems is the limited access to uncontaminated water,
particularly in developing countries. Among other alternatives, a promising remediation
method is photocatalysis. This process is based on the action of a photocatalyst that, after
being irradiated with a specific wavelength radiation, has the capacity of generating active
species that decompose pollutants [1,2].

The most used photocatalyst is TiO2, a well-known semiconductor that is not toxic,
insoluble, cheap, and very selective on its absorption spectrum [3,4]. This last property
makes TiO2 very active in the UV range. TiO2 commercialized from Degussa (so-labelled
P25) has shown the best performance. Nevertheless, there is still room for improvement
with the aim of using this process in real scenarios. Among the parameters to be optimized,
there is the widening of the required radiation wavelength of activation and the inhibition
of the electron-hole (e−/h+) recombination [5].

Indeed, the e−/h+ generated on the semiconductor are the responsible species for,
respectively, the reduction and oxidation of pollutants and O2 or H2O. These cause the
generation of oxidant radical species such as HO· or HO2·. TiO2 has a high e−/h+ recom-
bination rate which diminishes its degradation performance [1,4]. Consequently, several
TiO2 modifications have been tried in order to capture the e−; hence, the recombination
rate would be reduced, providing more time for the reactions of free radical production to
happen [2,3].
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However, new photocatalysts usually require long and expensive synthesis processes.
For instance, Zhan et al. [2] reported the application of a V/Mo-TiO2 catalyst, the synthesis
of which involved several steps and calcination during 4 h at 500 ◦C. They attained almost
complete MB degradation after 1 h. In other studies, the catalyst contained expensive
elements such as in the Bi/Ag-TiO2 catalyst [6]. Similarly, the WO3/KNbO3 photocatalyst
was used for attaining BPA and MB degradation within 20 min by using a 375 W UV lamp.
Thus, lamp consumption and the catalyst selection increases the complexity and price of the
process [7]. In fact, other authors have pointed out the necessity of more environmentally
friendly synthesis processes [8].

We hereby propose a more realistic photocatalyst, where the synthesis process is
simple, inexpensive, and environmentally friendly based on the single addition of an
element in what we have labelled as one-step synthesis. In this context, several studies
stand out, in which catalysts were synthesized by TiO2 doped with graphene [9] or doped
with electronegative compounds such as N, P, S, or halogens, reducing the band gap and
shifting the absorption edges favoring photocatalysis [3].

Nevertheless, recent studies have demonstrated that the well-known methylene blue
(MB) is still being treated by the usage of complex catalysts. For instance, Bibi et al. [10]
required the addition of reduced GO and Fe3O4 to TiO2 on different steps so they arrived
at 99% degradation of 3 mg/L of MB effluent within 70 min. Likewise, other authors [11]
made a composite Ni/TiO2/zeolite by several calcination steps and even with this catalyst,
they needed long treatment times (2 h) for complete MB removal. On the other hand,
when the synthesis process is simpler, the MB photodegradation requires the usage of high
intensity lamps [12]. In this study, the addition of fluorine to the TiO2 surface, in order to
avoid or retard e−/h+ recombination is reported. This catalyst is based on a previous paper
about gas treatment [13] and it may also be useful for effluent treatment. Other authors
have essayed the synthesis of F-TiO2 throughout more complex processes, attaining good
efficiencies on MB removal [14].

This one-step synthesized F-TiO2 catalyst would be, for the first time, assessed for
liquid effluent treatment, using two stable model pollutants, namely MB and bisphenol A
(BPA). Several authors have carried out the procedure of complementing MB degradation
study with a BPA plasticizer [7,15]. This procedure favors the validation of photo-based
processes for the degradation of aromatic stable compounds, regardless of being colorful
(MB) or colorless (BPA). Moreover, these compounds cause environmental problems due to
their stability, toxicity, and increasing usage [15]. Sadly, traditional treatment alternatives
such as biodegradation are not efficient for BPA and MB removal due to their stability
and toxicity to microorganisms [15]. Therefore, photocatalysis has been proposed as
an alternative, although the up-to-date proposed catalysts are complex and have been
synthesized by environmentally unfriendly methods. For instance, the glass fibers of Fe-
TiO2–carbon quantum dots [4] or nanodiamond-TiO2 [8] have been used for the elimination
of these pollutants.

Another bottleneck in the photocatalysis processes is related to efficiency problems due
to both (i) light scattering with solution depth [16] and (ii) high energy consumption (EC)
related to the requirement for UVA lamps, as it is the most useful radiation for TiO2-based
photocatalysis [9].

This research attempts, for the first time, the usage of the one-step-synthesized F-TiO2
on liquid stream photocatalysis. The scarce studied long-pulse procedure with the usage
of a UVA-LED lamp was proposed in order to reduce EC. The H2O2 addition was also
considered in order to promote higher degradation rates [17]. What is more, a novel reactor
design based on the reduction in solution depth and the increase in radiated surface area
was utilized, reducing light scattering. Considering this used set-up, a scale-up reactor
is proposed.
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2. Results

2.1. Preliminary Tests
2.1.1. Rector Set-up

To begin with, and taking into consideration the influence of the radiated area and light
scattering on photo-based processes [16], the degradation of a 20 mg/L MB solution was
carried out in both an open-wide reactor and a narrow-open reactor using TiO2 (800 mg/L)
as the model photocatalyst (Figure S1). By increasing the solution depth and reducing
the radiated area, the MB degradation was reduced by 65% and the pseudo-first kinetic
rate of the degradation was reduced by 10 units, that is from 0.024 min−1 (R2 = 0.9970) to
0.0027 min−1 (R2 = 0.9906).

In order to standardize the results, the EC per mg of MB was calculated following
Equation (1), where L is the lamp power (W), t is the time the lamp is switched on (h), and
m is the mass of the eliminated MB (mg).

EC (Wh mg−1) = L·t/m (1)

Indeed, on the open-wide reactor, the EC was 0.154 Wh/mg, whereas the EC on the
narrow-open reactor was 0.521 Wh/mg.

2.1.2. Catalyst Doping Dosage

Then, the variation of catalyst performance depending on F dosage was evaluated
(Figure S2). No significant differences were found when the content of TiO2:F was varied
from 1:0 to 1:2. The ratio of TiO2:F 1:1 was selected to continue the experiences due to
slightly quicker degradation kinetics. Smaller quantities resulted in a degradation profile
equal to raw TiO2. Thus, the F-TiO2 catalyst with a ratio 1:1 was used thereafter, and it was
named F-TiO2.

2.1.3. Catalyst Concentration

The study of the catalyst dosage was studied with the optimal F-TiO2. Figure S3
depicts both the degradation profile in time and the pseudo-first order kinetic constants. As
can be seen, increasing the catalyst dosage favored the degradation performance and rate
until 1600 mg/L of F-TiO2 was used. Nevertheless, slight differences were found between
800 and 1600 mg/L and, what is more, the latter exhibited 10% of adsorption, which made
the actual degradation 85%, instead of 97% in the case of using 800 mg/L of F-TiO2. A
total of 3200 mg/L caused 17% initial adsorption and a detriment on overall MB removal
after 30 min. Consequently, 800 mg/L of F-TiO2 was selected as the optimal dosage and
used thereafter.

2.2. Characterization

The characterization of F-TiO2 was carried out and it was compared to commercial
Degussa P25 TiO2.

2.2.1. XRD

Crystalline structures of TiO2 and F-TiO2 were analyzed throughout the XRD analysis.
The spectra of both samples are shown in Figure S4. Typical anatase and rutile phases
confirmed the stability of the TiO2 sample after F doping. F content was not detected
on XRD.

2.2.2. Raman

Raman spectra show the characteristics peaks of anatase TiO2 (Figure 1), namely
those placed at 148.5 [Eg (1)], 397.5 [B1g], 516.15 [A1g], and 635.2 [Eg (2)] cm−1 [8]. Slight
differences between TiO2 and F-TiO2 were detected (Figure 1B) which were related to
successful F doping [18].

125



Catalysts 2022, 12, 1190

  

 

 

(A) (B) 

00

00

00

00

00

0 200 400 600 800

In
te

ns
ity

 (a
.u

.)

Raman shift (cm-1)

F-TiO2
TiO2
F-TiO2

TiO2

TiFTi

00

00

00

00

00

00

100 120 140 160 180 200

In
te

ns
ity

 (a
.u

.)

Raman shift (cm−1)

00

00

00

00

00

0 200 400 600 800

In
te

ns
ity

 (a
.u

.)

Raman shift (cm−1)

F-TiO2
TiO2
F-TiO2

TiO2

TiFTi

Figure 1. Raman spectra of F-TiO2 and TiO2 catalysts (A), zoom in on the Raman spectra in the range
100–200 cm−1 (B).

2.2.3. SEM, EDS and ICP

The SEM image (Figure S5) demonstrates that the particle size was in the μm order
due to the agglomeration of the particles caused by the synthesis process. A small C
quantity was detected maybe due to the remaining IPA from the synthesis process. The
EDS results demonstrate the successful F doping where 8% of F was detected. These data
were corroborated by ICP measurements after acid digestion of the catalyst. The ICP results
showed that each 0.25 mg of sample contained 0.11 mg of Ti (that would be 0.184 mg of
TiO2) and 0.015 mg of F.

2.2.4. UV-Vis Spectra

Spectrophotometric measurements were taken in order to evaluate the differences in
the UV-Vis responses of both the TiO2 and F-TiO2 catalysts. The UV-Vis response was used
for calculating the Tauc plots (Figure S6) following Equation (2), where v is the frequency,
A is the proportional constant, n is 4 due to an indirect transition, and Eg is the band
energy [19]. The TiO2 band gap resulted in 3.2 eV, demonstrating the high percentage of
the anatase phase on commercial TiO2 (the rutile phase had a band gap of 3 eV) [3]. On
the other hand, F-TiO2 provided a band gap of 1.5 eV, demonstrating that the addition of F
narrowed the band gap of TiO2.

hv·α = (Ahv·Eg)n/2 (2)

2.2.5. Electrochemical Measurements

The electrochemical performance of materials has been demonstrated to be related to
their photo-catalytic performance, as it is indicative of electron mobility (Electrochemical
Impedance Spectroscopy: EIS) [20] and active surface area (ECSA) [19].
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EIS

EIS results are provided in Figure 2, where the equivalent circuits are depicted. The
series resistance represents the electrode [21]; this is why the values were practically
constant (14.9 and 12.4 Ω), as in both cases Ni-Foam was the supporting working electrode.
The parallel resistance stands for the layer resistance of the material [21], and in this
case F-TiO2 provided a much smaller value than TiO2 (1.77 vs. 12.5 kΩ), demonstrating
the electron mobility was much higher on F-TiO2 [20], which may be related to better
photocatalytic activity.

 

 

 

Figure 2. EIS measurement of TiO2 (green) and F-TiO2 (purple) with the fitting of the
equivalent circuits.

ECSA

ECSA is also related to catalytic activity [22]. After the representation of CVs regarding
the scan rate (Figure S7) and following Equation (3), CDL was 0.3 and 0.2 uF cm−2 for F-TiO2
and TiO2, respectively. That means the ECSA values were 7.5 cm2 and 5 cm, respectively.
Therefore, the surface area useful for electrochemical reactions was 30% higher in the case
of F-TiO2.

2.3. Pollutant Abatement

Subsequently, the degradation of the model pollutant MB was carried out, and different
parameters were considered.

2.3.1. Catalyst Evaluation

The comparison of synthesized F-TiO2 with commercial TiO2 on the performance
of MB degradation was accomplished on the wide-open reactor (Figure S2). The results
manifest the suitability of the reactor set-up and the efficacy of TiO2 to work as UV-
photocatalyst, as in both cases more than 80% degradation was attained within half an hour.
Moreover, the higher performance of F-TiO2 was remarkable; after the one-step synthesis,
it provided an extra 25% MB elimination. Indeed, the pseudo-first order kinetic values
also denote a much higher efficiency of F-TiO2 vs. TiO2 being, respectively, 0.1367 min−1

and 0.0220 min−1. The usage of this one-step synthesized photocatalyst also favored the
efficiency of the process as the EC was 0.152 and 0.121 Wh mg−1 for TiO2 and F-TiO2,
respectively, demonstrating the efficacy of the latter.

The high efficiency of the F-TiO2 catalyst was not only demonstrated by its comparison
to the well-performant TiO2, but also to previous recent data (Table 1). The high complexity
of the synthesis processes is remarkable.
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Table 1. Last reported data on MB and BPA UV-photocatalysis degradation.

MB (mg/L) Catalyst (mg/L) Lamp (nm, w) Time (min)
Degradation

(%)
EC

(W·h/mg)
Reference

20 F-TiO2 (800) 360–365 nm, 4.8 W 15 78.84 0.070 This study
20 F-TiO2 (800) 360–365 nm, 4.8 W 30 96.24 0.121 This study

73.57 Graphene-TiO2 (50) 360 nm, 17 W 480 87 2.12 [9]
10 F-TiO2 (200) 300 W 20 88 11.25 [14]
5 GO-TiO2 (200) 500 W 60 92 108.7 [1]

3.2 V/Mo-TiO2 (1000) 365 nm, 8 W 60 86.7 2.88 [2]
10 Zeolite/Ni-TiO2 (50) UV, 16 W 120 100 3.20 [11]
10 TiO2 nanoparticles (60) UV, 300 W, >420 nm 24 99 12.12 [12]
10 WO3/KNbO3 (3000) 365 nm, 375 W 40 98 24.3 [7]
3 rGO-Fe3O4/TiO2 (150) UV, 500 W 70 99 196.4 [10]

BPA (mg/L) Catalyst (mg/L) Lamp (nm, w) Time (min)
Degradation

(%)
EC

(W·h/mg)
Reference

20 F-TiO2 (800) 360–365 nm, 4.8 W 30 98 0.122 This study
10 WO3/KNbO3 (3000) 365 nm, 375 W 240 49 300 [7]
10 Nanodiamond-TiO2 (80) UV, 20 W 100 96 3.47 [8]

20
Glass Fibers

Fe-TiO2-carbon quantum
dots (n.r.)

λ < 472 nm, 55 W 60 100 2.75 [4]

20 ZnO-Graphene oxide 254 nm, 15 W 60 99.5 0.75 [23]

n.r. = not reported.

2.3.2. Long-Pulse Radiation Procedure

Taking into consideration the fact that photocatalysis degradation is a radical attack,
we considered the poorly studied possibility of treating the effluent by alternating radiated
and dark periods. That is, we proposed the usage of the lamp in the long-pulse radiation
procedure, so the lamp consumption could be reduced for future usages. In this procedure,
the lamp was switched on from 0 to 5 min treatment time and from 10 to 20 min of treatment
time. As it can be seen in Figure 3, after 10 and 30 min the detriment on MB degradation
was only, 20 and 10%, respectively, whereas the lamp usage was reduced to a half. This
means that EC was reduced, roughly, to a half (Figure 3). Consequently, the EC for MB
degradation within 30 min was 0.070 Wh mg−1 with the long-pulse radiation procedure.
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Figure 3. MB elimination (20 mg/L) at a catalyst concentration of 800 mg/L. Continuous radiation
(purple), and long-pulse radiation (yellowish).

2.3.3. Reusability

Evaluating the reusability of the catalyst is mandatory for future applications [19] and
thus, it was evaluated. For practical purposes, the experiences were tested with continuous
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radiation. First of all, the reutilization of F-TiO2 led to a 17% detriment on the third cycle
(Figure 4A) which is within typical values [19]. Samples were filtered by 0.22 μm and
measured by ICP, where F and Ti content was below detection limits, demonstrating that
the doping process is not only simple and economic, but also efficient, leading to a stable
F-TiO2 photocatalyst.

 
(A) (B) 

Figure 4. MB elimination (20 mg/L each cycle), using the same photocatalyst in three cycles
(800 mg/L) (A). MB elimination (40 mg/L each cycle), using the same photocatalyst in three cy-
cles (800 mg/L), and adding 0.3 mg/ml of H2O2 (B).

Nevertheless, the addition of H2O2 as an extra oxidant has been reported to favor
photocatalysis [17] and hence, the addition of 0.3 mg/mL of H2O2 in each cycle was
evaluated (Figure 4B). Indeed, the process was so favorable that 40 mg/L of MB was used
in order to have enough room for improvement as well as a better quantification (20 mg/L
was eliminated too quickly). One can compare Figure 4A,B and the detriment detected on
the degradation of 20 mg/L of MB without H2O2 (Figure 4A) was not detected when H2O2
was added, even though the initial MB concentration was 40 mg/L (Figure 4B). In any case,
the MB concentration effect is studied in next section in order to compare the results with
these data.

2.3.4. Pollutant Concentration

The effect of MB concentration was then studied (Figure 5). When the initial MB con-
centration was set at 40 mg/L, the degradation plunged to 50% (Figure 5A). Concentration
differences were more significant during the first 10 min of radiation (Figure 5B) where
one can notice that the MB degradation was practically constant in the range 5–20 mg/L,
whereas the performance abruptly decreased at 40 mg/L. With 0.3 mg/L of H2O2, this
detriment did not take place and, what is more, the catalyst could be reused for up to three
cycles (Figure 4B).

  
(A) (B) 

Figure 5. MB degradation under UV radiation depending on the initial MB concentration (A). MB
degradation after 10 min treatment (B).
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2.3.5. Treatment of More Complex Effluents

Then, the photocatalyst and reactor set-up suitability for the treatment of polluted
effluents were corroborated by treating a solution with the complex polymer BPA as well
as real wastewaters with both MB and BPA (Figure 6). This procedure allows the suitability
of this process with colorful and colorless effluents to be confirmed. Both pollutants suffer
photocatalytic degradation, which is started by the radical attack, so hydroxylation occurs
in areas close to the aromatic ring, which are electronegative. Then, the scission of the
ring takes place, liberating some carbonaceous chains which end up on simple carboxylic
acids [24,25].

 
(A) (B) 

Figure 6. MB (A) and BPA (B) elimination (20 mg/L) at a catalyst concentration of 800 mg/L with
pseudo-first order kinetics adjustment (line) in wastewater that just received a primary treatment (red
squares), that received a secondary treatment (green triangles), and Milli-Q water (purple circles).

Regarding MB degradation (Figure 6A) the efficiency was reduced (30%) when using
real primary-treated wastewater, contrasting with the results using the distilled Milli-Q
matrix. Moreover, when using secondary wastewater, the result was slightly better due
to the reduction of the organic matter due to the biological degradation (Table S1). The
total organic carbon (TOC) of the solution was 13 mg/L when MB was dissolved in Milli-Q
water and 86% mineralization was attained within 30 min of photocatalysis. At this point,
the remaining carbon was related to carboxylic acids, which reduced the solution pH from
5.8 to 5.4. On the other hand, the presence of a more complex wastewater matrix increased
the initial TOC to 91 and 54 mg/L for, the primary and secondary-treated wastewaters,
respectively. After the photodegradation process, TOC was reduced by 66% and 71%,
respectively, and the pH was reduced by 0.2 units in both cases. This demonstrates there
acid intermediates were also generated although the pH drop was smaller due to the buffer
behavior of the salt content (both samples had high conductivity: Table S1). Moreover, the
remaining TOC was related to the MB molecule, which was not completely removed due
to the degradation of the organic matter already present on the real wastewaters.

Regarding the pseudo-first order kinetic adjustment (Table S2), the slope was around
0.13 min−1 for MB treatment on real wastewaters due to the increased complexity of the
effluent, as the constant rate was 0.137 min−1 when treating MB in Milli-Q water.

Figure 6B demonstrates the suitability of the degradation process for different stable
and toxic pollutants, as even BPA was almost completely removed within 30 min. In this
case, the treatment of BPA in a primary or secondary wastewater also caused a detriment of
around 20% on the performance of the photocatalysis process. In this case, mineralization
on Milli-Q water achieved 83% in 30 min and the pH was reduced from 6 to 5.4, which
may have been due to the generation of more carboxylic acids, as the BPA-Milli-Q solution
had an initial TOC of 16 mg/L. In the case of treating real wastewaters, mineralization
dropped to 69% and 76%, for, primary and secondary-treated wastewaters, respectively.
This demonstrates that BPA degradation was easier than in the case of MB, due to the
fact BPA and its by-products do not cause light scattering. In this case, the pH dropped
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by 0.4 and 0.3 units, respectively, demonstrating the generation of carboxylic acids [25].
Further studies need to be completed on the scale-up study of this process.

3. Discussion

In order to understand the efficiency of the proposed process, specifically in terms of
photocatalyst activity and reactor set-up, some previous studies depicted on Table 1 were
used as references and are commented on throughout this section.

3.1. Preliminary Tests
3.1.1. Reactor Set-up

The preliminary test for the MB degradation with TiO2 photocatalysis was completed.
With the TiO2 catalyst, the comparison between the performance of the wide and the
narrow-open reactors (Figure S1) demonstrated the degradation was improved when (i)
the solution depth was smaller and (ii) when the radiation area was bigger (open-wide
reactor: Figure 7) due to a better activation of the photocatalyst and a reduction in the light
scattering. This reactor is notably thinner than the typical cylindrical reactor and moreover,
it has the radiation source placed at 3 cm from the solution. Jafari et al. [4] also placed their
lamp at 3 cm for BPA degradation; however, their reactor was 5 cm in diameter and 10 cm
in height, producing an elevated light scattering, which may cause a lower efficiency than
the hereby attained value (2.75 vs. 1.22 Wh/mg, respectively). In fact, they required twice
the time for achieving the same degradation of 20 mg/L of BPA (Table 1).

  
(A) (B) 

1

2
34

Figure 7. Reactor set-up, schema (A), and real (B): UV LED (1), crystal open-wide-reactor (2), magnetic
stirrer (3), and refrigerator fan (4).

The EC attained in this study was smaller than most of previous references (Table 1).
This may indicate, apart from a proper photocatalyst selection, the suitability of the reactor
set-up. Indeed, several authors have reported the positive effect of reducing the treated
effluent depth when working with photocatalysis systems [26]. Hence, Shiraishi et al. [16]
concluded that the UV intensity received on the photocatalyst decreases as liquid depth
increases. Nevertheless, they highlighted that the negative effect of solution depth can be
overcome with high mixing. In fact, a smaller solution depth reduces light scattering [6]. In
our study, the good results may have been fomented by a small solution depth, an elevated
radiated area, and a high mixing rate. For instance, Zhang et al. [2] attained an extremely
high EC (Table 1). These authors may also have used an elevated catalyst concentration
(1000 mg/L) of the complex V/Mo-TiO2 catalyst. This might have produced light scattering,
making the catalyst activation difficult. In fact, these authors used a reactor set-up with
ian nappropriate photo-activation, as the lamp was placed at 8 cm instead of the 3 cm
fixed in this study. Moreover, the sample was placed in a beaker which undoubtedly has
a smaller width than the open-wide reactor hereby proposed (Figure 7). These authors
may have attained higher efficiencies by the utilization of a wide-open reactor and higher
stirring rates.

Another example was brought by Niu et al. [12] who placed the lamp 15 cm above
of the sample, increasing the EC to 12.12 Wh mg−1. Both results could have been promis-
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ing if the lamp was placed closer to the sample, as the intensity of the lamp is reduced
exponentially with distance from the source [27,28]. Indeed, the catalytic performance is
related to photo-current intensity, as a greater intensity engenders more e−/h+ pairs due to
the generation of easier electron transitions [12]. Considering the results attained in this
research study, a new reactor set-up is proposed (Figure S8), based on the proximity of the
radiation source from the bulb solution and the reduction in solution depth.

3.1.2. Catalyst Doping Dosage

Different F dosages were evaluated (Figure S2), namely, TiO2:F ratios of 1:0.5, 1:1 and
1:2 as other authors noticed differences related to the performance of UV photocatalysis
related to the doping dosage [23,29]. Considering the slight differences, the most efficient
photocatalyst to work with was TiO2:F 1:1 which was further characterized and compared
to commercial TiO2. The exact amount of F dopant was evaluated by subsequent ICP
and EDS.

3.1.3. Catalyst Concentration

The effect of photocatalyst dosage was in concordance with previous authors. Thus,
a lack of catalyst amount prevents the availability of active sites to be activated by ir-
radiation, whereas an excess of photocatalyst causes the agglomeration of the particles
and light scattering [10,30]. This was clearly noticed when testing 3,200 mg/L of F-TiO2
(Figure S3) where the performance was similar to that of 800 mg/L until it reached 20 min
of treatment time. Indeed, after 20 min the performance was even reduced which may be
consistent with the excessive generation of oxidants which react with themselves due to a
lack of MB particles (as the initial concentration was diminished due to degradation) [31].
Likewise, Bibi et al. [10] demonstrated that MB removal increased from 60 to 100% when
switching the rGO-Fe3O4/TiO2 catalyst concentration from 50 to 150 mg/L. Oppositely,
increasing their photocatalyst dosage to 200 mg/L led to a 15% detriment in relation to MB
elimination. In our study, slight differences were found between the 800 and 1600 mg/L
catalyst dosage, although considering the economic aspects and the fact that 1600 mg/L
overestimated the degradation performance due to adsorption, 800 mg/L was selected as
the preferred concentration.

3.2. Characterization
3.2.1. XRD

XRD spectra (Figure S4) showed the characteristics peaks of anastase TiO2 at 25.2◦,
37.9◦, 47.8◦, 54.3◦, and 62.7◦ θ, which correspond to the planes (101), (004), (200), (105),
and (204), which is the most photo-active phase of TiO2 [6]. Both TiO2 and F-TiO2 samples
provided a similar XRD profile. This was caused by the fact the ionic radii of F and O are
practically the same (0.133 and 0.132 nm) [32]. Moreover, the analogous XRD profiles of
both TiO2 and F-TiO2 demonstrated that the synthesis process at low temperatures and
atmospheric pressure is considerate of the TiO2 crystalline structure.

3.2.2. Raman

Raman spectra of TiO2 and F-TiO2 (Figure 1) demonstrated that TiO2 was chemically
stable in the synthesis process as the spectra were mainly constant. However, F addition
caused a defect introduction at 490 cm−1 which can be related to F content [33]. The
characteristic peak of Ti at 148.5 cm−1 suffered a shift and a peak broadening (Figure 1B)
due to the formation of F-Ti-O [18].

3.2.3. SEM and EDS

The particle agglomeration (Figure S5) on the F-TiO2 catalyst can be positive for the
photocatalysis performance [8]. EDS provided the experimental weight ratio Ti:F of 8.25:1
which would be an atomic ratio of 3.3:1. The ICP results showed the actual atomic ratio of
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Ti:F was 2.8:1. These slight differences can be explained by the superficial character of the
EDS measurement.

3.2.4. UV-Vis Spectra

The fluoride doping caused an increase in the solar spectrum [3] as can be seen in
Figure S6, where the band gap of F-TiO2 was 1.5 eV vs. the 3.2 of commercial TiO2. This
was caused by the addition of F, which adds defects that not only reduce the band gap but
also act as active centers [2]. Consequently, visible radiation absorption is favored as well
as UV absorption [14]. In fact, several authors have demonstrated the dual UV and visible
activity of their synthesized catalysts such as V/Mo-TiO2 [2] or TiO2-SiO2 [34]. This dual
activity needs to be corroborated in future studies with F-TiO2.

By doping TiO2, electron trapping is favored and thus e−/h+ recombination is dimin-
ished [3] which is related to a better photocatalysis performance. This electron trapping
may be favored by electronegative compounds such as F.

3.2.5. Electrochemical Measurements
EIS

The smaller radius arc of the F-TiO2 sample when compared to TiO2 (Figure 2) is
related to a better charge transfer and to a lower −/h+ recombination [20,35]. The linear part
of the Nyquist plot (0–200 Ω of real Z) is proportional to the limited diffusion processes [36].
Consequently, the fact that the slope is less blatant for F-TiO2 indicates that this catalyst
favors a better diffusion when compared to commercial TiO2. Indeed, the wider semicircle
on the TiO2 catalyst indicates the electrons reach the semiconductor/interface where the
photocatalysis occurs with more difficulty, and thus these electrons could recombine with
holes before reacting with pollutants or oxygen molecules [20]. This high charge separation
and conductivity of F-TiO2 indicates it would act as a better catalyst [36]. Indeed, a
lower resistance, which is related to a faster migration of electrons and holes, has been
associated with a higher generation of radicals throughout the degradation process. This
lower resistance enhances the photocatalytic activity so the pollutant can be degraded [12].
Other authors have demonstrated a better charge separation efficiency by the attainment of
smaller arc radius [37].

ECSA

Active surface area controls the activity of the photocatalysts due to the interaction
between the pollutant and photocatalyst. Indeed, a higher ECSA implies an increased
adsorption of the target compound due to the presence of a higher surface area as well as
the presence of more active sites [19]. Thus, higher ECSA values favor photodegradation
processes [22,38]. In fact, the higher ECSA of F-TiO2 (Figure S7) demonstrated that this
catalyst favors light capture, carrier separation, and transfer ability [22].

3.3. Pollutant Abatement
3.3.1. Catalyst Evaluation

The performance enhancement can be explained by the reduction in the e−/h+ recom-
bination caused by the substitution of F with O atoms in TiO2, forming a Ti-F bond. These
Ti-F bonds have a higher e− attraction and the e−/h+ recombination is more difficult [3].
This is probably due to the strong F electronegativity. This provides extra time for the
electrons to react to produce radicals involved in the pollutant’s degradation [39].

These EC results were considerably smaller than the previously reported data (Table 1).
Other authors have used inefficient photocatalyst and reactor set-ups which they have
tried to overcome by the utilization of elevated consumption lamps. For intance, Badvi
and Javanbakht [11] were far from our one-step-synthesis of the catalyst; indeed, they
needed calcination steps (which increase the operational costs) and several sol-gel reactions.
However, 2 h was necessary for complete MB degradation and the efficiency was 23 and
41 times lower than in the case of using our F-TiO2 process under continuous radiation or
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the long-pulse procedure, respectively. It is remarkable that these authors used 1000 mg/L
of the initial catalyst concentration which may have had a detrimental effect (Section 3.1.3).

In general, the appropriate photocatalyst selection, reactor, and lamp configuration
decreased the EC. This is discussed in the last section (Section 3.3.6).

3.3.2. Long-Pulse Radiation Procedure

This novel set-up was extremely efficient (Figure 3); indeed, the F-TiO2 system required
0.125 Wh mg−1 for the degradation of MB, which would mean a cost of 2 × 10−5 EUR/mg−1

using the actual energy cost in Spain. Considering the long-pulse procedure, the EC was
reduced to 0.070 Wh mg−1 (1.1 × 10−5 EUR/mg−1) demonstrating the suitability of this
procedure on radical-based processes. With this lower EC, the application costs of this
process would be proportionally lower. In fact, the results of radiation on switch on/off
mode were in concordance with some studies where the switching off of the lamps did not
cause a direct elimination of the current response, demonstrating the presence of e− and
h+ [28,37].

The suitability of the reactor set-up, the efficiency of the photocatalyst, and the possi-
bility of working with radiation on long-pulses increased the efficiency of the process when
compared with recent studies (Table 1).

For instance, Gao et al. [14] reduced both the initial concentration and the treatment
time to 20 min. Nevertheless, the EC was extremely high due to the usage of a high
consumption lamp (300 W). These authors could have reduced EC roughly to a half by
using the long-pulse procedure and probably by selecting a higher efficient photocatalyst.

3.3.3. Reusability

F-TiO2 showed a high reusability performance (Figure 4) due to the F doping which
reduces the transformation from anatase to rutile phases, making it more stable throughout
the degradation process [3]. The slight reduction in performance meant the generated by-
products did not block significantly the active sites of the catalyst [2]. Moreover, considering
no Ti nor F were detected after three degradation cycles, one can conclude the F-TiO2
synthesis provides a stable and well-performant catalyst.

Nonetheless, the reusability was assessed with the presence of H2O2, and consequently,
the degradation performance was kept constant during three batches even at double MB
initial concentration. This was due to the fact the F-TiO2 catalyzes the decomposition of
H2O2 into HO· radicals [11] and thus, the presence of an additional amount of radicals
make the process more performant. Moreover, H2O2 acts as electron acceptor, avoiding
e−/h+ recombination [11]. This result confirms that H2O2 is a powerful substance that can
prolong the life of a catalyst and can burst this process.

3.3.4. Pollutant Concentration

Initially, the influence of MB concentration was tested so the process was validated to
work with concentration variations. The process was stable at around 85% degradation in
30 min at concentrations between 10 and 20 mg/L (Figure 5). Nevertheless, reducing the
concentration to 5 mg/L caused an MB degradation of 75%. This can be explained by the
fact that too few pollutant molecules make the oxidant species react between themselves,
losing effectivity [31]. Indeed, other authors reported a lower degradation of MB when its
initial concentration was reduced [40,41]. On the other hand, increasing the concentration
to 40 mg/L reduced MB elimination to 52.4%. Other authors such as Chakinala et al. [6]
reported this behavior. Indeed, they suffered a reduction in dye degradation of around 30%
after increasing its concentration from 10 to 45 mg/L.

In the case of Kurniawan et al. [1], 30% of MB degradation detriment was attained
when switching the initial concentration from 5 to 25 mg/L. This was caused by (i) the
radiation diffraction due to the effluent darkness, impeding photocatalyst activation [1,6],
(ii) the clogging of the photocatalyst surface hindering F-TiO2 activation [11], (iii) the
excessive amount of molecules which, after being in radical state due to the photocatalysis

134



Catalysts 2022, 12, 1190

process, react with themselves instead than with oxidants, stopping chain radical reactions,
and (iv) the higher amount of generated by-products which compete with the target
pollutant for the active sites of the photocatalyst [4].

In all cases, the process goes slower as time passes, for instance from treatment time
20 min, the rate is much slower. This is explained by the fact that small by-products
generated due to MB degradation act as radical scavengers [6]. Acosta-Esparza et al. [9]
required up to 8 h to treat a quite concentrated MB effluent, and consequently, the EC
increased (Table 1). Considering our data, reducing the initial concentration could have
reduced the treatment time.

3.3.5. Treatment of More Complex Effluents

As was reported on Figure 6, MB and BPA degradation was achieved within 30 min.
This defeats previous studies (Table 1) and demonstrates the efficiency of the process, as
for instance, BPA natural degradation takes 90 years [4].

Nevertheless, the slower BPA degradation rate at the beginning of the process when
compared to MB degradation is significant (Figure 6 and Table S2). This could be due to the
non-polar character of BPA which makes both aqueous solubilization and oxygen radical
attack more difficult. Nevertheless, as treatment time passed, degradation rose due to the
simpler structure of BPA when compared to MB (graphical abstract), which meant that
almost complete degradation in both cases was achieved within 30 min.

The degradation of both MB and BPA was essayed on real wastewaters after primary
and secondary treatment. In this case, both pollutants suffered a reduction in degradation
performance due to the higher complexity of these matrixes (Table S1). Nevertheless,
the results were promising and considering the detriment was less than 40% in MB and
less than 30% in BPA treatment, it can be concluded that this process copes better with
matrix variations than those offered in other studies. This adaptability might be due to the
optimized reactor set-up and the selection of an active photocatalyst.

For instance, Jafari et al. [4] suffered a 40% detriment on 20 mg/L BPA degradation
when switching from distilled water to real wastewater. Likewise, Murcia et al. [42]
experienced a detriment of more than 60%, as MB was completely degraded in 2 h by TiO2
when using distilled water as a matrix and in 5 h when treating a real sample collected from
a handicraft factory. This may have been caused by the increased turbidity and the presence
of other organic and inorganic content which consume the oxidant species available on the
system and poison the photocatalyst surface due to adsorption into it [4,42].

Considering our results (Section 2.3.3), the addition of 0.3 mg/mL of H2O2 could favor
the photocatalyst performance even on these complex cases, and consequently further
research should focus on the addition of this oxidant and its concentration optimization.
For instance, when H2O2 was added to the 20 mg/L MB photocatalytic degradation,
mineralization increased from 86% to 94% when Milli-Q water was used as a working
matrix. Consequently, the results demonstrate that this process could be applied as a
post-treatment for real wastewaters, although H2O2 addition or longer treatment times
may be necessary [4].

3.3.6. Comparison with Previous Studies

The reported results highlight the high efficiency of the set degradation process.
Namely, the high performance of these data can be explained by the proper photocatalyst
selection and reactor set-up, as well as the consideration of the long-pulse radiation or
H2O2 addition.

As it can be seen in Table 1, the synthesized F-TiO2 photocatalyst performed better
than others reported in the literature, or at least, more efficiently. Indeed, other authors
reached quite high MB degradation rates [1,14,34]. Nevertheless, high energy expenditure
lamps (order of hundreds of watts) or long treatment times were required. For example,
the EC attained by Kurniawan et al. [1] was extremely elevated due to the high power
lamp utilized (500 W) and the fact that in this case the treated effluent had only 5 mg/L of
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MB concentration, a fact than could also have caused a slight reduction in the degradation
performance (Figure 5). Likewise, Acosta-Esparza et al. [9] required 8 h for almost 90% MB
degradation. This could be explained by the high initial MB concentration used by those
authors (Table 1). Indeed, even in our case, increasing the MB concentration from 20 to
40 mg/L led to an MB degradation switch from 88 to 52.4% in 30 min (Figure 5).

Moreover, it should be noted that it is extremely important to stop the photocatalysis
process at the optimal treatment time in order to have a more efficient output. Thus,
adsorption and biological or other oxidation processes (Fenton, ozonation, electrolysis, etc.)
could be coupled as final polishing [43]. For instance, Gao et al. [14] achieved quite a low
efficiency due to the usage of an extremely powerful lamp. However, if they had stopped
the treatment time after 10 min (80% of MB degradation), the EC would have been reduced
to a half (6.25 Wh/mg). Another example was brought by Badvi and Javanbakht [11] who
required 2 h for complete MB degradation. Nevertheless, approximately 90% was attained
in 40 min. By stopping the photodegradation process at that point, the energy expenditure
would drop from having an EC of 3.2 to 1.19 Wh/mg. Those alternatives may be suitable
as it has been reported that the by-products above 80% degradation are mainly simple
carboxylic acids which are bio-degradable [24].

The attained EC values are related to the future application costs of these processes,
and consequently, it seems the proposed catalyst and set-up could be scaled-up in further
studies (Figure S8). In fact, Pham et al. [44] scaled-up the photodegradation of 20 mg/L of
MB with H2O2 and even though their lamp consumed much more (25 W) than the used here
(4.8 W), they established an energy cost of 8.41 EUR/m3 which is competitive with other
treatment processes. Our process may reduce those costs considering our degradation rate
of 0.1367 min−1 defeated the degradation rate of Pham et al. [44] (0.0105 min−1). Indeed,
the energy costs for the proposed system of 50 mL with the long-pulse procedure radiation
would be 9.6 EUR/m3 which, as it was reported in Section 3.3.3, could be improved with
the addition of H2O2 [44].

As was described in the previous section, under the worst case scenario the perfor-
mance can be enhanced by the addition of H2O2 (Figure 4B). With that, EC is controlled, as
when the treatment time increases, the EC consumption increases more dramatically if the
pollutant is being degraded slowly. As an example, in this study the EC for the degradation
of 20 mg/L MB was 0.093 Wh/mg after 20 min, whereas at 30 min it was 0.125 Wh/mg
(and the MB degradation only switched from 82 to 94%). In Figure 3 one can see how
the efficiency of the process was reduced with time, which demonstrates it is not worth
increasing the treatment time; thus, adding H2O2 may be a good alternative (Figure 4B).

The good performance attained by Garg et al. is remarkable [23]. Those authors
attained a small EC due to the usage of a low-consumption UVC lamp and an increase
in the irradiated surface area. Nevertheless, the effect of the adsorption on their ZnO-
graphene oxide catalyst should be considered, as it adsorbed around 20% of BPA. This may
make the reutilization of the catalyst difficult, which was not assessed.

In general, the proposed set-up and photocatalyst are suitable for stable and threaten-
ing pollutants. Consequently, more studies should be carried out in order to complete this
study, i.e., the optimization of H2O2 dosage and treatment time, in order to scale-up the
process (Figure S8), fixing properly the residence time.

4. Materials and Methods

4.1. Reagents

Titanium dioxide (TiO2) Aeroxide P25 was bought from Acros Organics (Madrid,
Spain); nitric acid (HNO3), 70%, from Fischer Chemical (Madrid, Spain); sodium fluoride
(NaF) >99%, from Sigma-Aldrich; and isopropyl alcohol (IPA) (C3H8O), from Honeywell
(Madrid, Spain), as well as the ethanol (EtOH) (>99.8%). Nafion was acquired from Sigma-
Aldrich (Madrid, Spain). MB (>82%) was purchased from Sigma-Aldrich. The water was
supplied by a Milli-Q system (Advantage A10, from Merck, Darmstadt, Germany).
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4.2. Catalyst Synthesis

The synthesis was adapted from Shayegan and co-workers [13]. Briefly, 3 g of NaF
was added to 230 ml of IPA, and placed on a magnetic stirrer (approx. 700 rpm) for 2 h
at room temperature. Next, 0.2 M nitric acid was added until pH ≈ 3.5. After that, TiO2
was added to the solution at different TiO2:F ratios of 1:0.5, 1:1, and 1:2. The stirring was
continued for another 3 h. During that time, nitric acid should be added to keep pH ≈ 4, if
needed. When the time was finished, the obtained substance was centrifuged and washed
several times, until it acquired a homogeneous color. It was dried in an oven at 100 ◦C for
at least 12 h so F-TiO2 with a molar ratio (Ti:F 1:1) catalyst was attained. Different TiO2:F
contents were essayed and for that, instead of 3 g of NaF, 1.5 or 6 g was used so F-TiO2 was
attained with a ratio of Ti:F of1:0.5 and 1:2, respectively.

4.3. Reactor Set-Up

The photocatalytic performance was evaluated on a novel open-wide reactor which
was cylindrical with a diameter of 8 cm and a height of 3 cm. It promoted photocatalyst
activation by the lamp placed 3 cm above (Figure 7) and reduced light scattering due to
solution depth. Indeed, another narrow-open reactor (4 cm diameter, 10 cm height) was
also evaluated with comparative aims. In both cases, magnetic sitting at 800 rpm was
set. Under this stirring and in dark conditions, 30 min was left to attain the adsorption
equilibrium which may take place between the catalyst and pollutant. The lamp used was
a low-consumption UV-LED lamp (365 nm, 4.8 W, 78 CMF-AR-A03, from Seoul Viosys,
Gyeonggi-do, Republic of Korea) and it had a small fan in order to keep the temperature
constant at 22 ± 2 ◦C, so evaporation of the sample was avoided.

During the long-pulse radiation procedure, the lamp was switched on from 0 to 5
and from 10 to 20 min treatment time, whereas from 5 to 10 and 20 to 30 min the reaction
continued in dark conditions. That meant 15 min radiation time out of 30 min of overall
treatment time.

Unless stated differently, 50 mL was used and the catalyst concentration was set at
800 mg/L and the initial MB or BPA concentration was fixed at 20 mg/L, values found
in real landfill leachates [4]. All experiences were performed using Milli-Q water as the
working matrix (Sartorious, Göttingen, Germany). However, validation experiences were
performed with real wastewater, kindly donated by WTP (wastewater treatment plant) of
Guillarei, Tui, Galicia. This WTP remediated the municipal effluents by primary treatment
(after filtration) and subsequent secondary treatment (after biological remediation). The
characteristics of those effluents are provided in the supplementary material (Table S1). All
experiences were performed in duplicate, and the deviation was found to be smaller than
4.3%. Consequently, the graphs show the average values.

4.4. Characterization
4.4.1. X-ray Diffraction (XRD)

Room-temperature XRD was carried out on a Rigaku diffractometer with an X PERT
PRO MRD (Pananalytical, MA, USA) using Cu-Kα radiation (λ = 1.54187 Å). Each pattern
was recorded in the 2θ range from 20◦ to 80◦ with a step of 0.03◦ and a total collection time
of 2 h. The analysis of XRD patterns was carried out with Higscore software (Pananalytical,
MA, USA).

4.4.2. Raman

Raman spectra were collected using the Jobin Yvon HR800UV spectrometer (Horiba,
Kyoto, Japan) equipped with Ar laser.

4.4.3. SEM, EDS, and ICP

SEM and EDS analyses were completed using the microscope JSM-6700 F (JEOL, Tokyo,
Japan) (CACTI). Inductively coupled plasma (ICP) coupled to optical emission spectrometry
(ICP-OES Optima 4300, PekinElmer, MA, USA) (CACTI) was used for measuring leaching
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after the experiments and the initial photocatalyst composition. For that, acid digestion of
0.25 mg of the catalyst was carried out by adding 5 mL HNO3 7 M at 120 ◦C for 2 h in a
100 mL autoclave.

4.4.4. UV-Vis

UV-Vis spectra of the samples for band gap calculation (Tauc plot [2]) were measured
in a 1% EtOH solution on the spectrophotometer (V-2550, Shimadzu, Kyoto, Japan). This
equipment was also used for MB removal monitorization with time.

4.4.5. Electrochemical Measurements

Electrochemical Impedance Spectroscopy (EIS) and Electrochemically Active Sur-
face Area (ECSA) were measured using the Autolab PGSTAT302N of Metrohm (Herisau,
Switzerland). A three-electrode system was used, with Pt as the counter electrode, the
calomel electrode as the reference, and Ni-foam (1 cm2) as the working electrode where the
catalysts were impregnated. A total of 3 mg of the catalyst was dissolved in 630 μL of a
mixture Nafion:EtOH (1:20). The experiences were performed in a 0.5 M Na2SO4 solution.
EIS was measured on a frequency range of 105–0.1 Hz with a sinusoidal perturbation of
10 mV. ECSA was measured in a range of 0.1 V at scan rates between 10 and 200 mV s−1.
Then, a linear trend was attained by plotting scan rate vs. the difference in current density
between anodic and cathodic sweeps divided by two. The slope provided after linear fitting
of this graph provided geometric double-layer capacitance (CDL). ECSA was calculated
following Equation (3), where Cs is the specific capacitance and has a value of 40 μF cm−2

for experiences on a 0.5 M H2SO4 media [45].

ECSA = CDL/Cs (3)

5. Conclusions

The F-TiO2 catalyst was easily synthesized in a one-step synthesis. This catalyst was
characterized by several means (XRD, FTIR, EDS, band gap, EIS, and ECSA calculations)
which anticipated the good performance (F-TiO2 showed a high electron mobility, a small
band gap, and an elevated surface area). Indeed, the results demonstrated that the photocat-
alytic activity was better than the previously reported data, even better than the commercial
well performant TiO2 from Degussa. The wide-open reactor was selected based on a prelim-
inary test which highlighted the importance of reducing the solution depth and increasing
the radiation surface. The effect of pollutant and photocatalyst concentration, the alterna-
tive of working in a long-pulse radiation procedure, and the effect of the working matrix
was evaluated. The reactor set-up and the synthesized catalyst made possible the efficient
treatment of methylene blue and bisphenol A even when being in real wastewater matrixes.
H2O2 addition is presented as an alternative to improve the degradation and reusability
process. Thus, given that photocatalysis is a clean and sustainable technology, the fact the
photocatalyst is reusable and the process can be used for real wastewater treatment, this
process could be studied at higher scale in order to open a path for real applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12101190/s1, Figure S1: MB degradation (20 mg/L) with
800 mg/L of TiO2 under UV radiation on the open-wide reactor (black circles) or the narrow-open
reactor (red triangles). The lines represent the pseudo-first order kinetic adjustment; Figure S2:
MB degradation under UV radiation depending on the selected ratio Ti:F between 1:0.5 (triangles),
1:1 (circles) and 1:2 (squares) (A) and pseudo-first order kinetic constants (B); Figure S3: MB degra-
dation under UV radiation depending on the catalyst concentration. 200 mg/L (circles), 400 mg/L
(triangles), 800 mg/L (squares), 1600 mg/L (rhombus) and 3200 mg/L (crosses) where the lines are
the pseudo-first kinetic adjustment and B) depicts the pseudo-first order kinetic constants; Figure S4:
TiO2 and F-TiO2 XRD with their peaks assignment; Figure S5: SEM image of F-TiO2 photocatalyst
(A) with EDS analysis (B); Figure S6: UV-Vis spectra of TiO2 (A) and F-TiO2 (B) photo-catalyst with
band gap calculation with Tau equation (embed graphs); Figure S7: CDL measurement of TiO2 (A)
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and F-TiO2 (B) by measuring CVs at different scan rates and plotting the j difference vs the scan
rate (embedded figures); Figure S8. Proposed scaled-up reactor; Table S1: Real wastewaters used as
working matrix for MC degradation; Table S2: Pseudo-first order kinetic constants for the MB and
BPA degradation under UV radiation with 800 mg/L of F-TiO2.
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Abstract: Zinc oxide is an environmentally friendly and readily synthesized semiconductor with
many industrial applications. ZnO powders were prepared by alkali precipitation using different
[Zn(acetate)2(amine)x] compounds to alter the particle size and aspect ratio. Slow precipitations from
95 ◦C solutions produced micron-scale particles with morphologies of hexagonal plates, rods, and
needles, depending on the precursor used. Powders prepared at 65 ◦C with rapid precipitation yielded
particles with minimal morphology differences, but particle size was dependent on the precursor used.
The smallest particles were produced using precursors that yielded crystals with low aspect ratios
during high-temperature synthesis. Particles produced during rapid synthesis had sizes ranging from
21–45 nm. The materials were characterized by scanning electron microscopy, transmission electron
microscopy, X-ray diffraction, thermogravimetric analysis, BET, and diffuse reflectance. The materials
prepared using precursors with less-volatile amines were found to retain more organic material
than ZnO produced using precursors with more volatile amines. The amount of organic material
associated with the nanoparticles influenced the photocatalytic activity of the ZnO, with powders
containing less organic material producing faster rate constants for the decolorizing of malachite green
solutions under ultraviolet illumination, independent of particle size. [Zn(acetate)2(hydrazine)2]
produced ZnO with the fastest rate constant and was recycled five times for dye degradation studies
that revealed minimal to no reduction in catalytic efficiency.

Keywords: nanoparticles; photocatalyst; thermal analysis; mass spectrometry; surface area; synthesis;
alkali precipitation; diffuse reflectance

1. Introduction

Zinc oxide is a II-VI-wide bandgap semiconductor that has many industrial applica-
tions [1]. It is relatively inexpensive, easy to prepare, has attractive electronic properties,
and is an environmentally friendly alternative to other semiconductors, such as CdS and
ZnSe [2]. Like other materials, the physicochemical properties of ZnO nanoparticles show
various enhancements compared to bulk ZnO. These enhancements include, but are not lim-
ited to, increased optical properties and sensor sensitivity [3,4], increased reactivity toward
cancer cells and bacteria [5,6], and increased catalytic activity [7]. Both particle size and
shape influence these enhancements. Micro- and nanoparticles of ZnO have been prepared
in a wide range of shapes and sizes that have included nanorods [8,9], nanowires [8,10], nan-
otubes [11,12], nanosheets [13,14], plates [15,16], and multi-segmented structures [17–19].
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The richness of the size and morphologies obtained is dependent on the synthesis method
(sol-gel, precipitation, hydrothermal, etc.), other molecules and ions present during syn-
thesis [20–23], solvents used [15,24], rate of precipitation [19], and annealing time and
temperature [25,26].

Air-stable molecules used to prepare ZnO include zinc acetate, zinc chloride, zinc
nitrate, and zinc acetylacetonate [3,27–35]. All of these compounds are water-soluble,
enabling a greener synthesis, and their physicochemical properties can be modified by
adding other ligands. Amines as ligands have been utilized during ZnO synthesis to act as
solution stabilizers, modify decomposition temperatures and solubility, used as N-doping
sources, and used as capping ligands on nanoparticles, but the precursor molecules are
seldom isolated and characterized [29,31,36–38].

In our previous work, we isolated, characterized and utilized [Zn(acetate)2(amine)2]
single-source precursors to prepare ZnO films and powders [39]. We demonstrated that the
size and morphology of ZnO particles prepared by alkali precipitation could be modified
using different amines and changing the precipitation rate. However, several precursors
lost solubility during the work, upon isolation and subsequent storage under ambient
conditions and in an inert nitrogen-filled glove glovebox. For this work, to minimize
solubility issues, the [Zn(acetate)2(amine)x] precursors were generated in solution, and the
ZnO nanoparticles were prepared by alkali precipitation without the additional steps of
isolation and redissolution. Maintaining the precursors in solution simplifies the synthesis
of ZnO, decreases the synthesis time, and allows more amines to be used in the synthesis
while still using fully characterized precursors.

The synthesis and characterization of several of the materials made using [Zn(acetate)2
(amine)x] compounds are presented here. The presence of the different amines influences
the physicochemical properties (particle size and shape, surface area, etc.) of the precipi-
tated particles. To explore how modifying these properties affects ZnO’s photocatalytic
properties, the nanomaterials were used to photocatalytically decolorize solutions of the
triarylmethane dye malachite green. Malachite green is used in many industrial appli-
cations, including dyeing textiles, plastics, and paper. It is also used as a fungicide and
parasiticide in aquaculture applications, but its use in many countries has been banned
because of its toxicity to animals and humans [40,41]. Therefore, it is desirable to develop
low-cost, effective processes for removing malachite green from industrial effluents and
the environment using eco-friendly chemicals such as ZnO nanoparticles. Many have
studied ZnO as a potential photocatalyst for water treatment [42,43]. Here, we demon-
strate how the physicochemical properties of ZnO nanoparticles can be modified using
[Zn(acetate)2(amine)x] precursors and how these modifications impact the material’s ability
to degrade an organic dye. Using these materials with the simplified synthetic process may
provide an effective solution to treating wastewater. Additionally, ZnO composites with
chitosan, graphene, graphene oxide, and carbon nanotubes have recently demonstrated
excellent photocatalytic activity for degrading organic dyes [44–48]. One of the benefits of
using ZnO composites as the photocatalyst is that they minimize the photocorrosion that
can occur to ZnO in solution.

However, few authors who report ZnO photocatalysis ever characterize their ZnO pre-
cursors. Many use simple Zn2+ salts as their zinc source, while others use zinc-containing
molecules or zinc ions with other ions in solution, but seldom do they report the characteri-
zation of their zinc oxide precursors [44–46,49–60]. In contrast, here we report the synthesis,
NMR characterization, and CHN elemental analysis of the precursors. We have previously
reported the crystal structure of [Zn(acetate)(ethylenediamine)] [39]. Characterizing the
precursors allows for the correlation of precursor composition with the ZnO particle size
and shape, the kind and mount of organic ligands associated with the ZnO, and the mate-
rial’s photocatalytic performance. Additionally, the materials reported here have similar
photocatalytic performance to the ZnO composite materials.
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2. Results and Discussion

2.1. Materials Characterization

Several [Zn(acetate)2(amine)x] compounds were synthesized and characterized. The
compounds were isolated from solution and characterized by carbon, hydrogen, and nitro-
gen elemental analysis and NMR to verify that the precursors had the correct stoichiometry.
For the amines utilized extensively in this work (Tris, 2-thiazolamine, hydrazine, and
ethylenediamine), the analysis results are consistent with tetrahedrally coordinated zinc
compounds, with both the amines and acetates binding at two coordination sites around
the zinc. Tris, 2-thiazolamine, and hydrazine yield compounds that contain two amines
bound to the zinc, whereas the compound prepared using ethylenediamine has only one of
the bidentate ligands bound to the zinc. All precursor compounds are soluble and were
characterized by NMR, except the one prepared with hydrazine. The NMR experiments
and elemental analysis are consistent with the expected stoichiometry. The crystal structure
of [Zn(acetate)2(ethylenediamine)] was reported in our previous work [39].

The compounds were maintained in solution and then used to prepare ZnO nanopar-
ticles by alkali precipitation. For this method, a zinc ion in solution is precipitated by
adding an alkali hydroxide. The precipitate is then isolated, washed, dried, and annealed
or calcined to convert any Zn(OH)2 to ZnO and remove any solvent still associated with
the product [61]. Zinc is an amphoteric element and, without coordinating ligands, can
precipitate as Zn(OH)2 at pHs near neutral. At higher pHs, ZnO can be formed from
hydrolysis and condensation, leading to quasi-spherical particles if there is no preferential
growth along the c-axis [62,63]. Mechanisms for the growth of ZnO nanoparticles from
Zn(acetate)2 in the presence of amines have been proposed by several investigators, and all
utilize Zn(OH)2 and Zn4O(acetate)6 intermediates [38,64,65].

Ligands in solution during particle growth and precipitation can be used to modify
the shape and size of the ZnO particles. Meagley and Garcia modified the aspect ratio
of ZnO particles using carboxylate ligands of different denticity [22]. In their work, no
added ligands and monodentate ligands yielded long rods, bidentate ligands yielded short
rods, and tridentate ligands yielded plates. The [Zn(acetate)2(amine)x] molecules in this
work do not follow this trend during alkali precipitation. Hydrazine and 2-thiazolamine
yield rods, ethylenediamine yields long needles, and Tris yields plates when grown at
95 ◦C in aqueous solutions (Figure 1). Particle sizes are 700 nm × 1 μm hexagonal plates
for Tris, 700 nm × 200 nm rods for 2-thiazolamine, 8 μm × 2 μm rods for hydrazine, and
5 μm × 500 nm needles for ethylenediamine when prepared in water and with the slow
addition of NaOH over 30 min. If zinc acetate is used without any added amine, round rods
are formed. When using [Zn(cyclohexyl)2(hexadecylamine)] to prepare ZnO, Zheng et al.
found temperature to be the primary factor controlling morphology, with spherical nanopar-
ticles produced at temperatures over 60 ◦C and rods produced at temperatures less than
60 ◦C [66]. Zhang et al. used zinc acetate solutions containing different long-chained
amines (oleylamine, dioctylamine, hexadecylamine, and dodecylamine) to modify particle
morphology and produced ZnO nanoparticles with shapes ranging from prisms to wires
to rods [29]. Mechanisms for the growth of nanoparticles from precursors have been pro-
posed but have been dependent on the synthetic protocol and required optimization for a
particular morphology from a specific precursor [67].

Since particle size is likely driven by nucleation kinetics, lower temperatures and faster
precipitation rates were expected to yield smaller particles because of the limited nucleation
time during rapid precipitation. To achieve this, the solvent was changed from 100% water
to a 50/50 mixture of methanol/water to prevent early precipitation before NaOH addition,
the synthesis temperature was lowered to 65 ◦C, and the NaOH was added rapidly. A
schematic of the rapid synthesis protocol is provided in Figure 2. For these experiments, we
utilized the same amine precursors that produced micron-sized particles and the various
morphologies seen in Figure 1, (Tris = plates, 2-thiazolamine = short rods, hydrazine = long
rods, and ethylenediamine = long needles). Under these synthesis conditions, the size
of the particles decreases to 20–45 nm, depending on which precursor was used. Unlike
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the previous high temperature, slow NaOH addition route, the morphology differences
were minimal with the low temperature, rapid NaOH addition route (Figure 3). Close
inspection reveals hexagonal morphology is still observed in the nanoparticles. In addition
to temperature and precipitation rate, the amine on the precursor also influenced the
particle size. Precursors that produce large decreases in the particle aspect ratio in the slow
precipitation method also cause the greatest size reduction during rapid precipitation. For
example, [Zn(acetate)2(Tris)2] yielded plates with a 0.7 to 1 (L to W) aspect ratio with slow
precipitation when prepared at 95 ◦C and under the rapid precipitation protocol yielded the
smallest particles (20 nm). [Zn(acetate)2(ethylenediamine)] produced crystals with a 10 to
1 aspect ratio during slow precipitation at 95 ◦C and during rapid precipitation yielded the
largest particles (45 nm). [Zn(acetate)2(2-thiazolamine)2] and [Zn(acetate)2(hydrazine)2]
produced particles with intermediate aspect ratios of 3.1 to 1 and 4 to 1, respectively,
during slow precipitation at 95 ◦C and yielded comparably sized particles during the rapid
synthesis (34 nm and 27 nm, respectively).

All ZnO powders were found to be phase pure wurtzite and highly crystalline when
characterized by X-ray powder diffraction (Figure 4). The average particle size was also
calculated using the Scherrer equation and diffraction data from the (100), (002), and
(101) peaks. Calculated particle sizes ranged from 15–19 nm (Table 1). The Scherrer
equation calculations indicate that the particles observed in the TEM are aggregates of
small crystallites. The particle sizes are consistent with what others have observed for
precursor grown ZnO prepared by precipitation and sol-gel synthesis, with particle sizes
ranging from 10–165 nm [63,68].

Figure 1. SEM images of ZnO powders prepared from [Zn(acetate)2(amine)x] precursors at 95 ◦C
in an aqueous solution. The precursors used were (A) [Zn(acetate)2(Tris)2], (B) [Zn(acetate)2(2-
thiazolamine)2], (C) [Zn(acetate)2(hydrazine)2], and (D) [Zn(acetate)2(ethylenediamine)].

Figure 2. A schematic for the synthesis of ZnO from [Zn(acetate)2(amine)x] precursors with rapid
addition of NaOH to precipitate the product. This figure was created with BioRender.com.
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Figure 3. TEM images of ZnO nanoparticles prepared from [Zn(acetate)2(amine)x] precur-
sors in a water/methanol mixture with rapid NaOH addition at 65 ◦C. Average particle size
is given for each material. The precursors used were (A) [Zn(acetate)2(Tris)2] (20 ± 4 nm),
(B) [Zn(acetate)2(2-thiazolamine)2] (34 ± 9 nm), (C) [Zn(acetate)2(hydrazine)2] (27 ± 7 nm), and
(D) [Zn(acetate)2(ethylenediamine)] (45 ± 7 nm).

Figure 4. X-ray powder diffraction data for ZnO nanomaterials prepared using [Zn(acetate)2(amine)x]
precursors by alkali precipitation in water/methanol solutions at 65 ◦C. The labels are the amine
on the precursor during synthesis. The average particle size given is that observed with the
TEM measurements.

Table 1. Size and surface area of the ZnO nanoparticles produced using the different
[Zn(acetate)2(amine)x] precursors during rapid precipitation in methanol/water solutions. Sizes are
average sizes measured with the TEM, and calculated with the Scherrer and surface area equations.
Standard deviations for measurements are provided in parentheses.

Amine
Particle Size
(nm) (TEM)

Particle Size
(nm) (Scherrer)

Particle Size (nm)
(Surface Area)

Surface Area
(m2/g)

Tris 20(4) 15(1) 24.5 43.7
Hydrazine 27(7) 17(4) 30.0 35.6

2-Thiazolamine 34(9) 19(1) 30.5 35.1
Ethylenediamine 45(7) 18(4) 66.4 16.1
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The surface area of the nanoparticles was obtained using the BET method from ni-
trogen adsorption/desorption isotherms to determine how the different precursors used
during synthesis influence the surface area of the materials (Table 1). As expected, ZnO with
smaller particle sizes produced higher surface areas. Surface areas ranged from 16.1 m2/g
for 45 nm ZnO particles produced using ethylenediamine to 43.7 m2/g for 20 nm ZnO
particles prepared using Tris. These surface areas are consistent with results obtained
by others [68,69]. Absorption/desorption isotherms for each compound are provided in
the supplemental material (Figures S1–S4). Particle size and surface area are related by
Equation (1), allowing the surface area results to be used as another means of determining
particle size [70]. The equation assumes that all particles are solid spheres of uniform size
with a smooth surface, which is not strictly true given the hexagonal shape of these nanopar-
ticles. However, the equation does provide another means of determining the particle size
for each material. The average particle size, DBET (nm), is determined using the theoretical
density of the material, ρ, (ZnO = 5.61 g/cm3), and the specific surface area obtained from
the BET measurements, SBET (m2/g). Equation (1) calculates particle sizes of 24.5 nm for the
nanoparticles made using the precursor [Zn(acetate)2(Tris)2], 30.5 nm with that prepared
using [Zn(acetate)2(2-thiazolamine)2], 30.0 nm with [Zn(acetate)2(hydrazine)2], and 66.4
nm for the particles made using [Zn(acetate)2(ethylenediamine)]. These calculated values
are consistent with the particle sizes observed with TEM measurements.

DBET = 6000/ρ·SBET (1)

Thermogravimetric analysis—mass spectrometry (TGA-MS) was also used to char-
acterize the materials prepared by rapid precipitation. The TGA data revealed that ZnO
prepared with lower boiling amines resulted in less mass loss when heated to 1000 ◦C
(Figure 5). Since all the materials were annealed at 200 ◦C as part of the synthesis, the
observed weight loss under 200 ◦C in the TGA was assumed to be from loss of adsorbed
atmospheric moisture. All of the materials were observed to have some degree of hygro-
scopicity when removed from the annealing furnace and weighed for yield. The mass loss
above 200 ◦C was assumed to be from decomposition and volatilization of capping ligands
(acetate and amines) attached to the zinc oxide nanoparticles. The materials prepared using
Tris, 2-thiazolamine, hydrazine, and ethylenediamine lose 2.2%, 1.8%, 1.6%, and 1.5% of
their mass, respectively, when heated from 200 ◦C to 1000 ◦C in the TGA. Hydrazine and
ethylenediamine have boiling points less than the 200 ◦C annealing temperature (114 ◦C
and 116 ◦C, respectively), whereas 2-thiazolamine and Tris have boiling points higher than
the annealing temperature (216 ◦C and 219 ◦C, respectively). Consistent with the material
retaining some of the amines, ZnO prepared using Tris and 2-thiazolamine lose more mass
above 200 ◦C when heated to 1000 ◦C than hydrazine and ethylenediamine.

To better understand the thermal decomposition results, to confirm the identity of
the materials lost during heating, and to help quantify the number and kinds of ligands
attached to the nanoparticles, all materials were characterized by TGA-MS. Additionally,
nanoparticles were made using Zn(NO3)2 with the added amines and Zn(acetate)2 with no
added amines and were characterized by TGA-MS to help understand how the reactants
affect the final materials. Individual TGA-MS data for each ZnO material are provided in
the supplemental material (Figures S5–S13). For these nanomaterials, the majority of the
mass loss below 200 ◦C comes from the loss of H2O, which starts to be released at 30–50 ◦C,
has a maximum around 100 ◦C, and trails off by 200 ◦C. Additionally, all materials made
using amines, except 2-thiazolamine, release CO2 concurrent with the low temperature
release of H2O. Materials prepared using Zn(acetate)2 and hydrazine or Tris also release
NO2 at the same time as their low temperature release of H2O and CO2. These results are
consistent with ZnO previously being shown to absorb CO2 and NO2 and ZnO’s use in
sensors for CO2 and NO2 detection [71,72].
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Figure 5. TGA curves showing the percent weight loss during heating for ZnO powders prepared
using four different precursors. The amine label by the curve corresponds to the amine used during
synthesis of the ZnO.

To help determine how much acetate is still attached to each nanomaterial, ZnO was
prepared using Zn(acetate)2 with no added amine. The TGA data for this material show a
pronounced weight loss starting around 250 ◦C, from the loss of water, carbon dioxide, and
the acetate ligand (m/z = 58) (Figure S9). The m/z = 58 was monitored because that mass
to charge ratio was found to have the highest intensity during the TGA-MS characterization
of solid Zn(acetate)2. The acetate signal peaks at 300 ◦C and is gone by 360 ◦C. However,
the signals for water and CO2 continue to increase until about 400 ◦C, indicating that the
remaining acetate ligands start to be converted to CO2 and water above 300 ◦C and are
entirely burned above 360 ◦C. All remaining hydrocarbons are converted to CO2 and H2O
as the temperature ramps to 1000 ◦C, yielding a 2.7% mass loss during the heating from
200 ◦C to 1000 ◦C.

The TGA-MS data for zinc oxide prepared using zinc acetate with no added amines
provide insight into the composition of the nanoparticles prepared using Zn(acetate)2 with
added amines. No acetate signal is observed in the mass spectrometer for any samples
prepared using zinc acetate and amines, indicating that minimal acetate is still attached
to the material. It has been proposed that the amine can nucleophilic attack the acetate
carbonyl and cause the elimination of the amide during zinc oxide synthesis [29]. This
would explain why acetate ions are not retained in some of the materials. The lack of acetate
on these materials gives them a lower mass loss than the ZnO made from Zn(acetate)2
and no amines. To help confirm the lack of acetate ions, ZnO nanomaterials were also
prepared using zinc nitrate and each amine, and the materials were analyzed by TGA-MS
(Figures S10–S13). The ZnO samples made using ethylenediamine and both zinc sources
have similar weight losses (to two significant digits) from 200 ◦C to 1000 ◦C. Although the
sample prepared using Zn(acetate)2 has a higher CO2 loss above 600 ◦C than the sample
using zinc nitrate, this sample likely contains minimal acetate since the acetate signal is
missing in the MS. Neither of these samples had a mass spectrometer signal for NO or NO2,
or any other mass associated with loss of the diamine, indicating that it was lost either
during precipitation or the 200 ◦C annealing step.

In comparing the TGA-MS data for the materials prepared using hydrazine and the
two zinc sources, the sample prepared using the nitrate had a larger mass loss than the
sample prepared using zinc acetate, with much of the mass lost as water between 200 ◦C
and 600 ◦C. Since this is well above the vaporization temperature of water, this is likely
from hydroxides on the particle surface decomposing to water and forming the surface
oxide [61,73]. The sample prepared using zinc acetate does show a small CO2 loss with a
peak near 390 ◦C, but likely contains only minimal acetate ions, given the lack of observed
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acetate signal in the MS. These samples also lose tiny amounts of NO and NO2 at the same
temperature as the CO2 loss, indicating that most of the hydrazine was lost during the
synthesis or annealing steps.

Zinc oxide samples made using zinc acetate and the two less volatile amines show
minimal low temperature (<200 ◦C) loss of CO2 in the TGA-MS, indicating that the ZnO
surface of these particles might be partially covered with amines or acetate ligands and not
readily accessible for absorbing CO2. In the samples made using zinc acetate and Tris, CO2
and NO2 start to be lost a little above 200 ◦C, and the shape of the CO2 signal resembles
that of the CO2 signal for the zinc oxide prepared using zinc acetate with no added amines.
Both of the samples made with Tris continue to produce CO2 and H2O to at least 800 ◦C,
consistent with them burning off attached hydrocarbons. The sample made using Tris and
zinc acetate loses 2.2% total mass during heating from 200 ◦C to 1000 ◦C compared to the
sample made with zinc nitrate losing 1.9% mass during the same temperature interval.
This greater weight loss is consistent with the sample made using zinc acetate retaining
some of the acetate on the particles.

The materials prepared using 2-thiazolamine produce similar TGA signals, with each
having a high temperature mass loss which starts at 850 ◦C for the sample made with
zinc nitrate and 920 ◦C for the material made using zinc acetate. The product made with
zinc acetate also has a higher mass loss of 1.8%, compared to 1.7% for the sample made
using zinc nitrate. The mass spectrometry data for the two products poorly resemble each
other. For the product made with Zn(NO3)2, the signal from CO2 peaks at 310 ◦C, with
a long trailing tail that plateaus from 380–410 ◦C, compared to the sample made using
Zn(acetate)2, which peaks at 390 ◦C, dies away quickly and then climbs to a small peak
at 920 ◦C. The data are consistent with both materials retaining some of the amine and
continuing to burn it off all the way to 1000 ◦C. Additionally, the material made using zinc
acetate likely retains some of the acetate ligands, given the small increase in mass loss over
that of the sample made using zinc nitrate.

In an attempt to quantify the number of ligands associated with each ZnO prepared
from zinc acetate, each material was characterized by CHN elemental analysis. However,
only ZnO prepared using Tris and 2-thiazolamine had carbon percentages above the 0.5%
reporting limit (Tris: C = 1.10% and 2-thiazolamine: C = 0.74%). Results for hydrogen and
nitrogen were below the reporting limit for all samples, which could have been used to
quantify the amount of amine bound to each ZnO. Using the carbon percentages obtained
for the materials made from [Zn(acetate)2(Tris)2] and [Zn(acetate)2(2-thiazolamine)2], and
assuming a composition of ZnO(acetate)x(amine)x to determine stoichiometry, yields for-
mulas of ZnO(acetate)0.0128(Tris)0.0128 (one set of ligands for every 78 ZnO formula units)
and ZnO(acetate)0.0103(2-thiazolamine)0.0103 (one set of ligands for every 97 ZnO formula
units). Assuming the observed mass loss in the TGA from 200–1000 ◦C for these materials
is from loss of attached ligands, the 2.2% mass loss for the material made using Tris would
yield a calculated stoichiometry of ZnO(acetate)0.0102(Tris)0.0102. The 1.8% mass loss for
2-thiazolamine would yield ZnO(acetate)0.0096(2-thiazolamine)0.0096. These stoichiometries
are in reasonably good agreement with the CHN data, considering both materials were
still losing mass at the 1000 ◦C TGA cutoff temperature. Performing the same calcula-
tions for the material made with ethylenediamine and a 1.5% TGA mass loss would yield
ZnO(acetate)0.014(ethylenediamine)0.007, based on the stoichiometry of the ligands on the
precursor carrying over to the final composition of the ZnO. This stoichiometry is equiva-
lent to a 0.6% carbon content and should have exceeded the elemental analysis detection
limit. The fact that carbon was not detected in the CHN analysis supports the hypothesis
that very little of the acetate was incorporated into the final material, or that most of the
diamine was lost during the 200 ◦C annealing step, and that the extra weight loss observed
in the TGA is from an undetermined number of hydroxides being lost as water during
heating. Likewise, for the material prepared using hydrazine to have a 1.6% TGA weight
loss would require a final stoichiometry of ZnO(acetate)0.0146(hydrazine)0.0146 and would
correspond to a 0.4% carbon content and a 0.5% nitrogen content. Although the carbon
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content is below the CHN detection limit, the nitrogen content is at the detection limit. It
could have been determined, further supporting the hypothesis that much of the weight
loss for this material is from the loss of water from hydroxides. Attempts were also made
to quantify the number of ligands bound to each ZnO using FT-IR and X-ray photoelectron
spectroscopy. With such small quantities, vibrations associated with the functional groups
on the ligands were not visible above the ZnO background in the IR spectra (Figure S14).
Neither nitrogen nor sulfur was observed in the XPS spectrum for any of the materials,
consistent with them containing a very limited number of ligands.

To better understand how the synthesis conditions influence the optical properties
of the materials, the optical bandgap for each ZnO nanomaterial prepared by the rapid
precipitation method was determined by ultraviolet-visible diffuse reflectance spectroscopy.
The data were transformed using the Kubelka–Munk equation (Equation (2)) [74,75], where
R∞ = Rsample/Rstandard and is the measured diffuse reflectance of the sample, F (R∞) is
the Kubelka–Munk function or the so-called remission, hν is the photon energy, C2 is a
proportionality constant, and Eg is the optical band gap of the powdered sample. The band
gap is obtained from a plot of [F (R∞) hν]2 against hν, where a linear fit through the steepest
part of the data intersects the photon energy axis (x-axis) is taken as the value for Eg.

[F (R∞) hν]2 = C2 (hν − Eg) (2)

Optical bandgaps for the materials were found to be 3.31(1) eV for ZnO prepared
using hydrazine, 3.33(1) eV for ZnO made with ethylenediamine, 3.34(2) eV for Tris, and
3.35(4) eV for ZnO made using 2-thiazolamine (Figure 6). These values are within three
standard deviations of each other, compare well with what others have measured for ZnO
nanoparticles [53,74], and are consistent with the 3.3 eV optical bandgap of bulk ZnO [76].
Changes in semiconductor bandgaps are generally attributed to reduction in crystallite
size, the number of structural defects, and the overall crystallinity of the material [77,78].
Although the different amines can be used to modify the size and shape of ZnO particles and
lead to different amounts of organic material attached to the nanoparticles, the crystallite
size in the nanoparticles are very similar, as was observed with the Scherrer calculations,
yielding similar bandgaps for all of the materials.

Figure 6. Kubelka–Munk transformed diffuse reflectance spectra of annealed ZnO powders prepared
by rapid precipitation. The amine in the legend corresponds to the amine used during the synthesis
of each material.
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2.2. Photocatalytic Activity

Because of ZnO’s attractive physical and chemical properties, it has been extensively
studied as a photocatalyst [79]. To explore how the synthesis conditions impact the ma-
terial’s chemical reactivity, the ZnO prepared by rapid precipitation was used to photo-
catalyze the decolorization of the organic dye malachite green under ultraviolet (UVA)
radiation. The mechanism for the photodegradation of dyes and other organic compounds
by semiconductors has previously been described by many investigators [52,53,79–88].
Several catalysts have already been used to decolorize malachite green including, but
not limited to, ZnO [53,81], NiS [82], TiO2 [83], Ag/TiO2/Nb2O5 composites [84], BiOBr
composites [85], ZnO on activated carbon [86], Mn-doped BiOCl [87], and a Pd/WO3
mixture [88]. Under UV illumination in aqueous environments, ZnO generates reactive
oxygen species responsible for the reactions that decolorize and degrade the dye [89–91].
In the reaction mechanism, ZnO absorbs a photon of UV light and generates an electron-
hole pair on the particle surface (Equation (3)), with the electron being promoted to the
conduction band (ecb

–) and leaving the hole in the valence band (hvb
+). The electrons

react with surface adsorbed oxygen to form the superoxide radical ion O2
•– (Equation (4)).

The holes react with adsorbed water molecules to form hydroxide radicals (HO•) and
protons (Equation (5)), or in basic solutions, the holes can react with hydroxide molecules
to produce additional hydroxide radicals (Equation (6)). The O2

•– can react with protons
to form HO2

• (Equation (7)), which can further react to form hydrogen peroxide and
O2 (Equation (8)). The peroxide then decomposes to generate more hydroxide radicals
(Equation (9)). The hydroxide radicals generated by the mechanism are responsible for
degrading the dye and converting the organic molecules to colorless intermediate products
and, theoretically, carbon dioxide and water (Equation (10)). Saad et al. have proposed a
degradation pathway for malachite green [44], and Yong and co-workers have identified
40 different intermediate products using liquid chromatography–mass spectrometry to
analyze malachite green dye solutions during photodegradation [91].

ZnO + hν → ecb
− + hvb

+ (3)

O2 + ecb
− → O2

•− (4)

h+ + H2O → HO• + H+ (5)

h+ + HO− → HO• (6)

O2
•− + H+ → HO•

2 (7)

2 HO•
2 → H2O2 + O2 (8)

H2O2 → 2HO• (9)

HO• + dye → intermediates → CO2 + H2O (10)

The decolorization of the dye proceeds by way of pseudo first-order rate kinetics.
The reaction can be studied by measuring the dye’s absorbance (A) in solution over time
(Equation (11)). The observed rate constants (kobs) include the degradation, and any
physical adsorption of the dye onto the catalyst. The rate equation can be rearranged
to give the rate constant as a positive slope (Equation (12)). In the equations, the initial
absorbance of the dye in solution is A*.

ln A = −kobst + ln A* (11)

ln(A*/A) = kobst (12)

This work found that different sizes and morphologies of the ZnO particles influence
the material’s ability to catalyze the photochemical reaction. In general smaller particles
yielded faster decomposition rates than larger particles, given their larger surface area
for particle sizes on the order of hundreds of nanometers to several micrometers. Ad-
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ditionally, rod and needle morphologies, with high surface area-to-volume ratios, also
appear to increase photocatalytic effectiveness [92]. Wang et al. observed that 50 nm
ZnO particles degraded methyl orange with the highest efficiency under UV light [93],
and others observed that ZnO nanoparticles smaller than 50 nm were faster at degrading
methylene blue than particles larger than 50 nm [49]. For this study, when ZnO parti-
cle size decreases to that produced by the rapid synthesis, the observed first-order rate
constant (kobs) for the photodecomposition appears to be driven by multiple factors, in-
cluding the quantity of ligands associated with the nanoparticles, as well as particle size
and surface area (Figures 7 and 8 and Table 2). Zinc oxide prepared using hydrazine had
the fastest rate constant, kobs = 0.038(6) min−1, and degraded the dye more than twice as
fast as the ZnO prepared using 2-thiazolamine, with kobs = 0.019(2) min−1, even though
the particles have similar size and surface area. ZnO prepared using ethylenediamine,
kobs = 0.024(1) min−1, and Tris, kobs = 0.021(1) min−1, yielded intermediate decolorization
rates, even though the material made using ethylenediamine had the largest particles and
smallest surface area, whereas the material made using Tris had the smallest particles
and largest surface area. A control was also prepared using Zn(NO3)2 with no added
amine and used to decolor the dye solution and had a kobs = 0.015(1) min−1. Addition-
ally, it was observed that in the absence of a catalyst, the dye degrades under the UVA
light with a kobs = 0.005(2) min−1. The rate constants measured for the catalysts are consis-
tent with what others have measured for the photodegradation of malachite green using
ZnO [53–56,58,59]. Table 2 compares the photodegradation results for malachite green
using zinc oxide prepared from several precursors.

Figure 7. Absorption data for the decolorization of malachite green solutions using differ-
ent zinc oxide photocatalysts prepared by rapid precipitation. The amines used to make the
[Zn(acetate)2(amine)x] precursors are identified by the labels in the legend. The ZnO control was
prepared using Zn(NO3)2 without added amines. “No ZnO” corresponds to the decolorization of
malachite green with no catalyst in solution under UVA.
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Figure 8. Absorption data of malachite green solutions during photodegradation by ZnO prepared
by rapid precipitation. The amines used to make the [Zn(acetate)2(amine)x] precursors are identified
by the labels in the legend. R2 values for all of the best fit lines exceed 0.997.

Table 2. Photodegradation of malachite green using zinc oxide made from different precursors.

Precursor
Dye Conc.

(g/L)
Catalyst Conc.

(g/L)
kobs

(min−1)
Ref

ZnCl2 0.01 0.2 0.010 [58]
Zn(acetate)2 0.2 0.2 0.014 [53]

Zn(acetate)2 + NH3 0.02 0.05 0.009 [94]
Zn(acetate)2 + TEA 0.01 0.12 0.0046 [56]

Zn(NO3)2 + PEG 0.2 0.2 0.023 [53]
Zn(NO3)2 + EDTA .0093 0.2 0.058 [55]

[Zn(acetate)2(hydrazine)2] 0.027 1.67 0.038 this work
[Zn(acetate)2(ethylenediamine)] 0.027 1.67 0.024 this work

[Zn(acetate)2(Tris)2] 0.027 1.67 0.021 this work
[Zn(acetate)2(2-thiazolamine)2] 0.027 1.67 0.019 this work

TEA = triethylamine, PEG = polyethylene glycol, EDTA = ethylenediaminetetraacetic acid.

The measurements were also obtained in the dark to determine the contribution of
absorption on the decolorization constants. The kobs,dark values for absorption in the dark
were nearly identical for all of the materials, with the kobs,dark = 0.007(1) min−1 for ZnO
prepared from hydrazine, ethylenediamine, and 2-thizolamine and 0.008(1) min−1 for the
ZnO prepared using Tris. Absorption onto the catalyst accounts for approximately one-third
of the observed decolorization rate for the materials prepared using ethylenediamine, Tris,
and 2-thiazolamine, but less than 20% of the kobs for the material prepared using hydrazine.

As noted above in the discussion of the TGA results, ZnO produced using hydrazine
and ethylenediamine retained the lowest amount of organic material and liberated the
largest quantities of CO2 at temperatures under 200 ◦C, indicating that their surfaces are
more readily accessible for absorbing CO2 than the materials prepared using the less volatile
amines. This result likely contributes to their improved catalysis with a surface readily
available in solution for water and oxygen sorption, which is necessary for the catalyst
mechanism described above.
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Additionally, much of the weight loss during heating from the sample made with
hydrazine was in the form of water, likely from the decomposition of hydroxides. In
contrast, the other materials all liberate more CO2 from bound hydrocarbons, allowing
the hydrazine-derived material to have a more accessible surface and contributing to it
being the fastest catalyst. The Tris and 2-thiazolamine-derived materials have hydrocar-
bons bound to them which impedes the ability of oxygen and water to reach the ZnO
surface, slowing the degradation mechanism and kinetics. Even though both Tris and
2-thiazolamine have higher measured surface areas than the material prepared using
ethylenediamine, their rates for decolorization are slower. Although the Tris-made ZnO
contains more organic material than the 2-thiazolamine-made material, the Tris-made ZnO
produced faster decolorization kinetics. The Tris-made material released more CO2 at
temperatures below 200 ◦C than the ZnO made using 2-thiazolamine during TGA-MS
measurements, suggesting that the Tris-made ZnO has a more accessible surface to CO2 in
the air and perhaps H2O and O2 in solution. The Tris-made ZnO also contained smaller
particle sizes with a higher surface area than the ZnO prepared using 2-thiazolamine. The
authors speculate that these attributes contribute to the ZnO made using Tris degrading
the dye faster than the ZnO made using 2-thiazolamine.

2.3. Catalyst Reusability

The ZnO made using hydrazine was evaluated for its reusability, as it had the highest
rate constant in the study. A single sample of the material was used to decolorize five
samples of the dye solution with no significant loss in catalytic efficiency (Figure 9). For
these experiments, 0.100 g of catalyst was added to 50 mL of a 28.9 μM dye solution and
allowed to stir for two hours under UVA illumination. At the end of each experiment, the
nanomaterial was recovered by centrifugation and then added to the next dye solution.
The percent dye decolorization ranged from 96–97% for all five samples, indicating very
good recyclability of the material.

Figure 9. Reusability study for ZnO prepared using [Zn(acetate)2(hydrazine)2] under UVA illumina-
tion for two hours. A single sample of ZnO decolored five malachite green dye samples with minimal
efficiency loss.

155



Catalysts 2022, 12, 1099

3. Materials and Methods

3.1. Techniques and Materials

Zinc acetate dihydrate (ACS reagent grade, Fisher Chemicals, Hampton, NH, USA)
was used as received. Amines were either used as received (ACS reagent grade, Sigma-
Aldrich Chemicals, St. Louis, MO, USA) or distilled under nitrogen before use. All synthesis
was done in containers open to the atmosphere. Solvents were either ACS or HPLC grade
and used as received. Ultrapure water for solutions and synthesis was obtained using a
Millipore Milli-Q system.

3.2. ZnO Precursor Isolation and Characterization

Each ZnO precursor was isolated from solution for characterization by 1H NMR and
CHN elemental analysis to verify precursor composition. The synthesis and characteri-
zation of [Zn(acetate)2(Tris)2] and [Zn(acetate)2(ethylenediamine)] were reported in our
previous publication [39].

For the synthesis of [Zn(acetate)2(2-thiazolamine)2], zinc acetate dihydrate (1.0311 g,
47 mmo) and 2-thiazolamine (0.9412 g, 94 mmol) were dissolved in a mixed solution of
anhydrous ethanol (20 mL) and methanol (20 mL) under ambient conditions. The solution
was stirred for one hour and then was evaporated to dryness under vacuum. Yield: 1.6863 g
(93.5%). Soluble in dimethylsulfoxide, and methanol. Elem. Anal. for ZnC10H14N4O4S2:
C = 31.30; H = 3.68; N = 14.60%. Found: C = 31.44; H = 3.65; N = 14.58%. 1H NMR (CD3OD):
δ 2.015 (s, 6H, OOCCH3); 6.599 (s, 2H, NH2CSCH2CH2N), 6.943 (s, 2H, NH2CSCH2CH2N).

For the synthesis of [Zn(acetate)2(hydrazine)2], zinc acetate dihydrate (1.0314 g,
47 mmol) and hydrazine (0.5160 g) were dissolved in a mixed solution of anhydrous
ethanol (20 mL) and water (20 mL) under ambient conditions. The solution was stirred
for one hour and then was evaporated to dryness under vacuum. Yield: 0.9751 g (83.8%).
Insoluble in all solvents. Elem. Anal. for ZnC4H14N4O4: C = 19.41; H = 5.70; N = 22.63%.
Found: C = 19.37; H = 5.67; N = 22.52%.

3.3. ZnO Particle Synthesis

For a typical nanoparticle synthesis, zinc acetate dihydrate (5.3938 g, 24.6 mmol) was
dissolved in 100 mL of methanol with stirring. An amine was then added (49.1 mmol
for monodentate amines and 25.4 mmol for bidentate amines). The solution was al-
lowed to stir for 30 min at room temperature, 100 mL of water was added, the solution
was heated to 65 ◦C and rapidly titrated with 3 mL of an aqueous 50% NaOH solu-
tion to precipitate ZnO. Upon cooling, the reaction solutions were centrifuged to isolate
the product, rinsed three times with water and three times with methanol, dried un-
der vacuum, and then dried at 200 ◦C for two hours under a nitrogen atmosphere. The
amines used in the synthesis included hydrazine, ethylenediamine, 2-thiazolamine, and
tris(hydroxymethyl)aminomethane (Tris). The product prepared using hydrazine partially
precipitates before the NaOH addition. Typical ZnO yield: 1.8089 g, 90%.

3.4. Powder X-ray Diffraction

Powder X-ray diffraction (XRD) was utilized to confirm the crystallographic structure
of the materials and estimate their particle size using the Scherrer equation [95]. All
XRD measurements were performed on a Rigaku 2200 D/Max X-ray diffractometer. The
diffractometer was equipped with a copper sealed tube anode utilizing Cu Kα radiation
(λ = 1.5418 Å). Specimens were scanned from 20◦ to 95◦ 2Θ with a step size of 0.02◦ and a
dwell time of 1 s. Phase composition was determined by comparison to the International
Centre for Diffraction Data (ICDD) patterns.

3.5. Scanning Electron Microscopy

Field emission scanning electron microscopy (FESEM) (Hitachi, S-4500, Tokyo, Japan)
was used to determine size and morphology of all ZnO samples. SEM micrographs
were acquired and processed using Quartz PCI Version 8 image processing software.
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Accelerating voltages of 7 kV to 20 kV were used for imaging, with magnification ranging
from 1000X to 200,000X, depending on particle size and morphology. The ZnO powders
were deposited onto wet silver paint applied to the aluminum sample stage to minimize
charging and loose particles in the FESEM vacuum chamber. The paint was allowed to dry,
and then compressed air was applied to the sample to remove any loose particulates.

3.6. Transmission Electron Microscopy

Powders prepared by rapid addition of NaOH were characterized by Transmission
Electron Microscopy (TEM). Sample preparation was done by dispersing 4 mg of the ZnO
nanoparticles into 4 mL of methanol and ultrasonicating for five minutes. Immediately after
ultrasonication, one drop of the ZnO nanoparticle suspension was placed on an ultrathin
holey carbon grid (Ted Pella, product # 01824, Redding, CA, USA). Analysis of the ZnO
nanoparticles was carried out using a Zeiss Libra 200 transmission electron microscope,
and micrographs were acquired using a Gatan Orius CCD digital camera. Analytical TEM
(ATEM) was employed by running scanning transmission electron microscopy (STEM)
and performing X-ray energy dispersive spectroscopy (XEDS) to confirm the elemental
composition of the nanoparticles. STEM images were acquired with a high angle annular
dark field detector (HAADF). The Zeiss Libra 200 is equipped with a Noran XEDS system,
with a Li drifted Si detector. All image acquisitions and XEDS measurements were carried
out with an acceleration voltage of 200 kV and an emission current of 304 μA. XEDS mea-
surements were made with a beam spot size of 20 nm. Average particle sizes and standard
deviations were determined from measurements of 50–60 particles for each material.

3.7. Ultraviolet–Visible Diffuse Reflectance Spectroscopy

The optical band gap of the ZnO nanoparticles was determined at room temperature
by diffuse reflectance, using an Agilent Cary 100 spectrophotometer equipped with an
internal diffuse reflectance attachment and a powder sample cell. Samples were scanned
from 300 to 500 nm. Data were transformed using the Kubelka–Munk equation [74,75]. The
band gap was determined using the R software package grofit from the intersection of the
tangent at the maximum slope of the smoothed cubic spline fit to the x-axis [96,97].

3.8. Surface Area Measurements

The surface area of the powders was measured with a surface area and pore size
analyzer (Quantachrome Instruments, NOVA 2200 e, Boynton Beach, FL, USA). Approxi-
mately 0.3 gm of each powder was weighed in a bulbous glass vial, subsequently vacuum
degassed at 200 ◦C for 12 h, and then backfilled with helium. Adsorption and desorption
curves were then obtained at liquid-nitrogen temperatures using N2 as the adsorbate for
P/Po ranging from 0.05 to 0.99. An automatic multipoint Brunauer, Emmett, and Teller
(BET) model was fitted to the adsorption curve from P/Po ranging from 0.05 to 0.3 and was
used to calculate the surface area. Before analyzing the ZnO samples, a certified standard
(105.57 ± 4.41 m2/g) was measured to be 107.54 m2/g.

3.9. Thermal Analysis

All ZnO samples were analyzed by thermogravimetric analysis using a Mettler Toledo
TGA/DSC1 thermal analyzer connected to a Pfieffer Vacuum ThermoStar mass spectrome-
ter. Samples were heated with ramp rates ranging from 5–50 ◦C/min from 30 ◦C to 1000 ◦C
in alumina crucibles in a dry air atmosphere. Blanks for each crucible were measured
before each sample. Samples sizes of 10–20 mg were routinely used. Samples sizes of
50–60 mg were used when characterizing the volatile compounds produced during heating
by mass spectrometry.

3.10. Photocatalytic Activity

The photocatalytic activity of the different ZnO nanoparticles was evaluated by photo-
catalytic decolorization of malachite green oxalate dye solutions (28.9 μM) under ultraviolet
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(UV) illumination. For these experiments, ZnO nanoparticles (0.1 g) were magnetically
stirred in 10 mL of water for 10 min to disperse the nanoparticles in solution, then 50 mL
of the dye solution was added and irradiated with UVA illumination (two 13W Damar
26289A F13TT/BLB bulbs). The intensity of the light at the surface of the dye was measured
as approximately 3.4 W/m2 using a Vernier UVA Sensor. Aliquots of the dye solution were
removed at specific time intervals (0, 2, 5, 10, 15, 30, 45, and 60 min), centrifuged for one
minute at 12,000 rpm to isolate the ZnO, and the absorbance of the solution was measured
at 617 nm in quartz cuvettes using an Agilent Cary 100 spectrophotometer. Experiments in
the dark were performed in the absence of both UVA and ambient light. For consistency, all
experiments were performed in the same 600 mL beaker using the same two-inch Teflon-
coated stir bar to stir the solutions. Average kinetic rate constants with standard deviations
were determined from seven to ten experiments using three different sample preparations
with the same amine. All data were manipulated using Microsoft Excel.

4. Conclusions

We have demonstrated that [Zn(acetate)2(amine)x] compounds can be used to prepare
wurtzite zinc oxide nanoparticles by alkali precipitation. The size and aspect ratio (length
to width) of ZnO particles can be modified using different amines to produce needle-, rod-
or plate-shaped particles. Nucleation kinetics can further control particle size, with larger
particles prepared using slow precipitation rates and higher solution temperatures and fast
precipitation rates and lower solution temperatures producing nanoparticles. Amines that
resulted in the smallest aspect ratios during higher temperatures and slow precipitation
rates yielded the smallest particles during rapid precipitation, and amines that yielded par-
ticles with large aspect ratios during slow precipitation produced the largest nanoparticles
during rapid precipitation, even though all produced mostly spherical, hexagonal particles
during rapid precipitation. The surface area of the nanomaterials was found to depend only
on particle size, with the material with the smallest particles yielding the highest surface
area. The optical bandgap of the materials was not altered by particle size or the amines
bound to the precursor compounds, which is consistent with the materials having similar
crystallite sizes, regardless of particle size. The different amines on the precursors alter
the number of organic ligands associated with each material. In general, ZnO made using
precursors containing less-volatile amines retain more organic material than those prepared
using more-volatile amines. The presence of the organic material on the nanoparticles
impacts the photocatalytic activity of the materials, with the ZnO containing the lowest
amount of associated hydrocarbons yielding the highest rate constants for the decoloriza-
tion of malachite green, regardless of particle size. [Zn(acetate)2(hydrazine)2] produced
zinc oxide with the least organic material bound to the nanoparticles and degraded the
dye the fastest. In recycling experiments, zinc oxide made using [Zn(acetate)2(hydrazine)2]
degraded five malachite green solutions with minimal loss of efficiency.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12101099/s1, Figure S1: Absorption, desorption isotherms
for BET surface area measurements for ZnO prepared using Tris. Figure S2: Absorption, desorption
isotherms for BET surface area measurements for ZnO prepared using 2-thiazolamine. Figure S3:
Absorption, desorption isotherms for BET surface area measurements for ZnO prepared using
hydrazine. Figure S4: Absorption, desorption isotherms for BET surface area measurements for
ZnO prepared using ethylenediamine. Figure S5: Thermogravimetric analysis (TGA) and mass
spectrometry (MS) curves for the heating of ZnO prepared using [Zn(acetate)2(ethylenediamine)].
Figure S6: Thermogravimetric analysis (TGA) and mass spectrometry (MS) curves for the heating of
ZnO prepared using [Zn(acetate)2(hydrazine)2]. Figure S7: Thermogravimetric analysis (TGA) and
mass spectrometry (MS) curves for the heating of ZnO prepared using [Zn(acetate)2(2-thiazolamine)2].
Figure S8: Thermogravimetric analysis (TGA) and mass spectrometry (MS) curves for the heating of
ZnO prepared using [Zn(acetate)2(Tris)2]. Figure S9: Thermogravimetric analysis (TGA) and mass
spectrometry (MS) curves for the heating of ZnO prepared using Zn(acetate)2 with no added amine.
Figure S10: Thermogravimetric analysis (TGA) and mass spectrometry (MS) curves for the heating
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of ZnO prepared using Zn(nitrate)2 and ethylenediamine. Figure S11: Thermogravimetric analysis
(TGA) and mass spectrometry (MS) curves for the heating of ZnO prepared using Zn(nitrate)2 and
2-thiazolamine. Figure S12: Thermogravimetric analysis (TGA) and mass spectrometry (MS) curves
for the heating of ZnO prepared using Zn(nitrate)2 and hydrazine. Figure S13: Thermogravimetric
analysis (TGA) and mass spectrometry (MS) curves for the heating of ZnO prepared using Zn(nitrate)2
and Tris. Figure S14: Infrared spectra of ZnO prepared using [Zn(acetate)2(Tris)2], [Zn(acetate)2(2-
thiazolamine)2], [Zn(acetate)2(hydrazine)2] and [Zn(acetate)2(ethylenediamine)].
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Abstract: Visible-light-driven photocatalysts have gained increasing attention in the past few decades
in treating emerging contaminants in water and wastewater. In this work, the photocatalytic activity
of the coupled graphitic carbon nitride (GCN) and silver chromate (Ag2CrO4), herein denoted as
GCN/Ag2CrO4, nanocomposites was evaluated for degrading organic pollutants and inactivating
microorganisms under visible light irradiation using a royal blue light-emitting diode (LED). The
organic pollutants studied were 2,4-dichlorophenoxyacetic acid (2,4-D) and methyl chlorophenoxy
propionic acid (MCPP or Mecoprop-P) present in KillexR, a commercially available herbicide, bovine
serum albumin (BSA) protein, and SARS-CoV-2 spike protein. The disinfection experiments were
conducted on wastewater secondary effluent. The results showed that over 85% degradation was
achieved for both 2,4-D and Mecoprop-P in 120 min while 100% of BSA protein and 77.5% of SARS-
CoV-2 protein were degraded in 20 min and 30 min, respectively. Additionally, GCN/Ag2CrO4

nanocomposites led to over one log reduction of cellular ATP (cATP), total coliforms, and E. coli in
wastewater treatment plant (WWTP) secondary effluent after 60 min of royal blue LED irradiation.
It was observed that the degradation performance of a photocatalyst under light irradiation is
contaminant-specific. The binding affinity of the released metal ions from GCN/Ag2CrO4 with
protein and ATP functional groups was responsible for the degradation of proteins and the reduction
of cATP, while the generated ROS was responsible for the disinfection of total coliforms and E. coli.
Overall, the results indicate that GCN/Ag2CrO4 nanocomposite is a promising photocatalyst in
degrading organic pollutants and disinfecting microorganisms under visible light irradiation within
a reasonable time.

Keywords: GCN/Ag2CrO4; photocatalysis; organic pollutants; microorganisms; wastewater; royal
blue LED

1. Introduction

Semiconductor photocatalysis is fast emerging as the advanced oxidation process to
address environmental pollution and global warming such as organic pollutant removal,
disinfection of microorganisms, hydrogen evolution, and CO2 reduction [1–5]. In semicon-
ductor photocatalysis, photoexcited electrons and holes are generated when the energy
absorbed from light is greater than or equal to the bandgap energy of the photocatalysts.
These electrons react with the dissolved oxygen in the solution while the holes react with
water molecules to produce superoxide radical (O2

−) and hydroxyl radical (•OH), respec-
tively. These radicals are referred to as reaction oxidative species (ROS) and they can
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oxidize organic pollutants, finally producing mineralized products such as CO2 and H2O.
They can also be used for disinfection purposes. Titanium dioxide (TiO2), a metal-based
semiconductor, is the most widely studied photocatalyst, but it suffers from limited appli-
cations such as wide bandgap (3.2 eV), low visible light utilization, and high recombination
rate of electron-hole pair [6–9]. Therefore, various semiconductor photocatalysts with
narrow bandgap and visible-light activity were developed such as Bi2WO6 [10], CuO [11],
and CdS [12]. To this end, modified and doped TiO2 [13], photosensitizers [14], as well
as the use of low-energy systems such as light-emitting diodes [15,16] and “adsorb and
shuttle” wherein adsorbent along with a photocatalyst [17] have also been investigated.

Graphitic carbon nitride (g-C3N4 or GCN) is a metal-free photocatalyst, with a bandgap
of 2.7 eV that has gained a lot of attention in photocatalytic water splitting [18], photocat-
alytic degradation of organic pollutants [19], and disinfection of microorganisms [20] under
visible light irradiation [21,22]. However, the major drawback of bulk GCN is low surface
area, high rate of electron-hole pair recombination, and low utilization of visible light up to
only 460 nm (blue region) which limits its photocatalytic activity [23].

It is well known that silver-based photocatalysts such as silver halides [24,25], Ag3PO4
[26], and Ag2CrO4 [27] are potential catalysts because of their excellent light sensitivity
and photocatalytic activity under visible light irradiation. Of note is Ag2CrO4 with its
high visible-light absorption efficiency, and electronic and crystal structure [28]. How-
ever, Ag2CrO4, like other silver-based photocatalysts, has similar drawbacks which are
aggregated particle size and ease of photocorrosion leading to poor stability and limited
photocatalytic performance.

Coupling of GCN and the silver-based photocatalysts to form heterojunctions can
address the individual shortcomings of GCN and silver-based photocatalysts by improving
charge separation, reducing the rate of recombination of electron-hole pair, improving
bandgap optical properties, and enhancing visible light absorption and utilization of
GCN, as well as reducing the aggregation of silver-based photocatalysts. For example,
GCN/Ag [23], GCN/AgBr [29], GCN/Ag3PO4 [30], and GCN/Ag2CrO4 [31] showed
higher degradation of methylene blue (MB), E. coli disinfection, 4-chlorophenol (4-CP)
degradation, and methyl orange (MO) degradation, respectively, under visible light when
compared to GCN.

The purpose of this study is to investigate synthesized GCN/Ag2CrO4 to photocat-
alytically degrade organic pollutants as well as disinfect microorganisms. KillexR (2,4-D
and Mecoprop-P), BSA, and SARS-CoV-2 spike protein were selected to study while WWTP
secondary effluent was used to assess photocatalytic disinfection. The addition of g2CrO4
to GCN to form the GCN/Ag2CrO4 heterojunction enhances visible-light activity. Ag2CrO4
being a strong oxidizing agent serves as electron trap by accepting photogenerated elec-
trons from GCN thereby reducing electron-hole pair recombination rate and improving
charge separation. The narrow band gap of Ag2CrO4 (1.80 eV) indicates strong absorption
in the visible-light region which could enhance its photocatalytic activity. Both 2,4-D and
certain microbial constituents in wastewater such as E. coli have known negative health and
environmental impacts [32,33]. Moreover, 2,4-D and Mecoprop-P are common constituents
of herbicides that can be found on the surface and in groundwater because of their use in
lawns and agricultural lands [34]. A study in Alberta, Canada showed that 2,4-D is one
of the most common pollutants in water and precipitate samples [35]. Mecoprop-P has
been detected as a minor pollutant in U.S. and European soils, as well as in ground and
surface waters, and it is the most often found herbicide in drinking waters [36,37]. Bovine
serum albumin protein (BSA) is a commonly used standard for protein analysis selected
for studying the interaction between proteins and other chemicals. SARS-CoV-2, the Coron-
avirus that causes COVID-19, has resulted in a worldwide pandemic with over 280 million
infections and caused over 5 million deaths globally [38]. This viral disease continues to
ravage the world with severe or mild variants. COVID-19 burden in communities has been
monitored by testing wastewater to provide an early warning of a community spread [39].
Sources of coliforms can be humans, livestock, wildlife, and even pets. E. coli is considered
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a potential pathogen and its presence in the water body can indicate the presence of other
waterborne pathogens such as bacteria, viruses, and parasites [40].

Photocatalytic degradation of 2,4-D and Killex using TiO2 has been widely reported
[41–43]. However, only a few studies focused on the photocatalytic degradation of 2,4-D
using GCN. The degradation of 2,4-D using GCN-based composite under natural sunlight
showed over 90% removal after 330 min [44]. About 100% degradation of a very small
concentration (50 μg/L) of Mecoprop-P was achieved in 7 min using a GCN-based cat-
alyst under simulated solar irradiation [45]. Heydari et al. degraded KillexR (2,4-D and
Mecoprop-P) using TiO2 under natural sunlight exposure with 97% degradation of 2,4-D
after 15 days and 100% degradation of Mecoprop-P after 22 days [46]. The enhancement
of the photocatalytic activity of GCN in degrading methylene blue (MB) was achieved
with its combination with Co-NiS and sulfur to form 1D/2D Co-NiS/S-g-C3N4 hetero-
junction with 98% degradation in 32 min [47]. ZnFe2O4/S-g-C3N4 heterojunction was
synthesized with varying wt% of S-g-C3N4. The ZnFe2O4/S-g-C3N4 (50%) showed the
maximum MB degradation under solar irradiation in 150 min [48]. The interaction be-
tween BSA and nanoparticles and the structural change to BSA have been investigated
with nanoparticles such as MnO2 [49], CuS [50], and silver nanoparticles (AgNP) [51,52]
at different concentrations and compositions. The results show increasing interactions
and structural changes to BSA with increasing concentration of the nanoparticles. The
disinfection of E. coli using GCN-based composite under a xenon lamp as a solar simulator
showed complete inactivation (6.5 log) after 60 min [29]. In the published literature, the
focus was on either natural sunlight or solar simulator as broadband light source for the
photocatalytic degradation and disinfection. To the best of our knowledge, the combination
of a narrowband low-energy visible light source (in this case royal blue LED with a peak
wavelength of 460 nm) and GCN-based nanocomposites has not been reported on degrad-
ing herbicides and protein and disinfecting WWTP secondary effluent. The benefits of
narrowband light are its consistency, directionality (narrow and focused beam), and narrow
frequency range [53]. The photons in narrowband light move at the same wavelength
(consistency) and in the same direction (directionality) resulting in high light intensity.

This work aims to address the knowledge gaps in evaluating the photocatalytic
performance of GCN/Ag2CrO4 nanocomposite under a narrowband low-energy visible
light source (royal blue LED) in degrading different organic pollutants such as KillexR (2,4-
D and MCPP), BSA protein, SARS-CoV-2 spike protein, and disinfecting WWTP secondary
effluent. The reaction kinetics of 2,4-D, Mecoprop-P, and BSA protein were also investigated.
The interaction between BSA and the photocatalysts, and the structural changes to BSA
were studied using a UV-Vis spectrophotometer; log reduction of cellular ATP (cATP), total
coliforms, and E. coli in WWTP secondary effluent was used to determine the efficiency of
the catalyst in wastewater disinfection.

2. Results and Discussions

2.1. Photocatalytic Degradation of KillexR

The dark adsorption of 2,4-D and Mecoprop-P on the synthesized photocatalyst are
presented in Figure 1. It is obvious that GCN alone did not adsorb and thus there was
no decrease in the concentration of 2,4-D or Mecoprop-P during the dark experiment.
Equilibrium was reached within 30 min for Ag2CrO4 and GCN/Ag2CrO4. A total of 8.06%
of 2,4-D was adsorbed on Ag2CrO4 while 9.32% of Mecoprop-P was adsorbed on Ag2CrO4.
A total of 6.24% of 2,4-D was adsorbed on GCN/Ag2CrO4 while 15.32% of Mecoprop-P was
adsorbed on GCN/Ag2CrO4. The photocatalytic degradation of GCN/Ag2CrO4 on the
2,4-D and Mecoprop-P in KillexR was investigated and the results are presented in Figure 2.
In the control experiment, 2,4-D and Mecoprop-P did not decrease with irradiation by royal
blue LED, indicating that the royal blue light (peak wavelength = 460 nm) did not degrade
2,4-D or Mecoprop-P. Using GCN, 16.85% of 2,4-D and 10.06% of Mecoprop-P degraded
after 120 min. Ag2CrO4 remains largely unchanged under royal blue LED irradiation when
compared to the dark experiment results. It was 7.05% for 2,4-D and 9.19% for Mecoprop-
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P. This is because silver-based photocatalysts are prone to photolysis and cannot stand
long-run duration of photocatalytic degradation [30], and the low surface area of Ag2CrO4
(1.32 m2/g) [21] available for the adsorption of 2,4-D and Mecoprop-P and the eventual
photocatalytic activity. Silver-based particles have been reported to aggregate [54] while
GCN in the GCN/Ag2CrO4 nanocomposite serves to prevent the aggregation of Ag2CrO4.
GCN/Ag2CrO4 showed the highest percent degradation for both 2,4-D and Mecoprop-P at
86.32% and 86.39% in 120 min.

Figure 1. The dark experiment of KillexR: (a) 2,4-D and (b) Mecoprop-P.

Figure 2. Photocatalytic degradation (royal blue LED irradiation) of KillexR: (a) 2,4-D and (b)
Mecoprop-P.

The first-order rate was calculated to evaluate the performance of the different photo-
catalysts. The rate constant (k) values are summarized in Table 1. For 2,4-D, the k values of
GCN and GCN/Ag2CrO4 were 0.16 × 10−2 min−1 and 1.59 × 10−2 min−1 respectively. The
highest k value for degradation using GCN/Ag2CrO4 was 9.9 times that with GCN alone.
For Mecoprop-P, the k values of GCN and GCN/Ag2CrO4 were 0.11 × 10−2 min−1 and
1.79 × 10−2 min−1 respectively. The highest k value for the photocatalyst GCN/Ag2CrO4
was 1.79 × 10−2 min−1 which was 16.3 times that of GCN. This result shows that the depo-
sition of Ag2CrO4 on GCN enhanced its photocatalytic activity by serving as an electron
trap for photogenerated electrons in GCN.
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Table 1. Summary of first-order photocatalytic degradation rate constants.

Experimental Condition GCN Ag2CrO4 GCN/Ag2CrO4

2,4-D Rate constant, k (×10−2) min−1 0.16 1.20 1.59
R2 0.9891 0.6227 0.9959

Mecoprop-P Rate constant, k (×10−2) min−1 0.11 1.26 1.79
R2 0.8167 0.6377 0.9874

In our previous publication, we reported that the photocatalytic degradation of 4-CP
by GCN/Ag2CrO4 was better than GCN [21], while in this study (Figure 2a,b) we find a
better performance was observed for GCN than Ag2CrO4 in the photocatalytic degradation
of 2,4-D and Mecoprop-P. This indicates that the photocatalytic degradation performance of
Ag2CrO4 is contaminant-specific. This can be attributed to the bond energies existing in the
contaminants such as C-C, C=C, O-H, C=O, and C-Cl. Bond energy or bond dissociation
energy is the measure of bond strength, and it is an indication of the easiness to break a
chemical bond. The bond energies of bonds existing in 4-CP, 2,4-D, and Mecoprop-P are
shown in Table 2.

Table 2. Bond energies at 273K adapted from Ref. [55].

Bond Bond Energy (KJ/mol)

C-Cl 327
C-C 346
C-O 358
C-H 411
O-H 459
C=C 602
C=O 749

There are fewer bonds in 4-CP than 2,4-D and Mecoprop-P that need to be broken
by ROS generated from Ag2CrO4. In 4-CP, apart from the aromatic ring, there are C-Cl,
C-O, and O-H corresponding to 327 KJ/mol, 358 KJ/mol, and 459 KJ/mol, while 2,4-D
and Mecoprop-P have all the bonds listed in Table 2 in addition to the aromatic ring. This
means with 2,4-D and Mecoprop-P having more bonds and higher bond energies, they will
be more difficult to break by the ROS generated from Ag2CrO4 and hence the observed
low photocatalytic performance compared to 4-CP. The low surface area of Ag2CrO4, in
addition to the bond energies of the contaminants, also would have contributed to the low
performance. With a specific surface area of 1.32 m2/g [21], it means that less absorption of
2,4-D and Mecoprop-P would take place for sufficient photocatalytic activity compared to
single contaminant absorption of 4-CP. Therefore, the combination of the low surface area
of Ag2CrO4 for the absorption of the two contaminants and the several bonds and higher
bond energies of 2,4-D and Mecoprop-P contributed to the observed low performance
of Ag2CrO4.

In the photocatalytic degradation of pollutants, the molecular structures could deter-
mine their susceptibility to ROS attack [45]. The compounds 2,4-D and Mecoprop-P are
both chlorophenoxy herbicides (phenoxycarboxylic acid herbicides). These similar struc-
tures could explain their similar degradation rates under visible light. In the photocatalytic
degradation of 2,4-D, the aromatic ring of 2,4-D is first hydroxylated to the main by-product,
2,4 dichlorophenol (2,4-DCP), followed by other by-products such as chlorohydroquinone,
4-chloropyrocatechol, 2,4-dichloropyrocatechol, and chlorobenzoquinone [56,57] as shown
in Equations (1)–(5), where AR is the aromatic ring.

AR − Cl2 − OCH2 − COOH + .OH → AR − Cl2 − OH + CH2 − OH − COOH (1)

AR − Cl2 − OH + OH → AR − Cl − (OH)2 + Cl− (2)
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AR − Cl − (OH)2 + OH → AR − Cl − (OH)
′
2 (3)

AR − Cl − (OH)
′
2 + OH + Cl− → AR − Cl2 − (OH)2 + OH− (4)

AR − Cl2 − (OH)2 + OH → C6H3ClO2 (5)

In addition, in the photocatalytic degradation of Mecoprop-P, the aromatic ring is hy-
droxylated to the main by-product, 4-chloro-o-cresol, followed by other by-products such as
2-methyl hydroquinone, and 2-methyl-p-benzoquinone [37] as proposed in Equations (6)–(8).
The main reactive species involved in photocatalytic degradation is the •OH radical as re-
ported for 2,4-D [44,58–60] and Mecoprop-P [45,61]. Table 3 shows the photocatalytic
degradation of 2,4-D and Mecoprop-P by different photocatalysts.

AR − CH3Cl − OC2H4 − COOH + OH → AR − CH3Cl − OH + C2H4 − OH − COOH (6)

AR − CH3Cl − OH + OH → AR − CH3 − (OH)2 + Cl− (7)

AR − CH3 − (OH)2 + OH → C6H3ClCH3 (8)

Table 3. Comparison of 2,4-D and Mecoprop-P degradation with the results of previously published
articles.

S/N Photocatalyst
Visible Light

Source
Organic

Pollutant
Concentration

(mg/L)
Degradation
Time (min)

Degradation
Efficiency (%)

Ref.

1 TiO2 Natural sunlight 2,4-D and
Mecoprop-P 49.4 and 27.3 1,296,000 and

1,900,800 97 and 100 [46]

2 MoO3/g-
C3N4

Natural sunlight 2,4-D 50 300 99 [44]

3 GCN
Xenon lamp
(200–800 nm,

300 W)
Mecoprop-P 0.05 7 100 [45]

4 GCN/Ag2CrO4
Royal blue LED

(460 nm)
2,4-D and

Mecoprop-P 12.1 and 6.7 120 and 120 86.32 and 86.39 Current
study

2.2. Photocatalytic Degradation of BSA Protein and SARS-CoV-2 Spike Protein

The interaction between the synthesized photocatalysts and BSA in the absence of
light (dark experiment) was investigated and the results are shown in Figure 3a. It was
observed that the concentration of BSA did not change when GCN was present in the
solution, indicating that the GCN had a negligible impact in the dark experiment. However,
it was observed that the concentration of BSA decreased significantly by 93.1% in 30 min
in the presence of GCN/Ag2CrO4. The photocatalytic degradation results of BSA are
presented in Figure 3b. It shows that royal blue LED irradiation alone and GCN/royal
blue LED irradiation could not degrade BSA. The royal blue LED with peak wavelength of
460 nm and low energy (2.7 eV) cannot alone degrade BSA with absorption peak of 280 nm
and high energy (4.4 eV) indicating that BSA requires high energy radiation greater than
4.4 eV for degradation to take place. The GCN/royal blue LED could not degrade BSA
because of the high electron-hole pair recombination rate of GCN owing to its medium
band gap (2.7 eV). However, more than 99.9% of BSA was degraded in 20 min in the
presence of GCN/Ag2CrO4 under royal blue LED irradiation. The first-order rate constant
(k) values of GCN and GCN/Ag2CrO4 were calculated, and they are 0.002 × 10−1 min−1

and 3.64 × 10−1 min−1 respectively.
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Figure 3. Change in BSA concentration with time: (a) Dark experiment and (b) Royal blue LED
irradiation.

In a recently published work, the photocatalytic degradation mechanism of protein
using silver nanoparticles (AgNPs) was reported by investigating the effects of the following
3-step phenomenon; release of silver ions, generation of reactive oxidative species (ROS),
and the light-induced protein oxidation through the bind-and-damage model [62]. It was
postulated and concluded by asserting an alternate mechanism, which is that light-induced
protein oxidation is responsible for the degradation rather than the popular notions that
the mechanisms of Ag+ release from AgNPs and the generation of ROS are the driving
forces for protein degradation and bacterial death. For the bind-and-damage model of the
light-induced protein oxidation to take place, the AgNPs released the absorbed visible light
energy in the form of emission. This emission of light is then quenched by a protein which
indicates that the absorbed light energy was transferred to the protein, causing structural
damage to the proteins.

The assertions were applied to this work for verification by carrying out UV-vis
absorption spectra measurements of BSA for GCN and GCN/Ag2CrO4 with and without
royal blue LED irradiation to further understand the degradation profile and the change
in concentration with time. UV-vis, as an analytical method, can be used in absorption
spectra measurement in understanding structural changes to protein and the interaction
between protein and nanoparticles [49,50,63,64]. The observation was that the phenomena:
release of Ag+ from the Ag2CrO4, generation of ROS through photocatalytic reaction, and
the bind-and-damage model of the light-induced protein oxidation, have varying degrees
of contribution to the degradation of protein in the presence of GCN/Ag2CrO4 with and
without blue LED irradiation. The roles these phenomena play in either protein degradation
or bacterial death will depend on the type of photocatalyst, light intensity, radiation
spectrum, and energy of the light source. In this work, two ions (Ag+ and CrO4

2−) were
released against Ag+ of AgNPs since GCN/Ag2CrO4 composite was used, indicating the
possibility of the impact of CrO4

2− in the degradation mechanism as an electron scavenger
during photocatalytic activity. The UV-vis absorption spectrum in Figure 4 shows the effect
of GCN and GCN/Ag2CrO4 on BSA with and without royal blue LED irradiation. At time
zero (Figure 4a–d), BSA shows the typical absorption peaks at a lower wavelength of 200 nm
and a higher wavelength of 280 nm. The absorption peak at 200 nm is attributed to the
BSA’s polypeptide backbone and the absorption peak at 280 nm is due to its aromatic amino
acids (tryptophan, tyrosine, and phenylalanine). In Figure 4a,c, the GCN without and
with royal blue LED irradiation revealed similar absorption spectra. In Figure 4a, without
light (dark), the BSA peak did not change because the conditions required for protein
damage which are light-induced protein oxidation and ROS generation are not present
since photocatalytic activity did not take place. It also indicates no interaction between the
BSA and GCN, hence no structural change to the protein. In Figure 4c, under royal blue
LED irradiation, the bind-and-damage model of the light-induced protein oxidation and
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the generated ROS did not have an impact on the degradation of the protein. This suggests
that the emitted light from the absorbed light energy by the GCN was neither sufficient
nor transferred to the protein for degradation, and the generated ROS was not sufficient
to cause degradation because of the GCN’s poor charge transfer and fast electron-hole
recombination rate characteristics. In the presence of GCN/Ag2CrO4 (Figure 4b,d), an
absorption peak at 374 nm was observed. This peak is attributed to the presence of silver
chromate in the BSA slurry. Silver compounds are known to have absorption peaks between
320 nm and 410 nm [51,52,65]. In Figure 4b,d, the GCN/Ag2CrO4 without and with royal
blue LED irradiation show similar spectral patterns. In Figure 4b, without light (dark),
Ag+ and CrO4

2− were released by Ag2CrO4 in the GCN/Ag2CrO4 nanocomposite. The
interactions of the Ag+ with BSA resulted in higher BSA absorption peaks compared to
GCN without light (dark). In Figure 4d, under royal blue LED irradiation the bind-and-
damage model light-induced protein oxidation and the ROS generation did not significantly
contribute to the protein degradation since the peaks without light and with royal blue
LED are similar. This is evident in the change in BSA concentration when exposed to
GCN/Ag2CrO4 with and without royal blue LED irradiation (Figure 3a,b), where the
degradation is similar at 90% and 99% in 15 min respectively. Therefore, we can conclude
the following: (1) the Ag+ released from GCN/Ag2CrO4 was largely responsible for BSA
protein degradation with and without royal blue LED irradiation, and (2) the bind-and-
damage model of light-induced protein oxidation and the generation of ROS did not
significantly contribute to photocatalytic degradation of BSA protein, indicating that the
light irradiation had less impact in the photocatalytic process. The less impact of light
irradiation is expressed in the proximities of the degradation kinetics of GCN/Ag2CrO4
with royal blue irradiation (3.64 × 10−1 min−1) which is less than two times without light,
that is dark (1.86 × 10−1 min−1). The reason for the dominance of these silver ions in
the degradation of BSA protein could be attributed to their binding interactions with
BSA. Previous studies show that silver ions and silver nanoparticles interact with protein
functional groups, such as carboxylic groups (COOH), thiol groups (SH), and amino groups
(NH) of protein, to form bonds resulting in protein inactivation [51,66–69]. Zaher et al.
investigated the interaction between Ag+ and AgNPs with BSA protein and reported that
Ag+ has stronger binding and quenching efficiency towards BSA than AgNPs which is
evidenced in a higher binding constant of Ag+ [70]. BSA is a polymer of about 583 amino
acids joined together by peptide linkage between two tryptophan residues. Each amino acid
has two pH-sensitive functional groups, COOH and NH. The proposed binding mechanism
was due to the electrostatic attraction between the ionized COO− and the positive charge
of Ag+ at physiological pH (pH = 7.4). This was confirmed in the reported UV-vis spectra
showing the peak intensity increasing with rising Ag+ concentration. This correlates with
our UV-vis spectra results for GCN/Ag2CrO4 with and without royal blue LED irradiation
where the BSA peak intensity increases indicating a rise in Ag+ concentration with time
in the reacting medium and therefore the increasing interaction between the COO− and
Ag+ electrostatically. This interaction leads to denaturing, unfolding, aggregation, and
the eventual inactivation of the protein. Jaiswar et al. investigated the binding interaction
between protein and chromate ions and reported structural changes to protein, indicating
successful interactions [71].

In Figure 5, SARS-CoV-2 (Coronavirus) spike protein result is presented. It shows that
GCN/Ag2CrO4 also can degrade the spike protein under royal blue LED. A photocatalytic
degradation efficiency of 77.5% was achieved in 30 min. The lower degradation efficiency
observed for SARS-CoV-2 spike protein (SP) can be attributed to its heavier molecular
weight and structure. SARS-CoV-2 SP is 135 kDa and 1213 amino residues which is twice
the size of BSA protein which is 66 kDa and 583 amino acid residues.
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Figure 4. UV-vis absorption spectra of BSA: Dark experiment (a,b) and Royal blue LED irradiation
(c,d).

Figure 5. Photocatalytic degradation of SARS-CoV-2 (Coronavirus) spike protein using
GCN/Ag2CrO4. Under royal blue LED irradiation.

2.3. Photocatalytic Disinfection of Wastewater Secondary Effluent

Results on the disinfection of secondary effluent from a municipal wastewater treat-
ment plant by GCN/Ag2CrO4 are presented in Figures 6 and 7. The log reduction of
cellular Adenosine Triphosphate (cATP) is presented in Figure 6, while the log reduction of
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total coliforms and E. coli is presented in Figure 7. As shown in Figure 6, around 0.2 log
reduction of cATP was observed after 60 min of royal blue LED irradiation or after 60 min
of dark (control experiment). The presence of GCN/Ag2CrO4 in the dark or royal blue
LED irradiation both increased the log reduction of cATP in wastewater. Moreover, 1.2 log
reduction was observed for cATP when wastewater was mixed with GCN/Ag2CrO4 in
the dark for 60 min. An even higher log reduction (>1.7) was observed in the presence of
GCN/Ag2CrO4 under royal blue LED irradiation for 60 min.

Figure 6. The change of ATP in wastewater secondary effluent in the presence of GCN/Ag2CrO4

with and without royal blue LED irradiation.

In the control experiments of royal blue LED and GCN (dark experiment), the total
coliforms and E. coli did not decrease during the experimental duration of 60 min. This
indicates that the royal blue LED irradiation and GCN (dark experiment) did not impact
the total coliforms and E. coli counts in the wastewater. The dark control experiment of
GCN/Ag2CrO4 and the use of GCN under royal blue LED both led to lower log reduction
(<1) in 60 min for total coliforms and E. coli. However, the use of GCN/Ag2CrO4 under
royal blue LED irradiation led to higher log reduction (>1) in 60 min with 2.43 log reduction
of total coliforms and 1.48 log reduction of E. coli. This result indicates that the disinfection
rate of E. coli was slower than that of the total coliforms.

The interaction of silver compounds with the cell membrane of the bacteria is one
of the important mechanisms of silver compound toxicity [54]. This can occur both in
the dark and visible light irradiation. Over one log reduction was observed for ATP,
total coliforms, and E. coli in 60 min during the photocatalytic degradation process. This
indicates GCN/Ag2CrO4 can potentially photocatalytically inactivate, under royal blue
LED irradiation, over 98% (1.7 log) of the microbial activity (ATP) in 60 min which includes
inactivation of over 99.6% (2.43 log) of total coliforms.

The bind-and-damage model of protein oxidation, release of ions from the photocat-
alyst, and the ROS generation processes of protein degradation described in Section 3.2
can be adopted for this disinfection process since it was used for protein degradation and
bacterial disinfection by Shi et al. [62]. In Figure 6, the GCN/Ag2CrO4 with and with-
out royal blue LED irradiation showed a significant impact on the reduction of cATP of
microorganisms. Without light (GCN/Ag2CrO4 + Dark), the release of Ag+ and CrO4

2−
contributed to the reduction of cATP by 1.2 log in 60 min. However, with irradiation
(GCN/Ag2CrO4 + Royal blue LED), the ROS generation in addition to Ag+ and CrO4

2−
released resulted in >1.7 log reduction of cATP in 60 min. With the marginal difference of
>0.5 log reduction of cATP, it means the release of the two ions contributed far more than
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ROS generation in the overall reduction of cATP. In Figure 7a, the GCN/Ag2CrO4 with and
without royal blue LED irradiation showed a different response to the disinfection of total
coliforms. Without light (GCN/Ag2CrO4 + Dark), the release of Ag+ and CrO4

2− resulted
in a 0.3 log reduction of total coliforms in 60 min while the irradiation (GCN/Ag2CrO4 +
Royal blue LED), the ROS generation and the light-induced protein oxidation in addition
to the released two ions resulted in 2.4 log reduction of total coliforms in 60 min. The log
reduction difference >2 log is largely due to the contributions of the generated ROS and
the light-induced protein oxidation. In Figure 7b, the GCN/Ag2CrO4, with and without
royal blue LED irradiation showed a different response to E. coli disinfection. Without light
(GCN/Ag2CrO4 + dark), the Ag+ and CrO4

2− released resulted in a 0.1 log reduction of
E. coli in 60 min while with irradiation (GCN/Ag2CrO4 + Royal blue LED), the generated
ROS and light-induced protein oxidation in addition to the released ions resulted in 1.5 log
reduction of E. coli in 60 min. The log reduction difference >1 log is largely due to the
contributions of the ROS generated and the light-induced protein oxidation.

 

Figure 7. Coliforms in wastewater secondary effluent: (a) total coliforms and (b) E. coli.

Zhang et al. investigated the impact of light irradiation on the reduction of Ag+ to
AgNPs by bacteria and reported that visible lights (monochromatic light at wavelengths
415 nm and 600 nm) accelerated the reduction of Ag+ to AgNPs by bacteria and almost no
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AgNPs were formed in the dark [72]. Furthermore, the visible light irradiation reversibly
can excite the AgNPs for their surface plasmon resonance (SPR) and accelerate the electrons
from the bacteria to the adjacent Ag+. It reported that the bacteria can reduce Ag+ and
the process can be accelerated by light irradiation. Shi et al. focused on the bactericidal
effect of AgNPs and identified a new antibacterial mechanism different from the ROS-
induced photocatalyst [62]. AgNPs can penetrate the cell wall and membrane and gather
in the cytosol and bind directly with the cytosol protein leading to the inducement of
protein aggregation, an indication of protein degradation, caused by the bind-and-damage
model of the light-induced protein oxidation. Deng et al. investigated the effects of silver
ions, chromium VI, Cr(VI), and ROS on the photocatalytic disinfection mechanism of
E. coli [29]. The results show that the combined effects of the release of silver ion and
the generation of ROS of holes (h+) and hydroxyl (.OH) radicals played important roles
in the photocatalytic disinfection process. The silver ions interact with the thiol (-SH)
functional group causing cell damage and the generated ROS could inactivate bacterial
cells by interacting with the cell wall and destabilizing the membrane causing leakage
of potassium ions (K+). The interaction of Ag+ with bacterial cell membranes can also
lead to lower ATP readings caused by the leakage of potassium ions [54]. The addition of
hexavalent chromium to the photocatalytic system enhanced the photocatalytic disinfection
kinetics. This is because Cr(VI) can behave as an electron scavenger, directly reduces
electron-hole recombination, enhances the amount of h+ available for disinfection, and
ultimately leads to better disinfection performance. Table 4 shows the photocatalytic
disinfection of microorganisms by different photocatalysts.

Table 4. Comparison of microorganim disinfection with the results of previously published articles.

S/N Photocatalyst
Visible Light

Source
Contaminant

Disinfection
Time (min)

Concentration
(CFU/mL)

Disinfection
Eficciency (Log

Reduction)
Ref.

1 BiOBr
Xenon lamp
(1000 W/m2,

300 W)
E. coli 24 107 7 [73]

2 Ag/BiOI Iodide lamp
(400 W) E. coli 20 107 7 [74]

3 Ag/ZnO/GCN Xenon lamp
(300 W) E. coli 120 107 7 [75]

4 GCN/Ag2CrO4
Royal blue LED

(460 nm)

Total
coliforms
and E. coli

60 and 60 106.7 and
105.5 2.43 and 1.48 Current

study

3. Materials and Methods

3.1. Chemicals

KillexR, a known herbicide was purchased from a local store in Calgary, Alberta. Urea-
CH4N2O (≥99.5%), silver nitrate-AgNO3 (≥99%), potassium chromate-K2CrO4 (≥99%), 1–10
phenanthroline-C12H8N2, iron III chloride-FeCl3, ammonium iron II sulfate hexahydrate
(Mohr’s salt, ≥98%)—(NH4)2Fe(O4)2(H2O)6 and Bovine Serum Albumin (BSA) protein (hy-
drolyzed powder, crystallized ≥98.0%) were purchased from Sigma-Aldrich Co. (St. Louis,
MO, USA). Luria broth, potassium trioxalatoferrate III trihydrate-K3Fe(C2O4)3.3H2O (98%)
was purchased from Alfar Aesar (St. Louis, MO, USA). Sodium acetate-C2H3NaO2 (>99%)
was purchased from Brady (Markham, ON, Canada). BSA Bradford assay protein test kit
was purchased from BIORAD (Hercules, CA, USA). SARS-CoV-2 spike protein (SP), S-ECD
(>95%) was purchased from Thermofisher Scientific (Ottawa, ON, Canada). ATP test kit
was purchased from LuminUltra Technologies Ltd. (Fredericton, NB, Canada) while, total
coliforms/E. coli Colilert test kit was purchased from IDEXX laboratories inc. (Westbrook, ME,
USA). Secondary treated wastewater effluent was provided by Advancing Canadian Water
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Assets—ACWA (Calgary, AB, Canada), a full-scale testing facility embedded in a wastewater
treatment plant in Calgary, Alberta.

3.2. Preparation of GCN, Ag2CrO4, and GCN/Ag2CrO4 Nanocomposite

The GCN, Ag2CrO4, and GCN/Ag2CrO4 were synthesized based on a procedure
described in detail elsewhere [21]. The GCN was synthesized using the direct pyrolysis
method by heating urea at 550 ◦C for 4 h in a muffle furnace. The GCN/Ag2CrO4 composite
was synthesized using the dark-induced/In-situ-deposition method by first sonicating one
gram of GCN slurry. A known quantity of AgNO3 and 4.83 g/L K2CrO4 were added to the
GCN slurry under magnetic stirring. The mixture was then magnetically stirred in the dark
for 7 h and after that, it was filtered using a 0.45 μm filter and washed about five times
with water and alcohol. The residue was left to dry at room temperature and thereafter
labeled as GCN/Ag2CrO4. The characterizations of these catalysts have been reported
elsewhere [21].

3.3. Experimental Set-Up
3.3.1. Photocatalytic Degradation of a Commercial Herbicide

KillexR is a commercially-available herbicide that contains 95 g/L of 2,4-dichlorophen
oxyacetic acid (2,4-D), 52.52 g/L of methyl phenoxy propionic acid (Mecoprop-P or MCPP),
and 9 g/L of Dicamba. A quantity of 0.8 mL of KillexR was dissolved in 79.2 mL of distilled
water (DI) which gave an 80 mL solution, resulting in the solution containing 12.1 mg/L
of 2,4-D, 6.7 mg/L of Mecoprop-P, and 1.2 mg/L of Dicamba. In this experiment, 80 mg
of the photocatalyst was dispersed in an 80 mL solution containing KillexR in a 100 mL
quartz beaker. The intensity of the royal blue LED (peak wavelength = 460 nm) entering
the 80 mL solution was estimated to be 11.80 × 1017 photons/s using chemical ferrioxalate
actinometry [43,76,77]. The same photoreactor was used for all experiments mentioned in
this study. Before LED irradiation, the water/catalysts mixture was stirred magnetically in
the dark for 30 min to attain adsorption-desorption equilibrium. Quantities of 5 mL of the
samples were collected at different irradiation intervals and filtered using a 0.45 μm syringe
filter (PTFE, Chromatographic Specialties Inc., Brockville, ON, Canada) to remove the
photocatalysts. Dark experiments with catalysts and light experiments without catalysts
were also conducted as controls. HPLC was used to evaluate the concentration change of
2,4-D and Mecoprop-P.

3.3.2. Photocatalytic Degradation of BSA Protein and SARS-CoV-2 Spike Protein

In each experiment, 80 mg of the photocatalyst was dispersed in 80 mL of 100 mg/L
BSA solution. During royal blue LED irradiation, 6 mL of sample was collected at different
irradiation intervals and filtered using a 0.45 μm syringe filter to remove the photocatalysts.
The performance of GCN/Ag2CrO4 was also investigated on SARS-CoV-2 spike protein
(SP) under royal blue LED. In the experiment, 40 mg of the GCN/Ag2CrO4 was dispersed
in a 40 mL of 10 mg/L SARS-CoV-2 SP, and 3 mL of the sample was collected at a different
irradiation interval and filtered using a 0.45 μm syringe filter to remove the photocatalysts.
Bradford assay procedure was used to determine the concentration change for the BSA
protein and SARS-CoV-2 SP [78]. UV-Vis analysis was conducted for visible light and dark
experiments to study the binding interaction between BSA and GCN/Ag2CrO4.

3.3.3. Photocatalytic Disinfection of Wastewater Secondary Effluent

Two sets of disinfection experiments were conducted. The first one was focused on
the change of cATP level on the collected wastewater during the disinfection experiment,
while the second one was aimed at quantifying the log reduction of total coliforms and
E. coli by the catalyst under royal blue LED irradiation. For the cATP experiment, 80 mg
of the photocatalyst was dispersed in 80 mL of wastewater secondary effluent and then
irradiated with royal blue LED under continuous magnetic stirring. A total of 2.5 mL
of the sample was taken at a different time interval and its cATP level was quantified
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using the LuminUltra test procedure for assay analysis [79]. Control experiments were
carried out in the dark with the photocatalyst and under the light without the photocatalyst.
Before the start of the disinfection experiment, the initial concentrations of total coliforms
and E. coli were calculated using the tray count method [80]. A stock solution of 1 L
secondary treated wastewater effluent containing 50 mg of Luria broth nutrient was first
prepared in a 1 L jar and then incubated at 35 ◦C ± 0.5 ◦C for 24 h. Then 1 mL of the
80 mL collected from the stock solution was serially diluted 40 times as follows: in the
first mixture, 1 mL was added to 3 mL of deionized (DI) water. After mixing, 1 mL
from the first mixture was added to 9 mL of DI water to give 40 times serial dilution,
this gives the second mixture. Finally, using the tray count method, 1 mL of the second
mixture was added to the mixture of 100 mL DI water and colilert reagent, giving the
final dilution factor of 4000. The final mixed sample was poured in a quantitray, sealed
with an IDEXX sealer, and incubated at 35 ◦C ± 0.5 ◦C for 24 h. The tray, which has
49 large wells and 48 small wells, was used to estimate the most probable number (MPN)
of coliforms and E. coli in a 100 mL wastewater sample. The actual MPN/100 mL of total
coliforms or E. coli present in the sample was calculated by multiplying the MPN by the
dilution factor of 4000. The average initial concentrations of total coliforms and E. coli
were calculated to be 5.2 × 106 MPN/100 mL and 0.25 × 106 MPN/100 mL respectively.
Disinfection experiments were conducted and MPNs of total coliforms and E. coli were
estimated and concentrations at different time intervals were analyzed and calculated
using the tray count method. Control experiments were also performed in the dark with
photocatalysts and under the light without photocatalysts.

3.4. Chemical Analysis
3.4.1. Herbicide Analysis

The concentrations of 2,4-D and Mecoprop-P were determined using high-performance
liquid chromatography (HPLC; LC-2040C 3D Shimadzu Corporation, Kyoto, Japan) with
UV absorbance detection at λ = 280 nm. A kinetex 2.6 μm PFP column by Phenomenex
(Torrance, CA, USA) was used to separate the target compounds and other interferences.
The mobile phases were 0.1% phosphoric acid in HPLC grade water and 0.1% phosphoric
acid in acetonitrile at a 50:50 mixture with a flow rate of 1 mL/min. The measurements
were conducted in duplicate, and the detection limit was around 0.1 mg/L.

3.4.2. Protein Analysis

The concentration of BSA protein was determined using the Bradford protein assay
procedure [78]. This procedure is based on the binding of Coomassie brilliant blue dye
to protein. Briefly, the diluted dye was prepared by mixing concentrated Coomasie dye
(80 mL) and deionized water (DI) of 240 mL and then filtered with 5 μm using vacuum
filtration to remove dye particles. From the BSA stock solution (2000 mg/L), five standard
dilute solutions were prepared (100 mg/L, 50 mg/L, 25 mg/L, 12.5 mg/L and 6.25 mg/L).
Then, 0.8 mL of each standard and photocatalytic degraded BSA samples were collected
into the vial using a pipette and 3.2 mL of diluted dye was added. The mixture was put
on a rotary shaker and left to incubate for at least 5 min but not more than 60 min at room
temperature. This incubation period allows for colour change of the Coomasie dye from
red to blue. This blue colour is an indication of the binding of the dye to the protein, that is
detected at 595 nm. The spectrophotometer (UV-2600 Shimadzu Corp., Kyoto, Japan) was
set at 595 nm to take the absorbance readings of BSA standards and the degraded samples
using a disposable cuvette. The concentration of the degraded samples was calculated
based on the known concentrations of the BSA standard.

This Bradford protein assay procedure was also used to determine the concentration
of the SARS-CoV-2 SP. Five standard solutions of BSA of known concentrations (10 mg/L,
5 mg/L, 2.5 mg/L, and 0.625 mg/L) were prepared. Using the microassay plate, 800 μL
of each standard and degraded SARS-CoV-2 SP sample was put in a vial and 200 μL of
dye concentrate was added to have the protein-dye mixture. The same incubation period
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as described earlier was used for the spike protein and after that, the absorbance of the
SP-dye complex was read at 595 nm using a spectrophotometer (UV-2600 Shimadzu Corp.,
Kyoto, Japan).

The UV-vis as an analytical technique was used to study the BSA and photocatalyst
interaction and the structural changes to BSA. The UV-vis absorption spectra measurements
were carried out for the dark as well as royal blue irradiation samples.

3.4.3. ATP Analysis

The concentration of the microorganisms’ cATP was determined using the LuminUltra
test kit and assay procedure [80]. A total of 5 mL of the water sample was passed through a
0.45 μm syringe filter. The syringe filter containing microorganisms was re-attached to a
clean syringe with the plunger removed, and then 1 mL of UltraLyse 7 was pipette into the
syringe. The filtration was done slowly, and the sample was collected in a 9 mL UltraLute
(dilution) tube. The purpose of the filtration using UltraLyse 7 is to be able to dissolve and
remove the bound ATP (ATP in living microorganisms after disinfection) for analysis. A
quantity of 100 μL of UltraLute (dilution) solution was pipette into a clean test tube and
then 100 μL Luminase was added. The mixture was shaken about five times, and then the
reading was taken within 10 s using a luminometer. The cellular ATP is calculated using
Equation (9) and the log reduction of the normalized concentration is evaluated using
Equation (10):

cATP
(

pg
ATP
mL

)
=

RLUcATP
RLUATP1

× 10, 000
pg ATP

Vsample(mL)
(9)

Log reduction = − log
(

cATPt

cATPo

)
(10)

where RLU is the unit of measurement as it is the relative light unit, pg is picogram, Vsample
is the volume of the sample collected during the photocatalytic experiment, ATP is the
calibrated ATP RLU value for the wastewater before the photocatalytic experiment, and
cATPo and cATPt are the cellular ATP of the microorganisms at time, t = 0 and t = t min.
Control experiments were conducted in the dark to determine the adsorption performance
of the photocatalysts in disinfecting microorganisms and the corresponding estimation of
ATP levels.

3.4.4. Total Coliform/E. coli Analysis

One mL sample was collected at different irradiation intervals and serially diluted
using deionized water. This was aimed to (1) reduce the amount of catalysts and other
water matrices present in the final tray so as to minimize their interferences on total coliform
and E. coli measurement; (2) to ensure the concentration of total coliform and E. coli fall
within the measurement range of the Colilert tray count procedure. The total coliforms and
E. coli concentrations were determined using the tray count method [80] as described in
Section 3.3.3. The total coliform and E. coli disinfection efficiency were expressed in log
form as shown in Equation (11):

Log reduction = log Co − log Ct (11)

where Co and Ct are the concentrations of total coliforms or E. coli before and after time t
min, expressed as MPN/100 mL.

4. Conclusions

A visible-light active photocatalyst, GCN/Ag2CrO4 nanocomposite was synthesized,
and its performance was investigated in the degradation of organic pollutants (2,4-D and
Mecoprop-P) in KillexR, BSA protein, and SARS-CoV-2 spike protein) and the disinfection
of WWTP secondary effluent, using a narrowband low-energy visible light source (royal
blue LED at 460 nm). The results from this study highlight the following:
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• Similar degradation rates and percentage removal visible light irradiation were ob-
served for 2,4-D and Mecoprop-P.

• The degradation performance of a photocatalyst is dependent on the available surface
area for absorption for photocatalytic activity and the bond energies of the chemical
bonds that exist in the contaminant.

• Released Ag+ and CrO4
2− from the GCN/Ag2CrO4 nanocomposite were largely

responsible for the BSA degradation and cATP reduction.
• Generated ROS were largely responsible for the disinfection of total coliforms and

E. coli.
• The lower percentage degradation (70%) of SARS-CoV-2 spike protein can be attributed

to its large molecular weight and structure compared to BSA protein.
• The pathways for degradation of proteins and the disinfection of microorganisms

depend on any of the following: (1) binding affinity of the released metal ions from
GCN/Ag2CrO4 with the functional groups of proteins and ATP, (2) amount of ROS
generated, and (3) the quantum of emission light from the photocatalyst that is ab-
sorbed and quenched by the proteins because of the light-induced protein oxidation.

• Significant disinfection results observed in the reduction of microorganisms’ cATP,
total coliforms, and E. coli with GCN/Ag2CrO4 are also due to the reduction of the
released Ag+ to AgNPs by bacteria which was accelerated by light irradiation.

• Over one log reduction of microorganisms’ cATP, total coliforms, and E. coli in wastew-
ater secondary effluent was achieved in 60 min.

• The combination of GCN/Ag2CrO4 and the narrowband low-energy light (royal
blue LED at peak wavelength = 460 nm) holds promise in that it can be used in the
wastewater treatment plant to degrade multiple recalcitrant organic pollutants and
inactivate microorganisms.
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Abstract: In this study, a TiO2-CNT-Ag ternary composite film was successfully synthesized using the
plasma-enhanced chemical vapor deposition method by simultaneously feeding a carbon nanotube
(CNT)/Ag suspension and titanium tetraisopropoxide gas. The prepared TiO2-CNT-Ag film was
characterized by scanning electron microscopy, transmission electron microscopy, energy-dispersive
X-ray spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction, and ultraviolet-visible spec-
troscopy. Moreover, the Ag/Ti ratio of the film was confirmed using an inductivity-coupled plasma
optical emission spectrometer. The performance of the TiO2-composite film for the degradation
of rhodamine 6G under simulated solar light irradiation was evaluated. The rate constant of the
prepared TiO2-CNT-Ag for rhodamine 6G degradation was approximately 1.8 times greater than that
of prepared TiO2. This result indicates that the addition of CNT and Ag significantly improved the
photocatalytic activity of the prepared films.

Keywords: thin film deposition; nanoparticles; aerosols; photocatalysis

1. Introduction

In recent years, photocatalysis has attracted considerable research attention owing to
its wide range of applications, including the construction of organic compounds [1], pollu-
tion alleviation [2] and energy storage [3]. However, many photocatalytic materials exhibit
drawbacks that hinder their application, necessitating the development of heterojunction
materials [4]. Various heterojunction materials have demonstrated advantages properties
such as fast charge separation [5], favorable electron transfer [6], hindering of electron-hole
recombination [7], and high surface area [8]. TiO2 is a notable material because of its chemi-
cal stability, nontoxicity, and high photocatalytic activity [9,10]. However, its photocatalytic
activity is limited by the following factors: First, due to the large band gap (3.2 eV) of
TiO2 (anatase phase), its photocatalytic activity can be initiated only under ultraviolet light
irradiation (3–5% of the total solar spectrum) [11,12]. Second, the fast recombination of
electron–hole pairs results in low efficiency for photocatalysis [13]. Hence, TiO2-based
heterojunction materials have attracted considerable attention for their enhanced photocat-
alytic activity.

Researchers have successfully fabricated TiO2 composites by combining TiO2 with
Au [14], Ag [15], N [16], carbon nanotubes (CNTs) [17], etc. Among these materials,
CNTs are promising material owing to their high electrical and thermal conductivity and
large surface area [18]. Zhou et al. [19] synthesized a composite of TiO2/single-walled
carbon nanotubes (SWCNTs) by a simple solvothermal technique. At the TiO2–SWCNT
interface, the Fermi level was positively transferred, resulting in electron flow from TiO2
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(higher Fermi level) to the CNTs (lower Fermi level) to align the Fermi energy levels.
Thus, the activated electrons were stabilized on the SWCNTs, and the recombination of
electron–hole pairs was mitigated. Another study has reposited the existence of excess
charge between the metal and semiconductor [20]. Owing to the surface plasmon resonance
of Ag, TiO2-Ag can also be excited under visible light.

Recently, TiO2/CNT/Ag ternary composites were reported to exhibit excellent perfor-
mance in dye degradation. Wang et al. [21] reported a ternary composite of Ag-CNT/TiO2
generated by the sol–gel and photoreduction methods. The ternary structure was achieved
by decorating CNTs with both TiO2 nanoparticles and Ag nanoparticles. The photocatalytic
activity of Ag-CNT/TiO2 was approximately twice that of P25. Koo et al. [22] reported
an Ag-TiO2-CNT composite fabricated by photochemical reduction. The Ag doped TiO2
nanoparticles were uniformly distributed on the CNT surface. The performance of Ag-TiO2-
CNT in the degradation of methylene blue was enhanced compared to that of Ag-TiO2.
Notably, CNTs are always used as the support material for coating with TiO2 and Ag
nanoparticles. Few researchers have focused on the preparation of TiO2-based composite
films, utilizing Ag, TiO2, and CNTs. A catalyst film is sometimes more advantageous than a
nanosized catalyst powder because it addresses several challenges. For example, this strat-
egy (1) eliminates the need for catalyst separation and filtration, (2) enables application in
continuous flow systems, and (3) reduces agglomeration at various catalyst loadings [23].
Various methods have been explored to prepare TiO2-based composite films, such as the
sol–gel [24], photoreduction [25], pulsed laser deposition [26], liquid-phase deposition [27],
chemical vapor deposition [28], and plasma-enhanced chemical vapor deposition (PECVD)
methods [10]. PECVD is regarded as the most versatile method for the relatively low-cost
fabrication of composite films with a uniform morphology and good step coverage. Re-
cently, we successfully prepared TiO2-Ag binary films using this technique, where AgNO3
aqueous and titanium tetraisopropoxide (TTIP) vapors were supplied simultaneously [15].
The obtained composite film exhibited a higher photocatalytic activity than TiO2. Through
addition of CNTs, we presume that ternary films can exhibit a higher photocatalytic activity
than binary films.

In the available literature on ternary composites, a binary composite was always
synthesized first. Recently, CNT-Ag composites have been prepared [29,30], which offers a
potential route to generate TiO2-CNT-Ag ternary composites. Nevertheless, we assume
that it is possible to simultaneously supply different materials without preparing a binary
composite. Furthermore, compared to our work on the preparation of TiO2-Ag using liquid
raw materials, we developed a different process to deposit composite films. We fabricated
composite films using solid materials. We have also prepared TiO2 films embedded with
SiO2 nanoparticles by PECVD [31], where the SiO2 solid material and TTIP vapors were
supplied simultaneously. Thus, we have demonstrated the feasibility of generating TiO2-
CNT-Ag ternary composite films by supplying CNTs and Ag solid mixtures.

In this study, TiO2-CNT-Ag ternary composite films were prepared using PECVD.
During preparation, solid suspensions of the CNT/Ag mixture were sprayed with a nozzle
and heated to obtain an aerosol of CNTs and Ag nanoparticles. The aerosol and TTIP
vapors were simultaneously fed into a plasma reactor, where the TiO2-CNT-Ag films were
prepared through a simple operation. The ternary structure of the composite films was
confirmed by characterizing the morphology and optical properties and through elemental
analysis. The photocatalytic activity of the films was evaluated by degrading rhodamine
6G under simulated solar light irradiation.

2. Results and Discussion

2.1. Film Characterization

The TiO2, TiO2-CNT, TiO2-Ag, and TiO2-CNT-Ag films were generated by supplying
only TTIP, a TTIP and 0.25 wt% CNT suspension, a TTIP and 0.1 wt% Ag suspension,
and TTIP and CNT/Ag mixed suspensions (0.25 wt%/0.1 wt%). The corresponding
products are denoted as T, T-C, T-A, and T-C-A0, respectively. The morphology of the
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CNTs is shown in Figure 1a. Figure 1b,c shows the scanning electron microscopy (SEM)
images of the prepared T-C films containing cracks. The cracks sometimes appear on
the periphery of the annealed film surface, which could be attributed to the heat treat-
ment. The CNTs are exposed, confirming their successful incorporation into the film.
Further, the morphologies of the prepared T, T-C, T-A, and T-C-A films are shown in
Figure 2. Figure 2a–d show the cross-sectional morphologies of the films, which are ap-
parently dense with a quasi-uniform thickness of approximately 1 μm. The addition of
CNTs and Ag does not affect the film thickness. Compared to the T films, the CNTs are
attached to TiO2 on the surfaces of the T-C and T-C-A0 films (Figure 2b,d). Only a few CNTs
are observed, which can be attributed to the effective dispersion of the CNT suspension
during deposition. However, the presence of Ag nanoparticles is not confirmed in the T-A
and T-C-A0 (Figure 2c,d) films. The cross-sectional images of the TiO2 film show that it
consists of large columnar grains. This leads to the formation of a relative regular surface,
as shown in Figure 2e. However, with the supply of CNTs and Ag particles, some parts
of the film surface become irregular, like the strip structure in Figure 2f, large aggregate
particles in Figure 2g, and both phenomena in Figure 2e. The use of additives may lead to
the growth of a core-shell structure, which results in the deposition of an irregular structure.
In addition, we performed element mapping of the irregular structure that appeared in the
other samples prepared under the same conditions (Figure 3). The results confirmed the
presence and distribution of Ti, O, Ag, and C. The aggregated particles consisted of Ag
and TiO2, and the strip structures consisted of CNT and TiO2. Thus, the results, confirmed
that TiO2 was embedded with CNTs and Ag nanoparticles. Furthermore, the influence of
different concentrations of the CNT/Ag mixed suspensions, such as 0.25 wt%/0.05 wt%,
0.25 wt%/0.01 wt%, 0.01 wt%/0.1 wt%, and 0.5 wt%/0.1 wt% concentrations, on the T-C-A
films surface was investigated. The products were denoted as T-C-A1, T-C-A2, T-C-A3,
and T-C-A4, respectively. The SEM images of these films are shown in Figure 4. From the
surface structure observations, the amount of CNTs appears to be strongly influenced
by the concentration of the mixed suspension. However, considering that more CNTs
were embedded into the films (Figure 1), it was difficult to define the amount of CNTs
based on the SEM images. In addition, it was challenging to define the morphology of the
Ag particles in all the T-C-A films, which may be due to the existence of the embedded
structure and the small size of Ag particles.

Figure 1. Scanning electron microscopy (SEM) images of: (a) CNTs and (b) and (c) prepared T-C film
containing cracks.

Figure 2. SEM images of the prepared films. Cross-sectional morphologies of (a) T, (b) T-C, (c) T-A,
and (d) T-C-A0. Surface morphologies of (e) T, (f) T-C, (g) T-A, and (h) T-C-A0.
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Figure 3. Elemental mapping of T-A and T-C-A.

Figure 4. SEM images of T-C-A films deposited using different concentrations of CNT/Ag
mixed suspensions: (a) T-C-A0 (0.25 wt%/0.1 wt%), (b) T-C-A1 (0.25 wt%/0.05 wt%), (c) T-C-A2
(0.25 wt%/0.01 wt%), (d) T-C-A3 (0.01 wt%/0.1 wt%), and (e) T-C-A4 (0.5 wt%/0.1 wt%).

Next, transmission electron microscopy energy dispersive X-ray (TEM-EDS) spec-
troscopy was performed to confirm the presence of Ag in the prepared T-C-A0 film, which
was selected as a representative sample. The observed sample was scratched off from the
films and collected by a micro grid, therefore, the original structure was not maintained.
Figure 5a depicts the TiO2 and Ag particles appeared to be attached to the CNT surface.
However, the CNTs were embedded in the TiO2 film, as shown in Figure 1. Figure 5b
shows a magnified version of the area in the yellow square in Figure 5a, confirming that
the TiO2 and Ag nanoparticles are aggregated. Further, the EDS analysis of the area in the
red square in Figure 5b proves the presence of Ag in the film.

Figure 5. Transmission electron microscopy (TEM) images of the prepared T-C-A0 film: (a) CNTs
with Ag and TiO2 particles attached, (b) magnified version of the area in the yellow square in (a),
and (c) energy dispersive X-ray spectroscopy (EDS) results corresponding to the red square in (b).

188



Catalysts 2022, 12, 508

Next, X-ray photoelectron spectroscopy (XPS) measurements were performed to
examine the composite spices and states in the T-C-A0 film, and the results are presented
in Figure 6. The peaks corresponding to Ti 2P, Ag 3d, and O 1s are observed in the wide
spectrum of this film (Figure 6a). Figure 6b illustrates the typical Ti 2p spectrum, with Ti
2p3/2 at 459.0 eV and Ti 2p1/2 at 464.7 eV. Figure 6c provides evidence of the presence
of metallic Ag, with Ag 3d5/2 at 368.2 eV and Ag 3d3/2 at 374.1 eV. In addition, the two
decomposed peaks from the O 1s profile correspond to the lattice oxygen in TiO2 (530.5 eV)
and absorbed H2O (532.1 eV), respectively.

Figure 6. X-ray photoelectron spectra of the T-C-A0 film: (a) survey, (b) Ag 3d, (c) Ti 2p, and (d) O
1s spectra.

Figure 7a shows the X-ray diffraction (XRD) patterns of the T, T-C, T-A, and T-C-A0
films. The diffraction peaks marked with “A” correspond to the (101), (004), (112), (200),
and (211) planes of anatase, indicating that the developed products existed in an anatase
state. There is no peak corresponding to Ag nanoparticles in the patterns of the T-C-A0
and T-A films, which may be because of the low content of Ag nanoparticles in these films.
Therefore, the major characteristic peak of Ag at 38.2◦ (111) overlaps with the characteristic
peaks of TiO2 [22]. The same phenomenon occurs for the CNTs. The diffraction peak of
CNTs at 25.9◦ is attributed to anatase TiO2. This peak shielded the CNTs at 26.1◦, which is
not observed in the XRD patterns of the T-C and T-C-A0 samples, suggesting that the film
contained a low amount of CNTs compared to TiO2 [32].

Generally, the abovementioned phase transformation is initiated by annealing at
~600 ◦C. However, we obtained the only anatase when the samples were annealed at
600 ◦C. When the annealing temperature was increased to 700 ◦C, films with an anatase–
rutile mixed phase were obtained. The XRD analysis of the films annealed at different
temperature are presented in Figure 7b, JCPDS cards of Ag, SiO2, anatase and rutile were
used as the reference. Noticeably, only the anatase phase is evident for the T-C-A0 film
annealed at 600 ◦C, and the peak of the rutile phase appears upon annealing at 700 ◦C.
The phase transfer occurs between 600 and 700 ◦C. This result agrees well with previous
findings [33].
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Figure 7. X-ray diffraction (XRD) patterns of (a) T and T-composite films and (b) T-C-A0 films
annealed at different temperatures.

Figure 8a shows the absorption spectra of the T, T-C, T-A, and T-C-A0 films. For all
of the films, the absorption increased sharply below 400 nm, probably due to the intrinsic
band gap absorption of TiO2 [34]. Compared with the T film, the absorption thresholds of
the T-C, T-A, and T-C-A films extend to the longer wavelength range. This behavior can be
attributed to the photosensitizing effect of CNTs and the local surface plasmon resonance
(LSPR) effect of the Ag particles [35]. Furthermore, the energy level was presumably aligned
in the composite film by the introduction of CNTs and Ag, which can be attributed to the
charge transmission among the TiO2, Ag, and CNTs [36]. The band gap energy can be
estimated by employing the Tauc relation: αhυ = B (hυ − Eg)1/2, where α is the absorption
coefficient, hυ is the photon energy, Eg is the optical band gap, and B is the absorption
constant for direct transitions. Figure 8b shows the plot of (αhυ)2 versus photoenergy (hυ),
where the intercept of the tangent to the plot corresponds to the bandgap. The bandgap of
the T film is 3.47 eV; however, it decreases to 3.39 eV for the T-C film, 3.31 eV for the T-A
film, and 3.22 eV for the T-C-A film.

Figure 8. Optical properties of the T and T-composite film: (a) absorbance spectra and (b) (αhυ)2

versus photon energy (hυ) plot of the prepared films.

The ratio of Ag/Ti in the film was confirmed by inductivity coupled plasma optical
emission spectrometry (ICP-OES) analysis. The results are presented in Table 1. The units
of CNT/Ag (wt%/wt%) suspensions refer to the raw materials (relative values) and corre-
spond to the conditions when deposit films were deposited. Ag/Ti (mg/mg) refer to the
results of the ICP-OES analysis and corresponds to the content of the film (absolute values
(mass)). Ag nanoparticles were present in all of the T-C-A films. However, the Ag/Ti ratio
decreases with decreasing Ag concentration. This result indicates that the Ag content in the
films was influenced by the Ag concentration.
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Table 1. Elemental analysis of the T-C-A film using inductivity coupled plasma optical
emission spectrometry.

Samples Concentration of CNT/Ag Suspensions (wt%/wt%) Ag/Ti (mg/mg)

T-C-A0 0.25/0.1 0.0182
T-C-A1 0.25/0.05 0.0139
T-C-A2 0.25/0.01 0.0118

2.2. Photocatalytic Activity of the Films

Figure 9 illustrates the photocatalytic degradation of aqueous rhodamine 6G by differ-
ent films under simulated solar light. The films used in this section were annealed at 600 ◦C.
The plot of Ct/C0 versus the specified irradiation time (t) for different films is presented in
Figure 9a. Furthermore, we prepared the ln (Ct/C0) versus t plot (Figure 9b) to obtain the
corresponding rate constant k from the slope of the fitting curve (Figure 9c). The photo-
catalytic activity of the film under simulated solar light decreased in the following order:
T-C-A0 > T-A > T-C > T. Compared with the T film deposited by PECVD, the composite
films performed better. Furthermore, the k of the prepared T-C-A0 film is approximately
1.8 times higher than that of the prepared T film.

Figure 9. Photocatalytic activity for the degradation of rhodamine 6G by different films under
simulated solar light: (a) degradation with respect to time, (b) ln (Ct/C0) versus to time plot and
(c) rate constants degradation for various samples.

In addition, Figure 10a presents the plot of Ct/C0 as a function of irradiation time for
the T-C-A0 films annealed at different temperatures. We also plotted ln (Ct/C0) against
t (Figure 10b) to obtain the corresponding rate constant k from the slope of the fitting
curve (Figure 10c). The efficiency of the T-C-A0 films annealed at 700 ◦C for rhodamine
6G degradation is higher than that of the T-C-A0 films annealed at 600 ◦C, which can be
attributed to the phase transfer of the crystalline phase at different annealing temperatures.

To the best of our knowledge, other researchers have also estimated the photocatalytic
activity based on the rate constant. Soltanieh et al. prepared a TiO2/Ag0@MWCNTs com-
posite with rate constant of 0.07675 min−1 [37], which is higher than that of their prepared
TiO2/Ag binary structure. Wang et al. illustrated an Ag-CNT/TiO2 composite with a rate
constant 0.03052 min−1 [21], which is higher than that of their prepared CNT/TiO2 binary
structure. Numerous factors affect the photocatalytic activity, such as the concentration
of dyes, power of the irradiation light, and morphology of the catalyst. Thus, it is diffi-
cult to compare the activities of the catalysts prepared in different studies. Nevertheless,
we proved that the fabricated ternary composites show a higher rate constant than that of
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fabricated binary composite (TiO2-CNT and TiO2-Ag). Therefore, the developed process
has significant potential to improve the performance of photocatalysts.

Figure 10. Photocatalytic degradation of rhodamine 6G by T-C-A films annealed at different tempera-
tures: (a) degradation with respect to time, (b) ln (Ct/C0) versus to time plot, and (c) corresponding
rate constants of degradation for samples.

These results confirm that the photocatalytic activity of TiO2 is significantly enhanced
by embedding CNTs and Ag particles into the TiO2 film. In addition, the ternary composites
(T-C-A) show higher photocatalytic activity than binary structure films (T-C and T-A).
Thus, we believe that the photoreaction system in this study could not be simply defined
as two binary systems. However, we could not determine the detailed structure of this
system during photoreaction. Moreover, the photocatalytic mechanisms are so complex
that defining them only by film structure is insufficient. Hence, we assume the possible
mechanism for the ternary system during photoreaction. In general, electrons are generated
by the light irradiation of Ag nanoparticles due to the LSPR effect. These photoexcited
electrons can be transferred to the conduction band of TiO2 through the Schottky barrier
formed at the Ag–TiO2 interface [18]. Simultaneously, TiO2 can act as a photosensitizer,
where the valence band electrons can be excited to a new sub-bandgap state that is formed
by the TiO2-CNT-Ag ternary structure [38]. In addition, CNTs act as electron acceptors,
and the electrons on TiO2 and Ag can also be transferred to the CNTs, which reduces
electron-hole recombination. Thus, charge carriers contribute to the formation of active
species (O2−, ·OH), thereby enhancing the photocatalytic activity [39]. We propose that TiO2
acts as the main photosensitizer under solar light irradiation due to the special structure of
the ternary films and that the activated electrons can easily be transferred to the CNTs and
Ag, reducing the recombination of electron–hole pairs, as shown in Figure 11.
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Figure 11. Possible schematic explaining the photocatalytic activity of the T-C-A ternary film.

3. Experimental

3.1. Experimental Process

The CNT suspensions (0.5 wt%) were prepared using 0.5 g of CNTs (Sigma-Aldrich,
St. Louis, MO, USA, diameter: 110–170 nm and length: 5–9 μm) dispersed in 95 mL of
deionized water with Triton X-100 as the dispersant. The Ag nanoparticle suspensions
(0.1 wt%) were synthesized via co-precipitation [40]. Subsequently, 0.18 g of AgNO3
(Nacalai Tesque, Inc., Tokyo, Japan) was dissolved into 100 mL of deionized water, and 2 mL
of 0.01 g/mL of trisodium citric acid (Wako Pure Chemical Industries, Ltd., Osaka, Japan)
aqueous solution was added. The mixture was then stirred at 100 ◦C for 1 h and cooled to
~25 ◦C. A solid suspension for spraying was prepared by mixing water, the CNT suspension,
and the Ag nanoparticle suspension with a certain concentration.

Figure 12 shows the experimental setup consisting of different feeding systems [15,31].
A solid suspension (10 mL) was supplied by a syringe pump (YSP-301, YMC. Co., Ltd.,
Kyoto, Japan) with a capillary tube. A two-fluid nozzle was used to spray the solid
suspension, with He gas flowing at a rate of 1000 sccm. The transport tube was preheated
using a ribbon heater to dry the solid suspension. The obtained aerosol particles of CNT/Ag
were supplied to the plasma cavity. On the other hand, TTIP (Tokyo Chemical Industry
Co., Ltd., Tokyo, Japan) was vaporized in a bubbler (45 ◦C) with He gas at a flow rate
of 50 sccm. Meanwhile, O2 gas with a flow rate of 50 sccm and He gas with a flow
rate of 400 sccm were employed to transfer the vaporized TTIP. The quartz tube (inner
diameter: 25.4 mm; length: 300 mm) was wrapped and supported by a cavity. Furthermore,
we designed a recessed part in the middle of the quartz tube to place a quartz mesh and
hold a glass substrate, on which the films could be deposited. The plasma was produced
by 190 W microwaves (2.45 GHz) in a quartz tube. A vacuum pump (Pascal 2025C1,
Pfeiffer Vacuum, Inc., Asslar, Germany) was used to maintain all the equipment under
vacuum pressure before feeding and at ~6 kPa after the materials were fed. The films were
deposited on a quartz glass plate (1 × 1 cm) through the simultaneous feeding of the TTIP
and CNT/Ag suspensions for 15 min. The obtained films were annealed at 600 ◦C and
700 ◦C in an N2 atmosphere.
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Figure 12. Experimental setup for PECVD.

3.2. Film Characterization

The morphology of the films was analyzed by SEM (S-5200, Hitachi High Technologies,
Tokyo, Japan) and TEM (JEM-2010, JEOL, Tokyo, Japan), in conjunction with EDS (JED-
2300T, JEOL, Tokyo, Japan). The elemental analysis was performed by XPS (ESCA-3400,
SHIMADAZU, Kyoto, Japan). The crystal structures of the films were investigated by
XRD (RINT-2100, Rigaku, Tokyo, Japan), using Cu-Kα radiation (λ = 1.5406 Å). The UV–
Vis spectra of the films were recorded using a V-650 UV–Vis spectrophotometer (Jasco,
Tokyo, Japan).

Further, the elemental analysis of the films was conducted by employing an ICP-OES
instrument (SPS3000, Hitachi High Technologies, Tokyo, Japan). Each film was placed in
a polypropylene sample tube and immersed in 1 mL of ethanol. Ethanol was used as a
lubricant and collector for the scraped film powder. A micro grinder equipped with an
electroplated diamond burr was used to scrape the film off the substrate. The obtained
powder was dried and dissolved in HF. Excess HF was neutralized by H3BO4, and the
solvents were then filtered and used for ICP-OES analysis.

3.3. Photocatalytic Activity

To investigate the photocatalytic activities of the films, the degradation of rhodamine
6G by the films under simulated solar-light irradiation was evaluated. The spectrum of
the light used to activate the films is recorded by spectro multi-channel photo detector
(MCPD-3000, Otsuka Electronics, Osaka, Japan), and the result is shown in Figure 13.
Firstly, the films were immersed in 3 mL of a rhodamine 6G aqueous solution (5 mg/L),
which was held in the cuvette cell and left in the dark for 30 min to reach adsorption
equilibrium. Subsequently, the catalytic process was activated through irradiation with
simulated solar light (300–800 nm). Using the equation for the absorbance and concentration
of rhodamine 6G, the maximum absorbances of rhodamine 6G at different times were
observed and converted into concentrations of rhodamine 6G. The concentrations before
and after irradiation were determined through UV–Vis spectrophotometry (V-650, Jasco,
Tokyo, Japan) every 10 min. Furthermore, the degradation efficiency was determined by
Ct/C0, and the rate constant k was calculated as follows:

ln
C0

Ct
= kt (1)

where C0 and Ct represent the concentrations of rhodamine 6G before and after irradiation,
respectively, and t is the irradiation time.
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Figure 13. Light spectrum used to activate the films.

4. Conclusions

In this study, a T-C-A ternary composite film was successfully prepared using a
novel and simple process with relatively good coverage. The XRD spectrum revealed
that the structure of T-C-A had a pure anatase phase after annealing at 600 ◦C and an
anatase–rutile mixed phase after annealing at 700 ◦C. The SEM images exhibited good
coverage with the CNT embedded structure of the T-C-A film, and the thickness was
approximately 1 μm. The TEM-EDS images indicated the presence of Ag. The XPS analysis
proved that Ag existed in the metallic state. The UV–Vis spectrum confirmed that the
absorbance of T-C-A extended to longer wavelength. The ICP-OES results indicated the
presence of Ag. Moreover, the photocatalytic activity of the prepared T-C-A film was
approximately 1.8 times higher than that of the prepared T film. The expected ternary
structure and photocatalytic ability of T-C-A were determined using PECVD. We believe
that the investigated process has immense potential for use in the preparation of films with
different materials.
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Abstract: TiO2 is a promising photocatalyst, but its large bandgap restricts its light absorption to
the ultraviolet region. The addition of noble metals can reduce the bandgap and electron-hole re-
combination; therefore, we prepared TiO2-Ag nanoparticle composite films by plasma-enhanced
chemical vapor deposition (PECVD) using a mixture of aerosolized AgNO3, which was used as a Ag
nanoparticle precursor, and titanium tetraisopropoxide, which acted as the TiO2 precursor. Notably,
the use of PECVD enabled a low process temperature and eliminated the need for pre-preparing the
Ag nanoparticles, thereby increasing the process efficiency. The structures and morphologies of the
deposited films were characterized by ultraviolet (UV)—visible spectroscopy, X-ray diffraction, X-ray
photoelectron spectroscopy, scanning electron microscopy, transmission electron microscopy and
energy-dispersive X-ray spectroscopy, and the effects of the AgNO3 concentration on the photocat-
alytic activity of the deposited films were determined by assessing the degradation of methylene blue
under UV light irradiation. The Ag ions were successfully reduced to metallic nanoparticles and were
embedded in the TiO2 film. The best photocatalytic activity was achieved for a 1 wt% Ag-loaded
TiO2 composite film, which was 1.75 times that of pristine TiO2.

Keywords: metal nanoparticles; thin film; bandgap; photocatalytic activity

1. Introduction

Since the first use of TiO2 electrodes for the photocatalytic splitting of water in 1972 [1],
TiO2 has become one of the most promising photocatalysts. To date, TiO2 photocatalysts
have been used in the bulk, powdered, nanostructured, and thin-film forms. In particular,
the synthesis of TiO2 in the form of thin films allows it to be efficiently utilized, thereby
expanding its applications [2]. Furthermore, the immobilization of catalyst thin films
on a substrate is advantageous compared to the use of powdered catalysts, because it
(1) eliminates the need for catalyst separation and filtration, (2) enables application in
continuous flow systems, and (3) reduces agglomeration at various catalyst loadings [3].
However, despite the promise of thin-film TiO2 photocatalysts, TiO2 has an intrinsically
low photocatalytic activity because of the large bandgap (3.2 eV) of the anatase phase,
which allows absorption only in the ultraviolet (UV) region, thereby preventing the full
utilization of solar energy (typically, only 3–5% of the total solar spectrum). In addition,
the fast recombination of electron-hole pairs reduces the catalytic activity [4–6]. Therefore,
metals, such as Ag, Au, Pt, and Cu, have been doped into TiO2 films, which enhance the
photocatalytic activity compared to that of undoped TiO2 films. In this study, we focused
on the doping of TiO2 thin films with Ag.

Several methods have been developed for film deposition, among which chemical va-
por deposition (CVD) is one of the most popular. It requires simple equipment, and yields
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good surface coverage and a high deposition rate [7], but it requires high temperatures.
Therefore, to enable the use of lower temperatures, the plasma-enhanced CVD (PECVD)
method has been proposed. In PECVD, films are deposited on a low-cost substrate by utiliz-
ing the reactive chemical species formed in a microwave-induced plasma [8]. Notably, thin
TiO2 films and metal-doped TiO2 composite films have been deposited by PECVD [9–11],
where titanium tetraisopropoxide (TTIP) was employed as a reactive TiO2 precursor. Dur-
ing the reaction, TTIP was cracked by inelastic collisions with the ionized species in the
plasma [12], enabling the use of a low overall process temperature. In addition, metal
ions can be reduced to their metallic state by plasma treatment [13]. In fact, recently, we
successfully fabricated TiO2 composite films by adding a Ag nanoparticle suspension [14];
however, this required pre-preparing the nanoparticle mixture. Therefore, in this study,
to increase the process efficiency, AgNO3 was used as the Ag+-ion source and TTIP was
used as the TiO2 precursor. Briefly, aqueous AgNO3 was aerosolized and supplied to the
PECVD reactor. In the plasma, Ag nanoparticles were obtained by the reduction of AgNO3,
and these were deposited on the substrate. Simultaneously, the TiO2 film was deposited
from the species formed by the cracking of the TTIP vapor introduced in the He and O2
carrier gases. In particular, we investigated the influence of the AgNO3 concentration on
the structure and photocatalytic activity of the TiO2-Ag composite films.

2. Results and Discussion

2.1. Ultraviolet (UV)—Visible (Vis) Spectra

Figure 1a demonstrates the UV-Vis spectra of the pristine TiO2 film and the TiO2-Ag
composite films prepared using different concentrations of AgNO3 (0.1–4 wt%). The
pristine TiO2 film exhibits a threshold wavelength of 358 nm, which does not fall in the
visible light range. Increasing the concentration of AgNO3 shifts the absorption edges of the
TiO2-Ag composite films toward longer wavelengths; that is, they shift toward the visible
region. In particular, the spectra of the TiO2-Ag composite films show a strong shoulder
peak at 300–500 nm, which can be attributed to the surface plasmon absorption of spatially
confined electrons in the Ag nanoparticles [15]. This suggests that doping TiO2 with Ag
can significantly enhance its visible-light absorption. The bandgap energy was calculated
using the relation (αhυ)1/γ = B(hυ − Eg), where α is the absorption coefficient, hυ is the
incident photon energy, Eg is the bandgap energy, the γ-factor is equal to 1/2 for a direct
bandgap, and B is a constant [16]. The (αhυ)2 versus hυ plots, constructed based on the
absorbance spectra, are shown in Figure 1b. The bandgap was estimated by extrapolating
the tangent of the curve to the x-axis (Table 1). The bandgap of pristine TiO2 was 3.54 eV,
while those of the TiO2-Ag composite films decreased from 3.21 to 2.61 eV with increasing
AgNO3 concentration. The difference in the bandgaps of these samples may originate from
the different surface microstructures and compositions [17].

 

Figure 1. Optical properties of the pristine TiO2 film (T) and TiO2-Ag composite films deposited
using AgNO3 concentrations of 0.1–4 wt%: (a) absorbance spectra, (b) plot of (αhυ)2 versus photon
energy (hυ).
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Table 1. Bandgap energies (Eg) of the films.

Film Threshold Wavelength (nm) Eg (eV)

Pristine TiO2 350 3.54
TiO2-Ag (0.1 wt%) 386 3.21
TiO2-Ag (0.5 wt%) 389 3.18
TiO2-Ag (1 wt%) 410 3.02
TiO2-Ag (2 wt%) 442 2.80
TiO2-Ag (4 wt%) 457 2.61

2.2. X-ray Diffraction (XRD) Analysis

The effect of AgNO3 concentration on the crystal phase of the prepared films was
analyzed by XRD (Figure 2) using JCPDS cards of TiO2, Ag, and SiO2 as the reference.
Regardless of the AgNO3 concentration, the prepared films exhibited peaks only for the
anatase phase at 25.82◦, 37.53◦, 38.34◦, 39.16◦, 48.56◦, 54.44◦, and 55.56◦ correspond to the
(101), (112), (103), (004), (200), (105), and (211) planes, respectively. In particular, no peaks
consistent with those of metallic Ag are observed, possibly because of the low loading of
Ag or overlap with peaks corresponding to TiO2 [18]. In addition, the peak near 23◦ may
be attributed to the SiO2 of the substrate. However, we were unable to identify the peaks
near 35◦ and 43◦, which may originate from unknown contamination.

Figure 2. X-ray diffraction patterns of the pristine TiO2 film and TiO2-Ag composite films deposited
using different concentrations of AgNO3.

2.3. X-ray Photoelectron Spectroscopy (XPS) Analysis

Next, XPS measurements were performed to examine the chemical species and their
oxidation states in the prepared 1 wt% AgNO3-loaded TiO2-Ag film, which was selected
as a representative sample to confirm the conversion of AgNO3 to metallic Ag. Figure 3a
illustrates the XPS survey profile of this film, which contains three peaks corresponding to
O 1s, Ti 2p, and Ag 3d. Figure 3b demonstrates the typical Ag 3d spectrum, with Ag 3d5/2
and Ag 3d3/2 peaks at binding energies of 368.2 and 374.1 eV, respectively; these peaks
are characteristic of metallic Ag. The two peaks corresponding to the Ti 2p3/2 and Ti 2p1/2
peaks (459.0 eV and 464.7 eV, respectively) are shown in Figure 3c, and they confirm the
presence of Ti4+; this is consistent with the use of TiO2 in the prepared films. The O 1s
spectrum could be deconvoluted into three peaks at 530.2, 532.2, and 534.3 eV (Figure 3d),
corresponding to the lattice oxygen in TiO2 and the dissociated oxygen and hydroxyl-like
groups [19,20], respectively.
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Figure 3. X-ray photoelectron profiles of the TiO2-Ag (1 wt%) film: (a) survey, (b) Ag 3d, (c) Ti 2p,
and (d) O 1s spectra.

2.4. Morphological Structure

Figure 4 demonstrates the scanning electron microscopy (SEM) images on the surface
microstructures and cross-section of the TiO2-Ag composite films deposited using different
AgNO3 concentrations. The pristine TiO2 film has a dense surface structure. However, the
prepared composite films contain secondary spherical particles formed by the aggregation
of tiny particles; these secondary particles show a wide range of sizes. Generally, additives
such as Ag nanoparticles provide nucleation centers, thereby inducing the formation of
agglomerates or dense heterogeneities during deposition [21]. In addition, higher AgNO3
concentrations resulted in a more severe agglomeration on the surface of the films, as
previously reported [22,23]. However, the aggregated particles are tightly packed together,
suggesting that the PECVD method produces films with good substrate coverage. The layer
thickness was estimated using cross-section images, and all the films showed a thickness
of approximately 0.7 μm. Furthermore, repeated experiments yielded a relatively smooth
surface for the TiO2 films and a rough surface for the TiO2-Ag composite films, indicating
that our film deposition process is reproducible.

A microgrid was employed to scratch the surface of the synthesized TiO2-Ag composite
films, which were subsequently investigated using transmission electron microscopy energy
dispersive X-ray (TEM-EDS). The results reflect only a very small part of the surface of the
film. The images of the 1 wt% AgNO3-containing film (Figure 5) shows that spherical Ag
nanoparticles of 40–60 nm diameter are attached to the very small TiO2 particles. The large
size of the Ag nanoparticles may cause the aggregation on the surface of the film as shown
in the SEM images (b–f). Figure 5b shows the high-resolution TEM (HRTEM) images. The
interplanar spacings of the (111) plane of Ag and (101) plane of anatase were determined to
be 0.24 and 0.35 nm, respectively. Thus, the Ag nanoparticles were tightly coated by the
TiO2 particles. Furthermore, the EDS analysis of the region enclosed in a yellow square in
Figure 5a confirmed the presence of the Ag species in the film.
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Figure 4. Scanning electron microscopy images of the surface view and cross-section of (a) pristine
TiO2 film and TiO2-Ag composite films deposited using different AgNO3 concentrations: (b–f) 0.1,
0.5, 1, 2, and 4 wt%, respectively.

Figure 5. Structure and component of the TiO2-Ag (1 wt%) film: (a) transmission electron microscopy
(TEM) image, (b) high-resolution TEM images, and (c) the corresponding energy dispersive X-ray
profile of the region in the yellow square.

2.5. Photocatalytic Activity

The photocatalytic activities of the samples were evaluated based on the decompo-
sition of methylene blue (MB) under UV irradiation. Figure 6a shows the degradation
of MB (Ct/C0) with respect to time (t) for the different films under UV light irradiation.
All the films exhibited photocatalytic activities under the same conditions. However, the
photocatalytic activities of the TiO2-Ag composite films were higher compared to that of the
pristine TiO2 film. A possible mechanism has been previously reported [19,24]. The percent
MB degradation by the different films after 3 h of irradiation was calculated using the
formula [(C0 − Ct)/C0] × 100%, where C0 and Ct are the concentrations of MB at time t = 0
and after irradiation for time t, respectively. The TiO2-Ag (1 wt%) composite film exhibited
the best photocatalytic activity, yielding an MB degradation of approximately 41%, whereas
the pristine TiO2 film showed an activity of approximately 11%. As mentioned, the rate
constant, k, for MB degradation by the different films was calculated using Equation (1), and
the results are shown in Figure 6b. The resulting k values also confirm that the maximum
photocatalytic activity was exhibited by the TiO2-Ag (1 wt%) composite film, which was
almost 1.7 times that of pristine TiO2. Thus, 1 wt% was determined to be the optimal
concentration because higher loadings (e.g., 2 wt% and 4 wt%) resulted in lower activities.
Previously, adding excess Ag has been shown to reduce the photocatalytic activity because
of the increased reflection of incident light [25,26]. In addition, electron-hole recombination
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can occur on the Ag nanoparticles, thereby hindering or preventing electron transfer to the
surface and reducing the photocatalytic activity [27].

Figure 6. Photocatalytic activity for the degradation of methylene blue over different films: (a) degra-
dation with respect to time and (b) rate constants.

3. Experimental Setup and Characterization

3.1. Experimental Setup

Figure 7 shows a schematic of the PECVD reactor consisting of the material feeding
systems, a ribbon heater, a quartz tube with a substrate holder, the plasma generation
system, and a vacuum pump [14,28]. The plasma was produced when the gaseous species
was ionized by 2.45 GHz microwaves generated using a magnetron (MH2000S-212BB,
Muegge, Co., Ltd., Reichelsheim, Germany). The temperature and pressure of the system
were controlled using the ribbon heater and vacuum pump (Pascal 2015C1, Pfeiffer Vacuum,
Inc., Asslar, Germany), respectively. On the left-hand side of the system, aqueous AgNO3
(99.8%, Nacalai Tesque, Inc., Tokyo, Japan) solutions with concentrations ranging from 0
to 4 wt% were supplied by a syringe pump (YSP-301, YMC. Co., Ltd., Kyoto, Japan). To
aerosolize the aqueous AgNO3 solution, a two-fluid nozzle was used. The carrier gas was
He gas and was introduced at a rate of 1500 standard cubic centimeters per minute (sccm).
TTIP (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was vaporized and fed into the
system with He and O2 gases at a flow rate of 50 sccm. The plasma gas was generated inside
a glass tube with an inner diameter and length of 25.4 mm and 300 mm, respectively, and
the materials were fed into this tube. As AgNO3 and TTIP were simultaneously fed into
the system over 15 min, the films were deposited onto the glass substrate. Subsequently,
the obtained films were annealed at 600 ◦C for 12 h under N2 gas flow at 200 sccm.

Figure 7. Schematic describing the fabrication process of the plasma-enhanced chemical vapor
deposition method.
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3.2. Characterization

The optical properties of the films were investigated using a V-650 spectrophotome-
ter (JASCO, Tokyo, Japan). The crystal structures of the films were determined by XRD
(RINT2100, Rigaku, Tokyo, Japan), using Cu-Kα radiation (λ = 1.5406 Å). The elemental
composition and their oxidation states were determined using XPS (ESCA-3400, SHI-
MADAZU, Kyoto, Japan). The recorded XPS spectra were fitted using the C 1s peak at
284.6 eV as the reference; this peak corresponded to adventitious carbon on the sample
surface. The morphologies of the films were visualized using SEM (S-5200, Hitachi High-
Technologies, Tokyo, Japan) and TEM (JEM-2010, JEOL, Tokyo, Japan), in conjunction with
energy-dispersive EDS (JED-2300T, JEOL, Tokyo, Japan).

The photocatalytic activities of the films were measured in a cuvette using 3 mL of
MB (Kanto Chemical Co. Inc., Tokyo, Japan). To attain the adsorption equilibrium, the
cuvette was left in the dark for 30 min. Then, the photocatalytic reaction was initiated by
irradiating the sample with UV light (365 nm, 1407 μW/cm). The absorption spectrum
of the sample was recorded on a V-650 spectrophotometer at an interval of 30 min. MB
mainly absorbed in the range of 550–700 nm, with an absorption maximum at 665 nm. The
measurement was conducted in a thermostatically controlled system maintained at 25 ◦C.
The concentration of MB was determined using the Beer-Lambert law, and the percent
degradation of MB was calculated as [(C0 − Ct)/C0] × 100%, where C0 and Ct are the
concentrations of MB at time t = 0 and after irradiation for time t, respectively. Further,
the reaction rate constant, k, was calculated to evaluate the photocatalytic ability of the
different films, as expressed by Equation (1).

ln
C0

Ct
= kt (1)

4. Conclusions

In this work, pristine TiO2 films and TiO2-Ag composite films were successfully
prepared with the PECVD method. The films were annealed at 600 ◦C after PECVD, and
they exhibited a typical anatase structure. The addition of Ag nanoparticles significantly
altered the morphology of the films due to particle aggregation. Notably, the use of the Ag
dopant significantly improved the light absorption ability of the films; that is, compared
to pristine TiO2, the TiO2-Ag composite films show significantly enhanced photocatalytic
activities. Thus, the optimal film (in terms of the photocatalytic activity) was prepared
using 1 wt% AgNO3. Overall, the results demonstrate the success of PECVD for doping
TiO2 thin films with metal nanoparticles, thereby providing a simple synthetic process for
preparing metal-doped films with high photocatalytic activity.
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Abstract: The influence of the synthesis approach (thermal polyol and deposition–precipitation)
regarding the dispersion of Ag/AgBr nanoparticles dispersed on activated carbon prepared from
chemical impregnated pinecone (TP-AABR-ACK, and DP-AABR-ACK) was studied, to increase their
photocatalytic efficiency on the degradation of tetracycline (TC). The physicochemical characteriza-
tion evidenced the significance of the ACK catalyst promoter in enhancing controlled microstructures
(morphologies and particle size distributions), synergistic interface interaction between AABR NPs
and the carbonaceous support, and efficient photogenerated charge carriers separation within TP-
AABR-ACK, and DP-AABR-ACK composites. The results revealed 92% removal of TC within
180 min under the LED visible light irradiation, which was achieved using TP-AABR-ACK when
compared to DP-AABR-ACK composite and other catalysts in this study. Such superior results
achieved with TP-AABR-ACK composite were attributed to controlled morphologies, reduced par-
ticle size and agglomeration, improved absorptivity, and superior cooperative effect between the
AABR and ACK catalyst promoter as evidenced from SEM, EDX, TEM, UV-DRS, and electrochemical
characterizations, respectively. Furthermore, enhanced TOC removal and abundance of reactive
superoxide anion generation were achieved with the TP-AABR-ACK composite in this study.

Keywords: silver/silver bromide; activated carbon; controlled microstructures; tetracycline degrada-
tion; reactive oxygen species

1. Introduction

Wastewater effluents from pharmaceutical wastes has been identified as a crucial
environmental issue, requiring urgent attention for removal [1]. The persistent overuse and
abuse of pharmaceutical antibiotics, in the society nowadays have adverse effects on both
aquatic and terrestrial organisms in the environment [2,3]. Tetracycline (TC) antibiotics
are commonly employed for health purposes, due to their antibacterial and antimicrobial
influence, which are very challenging to biodegrade in living organisms [3]. The removal
of such organic compounds from water using conventional remediation methods still has
limitations, and adequate outcomes are not achieved; hence, the need for cost-effective
treatment method is required [4]. Host of water treatment technologies such as adsorption,
biodegradation, and photocatalysis have been applied to overcome this environmental
issue [3–5]. Semiconductor photocatalysis under the advanced oxidation processes (AOPs)
is considered an effective environmentally friendly and economic treatment approach in
addressing threats of pharmaceutical TC antibiotics in the environment [3,5–7]. Therefore,
it is urgent for the design and development of efficient and suitable photocatalysts that can
harvest the visible-light potentials of the solar spectrum, in achieving enhance removal of
TC antibiotic from wastewater.
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With this fact, a host of visible light active photocatalyst semiconductors have been
reported [8–12]. Among these visible light photocatalysts, the nanostructures from plas-
monic silver/silver halide (Ag/AgX, X = Br, Cl, or I) materials have attracted attention
owing to their excellent light harvesting through Ag NPs surface plasmon resonance (SPR),
and electronic attributes that advance reactive oxygen species (ROS) production [13]. In the
past years, silver/silver bromide (Ag/AgBr) photocatalyst have had vast applications for
environmental remediation and energy generation purposes [14,15]. Specifically, a rapid
formation of AgBr nanoparticles (NPs) occurs during the synthetic process, which signifi-
cantly influence the faster sprouting of the metallic silver nanoparticles (Ag NPs) at the
photoinduced reduction stage [3]: hence, irregular morphologies, large particle size, and an
evidence of agglomeration associated with this process; thus, lower photocatalytic activity
along with lower efficiency in the production of ROS by the Ag/AgBr photocatalyst [3].
However, several synthetic processes have been utilized in controlling the morphologies
and reducing the agglomeration of Ag/AgBr NPs [12,16–18]. However, a rapid recombi-
nation of the photoexcited electron–hole pairs through interaction with visible light with
preceding works [3,17,18], during the photocatalysis process still persist, thus limiting their
potential applications. An alternative approach is the immobilization of Ag/AgBr (AABR)
NPs on an inert, and appropriate catalyst support, that controls the microstructures of
AABR NPs and expediates the separation of photogenerated charge carriers.

Specifically, three-dimensional (3D) architectures are a well known catalyst support,
which have attracted considerable attention owing to their unique hierarchical porous
network, which found vast applications in photocatalysis [19], supercapacitors [20], and
sensing [21]. The 3D network materials aid in efficient dispersion of photocatalyst NPs,
enhanced visible light absorptivity, and promote fast separation of photogenerated charge
carriers in semiconductor photocatalysis applications [22–24]. Particularly, the high surface
area activated carbon (AC) derived from low cost, reproducible, and abundance biomass
materials has formed ordered nanostructures with a host of photocatalyst materials. The
3D AC also increased intimate contact between the pollutant and active sites of photo-
catalyst, thus facilitating the efficient separation of charge carriers with high catalytic
activities [22,25,26]. Hence, the application of activated carbon synthesized from mi-
crowave pyrolysis of pinecone chemically impregnated with potassium hydroxide (ACK),
will be employed as a potential catalyst promoter/support for this study, in the controlled
morphologies of AABR NPs.

Studies have shown that preparation conditions (reaction temperature, structuring
directing agents, and ammonium hydroxide volume) significantly influence the unique
AABR nanostructures formation during the glycothermal process [17]. As such, the AABR-
ACK composites were synthesized through two methods (thermal polyol—TP-AABR-ACK,
and deposition–precipitation—DP-AABR-ACK) in this study [10,11], which has never been
reported so far.

In this present work, the synthetic influence of the AABR-ACK composites (analyzed
using SEM, XRD, FTIR, UV-DRS, and electrochemical studies) from two different methods
were carried out. The visible light photocatalytic degradation of TC antibiotic was con-
ducted. Furthermore, the generation rate of superoxide anion radical from the as-prepared
catalyst, as well comparison of active photocatalysts with other previously existing studies
on TC degradation, were evaluated.

2. Results and Discussions

The crystal structures of TP-AABR-ACK, DP-AABR-ACK, DP-AABR, and TP-AABR
are comparatively presented as shown in Figure 1. Furthermore, the center cubic phase
of AgBr depicts the peaks at about 26.6◦, 31.1◦, 44.3◦, 54.8◦, 64.8◦, 73.4◦ that aligns with
the diffraction of the (111), (200), (220), (222), (400), (420) planes of AgBr with JPCDS
file: 079-0148. The Ag NPs (JCPDS file: 071-3762) [27] revealed four diffraction peaks at
around 38.2◦, 44.2◦, 64.4◦, and 77.8◦, which were all assigned to (111), (200), (220), and
(311) planes of Ag, [28] respectively. In addition, the peaks of metallic Ag and AgBr, for

208



Catalysts 2021, 11, 1396

the AABR-ACK nanocomposites, shifted by 0.2◦, thus being attributed to the interfacial
interaction between the AABR nanoparticles and ACK catalyst support [29–31]. These
attributes for TP-AABR-ACK and DP-AABR-ACK nanocomposites will further promote
fast separation of photogenerated charge carriers, thus resulting in high catalytic activities
on the removal of TC antibiotics.

Figure 1. XRD patterns of DP-AABR-ACK, TP-AABR-ACK nanocomposites, DP-AABR,
and TP-AABR.

The SEM micrographs of plasmon TP-AABR, TP-AABR-ACK, DP-AABR, and DP-
AABR-ACK catalysts are presented in Figure 2a–f; herein, the morphologies of TP-AABR,
and DP-AABR are irregular morphologies, agglomerated with large particle size distribu-
tion (1.2–1.7 μm) as presented in Figure 2a,d. From the SEM image for TP-AABR-ACK, and
DP-AABR-ACK in Figure 2b,e, ordered nanospheres (TP-AABR-ACK) and near spheres
(DP-AABR-ACK) of AABR particles are homogeneously dispersed on ACK with a sig-
nificant reduction in particle size distribution to around 200–350 nm, respectively. The
TP-AABR-ACK composite evidenced no agglomeration and a lower particle size diameter
(Figure 2b,c) compared with DP-AABR-ACK with some slight agglomeration (Figure 2e,f).
The TP-AABR-ACK composite with a minuscule particle size diameter and nanospheres
morphology will thus possess a speedier charge carrier transfer [32].

The elements distribution of TP-AABR-ACK and DP-AABR-ACK composites were
investigated through the energy-dispersive X-ray spectroscopy (EDX) measurement. The
three elements Ag, Br, and C were distributed in the as-prepared samples, which confirmed
the co-existence of AABR nanoparticles (NPs) and carbon in the samples as depicted in
Figure 3a–h. In addition, a more than 1:1 molar ratio of Ag+: Br– in the DP-AABR-ACK sam-
ple was observed in EDX (Figure 3a,e), which confirmed the creation of more metallic Ag
NPs in the composite, compared to TP-AABR-ACK. The excessive Ag content on the surface
of AgBr for DP-AABR-ACK might results in reduced photocatalytic activity [33], while TP-
AABBR-ACK with low content and order dispersion of AABR nanospheres will enhance TC
removal efficiently in this study [33,34]. The three-dimensional network of the ACK struc-
ture favored for uniform distribution of AABR nanoparticles in the formed nanocomposites.
Both TP-AABR-ACK and DP-AABR-ACK composites (Figure 3b–h) showed homogeneous
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distribution of the main elements that promotes improved photogenerated charge carriers
transfer efficiency [35], and thus significantly enhances their photocatalytic activities on TC
removal, as further discussed in Figure 7.

Figure 2. SEM images plasmon: (a) TP-AABR, (b) TP-AABR-ACK, (d) DP-AABR, (e) DP-AABR-ACK,
and (c,f) particle size distribution of TP-AABR-ACK and DP-AABR-ACK photocatalysts.

Figure 3. EDX spectrum and elemental mapping of TP-AABR-ACK (a–d) and DP-AABR-ACK (e–h).

The TEM image of TP-AAABR-ACK composite as presented in Figure 4a is nanospheres
particles with particle size diameter around 3 nm (Figure 4c). The emergence of near spheres
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particles with the DP-AABR-ACK is evidenced by the TEM image (Figure 4d), with particle
size distribution at about 6 nm (Figure 4f). Figure 4b,e from the HRTEM image reveals
d-spacing of 0.237 nm, attributed to (111) planes of metallic Ag [36], and d-spacing of
0.286 nm is assigned to (200) planes of silver bromide [37]. The particle size diameter of TP-
AABR-ACK is smaller compared to the DP-AABR-ACK composite (Figure 4c,f). The TEM
images for both TP-AAABR-ACK, and DP-AAABR-ACK remarkably evidenced the metal-
lic Ag and AgBr within the nanocomposites, as their direct contact with ACK is desirable
in the development of a strong heterostructure for enhanced charge carrier separation.

Figure 4. (a,d) Transmission electron micrographs, (b,d) high-resolution Transmission electron
micrographs, and (c,f) particle diameter of the TP-AABR-ACK and DP-AABR-ACK photocatalysts.

The composites (TP-AAABR-ACK and DP-AABR-ACK) functionals groups and the
presence of carbonaceous material in the composites were confirmed by FTIR measurement
and presented in Figure 5. The FTIR weak band at 3405 cm−1 associated with weak
O-H stretching vibrations of the ACK [38], while the carbonyl (-C=O) stretching band of
the carboxylic groups was also observed, 1692 cm−1 [39], and the peak at 1575 cm−1 is
attributed to the -C=C vibrational bond of the aromatic ring [25]. The characteristic bands
of C-OH and C-O-C were also detected at 1288, 1127, and 1026 cm−1, respectively, revealed
the presence of ACK catalysts support within the AABR-ACK composites. However, the
carbonyl stretching bands shifted to a high intensity for the synthesized photocatalysts as
presented in Figure 5, which further affirms the formation of firm bonding as observed with
previously reported studies [40,41], utilizing carbonaceous support in the hybridization
of plasmon AABR composites. In addition, the aliphatic bands of the capped surfactants
(PVP and HTAB) at 2912 and 2842 cm−1 appear with high and low intensity for TP-
AAABR-ACK and DP-AABR-ACK [31,42]. The high intensity of aliphatic bands in TP-
AAABR-ACK highlights the formation of ordered nanospheres AABR [43] with small
particle diameter (as evidenced from SEM and TEM analysis in Figures 2b and 4a). Overall,
reduction in the rapid growth of AABR particles, agglomeration prevention, and decrease
in particle size distribution is evident for the active TP-AABR-ACK composite based on
FTIR analysis (Figure 5).
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Figure 5. FTIR spectrum of ACK, DP-AABR-ACK, and TP-AABR-ACK composites.

The thermal behavior and the stability of ACK, TP-AABR-ACK, and DP-AABR-
ACK/4) were investigated by thermal gravimetric analyses (TGA), and the results are pre-
sented in Figure S1. For ACK, three mass losses are evident between 30–150 ◦C, 150–450 ◦C,
and 500–700 ◦C; which are ascribed to decomposition of adsorbed water, thermal degrada-
tion of cellulose backbone of carbon, and decomposition of extra residual carbonaceous
skeleton [25,44]. The DP-AABR-ACK composite also undergoes three weight losses, as the
first masses is attributed to the loss of water in the synthesized catalyst, whilst the next
two occur around 230–700 ◦C, corresponding, respectively, to decomposition of inorganic
matrixes present and extra residual carbonaceous skeleton. For TP-AABR-ACK, two main
sharp decline of mass losses can be identified around 30–150 ◦C and 230–300 ◦C, as further
temperature beyond 300 ◦C results in the sample stability, and no additional mass loss was
observed. This evidenced that the TP-AABR-ACK from TP synthesis approach is critical in
the controlled microstructures of AABR NPs on ACK.

The as-prepared catalysts’ (TP-AABR-ACK, DP-AABR-ACK, TP-AABR, and DP-
AABR) absorption strength in the visible region was investigated as presented in Figure 6a.
The utilization of visible light was evident with the as-prepared catalyst, owing to the
surface plasmon resonance (SPR) of metallic Ag NPs [45]. Notably, the absorption in-
tensity for TP-AABR-ACK and DP-AABR-ACK composites increased with the addition
of ACK. The 3D hierarchical structure of ACK also aids light transmittance within the
TP-AABR-ACK and DP-AABR-ACK composites, thus enhancing the absorption edge of
AABR for higher activity compared to TP-AABR and DP-AABR catalysts, similar to other
reports [10,46,47]. However, the TP-AABR-ACK composite showed better absorption in
the visible region of the solar spectrum compared to the DP-AABR-ACK catalyst, which
can be ascribed to controlled microstructures (morphologies and particle size) of AABR
NPs. The excessive Ag content in DP-AABR-ACK (from EDX analysis in Figure 3) will
cover up the actives sites of the material, and thus reduces the visible light absorption for
the generation of ROS [48,49]. The enhanced visible light response of TP-AABR-ACK with
controlled microstructures will promote solar spectrum utilization in the rapid formation
of photogenerated charge pairs [50], thus resulting in higher photocatalytic activity than
other catalysts in this study.
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Figure 6. (a) UV–vis absorption spectra; and (b) EIS Nyquist plot of the synthesized catalysts.

The electrochemical impedance spectra (EIS) were evaluated to demonstrate the con-
ducting attributes of DP-AABR, TP-AABR, DP-AABR-ACK, and TP-AABR-ACK catalysts
as presented in Figure 6b. The corresponding EIS Nyquist plot for TP-AABR-ACK displays
the smallest arc radius in comparison to other catalysts in this study (Figure 6b), which
signifies a lower charge transfer resistance, thus promoting increased interfacial separation
of charge carriers [35]. The ACK support significantly acts as a transport channel for the
efficient separation of photo-generated charge carriers away from the AABR NPs, thus
further boosting the catalytic attributes of TP-AABR-ACK in this study. TP-AABR-ACK
with lower charge transfer also results in faster generation of ROS, thus enhancing TC
degradation, which is ascribed to controlled morphologies, particle size distribution, and a
superior cooperative effect between the AABR and ACK catalyst promoter.

The photocatalytic activities of the synthesized catalysts were assessed by the photo-
catalytic degradation of TC in aqueous under LED visible light irradiation as presented in
Figure 7a. The TC solution without the photocatalyst degradation rate reached 14.66%. The
TP-AABR and DP-AABR catalysts showed around 59.72 and 57.10% photoreduction of TC
after 180 min of visible light irradiation. The TP-AABR-ACK composite degradation rate
(92.08%) is better compared to DP-AABR-ACK (81.12%), which is attributed to the regular
morphologies of AABR NPs with reduced particle diameter. The dispersion of regular
shaped AABR NPs on ACK improves the degradation rate significantly. The excessive
metallic Ag content in DP-AABR-ACK compared to TP-AABR-ACK (as evidenced from
EDX analysis in Figure 3) can be a recombination center and hasten the recombination
of charge carrier pair, resulting in reduced activity [49,51]. Overall, the TP-AABR-ACK
photocatalytic performance was higher than that of DP-AABR-ACK, TP-AABR, DP-AABR
NPs, and photolysis in the degradation of TC. The superior photocatalytic activity of the
TP-AABR-ACK composite can be assigned to the formation of an effective heterojunction
among the components [52]. High activity for the composite is also ascribed to the uniform
dispersion of AABR nanospheres on ACK, thus increasing the contact area to visible light,
and the promotion of the interfacial charge transfer process [53]. In addition, the photo-
catalytic degradation of CIP antibiotic and RhB dye was also carried out, as presented
in Figure S2a,b. The results of CIP (10 mg/L; 150 mL) and RhB dye (5 mg/L; 150 mL)
degradation under the same conditions clearly evidenced that TP-AABR-ACK composite
had enhanced photocatalytic activities than other as-prepared catalysts in this study.
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Figure 7. (A) Photocatalytic degradation of TC under LED visible light; (a) TP-AABR-ACK, (b) DP-
AABR-ACK, (c) TP-AABR, (d) DP-AABR, and (e) photolysis; (B) second and (C) first order kinetics.

The photocatalytic degradation kinetics was also investigated to describe the photo-
catalytic rate and controlling factor for TC degradation. The kinetic data were estimated
using the linearized pseudo first-order (Equation (1)) [54] and pseudo second-order models
(Equation (2)) as presented below:

In
C

CO
= −kt (1)

1
C
− 1

CO
= −k2t (2)

Here, t is reaction time, Co, and C are the TC concentrations at a reaction time of 0,
and t min, k, and k2 represent the apparent rate constants for the pseudo-first order and
pseudo second-order kinetics.

The pseudo second order fits the degradation of TC better compared to the pseudo first-
order kinetic (Figure 7b,c). The ka2 value for TP-AABR-ACK (Figure 7b) is largest compared
to DP-AABR-ACK, TP-AABR, and DP-AABR catalysts, respectively, in this work.

Figure 8a,b depict the UV-Vis absorption spectra of photodegraded TC over the active
TP-AABR-ACK and DP-AABR-ACK composites, as a function of the time under LED
visible light irradiation. The characteristic absorption band of TC antibiotic at 376 nm
declines with increasing reaction time, highlighting the destruction of the aromatic ring in
TC, as the intermediates were formed [42] and subsequently degraded. This analysis shows
that the photocatalytic degradation efficiency of the TP-AABR-ACK is better compared to
DP-AABR-ACK.

The TP-AABR-ACK and DP-AABR-ACK composites exhibit excellent photocatalytic
degradation of TC in comparison with previously reported silver based photocatalysts
in recent literature, as depicted in Table 1, thus justifying its potential applications in an
industrial photocatalytic process.
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Figure 8. UV-vis absorption spectra of photodegraded TC solution using (a) TP-AABR-ACK and (b) DP-AABR-ACK.

Table 1. Comparison of degradation efficiency of different heterostructures with AABR-ACK composites on
tetracycline removal.

Catalyst
Catalyst Mass (g),
TC Concentration

(ppm)
Light Source % Degradation References

Ag/AgBr/AgIn(MoO4)2 0.1, 10 500 W Xe lamp 42 after 40 min [55]
AgI-WO3 0.04, 35 300 W Xe lamp 75 after 60 min [56]

Ag-K2Ta2O6 0.1, 20 300 W Xe lamp 50 after 270 min [57]
Ag/Bi3TaO7 0.05, 10 250 W Xe lamp 85 after 60 min [58]

Ag2CO3/Ag/WO3 0.1, 10 300 W Xe lamp 81 after 90 min [59]
graphene-like BN/BiOBr 0.05, 20 300 W Xe lamp 75 after 80 min [60]

GO/CN/BiOI 0.03, 20 35 W LED track light 74, after 100 min [61]
Bi4NbO8Cl perovskite 0.01, 20 18-W LED bulb 79, after 60 min [62]

TP-AABR-ACKDP-AABR-ACK 0.045, 15 36 W Visible LED Light 92 after 180 min
81 after 180 min This Study

The recovery capacity of the active AABR-ACK nanocomposites was also researched
under the LED powered visible light illumination up to five cycles, as presented in
Figure S3. The degradation slightly diminishes from 91.9 to 83.27% (TP-AABR-ACK)
and 81.12 to 74.14% (DP-AABR-ACK) after repeated five cycles., thus highlighting its
reusability. Besides, the XRD pattern of active AABR-ACK nanocomposites after 5 cycles
also affirms the stability of the synthesized composites (Figure S3b). The characteristic
peaks of the photocatalysts remain unchanged, showing the good reusability of active
AABR-ACK nanocomposites after the photocatalytic reaction process.

TOC Teledyne Tekmar analyzer evaluated the mineralization ability of the prepared
catalysts, and their results are presented in Figure 9. The carbon content of degraded
TC molecules decreased significantly, as the TP-AABR-ACK composite gave a total TOC
removal efficiency of 87.5% after 180 min, which is higher compared to DP-AABR-ACK,
TP-AABR, and DP-AABR (78.5%, 19%, and 15.4%) under the same conditions. This further
indicates that the TP-AABR-ACK composite presents enhanced mineralization ability in
TC antibiotic degradation, indicating the formation of inorganic ions, and CO2. Overall, the
AABR NPs uniformly decorated onto the 3D porous network ACK in the TP-AABR-ACK
composite enhanced the mineralization process five-fold.
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Figure 9. TOC changes of TC before and after photocatalytic reaction using as-prepared samples.

In the scavenging experiment, the degradation rate of TC significantly inhibited
around 9–12%, and 29–35%, with the addition of BQ and EDTA-Na2, respectively (Figure 10).
The addition of IPA had a minimal contribution, while the mixture of all the scavengers
highlights the ROS contribution in TC degradation in this study. The ˙O2

− significantly
enhanced the TC degradation, which aligned well with previous studies [30,63]; thus, the
significant role of superoxide anion radical is further explored in this study.

Figure 10. Photocatalytic degradation of TC solution over active AABR-ACK nanocomposites with
scavenger agents.

The formation rate of superoxide anion radical (˙O2
−) through the nitroblue tetra-

zolium (NBT) photocatalytic degradation conversion into diformazan [64] under visible
light irradiation was conducted. The production rate of ˙O2

- measured through the reduc-
tion in absorbance band of NBT molecules @259 nm is presented in Figure 11a–d. A higher
amount of reactive ˙O2

- is generated more with TP-AABR-ACK composite (Figure 11d)
with a rapid reduction in absorbance wavelength of NBT, which aligns with the enhanced
degradation rate of TC antibiotic compared to DP-AABR-ACK, TP-AABR, and DP-AABR
catalysts. Among the photocatalysts employed, the highest generation rate of a superoxide
radical based on the highest NBT disappearance follows the order TP-AABR-ACK > DP-
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AABR-ACK > TP-AABR > DP-AABR in this study. The enhanced production of ROS is
significantly attributed with the efficient separation of the photogenerated charge carriers
of the TP-AABR-ACK (as evidenced from EIS Nyquist spectra in Figure 6).

Figure 11. UV-Vis absorption spectra of NBT degraded by (a) DP-AABR, (b) TP-AABR, (c) DP-AABR-
ACK, and (d) TP-AABR-ACK.

From the discussion described above, the ACK catalyst promoter/support significantly
reduced aggregation and agglomeration AABR NPs, along with controlled morphologies of
AABR-ACK composites, and thus promotes high interfacial separation of photogenerated
charge carriers. These attributes also result in abundance generation of ROS with these
composites, thus resulting in higher photocatalytic activity towards oxidative reduction of
TC as depicted in Figure 7.

3. Experimental Section

3.1. Materials

Ethylene glycol (EG, 99%, Acros), polyvinylpyrrolidone (0.26 g, PVP, M.W. 58,000, K
29–32 Acros), hexadecyltrimethylammonium bromide (HTAB, Acros, 99%), silver nitrate
(AgNO3, Merck, Johannesburg, South Africa, 98%), nitroblue tetrazolium solution (Sigma
Aldrich, St. Louis, MO, USA, 99%), p-benzoquinone (BQ), disodium ethylenediaminete-
traacetic acid (EDTA-Na2), and isopropanol (IPA) were used as received.
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3.2. Activated Carbon (ACK)

Activated carbon produced from the microwave heating of impregnated pinecone
biomass has been reported [25,30].

3.2.1. Preparation of TP-AABR-ACK through Thermal Polyol Route

TP-AABR-ACK was synthesized by a modified thermal polyol process [17,30]: 18 mL
of EG was added into a250 mL round-bottom flask, and further subjected to heating at 60 ◦C
for 30 min. Polyvinylpyrrolidone (0.26 g, PVP) and 0.48 g of HTAB were sequentially added
to the stirred solution, and then, 0.03 g of ACK was further added to the reaction mixture.
Two hundred mg AgNO3 dissolved in 3 mL EG solution in the dark was then added
drop-wise into the stirred solution. The suspension was maintained at 60 ◦C for another
30 min, and thereafter heated to 140 ◦C. After reaching 140 ◦C, the reaction was stirred
further for 18 min. Thereafter, precipitate was collected by centrifugation, washed with
ethanol three times, and dried at 60 ◦C in an oven. TP-AABR was prepared through the
above-described route, without the addition of ACK.

3.2.2. Preparation of DP-AABR-ACK through Deposition-Precipitation Route

AABR NPs composite was synthesized onto ACK catalyst support via the deposition–
precipitation method [11]. In brief, 12 mL EG solution was added into a 250 mL round-
bottom flask, and heated at a temperature of 65 ◦C for 30 min. Then, 0.26 g HTAB and
0.09 g ACK were added to the magnetically stirred solution. A defined amount of AgNO3,
dissolved in 1 M ammonium water 2.5 mL, was added dropwise to the stirred solution.
The suspension was magnetically stirred for another 6 h under ambient light, required for
the production of Ag NPs. The precipitate was collected by centrifugation, further washed
with ethanol and deionized water three times, and dried in an oven at 60 ◦C overnight.
DP-AABR was synthesized using the same route without ACK in the synthesis process.

3.3. Characterization

X-ray diffraction (XRD) patterns were obtained using a powder X-ray diffractometer
(Shimadzu X-ray 700) at 40 kV and 15 mA with a Cu Kα radiation source (0.1504 nm).
The morphology and elemental mapping of the synthesized photocatalyst samples were
observed by the scanning electron microscopy (SEM, ZEISS Ultra/Plus FEG-SEM) with
an accelerating voltage around 10–20 kV. The microstructure attributes were conducted
by transmission electron microscope (TEM, JEOL JEM-2010) with an accelerating voltage
of 200 kV. Fourier transform infrared spectrometer (FTIR) spectra of the samples were
recorded on a Perkin Elmer spectrum 400, in the range of 600–4000 cm−1. PerkinElmer STA
6000 was employed for thermal studies at a heating rate of 10 ◦C min−1 in the temperature
range from 30 to 900 ◦C under nitrogen purge stream. Ultraviolet-visible (UV–vis) diffuse
reflectance spectra were performed on a Maya 2000, Ocean Optics spectrometer using
BaSO4 as the reference sample. A Biologic SP 240 potentiostat workstation was utilized for
electrochemical impedance spectroscopy (EIS) tests under a typical three-electrode system.
A platinum wire, glassy carbon electrode, an Ag/AgCl electrode served as the counter,
working, and reference electrodes, respectively.

3.4. Measurement of Photocatalytic Activity

Photocatalytic activities of the synthesized photocatalyst were evaluated by the re-
moval efficiency of TC antibiotic with visible light irradiation. One hundred and fifty
mL aqueous suspensions, containing 0.3 g/L catalyst loading of the photocatalysts, and
15 mg/L of TC, were prepared in 500 mL beaker. Before irradiation, the above-mixed
solution was subjected to a dark reaction for 60 min to establish an adsorption–desorption
equilibrium. Afterwards, the prepare suspension was irradiated by LED Visible light (36 W)
with continuous magnetic stirring. During the photoreaction, a 3.0 mL reaction solution
was collected at 30 min regular intervals and centrifuged to separate the photocatalyst. The
residual TC solution was measured via a UV-vis spectrophotometer at the characteristic
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absorption peak of 376 nm. Moreover, the influence of sacrificial agents comprising of
p-benzoquinone (BQ) for superoxide (˙O2

−), disodium ethylenediaminetetraacetic acid
(EDTA-Na2) for the hole (h+), and isopropanol (IPA) for hydroxyl (˙OH) at 1 mmole, on
the degradation rate of TC over most active TP-AABR-ACK and DP-AABR-ACK, was also
evaluated in this study.

The recyclability experiment of our active AABR-ACK nanocomposites was examined
for five cycles of TC photocatalytic degradation, utilizing 150 mL of the TC antibiotic
(15 mg/L). After the initial first cycle, the photocatalyst nanocomposites were detached
from the photodegraded TC solution by centrifugation and washed with distilled water to
eliminate any adsorbed TC. The washed photocatalyst was then dried at room temperature,
and afterward reused in the following TC degradation cycle. This process was repeated
four times to acquire the five reusability cycles.

Similar to the photodegradation experiments, the measurement of superoxide rad-
icals generated was carried out, using nitroblue tetrazolium molecules. The nitroblue
tetrazolium (NBT) can be specifically reduced by the superoxide ion to form the insoluble
purple formazan in the aqueous solution. A 20 mg/L Nitroblue Tetrazolium solution
(Sigma Aldrich, 99%) with 0.3 g/L of photocatalysts was degraded under LED visible
light, and the change in concentration was measured at a maximum absorbance wave-
length of 259 nm. Total Organic Carbon (TOC) analysis was performed to determine the
mineralization degree of the TC reached after the photocatalytic process.

4. Conclusions

The morphologies and particle size distributions of AABR-ACK composites (TP-
AABR-ACK and DP-AABR-ACK) were controlled in this work, under the influence of
two methods (thermal polyol and deposition-precipitation). TP-AABR-ACK had unique
nanospheres morphologies, lower particle size, no agglomeration, thus resulting in re-
strained recombination of photogenerated charge carriers. The TP-AABR-ACK composite
activities on TC degradation were superior to DP-AABR-ACK and corresponding AABR
NPs under visible light irradiation, its exceptional morphological and conductivity proper-
ties, thus further evidenced in the TOC tests. The ACK catalyst support with interfacial
interaction with AABR NPs improved the crystallinity of AABR NPs through shifting of the
peaks. The ACK also boosted the light harvesting attributes of AABR NPs into the visible
region for more production of ROS, and enhanced the separation of photogenerated charge
carrier in the catalytic process. In addition, the TP-AABR-ACK nanocomposite is capable
of producing abundant ROS (superoxide anions radicals), compared to DP-AABR-ACK,
occurring through the intrinsic interactive reaction of nitroblue tetrazolium molecules with
the active TP-AABR-ACK.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/catal11111396/s1, Figure S1: Thermogravimetric analysis of ACK, DP-AABR-ACK, and
TP-AABR-ACK, Figure S2: Photocatalytic degradation efficiencies of (A) ciprofloxacin, and (B)
rhodamine B as a function of irradiation time for (a) TP-AABR-ACK, (b) DP-AABR-ACK, (c) TP-
AABR, (d) DP-AABR and (e) photolysis, Figure S3: Reusability test AABR-ACK nanocomposites for
the degradation of TC under LED visible light illumination, and (b) XRD patterns of the AABR-ACK
nanocomposites prior, and then afterward test.
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Abstract: Nature mimicking implies the design of nanostructured materials, which can be assembled
into a hierarchical structure, thus outperforming the features of the neat components because of
their multiple length scale organization. This approach can be effectively exploited for the design
of advanced photocatalysts with superior catalytic activity for energy and environment applica-
tions with considerable development in the recent six years. In this context, we propose a review
on the state of the art for hierarchical photocatalyst production. Particularly, different synthesis
strategies are presented, including template-free structuring, and organic, inorganic, and hybrid
templating. Furthermore, emerging approaches based on hybrid and bio-waste templating are also
highlighted. Finally, a critical comparison among available methods is carried out based on the
envisaged application.

Keywords: hierarchical photocatalysts; environment applications; inorganic structures; organic
structures; hybrid structures; template free structures; environmental and energetic applications

1. Introduction

“Learning from Nature” is always a winning strategy for materials scientists. Indeed,
natural, and biological systems exhibit a multitude of properties and functions, often
tailored for a specific application. Thus, they may be source of imitation for the design
of high performance materials, able to meet rising ambitious industrial needs, following
a biomimetic approach [1–4]. What makes bioavailable materials so interesting is that
they often share a hierarchical structure made by a self-organization of molecular building
blocks that are assembled with other phases, which in turn are self- organized at increas-
ing size levels ranging from the nanoscale up to the macroscale [2,5–7]. The complex
interplay between structure, morphology, and surface chemistry leads to a wide range of
outstanding properties including superhydrophobicity (ex-lotus leaves [8,9]), improved me-
chanical performances (ex-bird feathers [10,11]), and unique optical behavior (ex-butterfly
wings [12,13]). The appealing perspective to translate nature examples into industrial and
technological devices steers research towards the synthesis of hierarchical nanomaterials.
Indeed, intriguing features of nanostructured systems can be further improved if they are
built up into hierarchically structured materials (HSPM), which exhibit a porous archi-
tecture, consisting of interconnected pores of different length scales from micro- (<2 nm),
meso- (2–50 nm), to macropores (>50 nm), following bimodal or even trimodal pore size
distributions [14]. Morphological features such as interconnected multilevel hierarchical
porosity, high surface area, and large accessible space are responsible for enhanced light
harvesting, electron and ion transport, mass loading, and diffusion [14,15].
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Such outstanding properties confer to HSPM a pivotal role in a great number of
technological fields including energy storage and conversion [16], catalysis [17] and photo-
catalysis [18], water remediation [19], separation [20], sensing [21], and biomedicine [22].
Indeed, the variety of physico-chemical characteristics exhibited by these nature-inspired
materials can be modified by tuning surface chemistry and morphological properties such
as surface area and pore distribution. Notably, a three-dimensional multimodal extended
pore structure would be ideal for application in heterogeneous catalysis. The combination
of different levels of intraparticle porosity, as well as the presence of mesopores, improve
the diffusion of reactants and products towards the active sites and the external surface of
the catalyst, respectively, and reduce the length of pore channels, resulting in decreased
diffusion barriers in the solid volume [23–26]. Moreover, the large surface area (from 100
to thousands m2/g [26,27]) allows for better accessibility and uniformity of active sites in
the catalysts, causing an improvement in the surface reaction kinetics [15]. Building up
a deeply extended multimodal porous architecture in semiconductors paves the way to
the design of more efficient photocatalysts [28] by overcoming the typical limits that ob-
stacle their performances such as short lifetime of photogenerated electron-hole pairs [29],
partial utilization of solar light [30], low safety, high cost, and poor chemical stability [31].
Widespread application of photocatalysis accounts for huge technological potential of
hierarchical photocatalysts, prompting scientific interest towards the design and use of
these systems. Accordingly, a great number of outstanding studies has been published on
this subject in the last years, which have been overviewed in different reviews [15,32–38].

Indeed, the number of articles on hierarchical photocatalysts have been constantly
growing so far and so has the sensitivity towards environmental energetic issues and
sustainability [39–43].

This has prompted the flourishing of several systems produced according to sustain-
able logics, some of them with exotic structures and unusual compositions, in the attempt
to improve photocatalytic performance compared to state of the art [43–46].

Thus, we believe that a review summarizing the most recent advances and strategies
in the design of hierarchical photocatalysts is timely and could enable more conscious de-
velopment of these systems. First, the advantages of hierarchical photocatalysts are shortly
illustrated. Then, the most promising strategies for their fabrication are systematically
reviewed focusing on the most outstanding studies published in the period between 2015
and 2021. Particularly, as a strong element of novelty with respect to previous reviews pub-
lished on this subject, emerging manufacturing approaches are highlighted, including the
use of hybrid templates, such as metallorganic frameworks (MOFs). Furthermore, special
emphasis is placed on the use of bioavailable structure directing agents, even derived from
bio-waste valorization, according to a circular approach. Notably, the mechanism account-
ing for improved photocatalytic activity has been described to highlight the strength of each
synthesis approach and provide scientists involved in this field with clear indication on the
key parameters that can be easily manipulated to optimize catalytic performance. To this
purpose, modification strategies, including doping and co-doping, the use of co-catalysts,
and heterostructures formation have been illustrated. In addition, the use of emerging
non-conventional energy sources in the synthesis of hierarchical nanostructures has been
shortly overviewed. Furthermore, main applications in environmental and energetic fields,
devoted to pollutants removal and hydrogen production, are reviewed and tables reporting
collected results on photocatalytic performance were created to enable straight comparison
among systems produced using similar or different synthesis strategies. These have been
analyzed highlighting pros and cons to get interested scientists more conscious with the
opportunities offered by each approach. Moreover, main unaddressed issues and future
challenges for both fundamental investigation and technological application have been
envisaged. We hope that the review can be useful to stimulate more focused and fruit-
ful research in this field and can open new routes in the development of more effective
photocatalytic systems.
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2. Hierarchical Photocatalysts

The expression hierarchical photocatalysts usually refers to nanostructured semicon-
ductors having multidimensional domains at different size levels and multimodal pore
structure [16].

Since photocatalysis involves a series of complicated interconnected phenomena
including light absorption, charge excitation/separation, charge migration, transport and
recombination, and charge utilization, the overall efficiency of a photocatalyst is calculated
as the product of the individual efficiency of each phenomenon [15]:

ηc = ηabs ·ηcs ·ηcmt ·ηcu, (1)

It appears evident that a decrease in any singular efficiency would contribute to the
decay of the overall efficiency. Hierarchical photocatalysts exhibit a series of advantages
with respect to traditional photocatalysts, which are summarized in Figure 1 and include
higher surface area, enhanced molecular diffusion/transfer, and improved light absorption,
among others (Figure 1).

Figure 1. Main advantages of hierarchical porous structures in photocatalysis.

Indeed, properly tuning the pore hierarchy can increase the number of light traveling
paths within the catalyst, resulting in multiple reflections as in hollow structures or enhanced
light scattering phenomena, thus improving the absorption efficiency (Figure 2) [15,47].
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Figure 2. Schematic illustration of the light-harvesting behavior of heterogeneous photocatalysts
with different nanostructures [47].

In addition, high surface area enables heterojunction formation and promotes surface
reactions as well as charge separation. Furthermore, nanosized building blocks reduce
migration distance of charge carriers (Figure 1). To date, pristine and doped TiO2 [28,48–55],
ZnO [56–61], CeO2 [62,63], and graphene-blended hierarchical photocatalysts [64–66]
have been synthesized in multiple shapes and morphologies such as nanospheres [67,68],
nanoflowers [69–76], nanosheets [77–81], urchin-like nanostructures [68,82–87], and
nanoflakes [88,89]. The effort to produce efficient hierarchical nanostructured photocata-
lysts materialized into a heterogeneous framework of synthesis strategies so far, all of them
groupable into two macro-categories: templating strategies and template-free methods.
Herein, we present an overview of the latest produced hierarchically nanostructured pho-
tocatalysts, focusing on the different synthesis strategies which have been implemented to
develop them. Our sincere opinion is that this review can shed light on the most promising
approaches that could be exploited to design cutting-edge photocatalysts with impressive
performance in a huge range of energy and environmental applications, including H2
production, water remediation, and organic pollutant degradation.

Synthesis Approaches to Hierarchical Structures

The main synthesis strategies to hierarchical semiconductors are overviewed in
Figure 3 and can be grouped into three wide categories: templating approaches, templated
free methods, and post-synthesis approaches.

Figure 3. Main Synthesis Methods to realize hierarchical nanostructures.

Templated approaches are the most employed methods to obtain hierarchical materials,
offering good reproducibility, large scale application, as well as tailored structures, due to
the huge range of available templates. These approaches can be further distinguished into
hard templating, soft templating, and bio-templating strategies.

In hard templating methods, also known as nanocasting processes, either inorganic
or organic structures with rigid shape are employed as sacrificial templates to build up
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hierarchical framework [90]. These are subsequently removed through either selective
leaching or thermal decomposition to achieve the final porous structure.

As major drawbacks, the use of corrosive and harmful leaching agents or high energy
demand hamper large scale applications of these processes.

Contrarily to hard templates, soft templates are highly deformable and more eas-
ily removable. They include block copolymers (e.g., Pluronics P123, F127, PEG), mi-
croemulsions (micelles and vesicles), ionic liquids [91] hydrogels, surfactants (e.g., sodium
dedecyl sulfate (SDS) and cetyl trimethylammonium bromide (CTAB)), and even gas bub-
bles [92]. On the other hand, bioavailable moieties are emerging as a cheaper and more
sustainable alternative.

3. Inorganic Templates

Inorganic template-assisted synthesis is widely used for generation of multi-modal
and hierarchical pores in the desired products. Generally, during this synthesis strategy, the
catalyst precursors are filled into preexisting templates with suitable pore size, followed by
subsequent removal of sacrificial framework thus generating a stable porous structure with
uniform pore distribution. The final porous architecture can be controlled tuning the pore
size and the wall thickness of hard templates. Most used templates include silica and ice as
hard pore-directing agents (Table 1). Worthy of note is a bi-templated method, proposed to
produce both SrTiO3/TiO2/C (STC) (Figure 4) [93] and PbTiO3/TiO2/carbon (PTC) [94]
heterostructures with a tri-modal micro-/meso-/macro-porosity. This was obtained by
combining freeze casting process with the use of silica colloid as the hard template, then
followed by an appropriate pyrolysis treatment. Particularly, ice and silica templates
were used to obtain macro- and meso-pores, while pyrolysis introduced micropores. The
proposed strategy was successful in tuning microstructure of both synthesized STC and
PTC architectures leading to excellent photocatalytic performances in the degradation of
methylene blue under UV light irradiation. In addition to the organic dye degradation, the
photochemical reactivity of the STC samples was further investigated in the photocatalytic
hydrogen production from water splitting resulting in a H2 production rate as high as
2.52 mmol h−1 g−1 under UV irradiation.

Figure 4. Schematic of the experimental setup [93].
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A similar procedure was also employed to fabricate porous N doped TiO2/C nanocom-
posites [95]. In this case, the ice/silica hard templates and urea pyrolysis were used to
obtain flower-like hierarchical pores at micro-, meso-, and macro-scale and the resulting
materials showed highly improved photocatalytic activity for both methylene blue degra-
dation and hydrogen production under both UV and visible light irradiation. Furthermore,
this approach was exploited to synthetize other metal oxide systems (TiO2 and ZrO2) [96],
and in all cases the corresponding hierarchical carbon-based composites showed superior
photocatalytic activity towards methylene blue degradation compared with the control
samples. Silica, as mesopore structuring agent, was also exploited to produce hierarchical
structure of porous core-shell homojunction constructed by crystalline and amorphous
TiO2 [97]. Combining the amorphous TiO2 shell with the mesoporous rutile crystals resulted
in a simultaneously enhancement of adsorption ability, removal rate, and mineralization
efficiency, under UV irradiation, of Tetracycline hydrochloride (TCH) chosen as antibiotic
model. The systems developed are shown in Table 1.

4. Organic Templates

A great number of different templating agents have been proposed for the synthesis
of hierarchically porous materials and a widespread attention has been recently focused on
the use of organic (Table 2) and/or bioavailable soft templates (Table 3). Biogenic-templated
catalyst which owns intrinsic hierarchical, multi-dimensional, and multi-level structure
holds promising potency to enhance light-harvesting and photocatalytic performance.

Hierarchically ordered macro–mesoporous anatase TiO2 was successfully produced
by Zhao et al. [98] using triblock copolymer P123 and natural pearl oyster shell as dual tem-
plates. Inexpensive and environment-friendly pearl oyster shell is exploited as bio-template
for the fabrication of macroporous structures and at the same time P123 is employed as a
mesopore-directing agent to produce highly ordered mesopores. The authors investigated
the obtained materials after calcination at different temperatures and demonstrated that
the resultant crystalline anatase structure is made of both macropores and mesopores
which are well-preserved after calcination at 350 ◦C or 450 ◦C. The photocatalytic activities
of the produced samples were monitored through the photodegradation of an aqueous
Rhodamine B (RhB) solution under UV irradiation. The highest photocatalytic activity was
obtained in the case of TiO2 sample calcined at 450 ◦C, with a degradation of RhB of about
90%, because of the presence of hierarchical macro–mesoporous structures, high specific
surface areas, and the anatase phase. Among bioavailable sources, bio-wastes are emerging
as abundant and cheap templates to build up photoactive hierarchical structures, following
a waste to wealth approach. Indeed, because of intrinsic lightness, some bio-wastes can
drive formation of water floating photocatalysts, which exhibit remarkable advantages
over powder suspensions, in terms of efficient recycling as well as high light harvesting
efficiency due to their proximity to air-solution interface [99].

As a proof of concept, bio-waste poplar catkin was combined with triazine-based
porous organic polymer to obtain a water-floatable photocatalyst for water remediation,
exhibiting relevant sunlight activity towards Cr(VI) and methylene blue decontamination
(Figure 5) [100].

Among biowastes, rice husk has attracted great research interest because of its unique
and hierarchically porous structure with excellent mechanical property and extremely high
light-harvesting and exploitation efficiency.

Rice husk was used by Chen et al. [101] as main raw material to form hybrid silica-
carbon bio-template to fabricate porous TiO2 anatase.
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Figure 5. Scheme of floating triazine–based porous organic polymer (POP) photocatalyst grown on
poplar catkins and used for water multipurpose water decontamination [100].

A detailed study was reported on the influence of calcination temperature and im-
pregnation times on the hierarchical porous structures and photocatalytic activity of the
synthesized materials. Porous structures with 1D nanostructures network connection
showed efficient light-harvesting and photocatalytic degradation of Rh B (120 mg L−1)
which was completely removed in just 180 min. Furthermore, the observed high ther-
mal stability opened new perspectives in the use of these materials in a wide range of
applications including photocatalysis, catalysis, solar-cell, separation, and purification
processes.

Biotemplated synthesis of hierarchical α-Fe2O3 fibers was proposed by Chen et al. [102],
using cotton as biological template. The original structure of cotton was preserved in the
final iron oxide fibers which also exhibit certain unexpected magnetic behavior; in fact,
common α-Fe2O3 is not magnetic. In addition, superior photocatalytic decolorating perfor-
mances were observed under visible light irradiation, up to 96.8% methylene blue degraded
in only 200 min. Moreover, no loss of catalytic activity was appreciated after three uses,
proving high stability. Indeed, this study evidenced the key role of hierarchical porosity in
catalytic activity, with fibrous structures acting as effective catalytic centers for organic dye
elimination. Recently, electrospinning fiber formation technology has emerged as a power-
ful and straightforward tool for tailoring material structures and assembling hierarchical
architectures [103,104]. There is plenty of scope for improving photocatalytic properties if
this methodology is combined with more conventional processes including solvothermal
and microemulsion synthesis.

In this context, hierarchical titanium dioxide nanofibers with distinctive microstruc-
tures exhibiting mixed rutile/anatase crystalline phase were successfully fabricated via

230



Catalysts 2022, 12, 1152

microemulsion electrospinning approach by Zhang et al. [105]. More in detail, in order
to make the microemulsion, paraffin was used as oil phase, while tetrabutyl titanate
was dissolved in an alcoholic acid solution (containing a mixture of CTAB and PVP) as
continuous phase.

The structure of porous nanofibers was regulated by changing the ratio of continuous
phase and oil phase. Different morphologies such as multi-channel, hollow, irregular hollow
TiO2 nanofibers were obtained by varying the ratio between the TiO2 precursor, tetrabutyl
titanate (TBT), and paraffin oil [105]. In addition, the authors demonstrated that brittle
nanostructure with abundant mesopores were formed when the ratio of TBT/paraffin
oil decreased to 1. Compared with solid TiO2 nanofibers, all samples prepared by mi-
croemulsion electrospinning had improved photocatalytic performances towards the MB
degradation UV irradiation. These results can be attributed to a combination of multiple
structure dependent effects: first, porosity plays a vital role in absorbing photoelectron
transition from rutile to anatase. In addition, photocatalyst with higher porosity can ab-
sorb more oxygen moieties on the surface which react with photoelectron, thus avoiding
recombination and resulting in more electron and holes available for photocatalytic process
(Figure 6). Finally, mixed anatase and rutile crystalline structure are expected to enhance
charge separation ultimately improving photocatalytic performance

 
Figure 6. The mechanism of improved photocatalytic performances for hierarchical TiO2

nanofibers [105].

A soft template approach was exploited by Zhou et al. [106] to produce three-dimensional
(3D) flower-like β-Bi2O3/Bi2O2CO3 heterojunction photocatalyst. A composite soft tem-
plate composed of DL-aspartic acid (DLAA) and Pluronic F123 was employed to fabri-
cate a 3D flower-like Bi containing micro/nanomaterial, in which DLAA acted as both
coordination- and structure-directing agent to control the hierarchical structure, while F127
acted as a capping agent.

For the first time, the β-Bi2O3/Bi2O2CO3 p–n heterojunction photocatalyst was applied
in the simulated-sunlight-driven photodegradation of antibiotic agent tetracycline (TC).
The photocatalyst obtained after calcination at 290 ◦C showed relevant photocatalytic
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performance with 98.79% TC degradation being achieved within 60 min of irradiation. The
obtained results confirm that the combination between the narrow band gap, heterojunction
structure, and 3D hierarchical structure results in excellent photocatalytic performances.
In particular, •OH and h+ proved to be the main active species in TC photodegradation
process. Finally, the β-Bi2O3/Bi2O2CO3 heterojunction catalyst was not photo-corroded
after six consecutive cycles, suggesting very high photostability (Figure 7).

Among bioavailable polymers, cellulose appears to be a promising green bio-template
for porous hierarchical structure synthesis, because of its intrinsic hierarchical struc-
ture [107,108]. It was successfully exploited to produce H3PW12O40/TiO2 nanocomposite
with remarkable activity towards organic pollutant removal under sunlight [107].

A non-solvent induced phase separation (NIPS) technique was explored by
Sun et al. [108]. One-pot route towards active TiO2 doped hierarchically porous cellu-
lose provided for highly efficient photocatalysts for methylene blue degradation [108].
Ethyl acetate was chosen as the non-solvent with the aim to induce the phase separa-
tion of cellulose into a cellulose/LiCl/N,N-dimethylacetamide solution containing TiO2
nanoparticles. The subsequent solvent exchange/freeze-drying treatment allowed to obtain
cellulose/TiO2 composite monoliths featuring large surface area and hierarchically porous
structures with two kinds of interconnected macropores. The cellulose/TiO2 monoliths
showed high efficiency of photocatalytic activity in the decomposition of methylene blue
dye up to 99% within 60 min under UV light. This behavior is probably due to high
adsorption properties of the material itself because of the hierarchical porous structure
which improves the contact frequency between photocatalysts and MB. In addition, after
10 cycles, the monoliths retained 90% of the photodegradation efficiency.

 

Figure 7. Schematic representation of the band structure of the β-Bi2O3/Bi2O2CO3 heterojunction
and the migration of photogenerated charges under simulated sunlight irradiation [106].
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5. Hybrid Templates

At the boundary between organic and inorganic structure directing agents, metal-
organic frameworks (MOF) are hugely porous crystalline hybrid structures made of metal
clusters and organic binders. They are emerging as powerful and versatile hard tem-
plates to obtain hierarchical photocatalysts with tailored structure as well as porosity and
function [109] (Table 4).

Indeed, upon decomposition of organic moieties, obtained materials inherit MOF large
mesoporous structure allowing high active site exposure and enabling reactant and prod-
uct exchange as well as fast charge migration to exposed reactive positions, with limited
recombination phenomena [109,110]. As a result, MOF-templated photocatalysts are more
active than their bulk counterparts and can be exploited in a huge range of energy and en-
vironmental applications, including H2 production [111,112], CO2 reduction [110,113,114],
as well as organic pollutant degradation [115–119]. The main explored technological uses
of MOF derived hierarchical photocatalysts are reported in Table 4.

MOF templated approach is extremely versatile and can be exploited to produce differ-
ent semiconductor compositions. Porous metal oxides are easily obtained by MOF thermal
decomposition [109]. Particularly, a Ti-MOF upon calcination leads to TiO2, composed
by both anatase and rutile nanostructured phases, whose intimate interaction suppresses
electron-hole recombination and promote photocatalytic activity, which results even better
than P25 [120].

Following a similar strategy, Co MOF with 1,4-naphtalenedicarboxylic acid as ligand
has been decomposed to obtain Co3O4 nanosheets with uniform size distribution and sig-
nificant CO2 reduction conversion to CO, with high selectivity (77%) [110]. Moreover, metal
oxides produced by MOF decomposition can be easily converted into metal sulfides by
sulphuration process [121,122]. This strategy was exploited to obtain hierarchical CdS struc-
tures, with higher photocatalytic activity than both nanostructured and bulk counterparts,
towards H2 production by water splitting [109]. Following a similar procedure, ZnCoS
solid solution was fabricated, which exhibited high stability and activity because of a wide
light absorption range, a great number of catalytic sites, and fast electron migration [122]
(Table 4).

However, MOF templated method is time consuming since it is built on two steps,
synthesis and calcination, which are difficult to be carried out on a large scale. Furthermore,
the criteria to adequately choose MOF precursors must be further investigated to create
the desired composition exhibiting hierarchical structure [109]. Indeed, selection of MOFs
based on the same metallic cation, but with different structures, can deeply affect the
morphology, structure, and overall performance of obtained catalysts. As a general rule,
thermal stability is strictly demanded to avoid structure collapse during thermal treatment.
Among available composition, MIL(53) meets this requirement, thus it holds huge promise
to build controlled multilevel porous structures [109].

A promising strategy to obtain unique hierarchical structures relies on the use of defect-
rich MOF [111]. This approach was effectively exploited to obtain hollow C doped CuO
structures through pyrolytic degradation of Cu-MOF. In this study, not only did MOF act
as a template to tune the structure of the newborn catalytic phase, but if pyrolysis occurred
in reducing atmosphere, they could also supply for carbon atoms to modify the catalyst
lattice. Both C-doped and C-containing hybrid composites can be produced following this
approach and exhibiting relevant photocatalytic activity towards H2 production as well as
pollutants degradation, due to peculiar porous and electronic structure [123,124] (Table 4).

Indeed, due to the controlled high surface area, MOF derived hierarchical structures
are suitable platforms to be loaded with dopants that act as co-catalysts and can further
improve photocatalytic properties. Apart from doping with C atoms, modification options
include metal nanoparticles, encompassing noble metals (Pd, Pt) [114], and also cheaper
transition metals (Ni, W, Cu) [125–127] as well as metal sulfides [128].

Indeed, doping can be carried out through “extra-situ” approach; in that case, MOF
thermal decomposition can provide for either the catalyst lattice (Figure 8) or doping
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moieties for the preformed catalytic network. This can be further decorated with a proper
dopant through hydrothermal treatment (Figure 8) [122,129,130].

 

Figure 8. Scheme for hierarchical heterostructured Co9S8@98ZnAgInS photocatalyst: fabrication
through extra situ approach through (I) sulfidation reaction and thermal treatment in a nitrogen
atmosphere and (II) deposition of ZnAgInS nanosheets [115].

Alternatively, in-situ methodology can be also explored, wherein the formation of
catalyst backbone from MOF decomposition and dopants growth in the lattice concurrently
occur during solvothermal process [126]. Because of MOF huge surface area and controlled
porosity, high dopant dispersion and tunable morphology are usually afforded, producing
a significant improvement of both catalytic performance and stability [14] thanks to the
presence of multifunctional sites and the improved charge carrier separation [127]. Further-
more, concurrent modification with several co-catalysts can be easily carried out to achieve
high photocatalytic performance. In this regard, TiO2 was combined with conductive
bimetallic NiCoS-porous carbon shell, which afforded fast charge transport and prompt
reaction for hydrogen production [129].

Moreover, MOF templates offer a simple, straightforward, and largely effective strat-
egy in creating heterojunctions within hierarchical structures.

This approach is also successful for sulfide compounds, which usually require multi-
step preparation (Figure 8). The large number of heterojunctions promote charge separation
and migration and consequently much higher photocatalytic activity than conventional
catalysts [131] for a huge range of applications spanning from organic pollutant removal
to hydrogen production through water splitting [112,132]. MOF tunable composition and
porosity offer the chance to prepare a plethora of hybrid catalysts combining hierarchical
structures with p-n heterojunctions for photocatalytic processes (Table 4) [133]. Following
this approach, creative and unique morphologies and structures can be achieved, includ-
ing hierarchical hollow heterostructural cages combined with 2d nanosheets (Figure 9),
hollow caps [134], boxes, polyhedra [135], and capsules which can be further modified
through hydrothermal approach, reaching outstanding catalytic performance even under
visible light.

Figure 9. SEM micrographs of some hierarchical photocatalysts obtained with hybrid
templates [131,133,134].
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To exploit advantages of combining different semiconductors, interface must be accu-
rately designed to match band gaps and enable fast charge migrations as well as their easy
transfer to reactants. To this purpose an appropriate distribution of reactive sites must be
achieved. All these requirements can be easily met through MOF templated approach [136].
As a proof of concept for the efficacy of this strategy, hepitaxially grown MOF-on-MOF
heterostructure was exploited as a precursor to produce N-doped C encapsulated pagoda-
like CuO–In2O3 (In2O3/CuO@N-C) micro-rods. They exhibited improved light-absorption
efficacy due to peculiar lamellar structure, enhanced separation efficacy of charge carriers
thanks to CuO–In2O3 p–n heterojunction, and separated reduction and oxidation sites to
promote charge carrier transfer to reactants. These features confer outstanding activity for
cross-dehydrogenative coupling (CDC) reaction [136].

Due to high surface and reactivity, combination of MOF obtained photocatalysts into
heterojunctions can be easily carried out through solvothermal synthesis [137,138]. This
strategy was exploited to produce p-n heterostructure NiFe2O4/CuInSe2 catalysts with
high activity towards bisphenol-A and resorcinol degradation [139].

Indeed, solvothermal approach appears as a straightforward production route, since
moderate temperature during the process get organic ligands degraded, thus straightly
leading to the final desired p-n semiconductor [137]. Following this method, even Z-scheme
heterojunctions can be easily obtained [138], such as CoSx@CdS polyhedrons, provoking
a marked improvement of charge transfer and enabling a high sensitivity toward Hg2+

ions detection (Figure 10) [138]. As an alternative, p-n heterojunction can be obtained by
thermal treatment of bi-metallic MOF [112].

 

Figure 10. Scheme of (A) the synthetic route of hollow CoSx polyhedrons and CoSx@CdS composites;
(B) Z scheme charge migration mechanism CoSx@CdS composites and double CoSx@CdS/HgS
heterojunction under the visible-light illumination [138].

Moreover, one of the highest strengths of MOF templated approach lies in the oppor-
tunity to design complex hierarchical architectures even with multi-level hierarchy. To this
regard, MOF can be effectively used to obtain 2D hierarchical nanoarrays, by assembling
2D structures and conductive sheets, which exhibit outstanding catalytic activity because
of high catalytic site exposure and fast charge transport [113,117]. As a proof of concept,
in-situ MOF derived approach was successfully employed to produce hierarchical Co-Co
layered double hydroxide/Ti3C2TX nanosheets (Co-Co LDH/TNS) nanoarray through
solvothermal process and evidencing relevant activity towards CO2 photoreduction under
visible light (Figure 11) [113].
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Figure 11. Synthesis scheme of heterostructure Co-Co LDH/TNS nanosheets [113].

Highly effective heterojunctions can be also obtained by combining MOF and C3N4
sheets via thermal treatment. Following this route, N doped carbon C3N4 composite was
produced exhibiting relevant activity towards bisphenol A Degradation (Table 4) [117].
Finally, MOF derived multilevel composites exhibit multiple heterojunctions and conse-
quently enhanced catalytic performance even in selective oxidation [116]. Similarly, one-pot
calcination process of Zn-Fe mixed MOF produced ZnO/ZnFe2O4 hierarchical heterostruc-
tures with high photocatalytic activity towards dye degradation and which can be easily
recovered from solution because of its ferromagnetic features [119].

Indeed, due to the high versatility of MOF templates, they provide the opportunity
to engineer the photocatalyst structure, by combining heterostructure formation with
co-catalyst surface modification [121,140]. This occurred in TiO2 based photocatalyst,
which was modified by Co3O4 and Ni to promote oxidation and reduction, respectively.
Obtained ternary TiO2/Co3O4/Ni photocatalyst disclosed an impressive hydrogen pro-
duction 8.7 times higher than that of neat TiO2 under UV-visible irradiation [140]. Because
of the high versatility of MOF templated approach, tuning of electronic properties, through
heterojunction formation and co-catalyst introduction, is accompanied by fine morphol-
ogy control. In this regard, hollow CdS/TiO2 nanohybrids modified with NiS cocatalyst
exhibited very good photocatalytic performance towards H2 production under visible light
conditions (Figure 12) [121].

. 

Figure 12. Schematic illustration of the synthetic procedure of NiS/CdS/h-nanocomposites with
schematic of the photocatalytic mechanism of H2 production on NiS/CdS/h-TiO2 photocata-
lysts [121].
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6. Template Free Approach

Using a templating agent proved to be effective in building up hierarchical struc-
tures, yet it is a labor consuming approach, because of the operations required to remove
the backbone.

On the other hand, self-assembly of primary particles into larger structures by oriented
aggregation occurring during solvothermal processes can be a more straightforward and
greener strategy, since it can potentially avoid toxic chemicals [141]. In these processes, it
appears that solvents play a key role in hierarchical morphology formation [142]; indeed,
their molecules or, in the case of alcohols, polymers obtained by condensation reactions
can adsorb on the particle surface and tune their growth [143]. Solvothermal route has
been successfully exploited to obtain hierarchically structured conventional semiconductor
oxides including ZnO [60,142] TiO2 [144–146], CeO2 [147], Cu2O [148], and more unusual
compositions, such as WO3 [149] and mesoporous Bi2WO6 [150]. Furthermore, doping of
the main lattice with various ions can be carried out concurrently with its formation [151].
Moreover, a relevant number of heterostructured composites has been easily produced
so far through one pot solvothermal treatment; these include combinations of semicon-
ductor oxides (TiO2, ZnO, CeO2) with other semiconductors [62] including metal sulfides
(SnS2) [152], carbon nitride [133], or with carbonaceous species (CS). This class encompasses
ZnO-graphene [141,153] and TIO2-CS particles [154] as well as TiO2 nanotubes wrapped
by carbon coatings [155], among others. Furthermore, CoS/CdS heterojunctions [156] and
even less conventional compositions, including BiVO4/Bi2WO6 [157] systems, can be easily
fabricated. Indeed, the presence of different morphology nanostructures, such as g-C3N4
nanosheets and ZnO nanoparticles, in the same batch during the solvothermal treatment
appears to be a good strategy promoting self-assembly into hierarchical structures to de-
crease surface energy [133]. Moreover, synthesis parameters and particularly reactant molar
ratio, solvent and precursor nature, as well as temperature and treatment time [145] can
tune morphological and microstructural features. Accordingly, a significant range of mor-
phologies can be easily fabricated, including hollow microspheres [141,142,149,155,158,159],
nanoplates [156], as well as more exotic arrangements, such as broom-like [151], urchin-
like [160], and nest-like [149] structures (Figure 13).

Figure 13. SEM micrographs of some hierarchical photocatalysts obtained without
templates [149,151,158,160].
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As a matter of fact, photocatalytic activity of hierarchical ZnO obtained by solvother-
mal process decrease according to the following order of employed precursor: zinc sulfate
> zinc nitrate > zinc acetate > zinc chloride [60]. Furthermore, the use of pure ethanol
as solvent during solvothermal treatment of TiOSO4 precursor produces nanoparticle
morphology, whereas the addition of ethyl ether and ethanol mixture has morphology
changed to microrods with huge surface area (244.4 m2 g−1), promoting light scattering
and reactivity [155].

Solvothermal hierarchical structures usually feature an interconnected porosity with
proper pore size to enable mass transfer as well as improved light harvesting and even
fast charge carrier mobility; these properties concur to achieve higher photocatalytic
performance than conventional systems [150]. Obtained systems exhibit relevant ac-
tivity as well as photoelectrochemical performances under UV [141,146] and even vis-
ible [145,148,156,157] and full solar irradiation [155] for energy and environmental pho-
tocatalysis. Applications range from environmental to energetic field, spanning from
pollutant degradation in water and gas phase [144], including dye [62,133,145,146,157] and
nitric oxide removal (Table 5) [150,161] to H2 production [156].

The use of small organic molecules as structure directing agents can aid self-assembly
and significant enhance photocatalytic performance, due to the formation of peculiar mor-
phologies, with high degree of crystallinity, high light-harvesting ability, as well as efficient
separation of photogenerated carriers [159,161,162]. At the same time, their decomposition
can provide a source of doping species for the catalyst including carbon atoms which
can also give rise to organized porous frameworks hosting the photoactive phase and
contributing to a significant improvement of its performance under UV-irradiation [163].
To this regard, citric acid has been exploited to synthetize urchin-like LaPO4 hollow spheres,
exhibiting marked activity towards CO2 reduction under near UV [159].

Similarly, the use of N-Acetyl-d-Proline amino acid during hydrothermal treatment
produced multi-shelled ZnO microspheres more active for NO oxidation under UV irradia-
tion than other hierarchical ZnO samples [161]. Indeed, low molecular weight compounds
can play multiple roles during the hydrothermal process, behaving not only as morpho-
logical agents but even as reducing compounds [164,165]. As a matter of fact, L-cysteine
and glucose were employed during the hydrothermal treatment to obtain a TiO2-graphene-
MoS2 composite as a high performance and stable catalyst for CO2 reduction (Figure 14).
Notably, L-cysteine acted as a reducing agent for graphene oxide, whereas glucose played
a key role to control morphology, since it formed amorphous carbon which inhibited the
TiO2 and MoS2 growth (Table 5 and Figure 14) [165].

 

Figure 14. Schematization of one-pot solvothermal synthesis of TiO2-graphene-MoS2 composite [165].

Template free solvothermal processes can be carried out sequentially [162] or straight-
forwardly combined with wet impregnation or deposition procedures to have surface
of produced catalyst decorated with other active moieties [161,163]. These often include
plasmonic metal nanoparticles [163,166] as well as other semiconductors including both
inorganic and organic systems [162,167]. The former improve catalytic activity through
surface plasmon resonance [163]. The latter enable formation of p-n [161] as well as Z
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scheme heterostructures (Figure 15) [156,162,167,168], which exhibit superior visible light
photocatalytic activity coupled with relevant stability and reusability [168,169].

 

Figure 15. Schematic representation of ZnO/CeO2 composites and charge transfer mechanism
according to Z-scheme heterojunction [162].

Among wet chemistry routes, precipitation represents a facile low temperature ap-
proach to make hierarchical structures [159,170]. This method was effectively employed
to produce CdMoO4 hollow microspheres which exhibited higher photocatalytic activ-
ity towards Rhodamine-B aqueous solution under the UV irradiation than commercial
TiO2 [170].

In some cases, self-assembly into a hierarchical architecture can be promoted by elec-
trostatic aggregation [171]. To this regard, g-C3N4/ZnO microspheres were easily produced
starting from a physical dispersion of the two components and exploiting their opposite
surface charge. Z-scheme obtained by band matching between the two semiconductors
as well as enhanced light absorption because of multiple scattering were responsible for a
marked improvement of photocatalytic performance towards CO2 reduction under visible
light (Figure 16) [171].

Figure 16. Synthesis scheme (a) and Z-scheme heterojunction (b) for g-C3N4/ZnO hierarchical
microspheres [171].
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Other template free chemistry routes than solvothermal synthesis can be exploited
to obtain hierarchical architectures. These include solid phase processes based on either
solid or solid-gas reactions. Notably, solid-state reactions followed by hydrolysis at room
temperature proved to be a simple route to make bismuth oxoiodide (BiO) with surface
heterojunction between (0 0 1) and (1 1 0) surfaces promoting photocatalytic performance
under visible light [172]. Solid-gas phase reactions usually involve pyrolysis [173], de-
composition [174], or oxidation [175] and occur at moderate temperatures (higher than
150 ◦C). In these processes, temperature plays a key role in defining the final structure
and overall photocatalytic performance, accordingly [174]. Moreover, either metal or non-
metal heteroatom doping [175,176] as well as semiconductor heterostructures [171] can
be easily achieved during the thermal process leading to superior photocatalytic perfor-
mances [175,176]. Following this approach, nanosheet flower-like SnS2 nanostructures
have been obtained and used for Cr(IV) photocatalytic reduction under visible light with
high performance as stability [173], even though these methods have been more extensively
applied to make C3N4 catalysts. As a matter of fact, a facile pyrolysis process with urea
was exploited to produce Yttrium-doped graphitic carbon nitride (Y/g-C3N4) catalysts,
which feature high surface area, poor recombination phenomena, as well as wide spectral
absorption accounting for enhanced photocatalytic activity towards rhodamine B degrada-
tion under visible light [176]. Alternatively, thermal oxidation and exfoliation, followed by
curling condensation were carried out on bulk C3N4. Obtained O-doped carbon nitride
(g-C3N4) nanotubes exhibit outstanding photocatalytic activity towards CO2 reduction to
synthetic fuels, sensitively higher than massive g-C3N4 [175].

Indeed, obtaining porous g-C3N4 is a challenging task, most of available processes to
fabricate being time-consuming and energy intensive. A green and facile alternative consists
in a fast quenching from high temperature, which produces an 3D interconnected porous
assembly of g-C3N4 nano-scrolls, featuring high light absorption, poor recombination
phenomena, and enhanced carrier mobility, accounting for improved catalytic performance
toward CO2 reduction [177].

Hierarchical heterostructures between semiconductors can be straightforwardly ob-
tained by simultaneous decomposition of their precursors [171]. Following this route,
calcination of tetrabutyl titanate and melamine precursors produced Z-scheme TiO2/g-
C3N4 heterojunction with unique features even due to concurrent C and N doping [171].

Template free processes also include combustion synthesis, a simple one-pot method
exploiting fuel-oxidizer solutions, such as those containing sorbitol-nitrate mixtures, to
fabricate mixed phase hierarchical structures, including bismuth rich-bismuth oxychlorides
nanocatalysts, which exhibited high photocatalytic activity towards antibiotic ofloxacin
degradation under solar light irradiation [178].

Moreover, non-conventional energy sources can be exploited to build self-templated
hierarchical structures. To this regard, pulsed laser deposition (PLD) followed by thermal
treatment had hierarchical nanostructured hematite coated onto glass surface and exhibiting
enhanced and stable catalytic performance because of high availability of active sites,
improved interaction with reactants as well as limited recombination phenomena [179].

Alternatively, ultrasound microwave and ultrasound irradiation can assist wet chem-
istry processes to promote hierarchical structure formation. Notably, microwave irradiation
of copper acetate and thiourea aqueous solutions led to hierarchical CuS structures with
tunable porosity and morphology, which evidenced higher activity than commercial CuS
catalyst in dye degradation processes under visible light [180,181]. As an alternative, ul-
trasound irradiation is understood to be a facile and fast yet extremely efficient method
to assist particles self-assembly processes into hierarchical architectures [160]. It proved
effective in producing Urchin-shaped iron oxide nanoparticles, with huge surface area,
up to 282.7 m2/g and which evidenced 25 times faster removal of As(V) and Cr(VI) than
commercial Fe2O3 (Figure 17) [160].
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Figure 17. Formation mechanism and TEM images of urchin-shaped iron oxide nanostructures
(Fe2O3) produced through ultrasound irradiation [160].

Similarly, sonochemical treatment of Melamine in water and its further calcination
produced hierarchical graphitic-C3N4, which was tested for rhodamine B degradation and
H2 production and exhibited 16.7 and 8.7 higher visible light photo-catalytic activity than
bulk homologous composition [182].

On the other hand, reactive magnetron sputtering deposition appears to be a facile
methodology for large scale fabrication of hierarchical films [183]. This approach was
exploited to fabricate two level porosity AgO nanorod arrays, which exhibited excellent
photocatalytic properties under UV and visible-light conditions [183].
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7. Conclusions

Hierarchical structures have raised great interest for different photocatalytic applica-
tions, because of improved light harvesting, charge separation, as well as mass transport
and adsorption efficacy, resulting in superior catalytic properties. Even though different
fabrication strategies have been explored, as discussed in this review, some major chal-
lenges must be still addressed to allow easy synthesis of hierarchical photocatalysts and
help to scale up process from laboratory to industrial production.

Among available methods, templated free wet synthesis approaches based on self-
aggregation processes offer a facile route to obtain a wide choice of compositions and struc-
tures. Although most of them feature lower average surface area than systems obtained
using inorganic templates, they usually exhibit comparable photocatalytic performance
especially towards pollutant degradation, which is complete under UV irradiation and,
for some composition reaches even 95% under visible light. Yet, some issues must be
addressed mainly related to the difficulty to carry out large scale and high yield synthesis.
Furthermore, post-process modification is usually required to further improve photocat-
alytic properties. Among templating approaches, inorganic backbones lead to the largest
surface area, as high as 400 m2/g, even though this feature does not necessarily result in
the best photocatalytic performance, while organic templated systems exhibit comparable
activity, allowing for organic pollutant complete degradation even under visible light.
On the other hand, hybrid templating strategies, based on MOFs, are extremely versa-
tile since they provide for a huge number of semiconductor compositions, with tunable
morphology and structure. In addition, post-modification is usually not required, since
catalyst functional modification including doping, hetero-junction formation, and loading
with co-catalyst moieties can be easily carried out in-situ upon thermal treatments in dry
or solvothermal conditions, concurrently with template decomposition. Carbonaceous
residues resulting from this process can act themselves as doping species and sensitively
improve photocatalytic properties. However, MOF templated method is expensive, time
consuming, and difficult to be carried out on a large scale. Moreover, hierarchical structures
obtained through this approach often show comparable performance to those obtained
through self-templated methods, particularly for decontamination processes, thus the
latter are usually preferred for these applications. On the other hand, more advanced
technological routes involving hydrogen production are worth the effort of using MOF
templated structures, which outperform with respect to conventional templates because of
their extremely versatile features.

Nevertheless, the criteria to adequately choose MOF precursors must be further
investigated to create the desired composition exhibiting hierarchical structure.

Bio-templates offer a sustainable and simple opportunity to design hierarchical photo-
catalytic nanomaterials. Among bioavailable compounds, bio-wastes are attracting great
interest as abundant and cheap templates. However, their heterogeneity and poor knowl-
edge of growth mechanisms make the process difficult and poor reproducible. Further
investigation on building blocks growth and assembly is highly demanded to overcome
these limitations and achieve rational control of the final hierarchical structure. More efforts
should be taken towards the investigation of structure/function relationships and the
mechanism underlying photocatalytic behavior.

Finally, a combination of the described strategies appears to be a promising way to
combine benefits of each single approach. In this view, very recent studies evidence that
integrating bio-templated design with MOF derived nanoparticles provide for a unique
hierarchical structure, with efficient light absorption, superior charge separation efficacy,
accounting for potent photocatalytic activity [184]. To this aim, this study could provide
useful information to move towards more performant hierarchical nanostructures for
advanced environmental and energy applications.
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Abstract: For a few years, we have been witnessing ubiquitous fresh and drinking water scarcity
in various countries. To mitigate these problematic situations, many countries relied on non-
conventional freshwater generation technologies through solar desalination of seawater. In this
manner, we excel the ability of new class 2D Ti3C2 MXenes as a photothermal material (solar ab-
sorber) for freshwater generation via the solar desalination technique. In this review, the air–water
interfacial interaction is highlighted for improving the evaporation efficiency. To provide the depen-
dence of the desalination efficiency on the microstructure of the solar absorbers, we summarized
various forms of 2D Ti3C2 MXenes (aerosol, films, foam, hydrogel, membrane, monolith and porous
structure) and their characteristics. These microstructures prevailed ultrahigh photoconversion
efficiency. In this aspect, we further explained key features such as light absorption, reflection,
multiple internal reflection, hydrophilicity, lower thermal conduction, light-to-heat generation, and
salt rejection for achieving efficient desalination output throughout the visible and broadband region.
Specifically, we targeted to explore the self-floating and salt rejection nature of various state-of-the-art
2D Ti3C2 MXene structures. Further, we highlighted the long-term stability. Among the above
morphologies, Ti3C2 MXene in the form of a membrane is believed to be a promising morphology
which effectively desalinates seawater into freshwater. Finally, we highlighted the challenges and
future perspectives, which can pave a potential path for advancing the sustainable solar desalination
of seawater into freshwater.

Keywords: 2D Ti3C2 MXene; membrane; broadband; solar desalination; freshwater

1. Introduction

Water is the most essential resource for life on the earth. Due to the enormous growth
of population and industrialization, our ecological system is significantly facing freshwater
scarcity and contamination. At the same time, the availability of freshwater on the earth is
3% only [1]. Additionally, yearly, one-third of the population is not in a position to access
fresh drinking water [2]. Thus, the production of freshwater from abundantly available
seawater is necessary under eco-friendly techniques because conventional wastewater
purification methods consume high energy [3]. Reverse osmosis (RO) and pervaporation
(PV) proved their importance for the desalination process [4–6]. However, RO requires
high pressure to conquer the osmotic pressure of seawater [7]. Additionally, the processing
of RO is cost-effective, and maintenance is associated with scaling, fouling, and degrada-
tion. This energy-intensive technique has a huge impact on the economy (high energy
demand) and environment (CO2 emissions). For a decade, the desalination process has
been skyrocketing in various countries. There is another interesting technology, such
as capacitive deionization (CDI), which yields desalination efficiency under low energy
consumption under an ecofriendly process [8]. Specifically, water scarcity becomes ever
more threatening. For this, many countries permanently rely on these techniques. Thus,
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it is the right time to develop an advanced, eco-friendly, 100% carbon neutral, harmless,
and low-cost desalination technique. In such a way, the solar desalination process raised
its importance through the harvesting of the abundantly available solar energy into steam
(freshwater) under the strategic conversion of light into heat [9]. For example, solar desali-
nation is a process for obtaining pure water from abundantly available seawater through
the pressure-free water purification process. It is to be noted that renewable solar energy is
highly beneficial, which is an alternative to the utilization of carbon emissive fossil fuels
(oil, coal, and gas). Thus, we can nullify the emission of carbon byproducts by utilizing
renewable solar energy. Specifically, challenges associated with the developed solar ab-
sorber during the water evaporation process are (i) extended light absorption throughout
the solar spectrum, (ii) the hydrophilic nature, (iii) low thermal conductivity, and (iv) high
electrical conductivity. On the other hand, we should focus on crystallization of salt on the
absorber. This process suppresses the water transport channel, localization of heat, and
freshwater production under reduced energy conversion. We should further focus on solar
desalination not only on a sunny day, but also under complex conditions, such as cloudy,
rainy, or night conditions.

Transition metal carbides are effectively used as electrocatalysts for oxygen evolution
reactions [10]. Due to the conceivable photocatalytic activity of Ti3C2 MXene [11], porous
structured novel 2D MXenes raised its importance in the field of desalination of seawater
under strategic utilization of abundant solar electromagnetic spectrum. It should be noted that
2D Ti3C2 MXene can absorb near-infrared light for the photofixation of N2 [12]. Additionally,
Ti3C2 MXene proved superior photothermal conversion efficiency of 100% (theoretical), which
paved a potential path for the absorption and conversion of electromagnetic radiation into
heat [13], which is one of the required features for advancing the water evaporation process.
These features guarantee the solar desalination of 2D Ti3C2 MXene under controlled interfacial
interaction with various semiconducting materials. Therefore, the developing of highly
surface-active Ti3C2 MXene-based binary or ternary composites effectively converts incident
light into heat under solar and IR/NIR regions, which is urgently required. In addition,
strengthened surface termination groups (-OH, -O, and -F) during the formation of Ti3C2
MXene from its precursor (Ti3AlC2 MAX phase) provide impressive optical properties [14],
which further boost the overall solar desalination process.

Indeed, the morphology of the developed Ti3C2 MXene is considered a promising feature
during the desalination process for the efficient absorption of seawater. Significant research is
going on for controlling the surface morphological features of Ti3C2 MXene to provide the
right water transportation channels and efficient saltwater desalination. Thus, it is necessary
to estimate the desalination efficiency of Ti3C2 MXene under various surface morphological
features. Many morphologies, such as aerosol [15], films [16], foam [17], hydrogel [18],
membrane [19], monolith [20] and porous structure [21] have been extracted from layer
structured 2D Ti3C2 MXenes. Among the large community of the MXene family, Ti3C2 MXene
is skyrocketing in various energy conversion applications, such as hydrogen production [22],
dye degradation [23], drug degradation [24], CO2 reduction [25,26], N2 reduction [12,27],
triboelectric nanogenerator [28], supercapacitor [29], solar cells [30,31], etc.

Based on the above constructive features, we have comprehensively summarized
the innovative desalination capacity of various Ti3C2 MXene morphologies. This review
mainly involved the reliability of the Ti3C2 MXenes morphology, which greatly enhances
the desalination ability. There is scarce research on the development of optimized pho-
tothermal Ti3C2 MXene materials and the design of prototypes. In such a way, we provided
the effectiveness of the Ti3C2 MXene morphology for sustainable solar desalination by con-
verting light into heat and then water vapor. Until now, there were very few review articles
and research articles published based on Ti3C2 MXenes for solar desalination [1,32]. Thus,
2D Ti3C2 MXene as an advanced material provides the innovative paths and technological
solutions for freshwater generation. Understanding the oxidation ability of Ti3C2 MXene
during the desalination process also provides a benchmark for realizing long-term stability.
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2. Desalination

The production of freshwater (low salinity) from the abundantly available seawater
(high salinity) is known as desalination. Majorly, the water available on earth is about 97%
and it is saline in nature because 70% of earth is covered by the oceans, which means we
only get 3% of freshwater for daily and industrial purposes [33]. Desalination is a non-
conventional freshwater generation process, which is currently fulfilling 1% of the world’s
fresh drinking water. During the thermal (distillation) or mechanical (RO) desalination
process, high energy and pressure conditions are necessary. Currently, multi-stage flash
distillation (thermal energy) and RO using membranes (mechanical energy) are majorly
used for desalination. Here, RO requires less energy compared to multi-stage flash distil-
lation. During the RO desalination process, high pressure pumps the seawater through
the membrane, which results in low-pressure freshwater and high-pressure brine. Due to
the high energy consumption during the above desalination processes, the development
of a facile desalination process by utilizing a renewable energy resource (solar energy) is
desirable. Despite the reliability of the RO process, significant efforts have been focusing
on pressure-free and low energy consumption desalination processes. In this category,
the generation of freshwater vapor from seawater using a photothermal material under
abundant solar light is skyrocketing. Figure 1 presents the cost-effective schematic repre-
sentation of solar desalination of seawater into freshwater under solar light, using novel
2D layer structured Ti3C2 MXenes.

 

Figure 1. Schematic representation of seawater to freshwater generation by the 2D layer structured
Ti3C2 MXenes.

3. Key Factors for Achieving Superior Solar Desalination

It is necessary to develop a stable photothermal material which address the desalina-
tion ability throughout the solar spectrum. For this, we should conquer few key points
during the desalination process. These features make a potential path to realize the solar-
driven water purification process. Therefore, we have provided the following fundamental
features which profoundly demonstrate the effectiveness of the solar desalination of sea-
water into freshwater.

3.1. Control on Heat Loss

To convert saline seawater into freshwater, the developed photothermal material
should overcome three kinds of heat losses: (i) radiation, (ii) convection, and (iii) con-
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duction. Specifically, heat localization is the underlying parameter for advancing the
exceptional solar-to-vapor efficiency during the desalination process [34]. All these factors
make standalone solar evaporators for productive freshwater generation. For instance,
it is necessary to develop a low thermal conductive material to localize the heat at the
interface of water–air during the desalination process. At suppressed heat loss toward the
bulk water, the localized heat effect significantly improves the steam generation. Figure 2
presents the schematic representation and key factors, which greatly influence the solar
desalination by the layer structured 2D Ti3C2 MXenes. Specifically, lowering the thermal
conduction, radiation, and convection at improved internal reflection greatly improves the
overall water evaporation rate.

Figure 2. Prominent figures of merits of Ti3C2 MXenes during solar desalination process.

3.2. Reduced Light Reflection, Transmission, and Improved Broadband Light Absorption

In addition to the above features, light absorption, transmission, and reflection also de-
termine the solar conversion efficiency. Reduced light reflection and improved absorption
make more light-to-heat generation capacity by the photothermal materials (solar absorber).
For this, we require various morphological and microstructure designs, which eventually
improved the light absorption capacity under reduced reflection [35]. On the other hand,
we should suppress the transmittance toward the bulk water. Thus, the development of
porous structured solar absorbers is highly beneficial for reduced light reflection.

3.3. Localized Surface Plasmon Resonance (LSPR)

Conventional plasmonic metals, such as gold (Au), silver (Ag), and copper (Cu),
behave like plasmonic absorbers. Similarly, metallic 2D Ti3C2Tx MXenes prevails in its
plasmonic resonance feature by absorbing the incident light from visible to the near-IR
region [36]. Consequently, the LSPR significantly influences the light-to-heat conversion
efficiency, which is ideal during solar desalination. Typically, plasmonic materials greatly
absorb the solar light at about 95% and heat the water above the boiling point of water.

3.4. Multiple Internal Light Reflection

To be an effective solar evaporator, the photothermal material should prevail over the
pronounced multiple light reflections within the developed specific microstructure. Thus,
we should focus on the selective morphology to explain the importance of light-trapping
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and multiple light reflections by its inner microstructure. It is to be noted that the unab-
sorbed light is effectively trapped by the dense surroundings of the microstructure, which
eventually creates multiple internal reflections through the reabsorption [37]. Moreover, we
can achieve much lower light reflection and higher absorption at a low effective refractive
index. The internally reflected light is transmitted through the absorber.

3.5. Hydrophilic Nature

The developed solar absorber should prevail in the high wettable property, which
provides persistent water absorption and transportation channel from the bottom toward
the surface (top of the absorber) within a short period. Additionally, the hydrophilic nature
promotes the heat transfer at the evaporation surface, which strengthens the solar steam
generation. In the case of Ti3C2 MXene, specific surface termination groups (–F, –O, or –OH)
provide a hydrophilic nature [38]. This phenomenon is helpful for facilitating the rapid and
required water supply through the water transportation channels during the desalination
process. On the contrary, hydrophilic materials cannot provide a self-floating property
when placed on the water. So, we need to assist additional layers, which reduces the heat
conduction toward the bottom layer and provides a self-floating property. It should be
noted that hydrophobic structures often yield lower solar evaporation efficiency, compared
to hydrophilic structures [39]. Moreover, the hydrophilic wet layer provides more light
absorption, compared to the dry layer counterparts.

3.6. Light-to-Heat Generation

The photothermal materials possess an intrinsic light absorption capacity at sup-
pressed light reflection. In such a way, the incident light transforms into thermal energy
(heat). Later, the heat evaporates the seawater into freshwater. Compared to the bulk
water heating into vapor, interfacial solar heating through the solar absorber inhibits the
heat loss toward the water [40]. Eventually, the light-to-heat generation process highlights
the desalination of seawater into freshwater. Specific morphological features effectively
convert the incident light into heat and strengthen the evaporation rate. Overall, this
process should occur at lower heat loss to fulfill the light-to-vapor conversion.

3.7. Reduced Salt Blocking or Resistance

The solar absorber generates the vapor at the interface of the water. On the other hand,
salt ions migrate from the surface of the absorber toward the bulk water. The blocking
or clogging of salt on the surface of the solar absorber gradually increases the incident
light reflection and reduces the water supply channels [41]. Thus, it is necessary to avoid
salt blocking on the solar absorber to achieve stable desalination activity throughout the
desalination process. On the other hand, we should enable long-term interfacial contact
between the seawater and solar absorber (photothermal material) during the desalination
process, which defines the salt resistance property. The developing of novel layer structured
materials could dissolve the accumulated salt on the solar absorber and diffuse it toward
the bulk water.

4. Equations Determines the Solar Desalination of Photothermal Material

During the steady desalination process, the following mathematical equations provide
in-depth analysis to estimate the efficacy of the developed solar absorbers.

4.1. Solar-to-Vapor Conversion Efficiency (η)

Effective freshwater production efficiency can be defined as how much solar light is
utilized and converted into vapor generation. The solar-to-vapor conversion efficiency (η)
is the key parameter to determine the desalination process, which can be estimated by the
following expression [42],

η =
mhLV

CoptP0
(1)
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where m is the evaporation rate, hLV is the change in the total enthalpy of the liquid-vapor phase,
Copt is the optical concentration and P0 is the incident light intensity (1 sun = 100 mW/cm2).
In this situation, the evaporation efficiency of developed material should be higher than the
natural evaporation rate of pure water.

4.2. Photothermal Conversion Ability (E)

The ability of evaporation rate (E) is quantitatively evaluated by the mass loss of water
per unit area in a unit time, using the following equation [43],

E =
Δm

AT
(2)

where A is the area of the used container, Δm is the water mass loss and T is the light
irradiation time.

4.3. Wettability of Photothermal Material

The wettability or hydrophilic nature (contact angle < 90◦) of the developed pho-
tothermal material through the effective water flowing channels eventually improves the
freshwater generation rate during solar desalination. The wettability can be estimated by
the following equation [44],

H =
2σCOSθ

rρg
(3)

where σ is the surface tension of water, ρ is the density of water, r is the diameter of
the channel, θ is the developed contact angle between water and channel and g is the
gravitational constant.

4.4. Salt Rejection Ratio

It is necessary to estimate the salt rejection capability of developed photothermal
material, which greatly improves the long-term stability of the desalination process. The
salt rejection (SR) ratio can be defined as the ratio of salt concentration (Cout) in the
supernatant phase to the initial concentration of saltwater (C0) [45],

SR =
Cout

C0
× 100% (4)

It is to be noted that Cout should be less than C0 after the desalination process, which
yields more freshwater generation.

4.5. Solar Absorption

The developed photothermal material should prevail over superior optical absorption
throughout the solar spectrum. As a result, we can achieve continuous water evaporation.
In such a way, the solar absorption can be evaluated by the following expression [46],

A(λ) = 1 − R (λ) − T (λ) (5)

where R(λ) and T(λ) are the reflectance and transmittance of the developed sample at
different wavelengths (λ). Here, we should obtain an absorption of about 95%, which
results from sufficient interaction of light with photothermal material. Eventually, the
water evaporation rate can be effectively achieved.

4.6. Thermal Conductivity

The developed solar absorber should prevail low thermal conductivity under mini-
mized heat transfer toward the bulk water. As a result, we can confine the incident light
within the surface of the material to achieve more heat generation. In other words, the ma-
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terial should prevail over the reduced thermal diffusion heat loss. The following expression
gives the conduction loss during solar desalination [47],

Q = CmΔT (6)

where C represents the specific heat of water, m is the water weight, and ΔT is the improved
water temperature within a certain time. Based on this equation, the conduction should be less
than 2%, which endows the possible thermal conductive material with freshwater generation.

4.7. Evaporation Rate (ν)

The ability of evaporation of the developed solar absorber can be estimated by using
the following expression [48]:

v =
dm
Sdt

(7)

where S is the resultant surface area of the developed solar absorber and m is the weight of
the evaporated fresh water under the specified time (t).

5. Importance of 2D Materials for Solar Desalination

State-of-the-art 2D materials prevail in their (i) distinct ultrathin morphology,
(ii) response to the electromagnetic spectrum, (iii) active surface area, and (iv) hydrophilic
nature. These factors guide the cost-effective desalination of seawater into freshwater. It
should be noted that graphene, transition metal dichalcogenides (TMDs), and layered
double hydroxide (LDH) are reliable for multifunctional applications. Firstly, the 2D
material starting with graphene (semi-metallic) can absorb the broad range of the solar
spectrum. Later, another 2D material MoS2 raised its importance by providing optical
absorption from visible to mid-infrared regions. Here, 2D MoS2 shows a semiconducting-
like behavior. Similarly, after the groundbreaking report on 2D material Ti3C2 MXene by
Gogosti et al. [49], Ti3C2 MXenes were successfully utilized as a photothermal material in
the solar desalination process. Nowadays, great interest is continuing for layer structured
2D Ti3C2 MXenes for freshwater generation. Additionally, the above-mentioned 2D ultra-
thin layered materials provide a low toxic nature during the water purification process,
which is primarily necessary for real-time environmental applications.

6. Why 2D Ti3C2 MXenes for Solar Desalination?

After inventing the layer structured 2D Ti3C2 MXene in the year 2011 by selective
HF etching of aluminum layers in the Ti3AlC2 MAX phase [49], Ti3C2 MXenes have
been widely used in various applications due to their superior chemical, electrical and
mechanical properties. Figure 3 presents the Ti3AlC2 MAX phase transformation into
multilayer and monolayer Ti3C2 MXene under selective HF etching of Al layers. After
realizing the layered morphology, novel 2D Ti3C2 MXenes were explored for freshwater
generation under the solar desalination process by satisfying the following conditions. For
achieving stable solar desalination, the material should provide low thermal conductivity
and superior photothermal conversion efficiency (PTCE). For this, metallic Ti3C2 MXene
provides localized surface plasmon resonance (LSPR), which paved a potential pathway
for the absorption of a wide solar spectrum (250–2500 nm). It should be pointed out that
the PTCE and photothermal vaporization capability of Ti3C2 MXene are 100% and 84%,
respectively [50]. Specifically, Ti3C2 dissipates the absorbed electromagnetic radiation into
heat, which is a key factor during the solar desalination process. As a result, multiple
internal light reflections occur by the absorption of electromagnetic radiation [13]. On the
other hand, Ti3C2 MXene does not transfer the heat toward bulk water and dissipates the
generated heat at the surface. Accordingly, generated heat converts the absorbed water into
evaporation. Among all the MXenes, Ti- and C-rich Ti3C2Tx MXenes received significant
attention in water treatment technology. Remarkably, due to the intrinsic super-hydrophilic
nature of Ti3C2 MXene [51], Ti3C2 MXene effectively absorbs and transports the bulk
water through its water transportation channels. Additionally, Ti3C2 can recycle after
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the water purification process [16]. Through the above light-to-heat conversion efficiency,
hydrophilicity, lower thermal conductivity, LSPR, and ideal absorption of broadband, Ti3C2
MXene raised its ability in freshwater generation and environmental remediation under an
eco-friendly solar-driven desalination process.

Figure 3. (a) Schematic representation of HF etching of Ti3AlC2 MAX phase and its transformation into Ti3C2 MXene
multilayer and monolayer, and (b) corresponding chemical bondings in the Ti3AlC2 MAX phase and Ti3C2 MXene before
and after etching.

7. Ti3C2 MXene-Based Composites

Considering the above constructive features, 2D Ti3C2 MXene-based composites are
greatly dedicated to solar desalination of seawater in the broadband region. However, there
is scarce research on solar desalination using 2D Ti3C2 MXenes. Thus, we addressed the
status and ability of Ti3C2 MXene-based composites toward solar desalination by highlight-
ing its intrinsic photothermal conversion under ideal light consumption, water absorption,
and hydrophilic nature. Specifically, we explored the importance of various morphological
features of Ti3C2 MXenes for seawater absorption and desalination. Thus, we provided the
proof-of-concept of Ti3C2 MXenes in the form of aerogel, films, foam, hydrogel, membrane,
monolith, and porous structures to reveal the importance of light absorption capacity and
light-to-heat generation for efficient solar desalination and freshwater generation.

7.1. Aerogel

Aerogels prevail in their abundant porous network, low thermal conductivity, hy-
drophilic nature, and low mass density. Thus, the aerogels morphology is highly beneficial
for solar thermal evaporation [52]. Specifically, aerogel features can be successfully achieved
by 2D Ti3C2 MXenes, which can effectively apply in the solar desalination process.

Ming et al. [53] successfully developed the multilevel porous structured aerogel by in-
tegrating the 2D Ti3C2Tx MXene and 3D graphene oxide (GO), which can weigh 500 times
(500 g) higher than its own weight. Mainly, they explored heat localization, photother-
mal ability, solar-driven interfacial water evaporation in complex conditions (including
summer and winter). For this, various MXene to GO (GMA) (1:1, 1:3, and 1:5) ratios
were developed. Under constructive interfacial interaction between GO and Ti3C2Tx, self-
enhanced photothermal conversion was achieved through heat localization on the top of
the layer. The role of GO in the multilevel GMA aerogel was to prevent the oxidization
and restacking of Ti3C2Tx MXene, which results in the synergy between GO and Ti3C2Tx
MXene. Optimized GMA-3 (1:3) aerogel is satisfied with a hydrophilic nature, which is
highly beneficial for rapid water absorption and transportation. It should be noted that
the resultant GMA aerogel exhibited an ultra-lightweight feature due to the prominent

268



Catalysts 2021, 11, 1435

multilevel porous structure. Figure 4a shows the digital image and morphology of GMA-3
during water evaporation and the microstructure with the internal gap, micron channels,
and nano wrinkles for achieving interfacial evaporation. In such a way, GMA-3 achieved
an evaporation efficiency of about ~90.7% at the evaporation rate of 1.27 kg/m2h under 1
sun, compared to GO aerosol (~63.7% and 0.88 kg/m2h) and Ti3C2Tx MXene (~71.4% and
1.02 kg/m2h). Due to the high thermal conduction of GO, the top portion of the GMA-3
aerogel generated heat, which converted into evaporation. Consequently, the sharp rise in
the surface temperature (41.9 ◦C in 300 s) was observed. The resultant GMA composite
achieved excellent photothermal activity by satisfying the self-reduction/oxidation be-
tween GO and Ti3C2Tx MXene compared to pure GO and MXene. Interestingly, the internal
light reflection, interfacial evaporation, and low thermal conductivity were predominately
observed during the desalination process as shown in Figure 4b. Finally, the solar-driven
interfacial evaporation process was highlighted through the (i) interfacial evaporation
(~90.7%), (ii) lower thermal radiation (~3.42%), (iii) lower thermal convection (~2.50%),
and (iv) lower heat convection (~1.50%). These factors motivated the development of a
prototype for freshwater generation (Figure 4c). In comparison, solar evaporation during
summer (1.27 kg/m2h) is higher compared to the winter season (0.73 kg/m2h) under peak
sunlight (12:00 a.m. to 14:00 p.m.). Under these conditions, the GMA-3 was observed with
24 h stability.

Figure 4. (a) Internal gap, microchannels, and nano wrinkles developed on the internal surface of GO supported Ti3C2 MXene
aerogels for water supplying channels during solar desalination, (b) internal light refraction for superior light absorption and
heat localization for interfacial evaporation at low thermal conductivity, and (c) schematic representation of solar desalination
process by the GMA-3 (reprinted from Ref. [53], copyright with permission from Elsevier, 2020), (d) magnified SEM image of 3D
Ti3C2 MXene nanosheets supported hierarchical cobalt nanoparticle–carbonaceous nanosheets/MXene foam, (e) corresponding
TEM image with Co nanoparticles within the Co-CNS/M foam, and (f) key features which improved the solar desalination of
Co-CNS/M foam. (Reprinted from Ref. [17], copyright with permission from Wiley Online Library, 2020).

Besides sunny days, it is necessary to achieve steam generation in all weather con-
ditions and any complex environments. Thus, a strategic combination of photothermal
and electro-thermal conversion effects is highly beneficial for all-weather steam generation.
Specifically, during sunny days, batteries can store the electrical energy, which will be
utilized for electro-thermal steam generation under low light and dark conditions. For
this, Zaho et al. [15] strategically explored the groundbreaking report on continuous steam
generation in complex environments (strong sunlight, weak light, and no light conditions)
by developing the cross-linked MXene aerogel (CMA). The CMA was developed by assem-
bling the GO with Ti3C2Tx MXene (co-gelation strategy) at an optimized MXene content
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of 90% (CMA-90%). The cross-linked MXene aerogel loaded 1040 g, which is higher than
previously reported GO-supported Ti3C2 MXene aerogel (500 g) [53]. Here, GO played a
crucial role in assembling Ti3C2Tx MXene nanosheets into crosslinked aerogels. It is to be
noted that Ti3C2 MXene prevailed over LSPR for photo-thermal conversion of conventional
plasmonic metals (Au and Ag). As a result, the light absorption capacity of CMA-90% is
99%. The surface temperature of aerogel changed from 80◦ (at an incident angle of 30◦) to
235 ◦C with the increase in solar irradiation from 1 kWm−2 to 5 kWm−2 respectively, which
suggests the superior photothermal conversion capability of CMA aerogel. The CMA
sample prevailed as superior in its hydrophilic nature, which supported water absorption
and transportation ability. In addition to photothermal conversion, CMA revealed the
electro-thermal conversion ability. It should be noted that simultaneous electrical energy
and solar illumination effects prevail in their increase in the surface temperature and re-
duced humidity of the overall system, respectively. Under both conditions (photothermal +
electro-thermal) at a weak solar light intensity of 0.5 kWm−2 and electric supply of 2.5 V,
CMA-90% achieved a superior evaporation rate of 1.624 kg/m2h and energy conversion
efficiency of 88.4%, which is higher than the sole 1 sun solar light (1.337 kg/m2h and ~85%).
CMA-90% aerogel achieved superior electrical conductivity, compared to the conventional
graphene aerogel and carbon nanotube foam. Overall, a strategic combination of photo-
thermal and electro-thermal effects was successfully studied by the Ti3C2Tx MXene-based
aerogel for the all-weather solar desalination process.

In another study, vertically aligned two-layer (hydrophobic/hydrophilic interface)
Janus Ti3C2 MXene aerogel (VA-MXA) was developed for revealing the solar desalination
process [54]. The specific features of the vertically aligned Janus Ti3C2 MXene succeeded
the desalination process with a prominent (i) capillary water transport channel, (ii) light
absorption capacity, (iii) multiple internal light reflection, and (iv) vapor escape ability
compared to conventional MXene and Janus MXene. Specifically, the top layer provided
a superior hydrophobic nature with a contact angle of 133.2◦ and the bottom layer acted
as a hydrophilic surface (46.2◦). The top layer benefited from the light absorption, heat
confinement, reduced heat loss, and salt rejection by retaining salt ions from the bottom (hy-
drophilic surface), whereas the submerged bottom hydrophilic surface effectively pumped
the water toward the top layer, where solar steam production occurred. Under these
well-ordered features, they avoided the crystallization of salt on the absorber for improve-
ment in the water evaporation. Interestingly, stable steam generation was observed at the
air–water interface. The selective VA-MXA15 aerogel with microchannel size of 15 μm (at
Ti3C2-25 mg. mL–1) achieved an energy conversion efficiency of ~87% and evaporation
rate of 1.46 kg/m2h (without any absorber-0.49 kg/m2h) for 15 days under 1 sun following
the LSPR [55]. The incident light (200–2500 nm) absorption capacity was maintained at
about 96% after 12 h. Additionally, the scalable freshwater yield of ~6 L m−2 was achieved.
The average surface temperature increased from 21.3 ◦C to 59.4 ◦C within 300 s. Here, the
central part of the VA-MXA15 aerogel achieved 98.5 ◦C compared to the bottom portion
(29.4 ◦C), which suggested that the top layer of VA-MXA localized the generated heat
and did not transfer toward the bottom following the heat localization effect and lower
thermal conductivity. Thus, the hydrophobic/hydrophilic interface effectively confined
the generated heat. Additionally, they mainly overcame the crystallization of saltwater on
the absorber to prevail in stable freshwater production. Overall, vertically aligned Janus
Ti3C2 MXene aerogel under opposite wettable conditions, heat localization, salt rejection,
and improved light-to-heat conversion guided a new concept of freshwater generation.

Of these aerogels designed by the 2D Ti3C2 MXenes, the superior hydrophilic nature
guided effective water transportation channels for water absorption and photothermal
activity at low thermal conductivity. The improved solar absorption and multiple light
reflection within the MXene aerogels contributed through the intrinsic LSPR property of
Ti3C2 MXene. Specifically, 2D Ti3C2 MXenes aerogels contributed to their desalination
performance in all-weather conditions, which proved the environmental viability of Ti3C2
MXene. Additionally, Ti3C2 MXene achieved good salt-resistance activity when it interacted
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with seawater during the desalination process. The salt resistance activity of the developed
solar absorber provided long-term interfacial interaction with seawater.

7.2. Foam

As we mentioned before, incident light reflects and blocks water transportation chan-
nels due to salt blocking during the seawater desalination process. Thus, we should conquer
the salt blocking ability and broadband absorption for continuous freshwater generation
with high efficiency. For this, Fan et al. [17] combined the 3D Ti3C2 MXene nanosheets
and cobalt-based metal-organic frameworks (Co-MOFs) as precursors for designing the
hierarchical cobalt nanoparticle-carbonaceous nanosheets/MXene foam (Co-CNS/M foam).
Here, the Co-MOF nanosheets are embedded with Co nanoparticles, which are vertically
aligned on the MXene (Figure 4d,e). The vertically aligned microchannels in the foam
exhibited a width of about 30–50 μm. The microchannel wall in MXene-based foam
was observed with a lamellar structure. By developing these hierarchical structures, the
following interesting features were observed: (i) multiple light reflection by the carbon
nanoplate arrays and Co nanoparticles for improved light absorption, (ii) improved light-
to-heat conversion by the thermal vibration of molecules and plasmonic localized heating,
(iii) carbon nanoplate arrays on the MXene skeleton for reduced thermal conductivity and
chemical stability for heat loss, (iv) broadband absorption of up to 2500 nm by the MXene
nanosheets and carbon nanosheets, and (v) hydrophilic nature for enabling the water trans-
portation channel. All these constructive features significantly improved the salt-rejection
capacity throughout the solar desalination process as shown in Figure 4 (f). Specifically,
Co-CNS/M foam revealed a thermal conductivity about 0.242 Wm−1K−1, which is less
than pure MXene (0.345 Wm−1K−1) due to the localization of heat. These factors suggest
that amorphous carbon nanoplates developed on MXene and the existence of a hierarchical
porous architecture. The Co-CNS/M foam achieved superior solar absorbance of about
97.5% compared to pure MXene foam, (95%) up to 2000 nm. Most importantly, the surface
temperature of Co-CNS/M was about 69.8◦C within 1 min. Overall, Co-CNS/M foam
achieved solar to thermal conversion efficiency at an average of 93.06% under 1 sun for
10 days (10 h per day) with a water evaporation rate of 1.393 kg/m2h, compared to pure
MXene-1.306 kg/m2h.

7.3. Hydrogel

Hydrogels can hold water multiple times higher than its weight [56]. Considering
this point, MXene-based photothermal hydrogels were developed for multifunctional solar
water purification (photothermal) and the degradation of contaminants. Fan et al. [18]
developed the mixed-dimensional Ti3C2Tx MXene-based nanohetero structures (Ti3C2Tx/
La0.5Sr0.5CoO3 (MLH)) for promoting solar water evaporation under excellent thermal
insulation. Here, a facile hydrothermal reaction process was adopted to attach the 0D
La0.5Sr0.5CoO3 nanoparticles on Ti3C2Tx MXene. Figure 5a,b shows the TEM image and
interfacial interaction between Ti3C2Tx MXene nanosheets (blue line) and La0.5Sr0.5CoO3
nanoparticles (green lines). Selective weight ratio between Ti3C2Tx MXene and LSC at 1:10
(MLH-2) yielded fruitful evaporation rate of 2.73 kg/m2h, which was higher than pure wa-
ter (0.55 kg/m2h), MXene (2.26 kg/m2h), and La0.5Sr0.5CoO3 (2.24 kg/m2h) with superior
evaporation efficiency of 92.3% under 1 sun and average solar absorption (250–2500 nm)
of 94.1% as shown in Figure 5c. Specifically, the MLH-2 hydrogel exhibited a microporous
skeleton structure. At this condition, the saturated water content significantly increased
within 60 s, which suggests the hydrophilic nature. The ability of cross-linked hydrogels
was evaluated by measuring the mechanical stability, which suggested a higher storage
modulus than loss modulus. It should be noted that the developed composite included
negligible heat convection (~1.40%), radiation (~2.28%), and conduction (~0.8%), which
supported improvement in the evaporation efficiency. The solar evaporation system de-
signed based on the Ti3C2Tx/La0.5Sr0.5CoO3 hydrogel is shown in Figure 5d. The low
energy distribution of MLH-2 hydrogel with an enthalpy of 1175 J g−1 was observed com-
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pared to pure water (2250 J g−1), which suggests efficient evaporation ability. Overall, the
low thermal conduction ability of Ti3C2Tx/La0.5Sr0.5CoO3 composite extensively absorbed
the wide spectrum of solar light and saturated the water content in a shorter time, for
achieving stable solar desalination process. The efficient mechanical and water storage
capacity of the hydrogels suggests its importance in practical solar desalination of seawater
into freshwater. Table 1 presents the solar desalination activity of Ti3C2 MXene-based
aerogel, foam, and hydrogel morphologies.

Figure 5. (a,b) TEM image and interfacial interaction between Ti3C2Tx MXene nanosheets (blue line) and La0.5Sr0.5CoO3

nanoparticles (green lines), (c) evaporation efficiency of Ti3C2Tx MXene and La0.5Sr0.5CoO3 at different weight ratios, and
(d) designed prototype of solar-driven sewage purification system (Reprinted from Ref. [18], copyright with permission
from Elsevier, 2021), (e,f) top and cross-section view of Janus PMX membrane, and (g) evaporation rate and efficiency of
Janus PMX membrane compared to base components (reprinted from Ref. [57], copyright with permission from American
Chemical Society, 2021).

Table 1. Summary of Ti3C2-based aerogel, foam and hydrogel morphologies for solar desalination.

Ti3C2-Based Aerogel, Foam and Hydrogel Morphologies for Solar Desalination

Ti3C2-Based
Composite
(Optimized
Condition)

Ti3C2 Functional
Groups

(Etching Process)

Solar Evaporation
Efficiency (%)

(1 Sun)

Surface
Temperature

(◦C)

Stability

Solar Desalination Rate
(Kg/m2h)

Ref.

Base Material
Resultant

Composite

Aerogel

GO/Ti3C2Tx

(MXene to GO-1:3)
O, OH and/or F

(HCl and LiF) ~90.7 ~41.9
24 h (acid and

alkaline
environment)

GO-0.88,
Ti3C2Tx-1.02 1.27 [53]

GO/Ti3C2Tx

(Ti3C2Tx-90%)
O, OH, and F
(HCl and LiF) ~85.0 80 — — 1.337 [15]

Ti3C2

(Micro-channel size of
15 μm (at Ti3C2-25

mg.mL–1)

— 87 59.4
(300 s)

15 days (sea
water) — 1.46 [54]

Foam

Cobalt nanoparticle-
carbonaceous

nanosheets/MXene
HCl and LiF 93.06 69.8

(60 s) 10 days MXene
foam-1.306 1.393 [17]

Hydrogel

Ti3C2Tx/La0.5Sr0.5CoO3

(Weight ratio of
MXene to

La0.5Sr0.5CoO3-1:10)

NH4F and HCl 92.3 40
(10 min)

10 cycles (Each
cycle 60 min)

Ti3C2Tx-2.26,
La0.5Sr0.5CoO3-

2.24
2.73 [18]
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7.4. Membrane

Membrane-based water purification technology plays a significant role in producing
fresh drinking water from seawater and wastewater. Nowadays, MXene-based composites
in the form of the membrane have received much attention for solar desalination. Thus,
we plan to reveal the ability of MXene-based composite membranes for freshwater gener-
ation, which are practically applicable in the development of advanced water treatment
technologies. In this manner, various researchers particularly focused on Ti3C2 MXene
membrane-related composites to achieve significant water purification.

During the desalination process, the salt blocking activity of the developed absorber
plays a key role to achieve stable freshwater production. Generally, Ti3C2 MXene prevails
in its superior hydrophilic nature and intrinsic light-to-heat conversion ability [39]. In
contrast, the hydrophobic surface enables the salt-bocking feature on delaminated Ti3C2
MXene (10 mg) nanosheet membrane compared to the hydrophilic surface for efficient
solar desalination [58]. Thus, they compared the desalination efficiency of the hydrophobic
surface with hydrophilic membranes. Here, the hydrophobic Ti3C2 MXene membrane was
achieved following the vacuum filtration method of Ding et al. [19]. It should be noted
that hydrophobic delaminated Ti3C2 MXene successfully blocked the salt compared to
the hydrophilic surface. The salt blocking strategy and hydrophobic nature of the -OH
terminated Ti3C2 MXene membrane was effectively achieved by the addition of trimethoxy
(1H,1H,2H,2H-per-fuorodecyl) silane (PFDTMS). These features are utilized for the devel-
opment of commercial water filter membranes. Here, PFDTMS completely transformed
the hydrophilic Ti3C2 MXene into a hydrophobic nature. In such a way, pure Ti3C2 MX-
ene prevailed over the hydrophilic nature at a water contact angle of 38.8◦. However, the
PFDTMS-modified Ti3C2 MXene surface provided the hydrophobic nature with a water con-
tact angle of 102.0◦. The Ti3C2 MXene surface was covered with -CF3 groups for achieving
a hydrophilic nature. During the solar desalination process, the membrane gained a vapor
temperature about 39 ◦C within 5–10 min. Due to the non-wettable feature of the Ti3C2
MXene surface, the developed heat effectively localized on the surface without transferring
toward the bulk water. Under these strange surface features, the hydrophobic Ti3C2 MX-
ene membrane achieved an evaporation rate of 1.31 kg/m2h (pure seawater-0.42 kg/m2h)
with steam conversion efficiency of 71% and seawater desalination rate of 99.5% for 200 h
under 1 sun. The conventional hydrophilic Ti3C2 MXene membrane achieved an evapora-
tion rate of 1.41 kg/m2h at a steam conversion efficiency of 74%. Additionally, negligible
natural evaporation of about 0.19 kg/m2h was also observed under a dark state due to the
hydrophobic nature of the membrane. Overall, the hydrophilic membranes prevailed as
the key feature of the salt blocking ability for the efficient and long-term solar desalination
of seawater into freshwater.

In addition to the salt blocking, we should reduce the incident light reflection to
improve the solar steam generation. In such a way, the first-time deformation of the hi-
erarchical Ti3C2Tx MXene (G1) nanocoatings into a crumpled morphology succeeded for
broadband light absorption [59]. In this study, they mainly highlighted the bioinspired
Ti3C2Tx MXene crumpled structures (such as West African Gaboon Viper), which strongly
scattered and reflected the incident light multiple times within the MXene. Consequently,
a superior light-to-heat phenomenon was observed. Specifically, broadband absorption
(up to 2500 nm) was achieved under an improved equilibrium temperature. Additionally,
improvement in the light absorption and decreased reflectance were successfully achieved.
Such biomimetic Ti3C2Tx MXene morphological features significantly achieved an evap-
oration rate of 1.33 kg/m2h under 1 sun with broadband absorption up to 93.2% at a
lower solar thermal loading of 0.32 mg cm−2. The hydrophilic nature of MXene was also
highlighted during the water supply process. Moreover, the Ti3C2Tx MXene converted the
incident light into heat at about 65.4◦C. The planar MXene morphology was observed with
reduced light absorption (46.8–64.0%) and light-to-heat generation (50.4–58.1 ◦C) compared
to the crumpled morphology. Finally, mechanically deformed Ti3C2Tx MXenes prevailed
with the following prominent features: (i) thermal insulation, (ii) mechanical stretchability,
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(iii) increased light absorption by scattering, (iv) multiple incident light reflection within
the MXene, (v) negligible transmittance, and (vi) low reflection. On the other hand, bioin-
spired Ti3C2Tx MXene features suggested the formation of novel stretchable solar steam
generation devices.

As we discussed before, we need to conquer the light reflection losses and salt resis-
tance at the interface of the solar absorber and liquid. In this manner, we can improve the in-
cident light absorption capacity by the photothermal 2D materials. For this, Wang et al. [60]
developed the Cu3BiS3 (CBS) on Ti3C2 MXene nanosheets (0.2 g) for the first time via the
thermal-injection method in the ratio of 1:1 (CBS-Ti3C2). Later, this composition at different
loadings (0.12, 0.24, 0.48, and 0.60 mg cm−2) was placed on a hydrophilic porous filter
membrane (PVDF) and vacuum dried overnight. As a result, the coatings were strongly
attached to the PVDF membrane during the desalination process. Accordon-like Ti3C2
transformed into improved porosity and specific surface area in the CBS–Ti3C2 composite.
These morphological features proved to have rapid water transportation channels and
avoided the formation of high saltwater areas. Accordingly, the CBS–Ti3C2 (0.48 mg cm−2)
composite revealed steady light-to-heat generation of about 62.3◦C (at 0◦ incident angle),
which is higher than that of pure Ti3C2 (53.8◦C). In such a way, CBS–Ti3C2 achieved supe-
rior photothermal evaporation efficiency of 91.9% under 1 sun, which is higher than other
light intensities (3 sun—88.2%, and 5 sun—90.2%). The main -OH termination groups trans-
formed into -O in the CBS–Ti3C2 compared to pure Ti3C2 under the unchanged chemical
state of Ti3C2. These results suggest the efficient light-to-heat conversion ability of CBS–
Ti3C2. In the same manner, CBS–Ti3C2 yielded an evaporation rate of 1.32 kg/m2h (1 sun),
3.84 kg/m2h (3 sun) and 6.26 kg/m2h (5 sun) in 60 min. Due to the combination of the
high absorption coefficient of Ti3C2 in the visible region and Cu3BiS3 in the near-infrared
region, the solar light absorption capacity of CBS–Ti3C2 (0.48 mg cm−2) was about 87.11%
in the range of 300–2500 nm, which is higher than CBS–Ti3C2 at 0.12 mg cm−2 (85.56%).

In another study, the light-to-heat conversion efficiency of 100% was achieved on a self-
floating 2D Ti3C2 MXene thin film membrane [39]. In this study, the light-to-heat conversion
efficiency was revealed by the droplet laser heating process. During the experiment, the
droplet temperature was accurately measured by a precalibrated IR camera. An aqueous
droplet of Ti3C2 MXene (0.1 mg/mL) with 9.0 μL hung at the end of the PTFE pipet.
Here, monochromatic wavelengths of 473 nm and 785 nm were illuminated at a power
density of 82 mW and spot size of 0.85 nm in diameter. The laser point perfectly focused
on the center of the droplet. During the light-to-heat conversion process, incident light
energy was significantly absorbed by the MXene sheets and converted into heat. The
scattered light is partially absorbed by the Ti3C2 MXene, which does not directly interact
with the laser beam. During the water droplet evaporation, the droplet volume was
slightly shrunken by about 0.2 mm. On the other hand, a certain amount of heat energy is
converted into internal energy in the droplet system. Here, the heat energy gained by the
MXene droplet was equal to the heat energy dissipation at equilibrium condition, which
maintained the droplet temperatures constantly, compared to the carbon nanotubes. Thus,
MXene sheets achieved a light-to-heat conversion efficiency of 100%. On the other hand,
the self-floating nature, mechanical strength, and light-to-water evaporation efficiency
were achieved by the interaction of MXene with the hydrophilic PVDF photothermal
membrane (0.22 μm). The developed MXenes could be peeled off from the PVDF to create
a self-floating activity. To decrease the surface energy and hydrophilic nature of MXene–
PVDF, PDMS was grafted on MXene–PVDF to self-float on top of the water. The MXene–
PVDF membrane achieved an equilibrium temperature of about 75◦C (PVDF 30 ◦C). The
PDMS maintained negligible light absorption and reflection of the membranes. Generally,
superior water steam generation can be achieved under higher surface temperatures. In
this situation, a light-to-water evaporation efficiency of 84% was achieved by the MXene
sheets under one sun irradiation.

Very recently, Zhao et al. [61], for the first time, reported the self-assembly of 0D
polydopamine microsphere (PDA) and 2D Ti3C2 MXene flakes (PDA@MXene microsphere)
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to realize the broadband light absorption capacity (250–1500 nm). The PDA@MXene micro-
sphere was developed on a hydrophilic PVDF membrane. This composite prevailed with
folding, refolding, and recovering features. The presence of -OH, -F, and -O termination
groups on the Ti3C2 MXene created the negative charge. Specifically, key features, such
as (i) reduced light reflection, (ii) minimized heat conduction towards bulk water, and
(iii) convention and radiation losses were explored. Additionally, the PDA@MXene
achieved rapid water transportation toward the surface and heat localization, compared to
the PDA/MXene. Most importantly, PDA@MXene composite achieved a surface tempera-
ture of 80 ◦C, which enlightened the photothermal conversion capability under a stable
light absorption capacity of 96%. Accordingly, the selective hydrophilic PDA@MXene
(0.8 mg/cm2) membrane composite succeeded the water evaporation ratio (1.276 kg/m2h),
solar-to-vapor conversion efficiency (85.2%), and salt rejection rate beyond 99%. These
values are higher than those of pure PDA (1.157 kg/m2h) and Ti3C2 MXene (1.095 kg/m2h)
under 1 sun. The oxidation stability and light absorption stability of the PDA@MXene mem-
brane were also studied, which revealed no oxidation peaks (TiO2) after 50 h of aging. Even-
tually, the PDA@MXene membrane was highlighted with significant light absorption capac-
ity and negligible oxidation during solar desalination for efficient freshwater generation.

During the desalination process, we should mainly focus on the hydrophilic nature
of the developed photothermal material. In contrast, Zhang et al. [57] developed a stable
hydrophobic/hydrophilic fluorinated porphyrin–Ti3C2Tx MXene (PMX) Janus membrane
to reveal the superior photothermal desalination. Mainly, they addressed the good salt-
resistance performance. Figure 5e,f presents the top and cross-sectional views of the
PMX membrane. Previously, a vertically aligned Janus Ti3C2 MXene aerogel was also
studied based on the hydrophobic/hydrophilic phenomena, which benefited multiple
light reflections at an evaporation rate of 1.46 kg/m2h [54]. The upper surface of the
hydrophobic/hydrophilic Janus PMX membrane made a water contact angle of 143.9◦
(fluorinated porphyrin) and the bottom layer made one of a hydrophilic nature (72◦).
Among these, the hydrophobic surface greatly benefited the heat localization and salt
resistance. Such a salt-blocking feature was also observed on the Ti3C2 MXene surface
with a hydrophobic nature of 102.0◦ [58], whereas hydrophilic Ti3C2Tx MXene effectively
pumped the water toward the hot interface. As a result, the resultant PMX membrane
contributed efficient vapor generation under 1 sun by generating a surface temperature of
about 66.0 ◦C, which is higher than that of the pure MXene membrane (43.2 ◦C). Overall,
the PMX Janus membrane achieved a stable photothermal evaporation rate of about
1.41 ± 0.04 kg/m2h with an evaporation rate of 86.4% (Figure 5g). These results are almost
similar to the previously studied another form of the Janus Ti3C2 MXene aerogel [54].

Similar to the PVDF membrane interfacial interaction with the Ti3C2 MXene [39,60,61],
another study on the Ti3C2/PVDF membrane was explored by Peng et al. [62]. They
revealed an efficient air–water interface during solar desalination. In this study, the
Ti3C2/PVDF membrane achieved a hydrophobic nature with a water contact angle of 128.6◦,
which benefited the floating of the Ti3C2/PVDF membrane (light-absorbing material) on
water due to surface tension. Here, they highlighted the air–water interface activity of Ti3C2
MXene under a superior solar absorption efficiency of 96.36%. In such a way, the surface
temperature of the Ti3C2/PVDF membrane achieved 43.3 ◦C in 10 min after solar light
illumination (48 ◦C, 1 h). This value was 11.8 ◦C higher than pure water. It should be noted
that the temperature at the air–water interface without light condition was 21.2 ◦C. The
difference in the temperature confirms the light-to-heat conversion effect by the self-floating
Ti3C2/PVDF membrane. Specifically, Ti3C2 MXene is suitable for the heat absorption and
air–water interface heating effect. The selective Ti3C2 content of 60 mg in Ti3C2/PVDF
achieved an evaporation rate of 0.98 kg/m2h (pure water, 0.35 kg/m2h) under 2 sun and
stable for 30 days. At this condition, the water evaporation rate was 0.01633 kg/m2min.
At a higher Ti3C2 content (70 mg), a decrement in the evaporation rate was observed
(0.89 kg/m2h) due to the suppressed vapor transport velocity of excessive Ti3C2.
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The above Ti3C2 membrane-based composites effectively explained the self-floating
nature and salt-blocking effect for boosting the sweater desalination activity. Specifically, the
internal light reflection and hydrophobic nature of the top layer significantly increased the
light-to-heat generation and localization of heat for efficient water evaporation. Thus, the
Ti3C2 membrane-based composites paved a potential path toward freshwater generation.

7.5. Monoliths

In addition to the solar desalination (photothermal effect), voltage difference (Seebeck
effect) was also explored through the temperature difference between the top and bottom
layer of the absorber under solar light. This phenomenon can be explained as the light-to-
heat-to-electricity effect. Following the above concept, Zhang et al. [20] realized the novel
temperature difference–induced electricity by the combination of the bilayer Ti3C2 MXene-
based monolith (B-MXM) (hydrophobic and hydrophilic) with n- and p-type silicon slices.
In this study, the bottom portion of Ti3C2 MXene submerged in water prevailed with a stable
hydrophilic nature and a water contact angle of 43.5◦, which continuously led to the rapid
dissociation of salt and avoided salt crystallization. The hydrophobic nature of the Ti3C2
MXene upper layer localized the heat as shown in Figure 6a. Zhang et al. [57] also reported
such a hydrophobic/hydrophilic phenomenon on the Ti3C2Tx MXene Janus membrane
for solar desalination. The upper hydrophobic surface layer generated a temperature of
about 98 ◦C than the lower B-MXM surface (30 ◦C), which suggests that heat effectively
localized on the top of the surface. Consequently, thermal conduction was reduced toward
the bulk water. Accordingly, B-MXM achieved an evaporation rate of about 1.39 kg/m2h
under outdoor natural sunlight (0.91 kWm−2) with a solar thermal efficiency of ~82.9%
and sustained voltage of ~0.3 V in the afternoon 12:00 p.m. (noon) as shown in Figure
6b. It should be noted that this study further elevated the light-to-heat concept into light-
to-heat-to-electricity. Figure 6c presents the simultaneous solar desalination and voltage
measurements, using hydrophobic and hydrophilic mediated B-MXM composites.

7.6. Porous

Ti3C2 MXenes in the form of tightly packed 2D membranes create high reflection
losses and restrict the water from flowing, which suppresses the overall evaporation rate.
To overcome this, macroporous 3D Ti3C2 MXene interfaced carbonized melamine foam
(CMF@d-Ti3C2) was developed for improving the rapid flow of water and escaping the
water vapor [63]. In this study, CMF@d–Ti3C2 was used as a solar absorber and evaporator.
For floating the porous CMF@d–Ti3C2 composite, thermal insulated polystyrene foam
was used. For water transportation under the capillary effect, nonwoven fabric was used.
The 2D to 3D morphologic transformation of Ti3C2 in the resultant porous structured
CMF@d–Ti3C2 elongated the optical path and improved the absorption of incident solar
light. Additionally, CMF@d–Ti3C2 sustained an excellent hydrophilic nature. The absorber
temperature gradually reached 40 ◦C after 10 min with a vapor temperature of 42 ◦C. The
porous surface of the CMF@d–Ti3C2 composite greatly reduced the specular reflection
losses. Under these constructive 3D architectures, CMF@d–Ti3C2 significantly achieved
an evaporation rate of 1.60 kg/m2h, which is higher than that of 2D Ti3C2 (1.41 kg/m2h),
with thermal evaporation efficiency of 84.6% (13 h) under 1 sun.

In a similar way, the morphological transformation of 2D Ti3C2Tx into 3D was suc-
cessfully explored for the solar desalination activity under strategic self-floating and direct
contact with bulk water [21]. Here, the microporous hydrophilic 3D Ti3C2Tx MXene archi-
tecture (3DMA) was developed on the melamine foam (MF) skeleton under the adhesion
force of PVA. The strong capillary effect was observed by the hydrophilic 3DMA and MF.
Specifically, continuous water flow was observed from MF to 3DMA. Moreover, the 2D to
3D morphological evolution of Ti3C2Tx MXene significantly improved the light absorption
capacity from the UV to NIR region. Additionally, 3DMA achieved ~98% absorbance
(350–1500 nm). However, a lower surface temperature (39 ◦C) was observed on the surface
while floating on the water. The unique resultant 3D architecture enhanced the extended
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light path, multiple light scattering, and decreased light scattering at the liquid-to-material
interface, which eventually improved the light absorption capacity. As a result, 3DMA
achieved the evaporation rate of 1.41 kg/m2h under 1 sun at solar steam efficiency of
88.7%. Additionally, the developed Ti3C2Tx MXene-based porous structure was highly
stable for 10 cycles at 30 min of each cycle. In this study, direct contact of 3DMA on
water lost its light-to-heat towards the bulk water. Thus, expandable polyethylene foam
(insulating layer) was wrapped around the architecture to minimize heat loss and improve
the photothermal conversion efficiency.

Figure 6. (a) Hydrophobic/hydrophilic bilayers of Ti3C2 MXene-based monolith with heat localization by hydrophobic
nature, (b) corresponding evaporation rate at various time and solar intensities, and (c) implementation of simultaneous
solar desalination and voltage measurements through temperature difference, using hydrophobic and hydrophilic Ti3C2

MXene layers (reprinted from Ref. [20], copyright with permission from Elsevier, 2020).

7.7. Nanocomposite

In addition to the above pure 2D Ti3C2 MXene, the developing of 2D/2D hierarchical
nanocomposites also raised its importance in solar steam generation. Very recently, Xu
et al. [64] interrelated the Ti3C2 and MoS2 for the development of an accordion-like-layer-
structured 2D/2D Ti3C2/MoS2 composite via the hydrothermal method. This composite
provided broadband light absorption between 200 nm and 2500 nm. Figure 7a presents
the surface morphology of the Ti3C2/MoS2 composite at evenly distributed MoS2 layers
on accordion-like Ti3C2. Interestingly, both Ti3C2 and MoS2 act as photothermal materi-
als. Under this situation, a selective mass fraction of Ti3C2 (65 wt%) in the Ti3C2/MoS2
composite (TM-3) achieved superior evaporation rate, compared to the other conditions
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of MoS2 (35, 50, and 80%). Additionally, an optical absorption capacity of 92.4% was
achieved, which is higher than other counterparts as shown in Figure 7b. Moreover, TM-3
addressed lower transmission of light (3.77%) and reflection (3.78%). On the other hand,
the achieved morphological features and large gaps between layers succeeded in multiple
light reflections and refractions, which eventually boosted the improvement in the light
absorption. Under the superior light absorption ability of TM-3, light-to-heat conversion
was observed in the range of 28.5–55.3 ◦C within a short time of 4 min and reached 60.8 ◦C
in 56 min. Under these constructive morphological features, TM-3 composite yielded the
evaporation rate of 1.36 kg/m2h, photothermal conversion efficiency of 87.2%, and strong
light absorption capacity of 92.4% (Figure 7c).

Figure 7. (a) Surface morphology of Ti3C2/MoS2 composite at evenly distributed MoS2 layers on accordion-like Ti3C2,
(b) solar absorption behavior of pure Ti3C2, MoS2, and various mass fractions of MoS2 in Ti3C2/MoS2, and (c) corresponding
water evaporation rate and solar evaporation efficiency (reprinted from Ref. [64], copyright with permission from Elsevier,
2021), (d) variation in the temperature change on the surface and bottom of five times layer-by-layer grown Ti3C2Tx

MXene/CNT composite, (e) evaporation, convection, radiation, and thermal conduction rate during solar desalination, and
(f) corresponding evaporation rate and light conversion efficiency of Ti3C2Tx MXene/CNT at different layer growths (1, 3,
and 5) (reprinted from Ref. [65], copyright with permission from Elsevier, 2021).

7.8. Other Morphologies

In addition to the above constructive synthesis of various morphologies, HF-free
(LiF/HCl) etched Ti3C2 (-OH,-F and -O) MXene nanosheets (pH of 5) were developed on
carbon nanotube (CNT)–coated cotton fabric (MC) by the layer-by-layer assembly to high-
light the solar evaporation under an intimate interfacial interaction [65]. Here, they found
key electrostatic interaction and hydrogen bonding between Ti3C2Tx MXene (negatively
charged) and CNT (positively charged). The -OH, -F and -O functional groups raised on the
Ti3C2 surface and -NH2 developed on CNT, which provided the hydrophilic nature with
cotton fabric (polar substrate). Additionally, hydrophilic MXenes were well dispersed in
water. These features rapidly wetted the composite fabric for water transportation during
the evaporation process. In such a way, selective layer-by-layer grown (five times) Ti3C2Tx
MXene/CNT composite (MC)5 cotton fabric achieved the light absorption capacity of 93.5%
(dry state) and 97.7% (wet state) throughout the solar spectrum (250–2500 nm). Specifically,
the porous structure benefited from the light absorption and air–water interfacial area.
Thus, the (MC)5 cotton fabric achieved a surface temperature of 40.4◦C under 1 sun in
10 min (Figure 7d). As a result, (MC)5 achieved the evaporation rate of 1.35 kg/m2h, which
is 3.29 times higher than pure water (0.41 kg/m2h) with an energy conversion evaporation
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efficiency of 88.2 ± 0.9% (convection ~2.5%, radiation ~3.4% and conduction ~2.8%) as
shown in Figure 7e,f. The lower thermal conducting behavior of (MC)5 during the desali-
nation process boosted the localization of heat on the surface, which eventually reduced
the heat loss toward the surrounding environments. In other words, the thermal conduc-
tivity of pure water was 0.6 Wm−1K−1, which was higher than (MC)5 at 0.12 Wm−1K−1.
These results suggest the lower thermal conductivity of Ti3C2Tx MXene-based compos-
ites, which boosted the water evaporation rate. Thus, (MC)5 gained improvement in the
evaporation rate compared to pure water. Overall, Ti3C2Tx MXene/CNT cotton fabric
composite achieved an efficient solar evaporation rate based on the following interesting
factors: (i) low reflection, (ii) low thermal conductivity to reduce the convection heat to
ambient (air), (iii) high optical absorption, and (iv) photothermal conversion. Table 2
presents the solar desalination activity of Ti3C2 MXene-based membrane, monolith, and
porous morphologies.

Table 2. Summary of Ti3C2-based membrane, monolith, and porous morphologies for solar desalination.

Ti3C2-Based Membrane, Monolith, and Porous Morphologies for Solar Desalination

Ti3C2-Based
Composite
(Optimized
Condition)

Ti3C2 Functional
Groups

(Etching Process)

Solar
Evaporation

Efficiency (%)
(1 Sun)

Surface Temperature
(◦C)

Stability

Solar Desalination Rate
(Kg/m2h)

Ref

Base Material
Resultant

Composite

Membrane

Ti3C2 HCl and LiF 99.5 39 (10 min) 200 h 1.41
(hydrophilic) 1.31 [58]

Ti3C2Tx HCl and LiF — 65.4 (5 min) — — 1.33 [59]

Cu3BiS3/Ti3C2

(1:1)
(O and OH)
HCl and LiF 87.11 62.3 — — 1.32 [60]

Ti3C2 HF 84 75 — — — [39]

PDA@
MXene

HCl and LiF 85.2 80 — PDA-1.157,
Ti3C2Tx-1.095 1.276 [61]

Fluorinated
porphyrin–

Ti3C2Tx

MXene

HCl and LiF 86.4 66 — — 1.41 [57]

Ti3C2/PVDF HF — 43.3 (10 min) — — 0.98 [62]

Monolith

Ti3C2 MXene — 82.9 98 (upper surface),
30 (lower surface) — — 1.39 [20]

Porous

Carbonized
melamine foam
(CMF)@d-Ti3C2

HCl and LiF 84.6 38.5 (10 min) — Ti3C2-1.41 1.60 [63]

Ti3C2Tx HCl and LiF 88.7 39 — — 1.41 [21]

Nanocomposite

Ti3C2/MoS2 — 87.2 55.3 (4 min) — — 1.36
[64]

Other morphologies

MXene nanosheets
on carbon

nanotube coated
cotton fabric

-OH, -F and -O
(HCl and LiF) 88.2±0.9 40.4 — — 1.35 [65]

8. Conclusions and Future Perspectives

The current review comprehensively summarized the potentiality of various morpho-
logical Ti3C2 MXene-based composites for the effective solar desalination of seawater for
freshwater generation. It is concluded that the desalination process of Ti3C2 MXene greatly
depends on the morphological features, which include aerogel, foam, hydrogel, membrane,
monolith, and porous structures. The evolution of Ti3C2 MXene morphologies extended
the water absorption capacity and light absorption toward the broadband region, thanks to
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the exceptional photothermal conversion ability of the layer-structured 2D Ti3C2 MXenes.
To date, the desalination of seawater using Ti3C2 MXene is still in its infancy. The Ti3C2
MXenes are significant for explaining the light-to-heat generation and heat localization
on the surface for the successful evaporation of seawater into freshwater. Additionally,
incident light was greatly absorbed inside the MXene through multiple light-reflection phe-
nomena. Specifically, the intrinsic hydrophilic nature of the Ti3C2 MXene makes a potential
path for water transportation channel toward the top of the surface. It was found that Ti3C2
MXenes prevailed with low radiation, low convection, and low thermal conduction, which
eventually increased the light absorption and evaporation. The above-discussed concepts
reveal that Ti3C2 MXenes are eco-friendly during the solar desalination of seawater. Due
to scarce studies on the desalination ability of Ti3C2 MXenes, there are many constructive
suggestions and perspectives:

1. The intrinsic hydrophilic nature and water absorption ability of layer-structured Ti3C2
MXenes determine its applicability in the field of eco-friendly solar desalination of
seawater into freshwater.

2. In the contest of long-term stability, researchers should pay more attention toward
membrane-based Ti3C2 MXenes for understanding efficient solar desalination. Thus,
further research is necessary to understand the efficiency of Ti3C2 MXene membranes
as a forerunner in solar desalination.

3. Due to the limited research on the Ti3C2 MXenes for solar desalination, it is further
required to develop the wide band gap semiconductor material interaction with Ti3C2
MXenes for widening the solar light absorption. More research needs to be carried
out in this direction.

4. The long-term stability of the layer-structured Ti3C2 MXenes is also a major challenge.
However, surface modification through the selective termination groups shows great
attention on the air–water interface for long-term stability.

5. Regarding the all-weather and complex conditions, there is infinite scope and opportu-
nity for researchers to expand the potentiality of Ti3C2 MXenes for freshwater generation.

6. The developing of self-floating Ti3C2 MXenes with a hydrophilic nature has not been
investigated. Thus, ceaseless efforts are required to accomplish the self-floating nature
of Ti3C2 MXenes.

7. In addition to the self-floating nature, the salt-blocking nature during the desalination
process significantly boosts the light absorption capacity and water transportation
toward the top of the absorber. Such configurations are ideal for highly efficient solar
desalination and long-term durability.

8. The oxidation stability of MXene during interaction with water under solar light
illumination needs to be clearly explained.

In a word, this review provides new ideas for the design of novel 2D Ti3C2 MXenes-
based composites for superior photothermal conversion and the solar desalination of
seawater into freshwater.
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