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Abstract: Passive sampling systems (PASs) are a low cost strategy to quantify Hg levels in air
over both different environmental locations and time periods of few hours to weeks/months. For
this reason, novel nanostructured materials have been designed and developed. They consist of
an adsorbent layer made of titania nanoparticles (TiO2NPs, ≤25 nm diameter) finely decorated
with gold nanoparticles. The TiO2NPs functionalization occurred for the photocatalytic properties
of titania-anatase when UV-irradiated in an aqueous solution containing HAuCl4. The resulting
nanostructured suspension was deposited by drop-casting on a thin quartz slices, dried and then
incorporated into a common axial sampler to be investigated as a potential PAS device. The
morphological characteristics of the sample were studied by High-Resolution Transmission Electron
Microscopy, Atomic Force Microscopy, and Optical Microscopy. UV-Vis spectra showed a blue shift
of the membrane when exposed to Hg0 vapors. The adsorbed mercury was thermally desorbed for a
few minutes, and then quantified by a mercury vapor analyzer. Such a sampling system reported
an efficiency of adsorption that was equal to ≈95%. Temperature and relative humidity only mildly
affected the membrane performances. These structures seem to be promising candidates for mercury
samplers, due to both the strong affinity of gold with Hg, and the wide adsorbing surface.
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1. Introduction

A thin film is commonly thought of as a layer with a thickness ranging from fractions of one
nanometer to several micrometers; however, it is difficult to draw a border line between thick and thin
films on the basis of their thickness, overall when the film is a nanocomposite or hybrid structure [1,2].
When a layer is designed to selectively adsorb gas or VOCs (volatile organic compounds), it has
to be both chemically (to favor more specific interaction forces between adsorbent and adsorbate)
and physically (to increase the number of the adsorbing sites, e.g., by acting on roughness and
porosity) treated. The surface layer in contact with the environment is the main responsibility of the
adsorbing process, and the relationship between the gas phase concentration and the adsorbed phase
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concentration at a constant temperature is reported as an adsorption isotherm, whereas the shape
depicts the affinity relationships between the adsorbate and the absorbent [3]. Therefore, most of the
chemical sensors and samplers for monitoring mercury in the atmosphere have been designed with
these features taken into account. Mercury is a toxic pollutant, and it is considered by WHO (World
Health Organization) as one of the top 10 chemicals of major public health concern [4]. It is continuously
traveling through water, soil, and atmosphere, in various forms, to different parts of the world, and it
is commonly emitted from both natural sources, as volcanoes, wildfire, and soil, and human activities,
as fossil fuel burning, waste incineration, power plants, and artisanal mining [5,6]. There is a huge
and quickly growing body of scientific literature on the distribution of mercury in several ecosystems:
atmosphere is the principal transport pathway of Hg emissions, whereas soil and water play a
significant role in the reallocation of Hg in several ecosystems [7]. Mercury in the atmosphere can be
carried as gaseous elemental mercury (GEM) and gaseous oxidized mercury (GOM), which together are
named as total gaseous mercury (TGM, Cmean: ≈ 1.4 ± 0.15 ng m−3) and particle-bound mercury (PBM).
Among them, GEM holds the most long atmospheric residence time (≈1 year) due to the relatively high
vapor pressure and inertness to atmospheric oxidation [5,8]; conversely, GOM and PBM have much
shorter atmospheric stays, being put down closer to their source locations [9,10]. Adsorbents based
on sulfur-treated carbons, alumina, and zeolites, have been among the most commonly investigated
materials that are able to capture mercury from the environment [11]. More recently, ZnS nanoparticles
(NPs) have been developed and variously implemented as alternatives to remove Hg0 from polluted
environments [12]. The strong affinity between heavy metals (e.g., mercury) and noble metals, such
as gold and silver, has been also investigated in literature as a suitable strategy to capture and reveal
such a pollutant in air. Therefore, a series of filters, and detecting systems exploiting such features,
have been designed to remove and detect, respectively, these pollutants within the environment.
Specifically, when a removal process is required, as well as the detection of a very low concentration,
cartridge-like structures with a high surface-volume ratio are preferred [13,14], and large amounts
of volumes containing the pollutant are fluxed throughout the cartridge/filter, entrapping it inside.
Conversely, when real-time detection or diffusion processes are investigated, thin film structures
are commonly preferred. Both sensors and adsorbing devices based on metal thin films, and more
recently, porous or nanostructured, have been reported in literature [15–17]. Nanostructured thin film
layers, made with nanoparticles, are preferentially assembled in ordered structures, conforming to the
surface with precise control over chemical and physical properties, in reproducible scaffolding. Some
examples of deposition techniques that are commonly used include the electrodeposition of metal oxide
and metal nanoparticles [18], the deposition of nanoparticle monolayers via the Langmuir Blodgett
technique [19], sol–gel chemistry-based deposition of nanoparticles [20], layer-by-layer dip coating [21],
in situ synthesis of nanoparticles using polymeric thin films as templates [22,23] self-assembling [24],
and electrospray [25]. Further, depending on the functionalization or charges on the nanoparticle (NP)
shells, ordered thin layer or 3D structures can also be designed by drop-casting, which is one of the
simplest and cheapest deposition techniques [26,27], even if it is rarely able to assemble homogeneous
layers, especially on large surfaces, mainly due to differences in evaporation rates through the substrate,
or concentration fluctuations that can lead to variations in internal structure and film thickness. When
the substrate is a porous matrix, the dropped nanocomponents, depending on their affinity to the
surface, can penetrate and decorate the pores’ surfaces, thus assuming a peculiar 3D-structure that is
more or less conformal to the substrate scaffold. Such a porous layer, comprising interconnected void
volumes and high surface-area-to-volume ratio, facilitates gas and VOC diffusion through its bulk, as
well as gas/VOC adsorption onto its binding sites.

In the present study, highly pure quartz (SiO2) microfibrous filters have been used as suitable
substrates decorated with a nanocomposite material by dropping, capable of adsorbing, and then
quantifying vapors of mercury from the atmosphere, as a promising thin structure for passive air
sampler (PAS). The latter are generally designed to be cheap, simple to operate, and to work without
electricity. For mercury analysis, the most basic requirement is that a PAS is able to sorb a sufficient
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amount of mercury for accurate and precise quantification. The peculiarity of the passive samplers
relies on unassisted molecular diffusion of gaseous agents (i.e., volatile vapors of elemental mercury)
through a diffusive surface onto an adsorbent material. Unlike active (pumped) sampling, passive
samplers require no electricity (expensive pumps), have no moving parts, and are simple to use
(no pump operation or calibration). After sampling, the adsorbed mercury should be desorbed off
the adsorbent by solvent (chemical procedure) or thermal desorption (physical procedure). Passive
samplers have to be commonly compact, portable, unobtrusive, and inexpensive. They are able to
give information on the average pollution levels over time periods of a few hours, to weeks/months.
They do not require supervision, and can be used in hazardous environments. Passive samplers
have been designed, using a variety of synthetic materials (like sulfur-impregnated carbon (SIC),
chlorine-impregnated carbon (CIC), bromine-impregnated carbon (BIC), gold-coated sorbents (GCS),
etc.) and housings for Hg collection [28,29]. Activated carbon is suggested to be the most suitable
sorbent material for PASs, since it is low cost and provides a large surface area [30]. On the other hand,
the amalgamation between Au and Hg is also considered as an effective alternative strategy to design
mercury samplers, even if it is not very popular since more expensive [28]. However, a large variety
of materials based on nanotechnology have already been applied for this purpose, even if the state
of art in those nanomaterial-based passive samplers is still in the early stages [31–37]. Sampling rate
and adsorption capacity are the two key factors to evaluate the performance of a passive sampler.
The PAS sampling rate depends on the shape of the sampler, and it is affected by meteorological
factors [38–40]; meanwhile, the adsorption capacity depends on the affinity between the adsorbate and
adsorbent, as well as the adsorbing layer structure (i.e., specific surface area, pore size distribution and
number of binding site), and it is affected by temperature and potential chemical interferents in the air.
All of these samplers work on the basis of diffusion. Most commercially available passive/diffusive
samplers are planar or axial in shape [31]. Commonly, the adsorbing matrix is disk-shaped structured,
with different thicknesses and porosities. Alternatively, they can have a radial shape, consisting of a
columnar sorbent surrounded by a cylindrical diffusive barrier, with the purpose of increasing the
sampling rate by maximizing the surface area across which diffusion occurs (Radiello® [41]). Other
passive samplers for mercury vapor collection on the basis of diffusion have been constructed using
a variety of synthetic materials (i.e., gold and silver surfaces, and sulfate-impregnated carbon) and
housings [31,39,42].

In this work, an alternative approach adopted in the place of conventional ones has been described,
designing onto a SiO2 micro-fibrous filter, a coating (partially penetrated inside the filter) made of an
aggregation of densely packed nanoparticles of TiO2 finely decorated with smaller nanoparticles of
gold AuNPs. Such a layer was achieved by exploiting the capability of TiO2 (anatase) to photoreduce
aqueous HAuCl4 into elemental gold when irradiated with UV-light [43]. Furthermore, when a
polymer (e.g., polyvinylpyrrolidone, PVP) was added to the HAuCl4 aqueous solution, globose gold
nanoparticles could be grown onto the metal oxide particles, obtaining a nanocomposite material
with promising properties in adsorbing mercury from the atmosphere. These novel nanocomposite
structures have here been considered as being very attractive adsorbing layers for passive sampling,
due to both the strong affinity between mercury and gold, wide adsorbing surface due to the nanosize
of the materials (expected high efficiency and lifetime), the robustness of the materials and the chance
to use them for many times, thus avoiding the spread of waste materials into the environment.

2. Materials and Methods

All chemicals were acquired from Sigma Aldrich (Milan, Italy), and used without further
purification: polyvinylpyrrolidone (PVP, Mn = 1,300,000 g/mol), titanium (IV) oxide (anatase, ≤25 nm
diameter, Sigma Aldrich, Milan, Italy) and gold (III) chloride hydrate (HAuCl4, 99.999%). Ultrapure
water (5.5 10−8 S cm−1) was produced by MilliQ-EMD Millipore. Quartz slice filters (WhatmanTM,
Little Chalfont, UK) were 400 μm thick, and 2 cm wide with ≈2 μm pore size and ≤3 μm fiber diameter.
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Titanium (IV) oxide (anatase) were suspended in an aqueous solution of PVP/ HAuCl4 for
preliminary investigations (600 mg TiO2/ 60 mL PVPaq/ 0.03 mg HAuCl4). Such a suspension was
UV-irradiated for 1 hr (365 nm, Helios Italquartz, Italy), thus changing the color from yellow to
blue-violet, and subsequently centrifuged and rinsed with water at least three times to remove PVP
excess (Thermo Scientific SL16R 230V, Langenselbold, Germany; T: 4 ◦C; t: 15 min (×3); RCF: 5000
g). The resulting precipitated was vortexed, diluted with a few cc of ultrapure water, and deposited
on the quartz slices by drop casting using a customized mask of Teflon® (d: 11.25 mm, ≈10 mg), then
heated to 80 ◦C, and finally to 450 ◦C under a clean air flow, in order to remove both possible traces of
polymer and mercury absorbed during preparation.

The nanostructured layers were analyzed by UV-Vis spectrophotometry (Spectrophotometer
UV-2600, Shimadzu, integrating sphere ISR-2600Plus, Duisburg, Germany) before and after gold
nano-functionalization, and by AFM (Nanosurf Flex-AFM, Liestal, Switzerland), which captured the
layer surface images in tapping mode using 190Al-G tips, 190 kHz, 48 N/m.

Powder samples for transmission electron microscopy (TEM) measurements were gently
grounded in an agate mortar, dispersed in isopropyl alcohol, sonicated for 10 minutes, and dropped
onto a holey-carbon coated copper TEM grid. TEM and scanning transmission electron microscopy
(STEM) analysis were performed by a ZEISS Libra 200FE microscope (Oberkochen, Germany) after
complete solvent evaporation overnight in air. The size distribution were manually calculated counting
more than 400 NPs by iTEM software (Olympus SIS, Muenster, Germany).

Optical micrographs were provided by Zeiss Axiophot Stereomicroscope equipped with a color
videocamera (Axio Cam MRC, Wexford, Ireland) using a computer assisted image analysis system
(AxioVision, Wexford, Ireland). The side-view of the quartz slice coated with AuNPs/TiO2NPs film
was provided by a Portable USB Digital Microscope 1×–5000× Magnification Mini Microscope Camera
(1x-5000X, Bangweier, Guangdong, China) by placing the sample between a microscope slide and a
base support: the remaining floating sample was 45◦ tilted and displayed in the same picture.

A prototype of thermal desorption system was also planned in CNR-IIA and developed (Spaziani
Rolando, Italy) in order to be connected to the most commons analytical systems of mercury. The
prototype was manufactured in quartz and housed in a heater system (De Marco Forneria, Italy) to
allow the fast desorption of the Hg0 adsorbed on the thin layer of the nanostructured material, flowing
pure (Air 5.0, Praxair-Rivoira, Italy) throughout the desorption chamber.

Mercury Vapor Analyzer Tekran 2537A (Tekran Instruments C., Toronto, ON Canada) was
used to quantify the mercury desorbed from the nanocomposite film. The exposure of the
adsorbing layers to injected volumes (μL) of mercury vapors (Tekran 2505, Mercury Calibration
Unit) were carried out within customized sealed Duran glass samplers (V: 8.5 mL) to study the
efficiency of the membrane. Conversely, the AuNPs-TiO2NPs adsorbing discs were placed into
customized glass samplers with diffusive caps (nylon membrane) for sampling rate calculation, and
deployed with concentrations of mercury in relative humidity (%RH)- and temperature (T)-controlled
measuring rooms. Such measuring rooms were monitored by the mercury vapor analyzer and
a humidity-temperature transmitter (Relative Humidity and Temperature Probe HMP230, Vaisala
Corporation, Helsinki, Finland).

3. Results and Discussion

Exploiting the photocatalytic properties of TiO2, gold nanoparticles were selectively grown under
UV light irradiation on titania nanoparticles through the photoreduction of HAuCl4 in the presence of
an organic capping reagent (PVP). The light yellow-colored aqueous suspension of TiO2NPs containing
HAuCl4 and PVP when exposed to UV-light irradiation for 1 hr under magnetic stirring assumed
a blue-purple color, due to the formation of gold nanoparticles (Figure 1). Subsequently to the
centrifugation and then the resuspension of the pellet by ultrapure water, known amounts of the
heterogeneous mixture, under stirring, were picked up and deposited onto several substrates to be
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characterized. Before each morphological and physical-chemical measurements, the samples were
heated at 450 ◦C per 1 hr to eliminate the PVP traces and the potential mercury adsorbed.

Figure 1. Functionalization of TiO2 nanoparticles by UV-irradiation in a 0.1 M PVP
(polyvinylpyrrolidone) aqueous suspension.

Due to the inhomogeneity of the film, all the spectra here depicted were carried out only over
a selected area of the Au/TiO2NPs film coating a flat substrate (SiO2 wafer). The sample reported a
reflectance minimum (about 15%) at 550 nm wavelength, thus confirming the growth of metal gold
on the TiO2 nanoparticles, and another stronger signal, with an onset at 380 nm, related to the charge
transfer from the valence band to the conduction band of the titania nanoparticles [44]. The UV-Vis
diffuse reflectance spectrum is depicted in Figure 2. The broad band (550 nm) was attributable to
the characteristic localized surface plasmon resonance (LSPR) band of AuNPs, ranging between 500
and 600 nm [45,46]. This visible band was presumed to arise from the combined oscillations of the
valence electrons confined in a cage of nanometer dimensions [47]: the position and shape of the
surface plasmon band is affected by many parameters, including the dielectric constant of the medium,
the particle size and shape and the coulomb charge of the nanoparticle. When AuNPs are joined to
metal oxides, such as TiO2, the material appears to be purple-brown colored, due to the characteristic
surface plasmon band of gold.

Figure 2. UV-Vis diffuse reflectance spectrum of AuNPs/TiO2 layer in 270–670 nm wavelength range.

However, the minimum value of the reflectance band could be blue- or red-shifted, depending
on the value of the average size of particles (i.e., the peak absorbance wavelength increases with
particle diameter), as their aggregation (which is enhanced by a red-shift in the spectrum, as well
as the broadening of adsorption peaks, and a decrease in peak intensities), functionalization, and
inter-particles distance [48]. In literature, it was observed that the surface plasmon oscillation of gold
nanoparticles in a suspension red shifted from ~520 to 530 nm as the particle diameter increased from
5 to 40 nm [49].

Both AuNP shape and size should be mainly related to the PVP concentration (the capping
agent) and UV-light intensity, respectively [43,50] over the photocatalytic process. Specifically, the
average particle size decreases as the intensity of the light increases. This effect of light intensity on the
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gold particle size could be very general, and it could be used to tune the average particle size to the
optimum value when preparing Au/TiO2 using this route. Additionally, both the size and the number
(or density) of the nanoparticles can increase directly with the duration of irradiation.

The gold nanoparticle size distribution of the sample (Figure 3b) was centered around the mean
value of 32.6 nm (70% of NPs ranging between 5 to 40 nm). A STEM micrograph (Figure 3a) showed
a good particle dispersion onto the support (Figure 3b), whereas the HRTEM (High-Resolution
Transmission Electron Microscopy) ones (Figure 3c,d) revealed well-shaped and highly crystalline
gold nanoparticles that were in intimate contact with the anatase crystalline support (AuNPs appear
slightly darker with respect to the anatase support). Interestingly, the gold NPs shared similar sizes
with the support grains, assembling together into homogeneous aggregates.

Figure 3. (a) A representative STEM micrograph of an Au/TiO2 anatase sample at low magnification—
AuNPs (gold nanoparticles) appear brighter over the greyish support; (b) AuNPs size distribution
and representative HRTEM (High-Resolution Transmission Electron Microscopy) micrographs of (c) a
gold NP and (d) a AuNP/TiO2NPs cluster where a AuNP appears rounder and slightly darker than
anatase ones.

Exploiting the properties of gold nanostructures due to the mercury adsorption, miniaturized
sensing devices were demonstrated to be able to detect picograms of mercury in the air, like
gold-microcantilevers [16] by changing their resonant frequency in real time. Au-TiO2NPs deposited
onto gold electrodes have been investigated as electrochemical sensors to detect Hg (II) in water [51].
Nanocomposite sensors made of titania nanofibers decorated with gold nanoparticles showed a limit
of detection of 6 pptv (parts per trillion by volume) and 2 pptv, respectively, depending on the strategy
of sampling [52]. Furthermore, devices based on resistivity changes in very thin gold films are also
commercially available (Jerome® J405 mercury vapor analyzer) with a 0.01 μg m−3 resolution and a
750 ± 50 cc min−1 flow rate [53]. In the case of passive samplers, gold nanostructures have been used,
for instance, by deploying very thin gold electrodes (50 nm) to Hg0 for 100 min, and then measuring
the changes in resistance (Limit of Detection, LOD: 1 μg/m3): in this case, the analysis was provided
by the same device [54]. Mercury also induces changes in the optical properties of gold films [55].
Exploiting this feature, in literature, porous glass discs were coated with AuNPs, showing a linear
range within 0.1–15 ng Hg0 and a LOD of 0.4 ng [56]: the exposure to Hg0 caused a color change from
red to violet-purple.

Here, the AuNP–TiO2NP layer was exposed to a known concentration of elemental mercury
vapors (14 mg/m3) at increasing time (room temperature, 35% RH).

The diffuse reflectance spectra (Figure 4A) depicted an apparent wavelength blue shift of ≈ 2.7
nm after 15 min of exposure, up to ≈ 4.6 nm, and ≈ 6.6 nm after 60 and 120 min, respectively, according
to a non-linear curve (Figure 4B), suggesting a quicker process initially and slower afterwards, also
reported in literature [57]. A possible explanation has been provided by Mie theory [58]: since mercury
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is expected to be adsorbed strongly onto gold surface and Au is more electronegative than Hg (2.5 and
2.0, respectively) [59], mercury may be able to donate the electron density to gold NPs [60] causing
the surface plasmon mode to blue-shift [58]. The related changes (0.1%) in reflectance, which seem
to increase with dependence on the exposure time (up to 60 min), may be due to the change of the
refractive index for mercury entrapment inside the nanocomposite layer [49].

Figure 4. Comparison of UV-Vis diffuse reflectance spectra of AuNPs/TiO2 layer in a 450–650 nm
wavelength range at different exposure times to Hg0 vapor pressure at 20 ◦C and 35%RH (A); a curve
plot depicting the wavelength values of the AuNPs/TiO2 layer at increasing exposure time to Hg0 (B).

Similarly, a coating dispersed on a fibrous quartz surface of about 0.99 × 102 mm2 was achieved
by slowly dropping hundreds microliters of the aqueous suspension through a suitable mask, defining
the area to be covered, and allowing water in excess to flow away through the disk filter. After
deposition, the layer looked quite compact and it conformed to the quartz disc surface (Figure 5).
The coating penetrated inside the quartz filter for about 25% of its thick layer, confirmed by the color
change of cross filter section in Figure 5, right. Optical micrographs show that the composite film was
conformal to the microfibrous surface of the supporting scaffold (Figure 5, inset), keeping its roughness
characterized by valleys and overhangs.

Figure 5. (Left) Drop deposition of TiO2/AuNPs aqueous suspension; top view (middle) and side
view (right) of the resulting disc. The inset depicts an optical magnification of the film surface.

Such a layer, since partially withheld by quartz microfibers, was stable and easy to be handled
without suffering apparent damages or detachment. Figure 6 presents Atomic Force Microscope (AFM)
surface topography images of the functionalized quartz filters. The coating surface showed a rough
material provided of different sized grains (Ra: 5.4 ± 1.4 nm, average roughness) with ridges and
valleys conforming to the fibrous substrate (Figure 6a). At higher magnification (Figure 6b,c), grains
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(Ra: 140 ± 85 nm) appeared densely packed with a series of void spaces (darker areas), due to their
uneven boundaries.

 

Figure 6. Atomic Force Microscope topography images of the quartz filter surface coated with a
TiO2/AuNP layer, at different magnifications.

In order to calibrate the adsorbing membrane to mercury vapors, the adsorbing disc was placed
on the bottom of a suitable sealed glass chamber that was 2.5 cm height, and with a volume of 8.5 mL,
where increasing amounts of Hg0 vapors (μL) were injected by a gas-tight syringe at ~20 ◦C (under dry
air). The injected volumes were selected to lower the experimental error as much as possible. Further,
each amount was first theoretically estimated and then experimentally measured by injection into the
analytical instrument. Finally, the disc was subjected to thermal desorption under an air flow that
collected the desorbed mercury and delivered it to the mercury analyzer. In Figure 7, the adsorbed
mass of Hg0 versus the exposure time is reported. It was noted that 15 min of film exposure appeared
to be sufficient to adsorb 90% of the injected mass. However, all of the estimated injected mass values
were not completely adsorbed, even after an hour, probably due to the partial nonspecific sorption of
mercury to the glass container.

Figure 7. Adsorption curve of a known amount of injected Hg0 vapors (C: 0.235 ng/mL) versus
exposure times ranging between 15 and 60 min.

Therefore, to investigate the effects of humidity and temperature, further measurements of
adsorption at different Hg0 vapor concentrations were carried out by exposing the same membrane to
the pollutant just for 15 min. The relative humidity changes were controlled and generated by a mass
flow controller flowing dry air, and increasing the concentrations of the water vapors throughout the
measuring chamber. Temperature values were provided by dipping the measuring chamber into a
thermal bath. In order to obtain the membrane performances at −20 ◦C, the measuring chamber was
put into a fridge at −20 ◦C. After exposure to Hg0 by injection (15 min) the sample was resumed and
desorbed for quantification. Experimental results reported a slight increase of the adsorbed mass when
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the relative humidity increased up to 70% RH (relative humidity) within the measurement chamber.
Specifically, when 645 pg of Hg vapor were injected into the differently humidified measuring chamber,
the nanostructured material was slightly affected by the water molecules, improving entrapment by
an additional amount of 0.4 ± 0.01 pg of the analyte per %RH unit (Figure 8, right).

Figure 8. Plots depicting the desorbed mercury from a AuNP/TiO2NP film upon exposure, within a
sealed glass vessel that is similar to the passive sampler (PAS) container, to: (left) a known mass of
Hg0 vapor (about 652 ± 0.01 pg) when temperature of the sampler changed (ranging between −20
and 60 ◦C; dry air); (right) a known mass of Hg0 vapor (about 645 ± 0.01 pg) when the %RH in the
sampler changed (ranging between 5% and 70% relative humidity; room temperature). Each point
in both the graphs is the resulting mean value from 5-times repeated-measures (error bars depict
standard deviations).

Notably, when %RH was ranging between 50–70%, the desorbed values oscillated between
0.632 ng and 0.656 ng, i.e. they increased the values spread, and then the error. Similarly, temperature
also slightly affected the analyte adsorption onto the PAS membrane, since the curve slope increased
by 0.62 pg per Celsius degree over a thermal range of −20–60 ◦C when approximately 645 pg Hg0

mass was injected (Figure 8, left).
Injected mercury vapor mass values were compared to the amount of Hg0 that was actually

adsorbed onto the exposed layer, in order to value its efficiency. Such a parameter was measured
by adding a few microliters containing increasing masses of Hg0 vapor into the measuring chamber
at room temperature and in dry air. Five replicate measurements were provided for each injection.
Upon a 15 min-deployment time, the adsorbing disc was thermally desorbed, and the collected
vapors were delivered to the analytical instrument and then measured. The linear relationships
between the mass injected and the mass adsorbed until 10 ng were depicted in the plot of Figure 9,
suggesting a high absorbance of the nanostructured material. The affinity between mercury and the
nanostructured material was confirmed also by the slope value of the linear fitting (S: 0.950 ± 0.005,
R2: 0.998) calculated on 15 min of sampling per each step. The mercury adsorbed mass when the disc
was exposed to saturated mercury vapors for 18 h (T: 20 ◦C) was estimated to be more than 15 μg,
confirming that such a thin layer was a very highly sorbent device for mercury.
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Figure 9. Adsorption curve of mercury vapors (measured as PAS-desorbed mercury) at increasing
injected amounts of mercury vapors (ng).

Samples were completely restored after dozens of cycles of measurements, confirming the
potential to use the same sample for many exposures. The functioning of the diffusive samplers
is based on the movement of the contaminant molecules across a concentration gradient. In the
collecting device (the case of a passive sampler, Figure 10) the contaminants diffuse from an area of
higher concentration towards an area of lower concentration. According to the first Fick’s Law, the
rate at which the chemicals diffuse is represented by the following formula:

Q = D
(

A
L

)
C t, (1)

where Q is the amount of the sample collected (ng), D is the diffusion coefficient (cm2/min), A is the
cross-sectional area of the diffusion path (cm2), L is the diffusive path length (cm), C is the airborne
concentration (mg/m3) and t is the sampling time (min). Each contaminant has its own diffusion
coefficient that is determined by its unique chemical and physical properties. The A/L parameter is
determined by the sampler’s geometry; the product of D (A/L) is the theoretical sampling rate of a
diffusive sampler for a specific compound (e.g., elementary mercury).

Figure 10. Prototype of mercury passive sampler comprising a diffusive membrane (particulate filter),
the fibrous disc coated with AuNP/TiO2NP (sorbent material), and a borosilicate vessel allowing the
axial diffusion of Hg0 from the cap to the bottom. The O-ring stops the disk on the tube bottom.

In order to experimentally evaluate the sampling rate (SR) of the proposed passive sampler,
a useful method is given by the use of the empirical equation (2) [28]:

SR = Q/(Ct) (2)
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where Q is the amount of the adsorbed mercury (ng), C is the exposition concentration (ng m−3), and
t is the deployed time (days) of the sample, named as PS. In our case, several measurements have
been performed, exposing three passive samplers (PS1, PS2, PS3) at three different vapor mercury
concentrations for 3, 7, and 15 days of sampling time. All of the measurements were performed in
three measuring chambers, where three different ambient vapor mercury concentrations, of 1.2, 3.5,
and 4.5 ng m−3, were kept constant. As previously mentioned, the PAS device here described works
exploiting the unassisted axial diffusion process of the mercury vapor through the diffusive membrane,
along the glass vessel (diffusion path), up to the adsorbing film placed on the vessel bottom. This PAS
comprises a see-through borosilicate vessel, a cap made of a nylon membrane for gas diffusion and
particulate stopping, a locking ring to keep the adsorbing membrane to the vessel bottom, and finally
the adsorbing membrane (the violet discs in Figures 10 and 11). The PAS fabrication was easy and quite
reproducible, since all of the membranes that were decorated by a given volume of the suspension,
reported the same weight (10.00 ± 0.25 mg), obviously with the uncertainty (2.5%) generated by the
deposition technique and by the irregularity of the hosting substrate. The resulting nanostructures
looked very stable, since they were partially entrapped inside the filter and did not appear to be
decolored or scratched, even after 1 year of measurements. The pictures in Figure 11 shows a batch
of the fibrous quartz discs decorated with the AuNP–TiO2NP layers, and their placement into the
device in order to be characterized as potential PAS for mercury. Each adsorbing disc was mercury
thermally desorbed before (to have a clean substrate) and after (to measure the concentration in air)
each exposure, and the desorbed vapors were delivered to the analytical instrument. Commonly,
10 min of heating was sufficient to both restore the adsorbing disc, and to measure the amount of
Hg0 that was adsorbed throughout the deployment time. For each measure, quartz discs were heated
under clean and dry air flow until the Tekran Analyzer displayed values of Hg0 that were close to zero.

Figure 11. A fabrication step of the PAS devices: many of AuNPs-TiO2/quartz discs drop-deposited
and placed in an oven to facilitate the solvent evaporation (A); the placement of the adsorbing disc on
the borosilicate vessel bottom (B); the PAS device with the particulate filter mounted (C).

After each exposure, using Equation (2), the sampling rate (SR) of each passive was calculated,
and the relative results were reported in Table 1.
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Table 1. Passive devices sampling rate values.

Sampler
(1)Hg0 Vapor

Concentration (ng/m3)
Hg0 Adsorbed

Mass (ng)
Exposure Time

(days)
Sampling Rate

(m3/days)

PS1 3.5 0.140 3 0.013
PS2 3.5 0.143 3 0.014
PS3 3.5 0.144 3 0.014
PS1 1.2 0.124 7 0.015
PS2 1.2 0.124 7 0.015
PS3 1.2 0.116 7 0.014
PS1 3.5 0.357 7 0.015
PS2 3.5 0.355 7 0.014
PS3 3.5 0.359 7 0.015
PS1 4.5 0.463 7 0.015
PS2 4.5 0.471 7 0.015
PS3 4.5 0.452 7 0.014
PS1 1.2 0.279 15 0.016
PS2 1.2 0.272 15 0.015
PS3 1.2 0.269 15 0.015
PS1 3.5 0.727 15 0.014
PS2 3.5 0.736 15 0.014
PS3 3.5 0.720 15 0.014
PS1 4.5 0.978 15 0.014
PS2 4.5 0.962 15 0.014
PS3 4.5 0.951 15 0.014

1 measured by TEKRAN 2537A unit, the temperature was 24 ◦C (with a fluctuation of 1 ◦C), and the RH% was 40%
(with a fluctuation of 2%) over the whole experiment.

The mean value of sampling rate was estimated to be 0.014 ± 0.0007 (m3/day). Figure 12 depicts
the SR values related to the exposure to increasing concentrations of mercury vapors. The reported
error bars are referred to the standard deviation (SD) of uncertainty, showing a low dispersion of
the overall values at increasing concentrations. In literature, generally depending on the range of
environmental mercury concentration to be monitored, several PASs have been designed with different
SRs [28], ranging from 0.00031 m3/day based on gold-coated silica placed in an axial tube without
diffusive membrane [61], to 0.13 m3/day based on sulfur-impregnated activated carbon (axial tube,
no diffusive membrane) [38,42], and to 6.6 m3/day based on gold-coated quartz fiber filters [62].
Furthermore, since SRs are commonly affected by environmental conditions (strong wind, pressure,
proximity to the coast or to desert and sandy areas, rain), protective shells have also been also used,
improving the reliability of the measurements (SR: 0.121 ± 0.005 m3/day) [63]. Physically, SR quantifies
the volume of air that is effectively stripped of the pollutant per unit of time. As previously described,
it depends on the diffusion coefficient of the compound in air, but also on other parameters as the
diffusive path length of the PAS device: by changing parameters as the length or the quality of the
diffusive barriers, SR can be modulated. Thus, higher SR values are commonly preferred when
very low-polluted environments may be measured with a certain accuracy and for a short time (e.g.,
wearable devices that are commonly suitable for 1 or 2 deployment days). Conversely, PASs with
lower SR values are desired for longer times of monitoring (up to one year) to ensure the presence
of free adsorbing sites on the membrane. On the other hand, SR values that are too low could be
responsible for a low resolution of the PAS devices when exposed in poorly polluted sites, making them
unattractive as accurate measurement tools, since, accordingly, highly sensitive analytical techniques
are required.
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Figure 12. Estimated sampling rate vs concentration (ranging from 1.2 to 4.5 ngm−3).

A comparison between the estimated concentrations, calculated using the experimental sampling
rate (SR) and the measured values by the vapor mercury analyzer, has been reported in Figure 13.
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Figure 13. Comparison between the PAS estimated concentration using the experimental sampling
rate (red bar) and the measured values by the vapor mercury analyzer (blue bar).

The resulting PAS values were similar to those that were reported by the analytical device over
exposure times ranging between three and 15 days and to different concentrations of Hg0 vapors,
ranging between 1.2 and 4.6 ng/m3. Specifically, when the mercury analyzer measured average
concentration values of 1.23, 3.49, and 4.59 ng/m3, PAS values were reported to be 1.25, 3.44, and
4.57 ng/m3, respectively, with an average deviation of ~1.2%.

4. Conclusions

Since thin film structures are preferred for the development of passive samplers, a nanostructured
mercury vapor-adsorbing layer made of TiO2NPs and photo-decorated with AuNPs was designed
and assembled by drop-casting onto a microporous filter of SiO2. The decorated disc looked quite
compact and it conformed to the SiO2 microfibrous surface, keeping its roughness made of valleys
and overhangs, and penetrating inside the quartz filter for less than a quarter of its thickness. Such a
resulting layer was stable and easy to be handled without suffering apparent damage or detachment.

The gold nanoparticles, grown on TiO2NPs, shared similar size with the support grains,
assembling together into homogeneous aggregates. However if the AuNP shapes were regular
(spherical, highly crystalline), their size distribution became heterogeneous, ranging between 5 and
40 nm.
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Exploiting both the high surface/volume ratio and the strong affinity between gold and mercury,
the membranes, investigated as potential passive samplers for gaseous elemental mercury, showed a
high absorbency (up to 15 μg), together with a 95% efficiency of absorption, with only slight effects
due to temperature (+0.1% per Celsius degree, in a thermal range between −20 and 60 ◦C) and relative
humidity (+0.06% per %RH unit, between a dry and a 70% humid environment).

Samples could be restored after dozens of cycles of measurements by thermal desorption,
confirming their potential to use the same sample for many exposures.

When the adsorbing discs were placed inside axial passive samplers, a sampling rate of
0.014 m3/day was estimated when they were tested in controlled environments. Their features
were compared to those of the analytical measuring instrument, reporting an average deviation
of ~1.2%. Such a value suggested the chance to be applied for both short and longer monitoring
campaigns. Therefore, due to their ease of preparation, their high sensitivity to gaseous elemental
mercury due to the strong affinity between mercury and gold, high efficiency and a long lifetime, the
AuNP/TiO2NP-based devices are expected to be promising candidates for passive sampling strategies.

On the other hand, further studies are needed to evaluate the effect of thickness on the efficiency
and adhesiveness of the quartz support. Similarly, the AuNP size and shape, as well as its density
will be investigated too, in order to assess their effects onto the sensitivity and compactness of the
aggregated hybrid nanoparticles inside the film. Finally, further investigations are in progress in
environments that are polluted with potential interferents, such as chlorides and sulfides, and in
extreme environmental conditions, in order to be considered for monitoring campaigns over the globe.
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Abstract: Facile detection and the identification of hazardous organic solvents are essential
for ensuring global safety and avoiding harm to the environment caused by industrial wastes.
Here, we present a simple method for the fabrication of silver-coated monodisperse polystyrene
nanoparticle photonic structures that are embedded into a polydimethylsiloxane (PDMS) matrix.
These hybrid materials exhibit a strong green iridescence with a reflectance peak at 550 nm that
originates from the close-packed arrangement of the nanoparticles. This reflectance peak measured
under Wulff-Bragg conditions displays a 20 to 50 nm red shift when the photonic sensors are exposed
to five commonly employed and highly hazardous organic solvents. These red-shifts correlate
well with PDMS swelling ratios using the various solvents, which suggests that the observable color
variations result from an increase in the photonic crystal lattice parameter with a similar mechanism to
the color modulation of the chameleon skin. Dynamic reflectance measurements enable the possibility
of clearly identifying each of the tested solvents. Furthermore, as small amounts of hazardous solvents
such as tetrahydrofuran can be detected even when mixed with water, the nanostructured solvent
sensors we introduce here could have a major impact on global safety measures as innovative
photonic technology for easily visualizing and identifying the presence of contaminants in water.

Keywords: hazardous organic solvents; photonic nanostructures; self-assembly; polymer nanoparticles;
biomimetic solvent sensors; iridescence

1. Introduction

Organic solvents are widely used in multiple industries and for daily chores. For instance, they are
employed for industrial printing, coatings, adhesives, painting or cleaning, and in numerous types of
advanced technological research and production such as the organic electronics field [1–4]. A large
number of these organic solvents are considered as hazardous and can lead to either environmental
or health issues [1–8]. Chlorinated solvents such as chloroform (CF) or chlorobenzene (CB), as well
as heterocyclic ethers such as tetrahydrofuran (THF), can damage numerous organs including liver,
kidneys, and the central nervous system. Although strict rules on hazardous solvent waste disposal are
in place in developed countries, this may not be the case on a global scale. Consequently, developing
simple and low-cost technologies to visually detect the presence of contaminants (hazardous organic
solvents and their vapors) in air or in water is of major importance for reducing the risks that result
from organic solvent usage.

Photonic crystals found in nature have well-defined nano- or micro-structures [9–15] and have
inspired strategies for the development of biomimetic sensing technologies based on structural
coloration [13–17]. In particular, some animals provide perfect examples of visible color-tunable
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photonic materials [10–12]. The panther chameleons (Furcifer Pardalis) can, for instance, change their
skin color by modifying the lattice parameters of their iridophores between the excited and the
relaxed states [10]. Various methods for fabricating bio-inspired materials with similar structural
coloration properties have been explored over the past two decades, which are either based on
lithographic techniques (e.g., electron-beam lithography, imprint lithography, holographic lithography,
or two-photon lithography) [18–21] or on self-assembled materials [22–24]. Although lithographic
techniques can generate well-defined architectures, colloidal self-assembly has been drawing increasing
interest in the field, as it provides a low-cost alternative to fabricating materials with structural
coloration properties. This was first achieved with silicon-based monodisperse spherical particles
with submicrometer diameters [25,26], but these hard particles were quickly replaced with soft
polymer nanoparticles, as they can be produced at a lower cost and their properties can be easily
adapted through simple chemistry (e.g., to generate core-shell structures with different refractive
indices) [16,23,27].

Several studies have demonstrated that polymer nanoparticles as fused films or embedded in
elastomer matrices can be applied to water or organic solvent sensors fabrication [16,27,28]. Similarly to
the chameleon’s camouflage properties, the color variation observed from these films can be correlated
with changes in the lattice parameters of the photonic crystals and/or changes in refractive indices upon
diffusion of the organic molecules inside the matrix. The spectral changes are generally described by
the Bragg diffraction equation that is derived from Bragg and Snell’s laws (Equation (1)), which relates
the maximum peak wavelength (λ) with the incident angle (θ) and the effective refractive index (neff):

mλ = 2d111

√
neff

2 − sin2 θ (1)

in which d111 corresponds to the distance between adjacent nanoparticle centers in the (111) plane and
m is the order of diffraction. d111 and neff can be calculated following Equations (2) and (3).

d111 =
√

2/3Dparticle (2)

neff
2 =

√
0.74 n2

particle + 0.26 n2
fill (3)

in which Dparticle and nparticle correspond to the diameter and refractive index of the nanoparticle,
respectively, and nfill is the refractive index of the filling matrix. One of the most commonly used
matrices for this application is a cross-linked silicon-based elastomer, polydimethylsiloxane (PDMS).
Depositing uniform three dimensional nanoparticle structures on hyrdophobic substrates has been
one of the challenges to produce strongly iridescent materials. This was successfully achieved by
using techniques such as dip-coating [16,29] or Langmuir-Blodgett deposition [30,31]. However,
the commonly employed thin film deposition technique—spin-coating—is usually avoided, as it
has a tendency to create non-uniform films due to the fast drying kinetics resulting from the quick
rotation of the substrate [24]. Uniform nanoparticle photonic crystals from aqueous dispersions could
be deposited on PDMS substrates by solving the wetting issue through a time-consuming chemical
surface functionalization of the substrate [32].

Here, we introduce an innovative hybrid material based on spin-coated monodisperse polystyrene
(PS) nanoparticles coated with a thin metallic layer and embedded in a PDMS matrix. By increasing
the wettability of PDMS using a surface plasma treatment, we could form spin-coated, crack-free,
close-packed, three-dimensional photonic structures on PDMS which, once coated with silver (Ag),
exhibit strong iridescent colors. After depositing a second layer of PDMS on top of the Ag-coated
photonic crystals, we produce a mechanically resistant material that can repeatedly be used as photonic
chemical sensor for numerous organic solvents. Unlike previous studies on photonic sensors fabricated
using self-assembled PS nanoparticles [16,28,33], we demonstrate that this approach is not limited to
water and alcohols but can be applied to the detection and identification of hazardous solvents such as
CF, CB, and THF, which can contaminate water and represent a real danger to human health and the
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environment. Using a set of five test organic solvents, we observe the dynamic reflectance peak shifts
that result from variations in d111 as a result of the PDMS swelling. Furthermore, we verified that the
prepared materials can be employed to detect small amounts of hazardous solvents mixed in water and,
consequently, our study opens the path to low-cost photonic sensors for water contamination detection.

2. Materials and Methods

A schematic representation of the fabrication procedure for the PDMS-based photonic sensors is
presented in Figure 1. 2.5 × 2.5 cm2 PDMS substrates (Dow Corning, Sylgard® 184, Midland, MI, USA)
were fabricated by pouring a 10:1 mixture of the base and curing agent after intense mixing of the two
components and depositing it in a square-shaped container before curing it at 80 ◦C for 2 h. The PDMS
thickness (1.5 mm) was controlled by the deposited volume of uncured mixture. After the curing step,
the PDMS substrates were exposed to oxygen plasma for 30 min using a pressure of 500 mTorr and a
light intensity of 10 W at 10 MHz. The contact angle between the 600 nm diameter PS nanoparticle
aqueous dispersion (Thermo Fisher 5060A, Waltham, MA, USA, size uniformity ≤ 3%, nparticle = 1.59 at
589 nm), and the PDMS substrates was accurately measured using a plug-in for the ImageJ 1.47v
software, which follows a computational method that is described elsewhere [34]. The monodisperse
PS nanoparticle dispersion diluted to 5 wt % was spin-coated on top of the modified surface PDMS
substrates at 600 rpm for 1 min.

Figure 1. Schematic description of the multistep fabrication process for strongly iridescent hybrid
photonic materials. The photographs correspond to PS nanoparticle aqueous dispersions deposited on
PDMS substrates before and after oxygen plasma treatment.

The PS-coated PDMS substrates used for metallization were placed in an evaporation chamber
until a vacuum level of 10−6 Torr was reached and then an 70 nm-thick Ag layer was deposited on
the substrates at an evaporation rate of 0.3 nm·s−1. The Ag-coated substrates employed for PDMS
embedded photonic sensor fabrication were then once again placed in a square-shaped box and
covered with the same volume of PDMS mixture that was cured in the same conditions as the substrate
fabrication step. The resulting photonic sensors have a thickness of approximately 3 mm, which
ensures that no buckling will occur when they are exposed to the organic solvents.

SEM images of the metalized PS nanoparticles that are deposited on PDMS substrates were
collected using a Field Emission SEM (Hitachi, SU3500, Tokyo, Japan) at 10 kV and with magnifications
of 5000× and 10,000×. The reflectance measurements were carried out by placing the samples on a
horizontal stage with an incident light oriented 52.3◦ with respect to the vertical axis (Figure 2a).
The light collected at an angle of 18.3◦ with respect to the vertical axis was analyzed using a
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BlueWave-VIS Spectrometer (StellarNet, Inc., Tampa, FL, USA) from 450 to 750 nm. These angles
correspond to the Wulf-Bragg conditions (θ = 17◦) for the close-packed nanoparticles in the (111) plane.
The reflectance spectra were collected using a standard halogen lamp (StellarNet, Inc., Tampa, FL, USA,
SL1 Tungsten Halogen Light Source) and normalized using the reflection spectra of Ag-covered glass
substrates. All measurements were performed in the experimental room’s atmospheric conditions
with temperatures of 25 ◦C and a relative humidity of 55%.

The PDMS swelling ratios were calculated by immersing the hybrid photonic materials
(3 mm-thick, area of 2.5 × 2.5 cm2) into the various test solvents. The difference in weight before and
after immersion for 1 h at room temperature and the molecular weight of the molecules was employed
to calculate the amount of solvent that diffused into the hybrid material. Testing of the photonic
materials as hazardous organic solvent sensors was performed using the same geometry as described
above, and reflectance spectra were measured at regular time intervals after dropping 100 μL of each
test solvent on the hybrid material surface (test solvent diffusion side in Figure 1). The sensitivity
measurements were performed by gradually increasing the amount of THF placed on the photonic
sensor surface. Similarly, 5 μL of THF were mixed into 95 μL of water, and the solvent mixture was
deposited on top of the PDMS-based material to observe the changes in reflectance peak.

3. Results and Discussion

3.1. Strongly Iridescent Hybrid Photonic Films

After spin-coating the PS nanoparticles on a PDMS substrate, a 70 nm-thick Ag layer is
deposited on top of these films, which are then covered with a second PDMS layer to ensure
that the photonic structure is not damaged by repeated solvent diffusion. As demonstrated by the
photographs in Figure 1, surface plasma treatment of the PDMS substrate is an essential step for
ensuring that PS nanoparticles can be deposited from aqueous dispersions onto these high surface
energy elastomeric substrates. Surface plasma treatment is a well-known technique that is often
applied to improving the wetting properties of aqueous solutions onto hydrophobic layers such as
poly(3,4-ethylenedioxythiophene) polystyrene sulfonate or PDMS [16,35,36].

The oxygen plasma treatment performed on PDMS modifies the functional groups present
at its surface. In fact, the surface of pristine PDMS substrates is mainly composed of methyl
groups. During plasma treatment, oxidation of these methyl groups takes place, which results in
the formation of silanols that enable wetting from aqueous solutions and dispersions [37]. In the
case of the PS nanoparticles dispersion we employed for our photonic material fabrication, average
contact angles with the PDMS substrate of 107.5◦ and 24.9◦ were obtained before and after plasma
treatment, respectively (Figure 1). This major change in contact angle and surface wetting properties
enabled the spin-coating of wet layers of PS nanoparticle aqueous suspensions on PDMS substrates.
Although the nanoparticles are dispersed in water, PS is intrinsically hydrophobic. The interactions
between PS nanoparticles and the hydrophobic substrate (PDMS) are consequently likely to form
uniform close-packed colloid photonic crystals. The scanning electron microscope (SEM) images in
Figure 2b clearly demonstrate that a honeycomb close-packed arrangement of the PS nanoparticles
on plasma-treated PDMS was successfully achieved. The photonic materials exhibits crack-free
iridescence over areas as large as 5 cm2, confirming that, unlike previous attempts to fabricate
PDMS-PS nanoparticle composites based on drop-casting, uniform arrangements were obtained [28].
Furthermore, coating the nanoparticles with a thin Ag layer considerably increased the reflectance
of the PDMS-PS nanoparticle composites with values approximately 2.4 times higher than materials
based on bare PS nanoparticles embedded in the silicon elastomer matrix (Figure 2c).

The face-centered cubic arrangements exhibit a (111) diffraction plane that is oriented at an angle
of 35.3◦ with respect to the sample (Figure 2b). Consequently, for θ values, we consider the angle
with respect to the [111] normal direction rather than the direction that is normal to the sample plane.
To facilitate the visual detection of hazardous solvent traces, we selected the geometry in which θ has a
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value of 17◦, as it results in a green structural coloration with a reflectance peak maximum around
550 nm (Figure 2c). Similarly to previous studies on photonic opal structures, we could observe a small
spatial distribution of the diffraction peak, which may be a consequence of multiple diffractions from
different Bragg planes that interact with each other (Figure 2d) [38]. This may also explain why the
observed reflectance peak at 550 nm in Bragg conditions does not perfectly match the results from
calculations using Equation (1), which predict a reflectance peak around 497 nm. The presence of
packing defects (Figure 2b) and the dispersity in nanoparticle dimensions may also contribute to the
observed differences between theoretical and experimental data. As the material present on the sample
dropping side of these strongly iridescent multilayer films is PDMS, they may be employed to detect
the presence of hazardous organic solvents, which can diffuse inside the silicon elastomer matrix [39].

Figure 2. (a) Schematic representation and experimental set-up for the reflectance measurements;
(b) top-view SEM image of the surface (left) and tilted-view SEM image of the cross-section (right) of
Ag-coated PS nanoparticles deposited on plasma-treated PDMS; (c) reflectance spectrum of bare and
Ag-coated PS nanoparticles embedded in PDMS for the third order of Bragg diffraction from the (111)
plane observed at 17◦ with respect to the [111] direction; and (d) spatial and spectral distribution of the
reflectance peak with incident light oriented 53.3◦ with respect to the vertical axis.
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3.2. Hazardous Solvent Detection in Biomimetic Photonic Sensors

To test the hybrid photonic materials we developed for hazardous organic solvent sensing
applications, we selected five test solvents with various PDMS swelling ratios (Table 1). In addition to
CF, CB, and THF, we used dichloromethane (DCM) and dimethoxyethane (DME), which are suspected
of causing cancer or may damage fertility and unborn children.

Table 1. Summarized data on tested solvent and observed reflectance peak shift when 100μL of solvent
are deposited on the hybrid sensor.

Solvent THF DME CF CB DCM

Refractive index (nsolvent) 1.40 1.38 1.45 1.52 1.42
PDMS swelling ratio (mmol/g of PDMS) 17.8 11.6 17.7 7.7 7.9

Reflectance peak (nm) 601 592 597 569 575

The five tested solvents exhibit dynamic shifts of the reflectance peak that were initially observed
at 550 nm. Taking into account Equations (1) and (3), the measured red shifts (Figure 3) of the reflectance
peak either originate from an increase in the distance between neighboring centers in the (111) plane
or larger neff values. The refractive indices of the test solvents (nsolvent) are summarized in Table 1.
Interestingly, although THF and PDMS are relatively similar from an optical point-of-view, with nTHF

and nPDMS having values of 1.40 and 1.41, respectively, a 50 nm red shift of the reflectance peak can
be observed, which suggests that the key parameter for the response from the photonic sensor is the
PDMS swelling ratio. In fact, CF, which has a refractive index of 1.45 but almost the same swelling
ratio as THF, yields similar values of reflectance peak shift.

Figure 3. (a) Time-resolved reflectance spectra of 100 μL CF dropped from the non-metal side onto the
hybrid photonic sensor; (b) time-dependent evolution of the reflectance peak wavelength of various
solvents dropped on the hybrid photonic sensor. The inset in (a) corresponds to the observed sample
with an area of 5 cm2 before deposition of CF and 2 min after the deposition.

Using the solvent with a high swelling ratio (CF), we verified that the changes in reflected color
from green to red (597 nm) can be visually recognized within a few minutes (inset of Figure 3a). In fact,
the five test solvents can be categorized in three classes of swelling ratios with values close to 18
(CF and THF), 12 (DME), and 8 (DCM and CB) mmol/g of PDMS, respectively. These three classes
of solvents yield shifts of approximately 50 nm, 40 nm, and 20 nm, respectively. Consequently, it is
safe to assume that the working mechanism of these biomimetic photonic sensors is very similar
to the color-tuning properties of the chameleon skin and principally relies on a deformation of the
photonic crystal lattice upon swelling of PDMS by the solvents (increase in d111) [10]. Note that the
standard deviation for 10 measurements using the same solvent is less than 1 nm, which implies
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that even small differences in reflectance peak wavelength (e.g., 601 and 597 nm for THF and CF,
respectively) can be employed to identify the nature of the solvent that diffuses into the photonic sensor.
Nonetheless, to ensure that each solvent can be precisely identified, we used a dynamic approach
based on the solvent diffusion rate into the PDMS matrix. As displayed in Figure 3b, CF and DCM
reach their maximum reflectance shifts within 2 min, whereas THF, DME, and CB take longer times of
approximately 5, 10, and 30 min, respectively.

The time-dependent measurements not only allow for a better recognition of the solvents but also
provide important information for understanding the differences observed in reflectance shifts from
solvents with similar PDMS swelling ratios. For instance, CF and THF have PDMS swelling ratios of
17.7 and 17.8 mmol/g, respectively. Nonetheless, as CF has a higher refractive index compared to THF,
a larger red shift is expected. Repeated measurements confirm that the reflectance measured from the
sensors in the presence of THF is red-shifted by approximately 5 nm as compared to the results from
CF. Our hypothesis for this contradictive result is that the solvent diffusion kinetics, which determine
the amount of solvent present in the vicinity of the PS nanoparticles at a given time, will affect the
increase in d111 as represented in Figure 4.

Figure 4. Schematic representation of the increased distance between adjacent PS nanoparticles
embedded in the PDMS matrix when solvents with fast, average, and slow diffusion speeds are
deposited on the surface of the photonic sensors.

As the reflectance peak shifts back to the initial position (550 nm) after a certain time, we neglected
the effect of PS solubility on the various test solvents and considered that the solvents preferentially
diffuse into PDMS. When CF is deposited on top of the photonic sensor, it quickly diffuses inside
PDMS, which results in an almost homogenous distribution of the solvent molecules inside the whole
elastomeric matrix thickness (approximately 3 mm). On the other hand, in the case of THF, the diffusion
is slower and, consequently, the solvent swollen area gradually moves in the vertical direction within
PDMS. The schematic representations in Figure 4 are exaggerated for clarity of presentation. In the
case of fast diffusing solvents (e.g., CF), a smaller amount of solvent molecules remain in the direct
proximity of the PS nanoparticles at the time when the maximum reflectance peak shift is recorded.
This also explains why a smaller shift is observed for CF with respect to THF, which has slower
diffusion kinetics even though the two solvents have similar swelling ratios (measured by immersing
the photonic sensors into the various solvents). A slower diffusion rate consequently seems to be
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beneficial for precise measurement of the maximum peak shift due to swelling of the PDMS matrix.
Nonetheless, if the diffusion of the solvent inside PDMS is too slow, the distance between the diffusion
front and back will increase, which will also result in less solvent molecules in the vicinity of the
PS nanoparticles at a given time. Consequently, a larger red-shift can be observed when comparing
DCM to CB despite the fact that they have similar swelling ratios. The hypothesis of time-dependent
swelling of PDMS suggests that the reflectance shifts should also depend on the volume of solvent that
is in contact with the sensor.

We verified the detection threshold (sensitivity) of the photonic sensors we developed here by
varying the amounts of solvents used as test samples (Table 2). All the reflectance wavelengths in
Table 2 correspond to the maximum shift observed during each test. The time at which these maximum
shifts were observed varies depending on the test solvent. Additionally, considering the experimental
error on the reflectance peak measurements, we can suppose that the minimum volume of solvent
that can be detected by the photonic sensor is 5 μL (shifts larger than 5 nm). To verify whether
this detection threshold can be applied to, for example, THF mixed in water, we prepared a low
concentration (5 vol %) mixture of THF in water. The mixed solvent was deposited on the photonic
sensors, which resulted in a reflectance peak wavelength of 569 nm collected 5 min after deposition.
As this value is very close to the one measured for 5 μL of THF deposited on the sensor, we can
speculate that all the THF molecules mixed in water diffuse from the mixed solvent into the PDMS
based photonic sensors. These sensors consequently have a great potential as innovative technology
for precisely and rapidly detecting the presence of hazardous, solvent-contaminated water.

Table 2. Photonic sensor reflectance peak wavelength with respect to deposited amount of solvent.

Solvent Amount (μL) 0 2 5 10 20 50 100

Reflectance Peak (nm)

THF 550 552 567 574 599 602 601
DME 550 555 562 571 578 591 592

CF 550 551 558 569 589 599 597
CB 550 552 557 567 571 570 569

DCM 550 554 561 569 574 574 575

4. Conclusions

In summary, we have successfully fabricated strongly iridescent hybrid photonic sensors based
on self-assembled spin-coated PS nanoparticles on plasma-treated PDMS substrates. The addition of
the reflective Ag layer resulted in strong structural coloration properties that can be easily observed by
naked eye. The formation of close-packed structures was confirmed by SEM measurements, and we
employed the green Bragg reflection peak (λ = 550 nm) to probe the diffusion of hazardous organic
solvents into the photonic sensor.

Using a set of five organic solvents, we verified that these multilayer nanostructured materials can
be used for the detection and identification of hazardous water contaminants. Direct visualization of
the changes in reflectance peak wavelengths for a given amount of solvent can be highly beneficial for
rapid analysis of the water purity with respect to these organic solvents, which can be harmful to the
human health and the environment. After closely studying the behavior of the various solvents and
correlating the observed reflectance peak shifts with the parameters present in the Bragg diffraction
equation, we concluded that, similarly to the chameleon skin, the changes in visible color of the sensors
strongly depend on the PDMS swelling by the test solvent. As each solvent has a different diffusion
rate into PDMS, reliable contaminant identification can be achieved by analyzing the data in terms of
time-dependent reflectance peak shift.

Lastly, we verified that hazardous solvent amounts as low as 5 μL can be detected using the
hybrid photonic sensors, even when they are tested as low concentration contaminants in water.
This opens the path for facile and rapid recognition of a variety of hazardous solvents that can either
affect some organs such as the liver or the lungs but also result in infertility or increase the probability
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of harm to unborn children. As this technology can be easily employed as simple water purity test in
developing countries in which sometimes no strict rules on industrial solvent disposal exist, the sensors
we produced for our study could find major applications in global safety measure implementation.
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Abstract: The SiOx barrier nanocoatings have been prepared on selected polymer matrices to
increase their resistance against permeation of toxic substances. The aim has been to find out
whether the method of vacuum plasma deposition of SiOx barrier nanocoatings on a polyethylene
terephthalate (PET) foil used by Aluminium Company of Canada (ALCAN) company (ALCAN
Packaging Kreuzlingen AG (SA/Ltd., Kreuzlingen, Switzerland) within the production of CERAMIS®

packaging materials with barrier properties can also be used to increase the resistance of foils from
other polymers against the permeation of organic solvents and other toxic liquids. The scanning
electron microscopy (SEM) microstructure of SiOx nanocoatings prepared by thermal deposition from
SiO in vacuum by the Plasma Assisted Physical Vapour Deposition (PA-PVD) method or vacuum
deposition of hexamethyldisiloxane (HMDSO) by the Plasma-enhanced chemical vapour deposition
(PECVD) method have been studied. The microstructure and behavior of samples when exposed to a
liquid test substance in relation to the barrier properties is described.

Keywords: barrier material; nanocoating of SiOx; polymeric matrix; plasma deposition; PVD;
PA-PVD; PECVD; permeation; CERAMIS®; SorpTest

1. Introduction

Multilayer structures generally increase the protective properties of barrier materials [1–4].
The effect of a combination of the location of the barrier layers on the Protection Factor (BF) is
shown in Figure 1.

Within the production of packaging materials for sensitive commodities and in chemical
protection, this principle has been used for many years [5,6]. Multilayer barrier materials usually
have better performance properties than the individual components from which they are made [7,8].
They are mostly cheaper and better processed [9–11]. This principle is also used by Aluminium
Company of Canada (ALCAN) company in the production of SiOx-based CERAMIS® [12] packaging
materials, which form a barrier layer between polymer foils (usually polyethylene terephthalate
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(PET) and polypropylene (PP)) during their lamination [13–16]. The principle of this technology of
reactivating steaming the SiOx barrier layer from the SiO substrate in vacuum is illustrated in Figure S1.

 

Figure 1. Influence of the barrier nanolayers arrangement on the protective properties of polymeric
barrier materials.

In the Aluminium Company of Canada (ALCAN) brochure, this packaging material states that it
creates an excellent barrier against gaseous and liquid harmful substances, independent of temperature
and humidity. It is transparent for microwaves, suitable for heat sterilization and pasteurization,
printable by common printing processes and it allows detection of metals. Due to the patented SiOx

barrier coating technology used by ALCAN was not available, one of the obtained samples was
evaluated for protective properties against sulphur mustard (HD) and 1,6-dichlorohexane (DCH). For a
CERAMIS® CO 20 sample weighing 18.2 g/m2 (PET 12 μm, SiOx 60 nm, PP 20 μm), the protective
properties against the permeation of HD and DCH have been found to be greater than 70 h.

Although this material exhibits high resistance to the permeation of selected toxic compounds,
it has one major disadvantage from the point of view of its possible utility in anti-gas protection.
Its considerable stiffness and imprecision does not allow it to be used for the construction of protective
clothing. It was therefore the effort to apply the SiOx barrier layer to more suitable polymeric matrices.

Vacuum plasma deposition technology of barrier layers within normal temperatures is particularly
suitable for the preparation of advanced surfaces with specific properties on flexible polymer and textile
substrates [17–20]. A synoptical example of this advanced technology is the advanced novoFlex®600
equipment for coating polymeric materials in the footage developed by the Fraunhofer Institute for
Organic Electronics, Electron Beam and Plasma Technology FEP (Dresden, Germany).

Another way to prepare SiOx barrier nanolayers on polymeric or textile materials is a method
of plasma deposition from a mixture of siloxane substrates and oxygen. As the suitable substrates
hexamethyldisiloxane (HMDSO) and tetraethylorthosilicate (TEOS), which most closely approximate
to the structure of SiOx are considered [21].

The barrier layers could be prepared as flexible based on polymeric materials. One of the
materials is Parylene. It is a commercial name for the group of poly-p-xylylene polymers. Dimmer
ofpoly-p-xylylene is thermally evaporated (sublimated) from a powder within a low pressure of tens
of Pascals. Steams of this dimmer joint a pyrolitic chamber. Within the temperature of approximately
680 ◦C comes to the split of the dimmer on monomer units. These molecules are reactive and
devaporate on the surface of coated materials (in the same way as on walls of the reactive chamber).
They polymerize in radical mechanism and form a linear polymeric polymer that is deposited as a
very thin barrier layer. This layer is very homogenous and inert. The deposition of parylene was
first observed by Szwarc in 1947, and Gorham later described a more efficient, general synthetic way
to prepare poly-p-xylylene through the vacuum vapour-phase pyrolysis of paracyclophane at has
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been used till nowadays [22,23]. This polymerisation is self-initiated and non-terminated, requires no
solvent or catalyst, produces no by-products except for the unreacted precursor. The polymer thin
film is deposited spontaneously at the room temperature thus no thermal stress is induced in a coated
object. Recently, parylene is one of the most well-known chemical vapour deposited (CVD) polymers
and number of its applications has grown dramatically over the years.

The excellent resistance of polymeric packaging materials with the SiOx barrier layer against the
permeation of oxygen and humidity has conducted to the conception that the plasma deposition of
SiOxnanolayer and/or parylene film on the suitable polymeric matrix could be used for preparation
of even constructive materials for protective garments resistant against toxic liquids and gases.
This phenomenon has become a subject of our research. The aim of the study was to test these
structures on the various polymers be used to increase the resistance against the permeation of organic
solvents and other toxic liquids. The swelling of the polymeric substrate and material of nanostructured
films is the main problem of barrier films functionality because of some destructions.

2. Materials and Methods

2.1. Source Materials, Substrates and Polymeric Matrices

SiO powder provided by Merck KGaA (Darmstadt, Germany) was used as source material for
Plasma Assisted Physical Vapour Deposition (PA-PVD) process, hexamethyldi-siloxane (HMDSO)
CAS 107-46-0 (Sigma-Aldrich, Prague, Czech Republic) was utilized as source materials for PE-CVD
method. For PVD process of organics film the 1,3,5-triazine-2,4,6-triamine (melamine), CAS 108-78-1
(Sigma-Aldrich, Prague, Czech Republic) was used. Dimer of chlorinated p-xylylene (parylene C)
(KunShanZhangShengNaNo Tech Company, Kunshan, China), CAS 28804-46-8 was utilized as source
material for CVD method. Bis(2-chloroethyl) sulphide (sulphur mustard, HD) CAS 505-60-2 (Military
Technical Institute of Protection, Brno, Czech Republic) and 1,6-Dichlorohexane CAS 218-491-7
(Sigma-Aldrich, Prague, Czech Republic) were used as test chemicals for verification of the quality
of new developed barrier materials with nanolayers. Polyvinylidenchlorid (PVDC), CAS 9002-85-1
foil of 20 μm was used for lamination of PEVA foil. Thin films were prepared on polymeric foils from
polyethylenevinyl acetate (PEVA), CAS 24937-78-8, foil of 200 μm thickness, polypropylene (PP) foil of
30 um thickness and polyethylentereftalate (PET) foil of 8 μm thickness. Si wafer WFP 6005 provided
by ON Semiconductor (ON Semiconductor Czech Republic, Rožnov pod Radhoštěm, Czech Republic)
was used as substrate for thin film characterization by energy-dispersive X-ray spectroscopy—EDX
(ON Semiconductor Czech Republic, Ltd., Rožnov pod Radhoštěm, Czech Republic). EDX is a part of
Scanning Electron Microscope ZEISS EVO LS 10 (Oberkochen, Germany). This spectroscopy provides
elemental information about the composition of the structure of the surface of a sample. Performed in
conjunction with SEM. Elements with atomic numbers down to carbon can be viewed with Energy
Dispersive Spectroscopy (EDS).

2.2. Apparatuses for the Samples Preparation

The equipment for thermal lamination of plastic films without the use of binders was used
as method for special multilayer structure fabrication. The original vacuum apparatus (Faculty of
Chemistry, Brno University of Technology) for the preparation of barrier nanocoatings base on SiOx and
melamine on a polymeric matrix by the PVD, PA-PVD and PECVD method was used. The construction
is evident from Figure S2.

Plasma surface activation was carried out before each first layer preparation under pressure of
10 Pa and oxygen flow of 10 sccm. The plasma discharge RF power of 13.56 MHz was set to 50 W for
10 min.

PVD process of SiO and Melamine based layers was carried out in following steps. The vacuum
system was evacuated to base pressure of 1 × 10−5 Pa, then process started at pressure 1 × 10−4 Pa of
source material vapour. Sample thickness varied from 50 to 150 nm controlled by deposition time.
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PA-PVD process of SiOx based films preparation was carried out under process pressure of
3 × 10−2 Pa and oxygen mass flow of 5 sccm. The RF power of 13.56 MHz plasma discharge was 200 W.
The sample thickness varied from 50nm to 150 nm and was controlled by adjusting the deposition time.

PE-CVD process of SiOx based films deposition from HMDSO vapour was used under following
conditions. The process pressure of 8–10 Pa was controlled by pump speed and monomer HMDSO
flow, argon mass flow was kept as constant of 2 sccm and oxygen mass flow of 5 sccm. RF power
of 13.56 MHz was used in range of 10–100 W, typical Self Bias Voltage was around 100 V. Sample
thickness varied from 50–150 nm and was controlled by tuning the deposition time.

For the CVD process of parylene film preparation the original vacuum system developed on
Brno University of Technology (Brno, Czech Republic) was used. It works on the principle of Gorham
method described above. The conditions used for the process were as follows: pressure of monomer
vapour was controlled to 8–10 Pa by temperature of dimer evaporator, the temperature of pyrolytic
chamber was kept to 680 ◦C. The sample thickness was controlled by initial weight of dimer load.

2.3. Measuring Instruments

The high-resolution JEOL-6700F scanning electron microscope (JEOL, Tokyo, Japan) was used for
the evaluation of nanocoatings surface microstructure at Institute of Scientific Instruments of the Czech
Academy of Sciences, Brno, Czech Republic. This microscope is suitable for observing fine structures,
such as multi-layer coatings and nanoparticles produced by nanotechnologies. Thanks to very slow
electrons, it is also suitable for observing non-conducting samples.

The original SorpTest device was utilized for the study and quantitative testing of the barrier
materials resistance against the permeation of volatile toxic substances, including chemical warfare
agents [24]. The SorpTest devise is a semiautomatic measuring system using an innovated PVDF
permeation cell enabling continual monitoring dynamic and static permeation rate of gases of volatile
toxic compound through barrier materials with the employment of the reversible quartz crystal
microbalance (QCM) sensor with the polymeric detection layer. With the help of this device it is
possible to determine the period during which the limit of the toxic substance penetrates through
the barrier material. The rate of permeation of vapours of the tested chemical through the barrier
material within its contamination with the liquid phase is monitored. Schema of the SorpTest system
is presented Figure S3.

The original equipment developed at the Faculty of Chemistry of the Brno University of
Technology was used to determine oxygen transmission rate (OTR) under static conditions.
The principle of measurement is similar to principle given in American Society for Testing Material
(ASTM) D3985-17. OTR is the steady state rate at which oxygen gas permeates through a film at
specified conditions of temperature and relative humidity. Values are expressed in cc/m2/24 h units.

3. Results and Discussion

3.1. Protective Properties

As a carrier material for barrier layers, PEVA has been used as a representative of an easily swellable
polymer and PP as a representative of a low swellable polymer. Barrier layers of melamine, parylene,
PVDC and SiOx have been applied to them occasionally combined with each other [25]. The prepared
samples have been evaluated from the point of view of protective properties, microstructure and
behaviour when exposed to the liquid phase of the test chemical. The PET foil is not suitable as the
carrier material; otherwise testing the protective properties would be unbearably long.

Combinations of PEVA material with layers of parylene (by CVD), PVDC (by lamination) and
SiOx (PE-CVD) have been prepared and evaluated. Due to the low protection properties of PEVA foil
itself against liquid toxic substances, in our case, sulphur mustard (HD) and 1,6-dichlorohexane (DCH),
the protective properties of these materials have been verified within one and both-sides coating with
a thin layer of PVDC and SiOx. For one-sided coating, the PVDC has a breakthrough time value (BTY)
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of 55 min and 129 min from the site of PEVA. This difference has been caused due to the presence of
the directional effect of permeation caused by the different swell ability of both materials. The PEVA
foil itself had the RDY only 27 min. For both-sided PVDC lamination, BTY was found to be 188 min on
one side and the second side. For DCH, these values are slightly lower and approximately equal to
51 min on PEVA side and 78 min on both sides covering from both sides (Figure 2).

 

Figure 2. Breakthrough times of modifiedpolyethylenevinyl acetate (PEVA) foil determinate by the
MikroTest method.

Further combinations of PEVA foil with barrier layers of SiOx (by PE-CVD or PA-PVD), melamine
(by PVD) and PVDC (by lamination) have been prepared [26,27]. These have been subsequently
evaluated for resistance against the permeation of DCH. Interestingly, the resulting BT values for DCH
in most combinations have been approximately the same and ranged from 23 to 33 min. The exception
was only a combination with PVDC, with a single-sided coverage of BT 70 min from the PEVA side
and 166 min with double-sided coverage. These results indicate that the exposure to DCH results in
the rapid destruction of most barrier layers as a result of swelling of the carrier polymer so that the
resulting protective properties of the starting material do not increase too much (Figure 3). The change
in microstructure of the barrier layers following the DCH exposure described below also corresponds
to these considerations.

 

Figure 3. The resistance of the PEVA foil modified with different barrier layers against
1,6-dichlorohexane (DCH).
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In order to remove the impact of the swelling on the protective properties of the studied barrier
layers, polypropylene has been used as the carrier polymer. The results shown in Figure 4 confirm
previous considerations of the negative effect of the swelling of the carrier polymer on the protective
properties of the applied barrier nanolayers.
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Figure 4. Resistance of the PP foil modified with different barrier layers against DCH permeation.

A similar situation occurs when assessing the protective properties with the help of oxygen
permeation (OTR), which also does not come to swelling of the carrier polymer (Figure 5).

 

Figure 5. Oxygen permeation values detected for PEVA foil with barrier layers of PVDC, plasma
polymerized HMDSO and parylene.

3.2. Microstructure

The analysis is mainly focused on microstructure assessment of inorganic nanocoatings SiOx,
which, when exposed to liquid test chemicals, unlike organic nanocoatings, resulted in significant
destruction due to swelling of the polymer matrix. From a large number of SEM micrographs have been
selected primarily those that were typical for the studied material and regularly repeated on different
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samples. Within large magnification, most researched SiOx layers were found to have characteristic
granular substructures of tens of nanometres dimensions, which are the basic building blocks of
these nanocoatings.

It is necessary to realize that within the plasma deposition of nanostructured SiOx barrier layers is
a key parameter their elasticity and ductility, which usually is not more than 3% [27,28]. With gradual
deformation of the substrate, the effect of ductility on protective properties can also be evaluated by
OTR measurements, as there is no swelling of the carrier polymer which causes cracking and thus
deterioration of the protective properties. When exposed to a liquid test chemical, the evaluation of the
quality of the barrier layers is strongly dependent on the properties of the carrier substrate [29,30]. If a
polymer resistant to swelling is used, the results of the protective properties evaluation are similar to
those of the OTR. When using an easily swellable polymer, the cracks and defects in the barrier layer
polymer are rapidly contaminated by the liquid test chemical and the subsequent swelling causes
further destruction of the barrier layer and thereby deterioration of the protective properties.

However, the thickness of the barrier layer is also a crucial parameter. Basically, all publications
dealing with the effect of the SiOx nanocoating thickness on barrier properties indicate an optimum
where OTR values are best. The principle of thickness dependence on OTR is explained by the fact
that in the nucleation area the discrete centres are first formed on the polymer substrate. The best OTR
values are then achieved when they are interconnected. However, if a uniform nanolayer is rapidly
formed in another region, its thickness is preferably increased and the growth of discontinuous centres
is slowed down. However, a faster increase of the thickness of the barrier nanolayer at these sites
above the optimum value, however, results in microcracks resulting from internal stress in the layer
material which getting the OTR value worse.

As a basic comparison layer, a nanostructured SiOx layer on the silicon substrate has been
prepared by PECVD by plasma deposition. It is apparent from Figure 6 and Figure S6 that the prepared
nanocoating is homogeneous with a uniform microstructure that does not change even after prolonged
exposure to DCH.

  
(a) (b) 

Figure 6. Scanning electron microscopy (SEM) micrographs of the surface of the nanolayer of SiOx

prepared by HMDSO method on the silicon substrate at various magnifications before exposure to
DCH (a) 1000× and (b) 50,000×.

When assessing the quality of the SiOx nanocoatings, the surface quality of the carrier polymer
foil should be taken into account in order to determine if found defects do not copy the underlying
material. Figure 7 and Figure S7 shows the typical non-homogeneity of the surface of the PEVA foil to
be taken into account when assessing the microstructure of SiOx nanocoatings.

For this reason, efforts were made to optimize plasma deposition conditions in order to improve
the surface homogeneity of the polymer film used. One from the options was to modify the polymer
matrix for less swelling. After verifying a number of PEVA surface treatment options, it was finally
chosen to laminate it (at 110 ◦C without the binder) with a thin PVDC foil that showed good adhesion
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to the material. Another option was to replace the PEVA foil with a less-swelling PP film with a better
surface. The use of PET foil that would be most suitable for plasma barrier coating was problematic
because we could not measure too high BT values changes in protective properties in real time after
applying different barrier layers. Polymeric matrices thus prepared were subjected to SiOx barrier
nanocoatings with plasma deposition. Prepared samples have been evaluated not only from the
point of permeation resistance and for microstructure of barrier nanocoatings surface before and after
exposure of the DCH test chemical with high resolution SEM. It is evident from Figure 8 and Figure S8
that the quality of the PVDC surface is significantly better than the original PEVA foil. It has been
shown that this material is not porous even at high magnification (80,000×) and therefore it can be
advantageously used for the deposition of other barrier layers based on melamine, parylene and
mainly SiOx plasma technology.

   
(a) (b) (c) 

Figure 7. The exhibitions of different inhomogeneity on the surface of the used polymer foil PEVA at
various magnifications of (a) 10,000×; (b) 30,000×;(c) 5000×.

  
(a) (b) 

Figure 8. SEM micrographs of PVDC foil surface laminated at 110 ◦C to PEVA foil at magnification of
(a) 1000× and (b) 80,000×.

However, it is interesting to note that even with short-term oxygen plasma treatment, the surface
of the PVDC foil is significantly wrinkled, while its homogeneity remains unchanged (Figure 9 and
Figure S9).

A homogeneous layer of SiOx with a well-developed microstructure which is probably very thin
is formed with plasma deposition by PVD method on the surface of the PVDC foil (Figure 10 and
Figure S10).

Similarly, within plasma deposition with the PVD method, at this time on the surface of PEVA
foil, behaves even melamine and parylene C. The characteristic microstructure of the surface of these
barrier nanocoatings is shown in Figures 11 and 12. In both cases a compact and fairly homogeneous
barrier nanocoating with a well-developed microstructure copying the PEVA foil surface is formed.

264



Nanomaterials 2018, 8, 679

A comparison of the microstructures in Figures 10–12 and Figure S10–S12 show that melamine produces
a coarser microstructure than SiOx but thicker than parylene C. Further SiOx nanocoatings on PEVA
film have been prepared by plasma deposition with the HMDSO method. Within this method of
preparation, it is possible, in accordance with conditions during exposure, to form a SiOx nanocoating
of the different character than within plasma deposition by PVD method.

  
(a) (b) 

Figure 9. SEM micrographs of PVDC foil surface laminated to PEVA foil after short exposure to oxygen
plasma treatment at magnification of (a) 1000× (b) 30,000×.

(a) (b) 

Figure 10. SEM micrographs of the surface SiOx barrier nanocoating prepared by plasma deposition
with the PVD method on PVDC foil laminated on the PEVA foil, at magnification of (a) 1000× and
(b) 80,000×.

  
(a) (b) 

Figure 11. SEM micrographs of melamine nanocoating surface on PEVA SiOx foil prepared by PVD
plasma deposition method at magnification of (a) 250× and (b) 100,000×.
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(a) (b) 

Figure 12. SEM micrographs of parylene nanocoating surfaces on PEVA SiOx foil prepared by PVD
plasma deposition method at magnification of (a) 1000× and (b) 15,000×.

The different appearance of SiOx nanocoatings prepared under various experimental conditions,
documented in Figure 13 and Figure S13, is probably related to the nanocoating thickness and
properties of the carrier substrate.

  
(a) (b) 

  
(c) (d) 

Figure 13. SEM micrographs of SiOx barrier nanocoating surface prepared by the plasma deposition
by HMDSO method on PEVA foil at magnification of (a) 5000× and (b) 100,000× and on PEVA foil
stained with aluminium at magnification of (c) 50× and (d) 300×.

This assumption confirms the deposition of SiOx by the HMDSO method on the silicon wafer
surface, documented in Figure 14 and Figure S14.
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(a) (b) 

Figure 14. SEM micrographs of surface SiOx barrier nanocoating prepared by plasma deposition by
HMDSO on the silicon wafer at magnification of (a) 300× and (b) 1000×.

The SiOx nanocoating has been deposited on the surface of the Viton elastomer by the HMDSO
method for comparison, documented in Figure 15 and Figure S15. Interestingly, in this case a
homogeneous barrier layer has been formed, however with a porous microstructure.

 

 

 
(a)  (b) 

Figure 15. SEM micrographs of surface SiOx barrier nanocoating prepared by plasma deposition by
HMDSO method on the Viton fluorelastomer at magnification of (a) 250× and (b) 80,000×.

The nanocoating SiOx has been deposited on the surface of both PP and PET foils by the HMDSO
method. The formed nanocoating has been both nonporous and homogeneous with a well-developed
microstructure copying the surface of the PP foil, as shown in Figure 16.

   
(a) (b) (c) 

Figure 16. SEM micrographs of SiOx barrier nanocoating surface prepared by plasma deposition by
HMDSO method on the PP foil at magnification of (a) 1000×, (b) 5000× and (c) 80,000×.
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If samples of polymeric materials with a SiOx barrier layer are exposed to liquid DCH, an easily
swellable PEVA polymer matrix will dramatically change the appearance of this nanocoating. Liquid
DCH permeating through micro cracks or other leaks to the polymeric matrix apparently will not
prevent its rapid swelling which causes destruction of the SiOx nanopowder [30–32]. This effect will
not appear at all or only to a small extent in the scope of PP foils or PET foils. It is conformable with
the discussion above related to the protective properties of these materials. The destruction of the SiOx

barrier layer due to the polymer matrix embossment can be demonstrated by many of the examples
shown in Figure S4. However, visual changes due to the polymer matrix swelling from visual changes
due to mechanical damage to the SiOx barrier layer, as documented in Figure S5, are required.

During the study of SiOx nanocoatings after destruction, sites with such great damage have been
found. It was possible to precisely determine the thickness of deposited barrier layer moving around
100 nm (Figure 17 and Figure S16). It even appears that in some cases the SiOx nanocoating has a
multilayer character of approximately 100 nm (Figure 17a).

  
(a) (b) 

Figure 17. SEM photographs of SiOx barrier nanocoating fracture prepared by plasma deposition by
HMDSO method on PEVA foil at magnification of (a) 50,000× and (b) 150,000×.

Another interesting finding is the typical spherical substructure characteristic of most studied
SiOx nanocoatings. This substructure, clearly recognizable only with sufficiently large magnification,
is also found inside deep material defects and even creates interesting structures on the surface and on
the smooth surface of the PEVA foil, as can be seen from Figure 18.

   
(a) (b) (c) 

Figure 18. SEM micrographs of SiOx nanocoating substructure prepared by plasma deposition by
HMDSO method on the PEVA foil at magnification of 80,000× of three different areas. (a) Typical
surface morphology; (b) layer defect and (c) surface abnormality.

4. Conclusions

It has been shown that the plasma deposition in vacuum can form barrier nanopowders from
SiOx and other suitable substrates on the polymer matrix. It is clear from the results that the HMDSO
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method, which makes it possible to influence the SiOx nanocoating thickness and quality better,
is more appropriate. Within forming practically applicable barrier materials with nanocoating of
SiOx it is necessary to be respect several essential requirements. The nanocoating SiOx must be
deposited primarily on a low swellable polymeric foil and, due to its brittleness, it must immediately
be laminated with another foil due to prevention of its mechanical damaged. This is in a harmony
with the production process of ALCAN Company within the production of packaging with barrier
properties of CERAMIS® technology. The aim of further research in this field should be to improve the
fixation of barrier nanocoatings on the polymer matrix and their resistance to mechanical stress. If it
is real to prepare reactive coatings or deposition of suitable metallic oxides with catalytic properties
it would enable this process to be used for the preparation of nanocoatings and nanomaterials with
self-decontaminating or photocatalytic properties during further research.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/9/679/s1,
Figure S1: The principle of CERAMIS® reactive steam technology and examples of SiOx
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of examples of visual changes of the SiOx barrier layer caused by mechanical damage, Figure S6: Scanning electron
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substrate at various magnifications of 20,000× before exposure to DCH, Figure S7: The exhibitions of different
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prepared by plasma deposition with the PVD method on PVDC foil laminated on the PEVA foil, at magnification
of 5000×, Figure S11: SEM micrographs of melamine nanocoating surface on PEVA SiOx foil prepared by PVD
plasma deposition method at magnification of 30,000×, Figure S12: SEM micrographs of parylenenanocoating
surface on PEVA SiOx foil prepared by PVD plasma deposition method at magnification of 5000×, Figure S13:
SEM micrographs of SiOx barrier nanocoating surface prepared by the plasma deposition by HMDSO method on
PEVA foil at magnification of (a) 1000× and on PEVA foil stained with aluminium at magnification (b) 1000×,
Figure S14: SEM micrographs of surface SiOx barrier nanocoating prepared by plasma deposition by HMDSO on
the silicon wafer at magnification of 1000×, Figure S15: SEM micrographs of surface SiOx barrier nanocoating
prepared by plasma deposition by HMDSO method on the Viton fluorelastomer at magnification of 5000×, Figure
S16: SEM photographs of SiOx barrier nanocoating fracture prepared by plasma deposition by HMDSO method
on PEVA foil at magnification of 100,000×.
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Abstract: Structural and functional properties of polymer composites based on carbon nanomaterials
are so attractive that they have become a big challenge in chemical sensors investigation. In the
present study, a thin nanofibrous layer, comprising two insulating polymers (polystyrene (PS) and
polyhydroxibutyrate (PHB)), a known percentage of nanofillers of mesoporous graphitized carbon
(MGC) and a free-base tetraphenylporphyrin, was deposited onto an Interdigitated Electrode (IDE)
by electrospinning technology. The potentials of the working temperature to drive both the sensitivity
and the selectivity of the chemical sensor were studied and described. The effects of the porphyrin
combination with the composite graphene–polymer system appeared evident when nanofibrous
layers, with and without porphyrin, were compared for their morphology and electrical and sensing
parameters. Porphyrin fibers appeared smoother and thinner and were more resistive at lower
temperature, but became much more conductive when temperature increased to 60–70 ◦C. Both
adsorption and diffusion of chemicals seemed ruled by porphyrin according its combination inside
the composite fiber, since the response rates dramatically increased (toluene and acetic acid). Finally,
the opposite effect of the working temperature on the sensitivity of the porphyrin-doped fibers
(i.e., increasing) and the porphyrin-free fibers (i.e., decreasing) seemed further confirmation of the
key role of such a macromolecule in the VOC (volatile organic compound) adsorption.

Keywords: electrospinning deposition; chemosensor; nanocomposite conductive polymers;
polyhydroxibutyrate; polystyrene; H2TPP; VOCs selectivity; mesoporous graphene

1. Introduction

Chemical sensors are usually conceived as electronic devices comprising a sensing material, in
charge of interacting with the target analyte, and a transducer, to transform such an interaction into
an electric/optical signal [1]. Among the main drivers for the design of advanced chemical sensors,
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the key characteristics include sensitivity, selectivity, and rapid detection of target molecules. Over
the last decade, the combination of nanostructured materials with many transducers has boosted
the advances in this area, leading to significant enhancements in their sensing performance [2,3].
Consequently, together with a plethora of complex nanostructures, polymer nanocomposites have
been designed and investigated as promising candidates for developing advanced materials for
sensors. These joint materials benefit from the synergy between filler nanoparticles and polymer
chains: they are both on similar length scales and with a very large interfacial surface area when
compared to the volume of the material [4]. On the other hand, polymers are one of the most
extensively exploited classes of materials due to the great variety of available chemical moieties
with their relatively low cost, easy processing, and potential for designing and fabricating recycled
and sustainable materials for sensors of the last generation [5]. More specifically, the development
of polymeric composites based on carbon nanomaterials, such as carbon nanotubes (CNTs) and
graphene (G), has been given a great deal of attention as a path to achieve new sensing materials
with new structural (e.g., mechanical stability) and functional properties, likely better performing
than pure components. Among the remarkable features of these two carbon allotropes to be used to
design a chemical sensor, there are high electrical conductivity and large surface area [6]. Both
nanomaterials have the same honeycomb lattice with sp2-hybridized carbon atoms, but with a
two-dimensional sheet in graphene and its rolling up in one (SWNT, single-wall nanotubes) or
more concentric tubes (MWNT, multi-wall nanotubes). Chemiresistors based on carbon-polymer
combinations comprise features such as great stability, improvement of lifetime, tunable selectivity,
ability to work at room temperature, good reversibility and reproducibility, low power consumption
and cost effectiveness [7]. Generally, in these systems, current passes through continuous pathways of
the conductive carbon particles between the parallel electrodes of the transducers. The sorption of a
chemical vapor can cause softening/swelling of the polymer film, breaking some of the continuous
pathways and increasing the resistance of the composite. Therefore, polymers can be designed to
be more or less selective to different classes of VOCs, taking into account their solvation parameters
according to vapor solubility (linear solvation energy relationships (LSER)) [8]. Obviously, much
attention has been paid to properly modifying both polymers (functionalization of polymer chains)
and polymer films (layer structure) to be simultaneously more selective to defined VOCs and
optimized to host carbon nanofillers [9–11]. Therefore, chemiresistors based on Nafion–CNT [12]
and poly(2,5-dimethylaniline)–CNT [13] have revealed intriguing performances in measuring air
humidity and acid vapors, respectively. More recently, many nanocomposite polymer–graphene
materials have been investigated and used successfully as sensors for industrial chemical reagents,
drugs and explosives [14,15], thus highlighting comparable [16], and in some studies even better
performances [17], than those of CNT-based sensors. This aspect sounds attractive since graphene
is synthesized according to lower cost procedures and it is a material with the highest electrical
conductivity known at room temperature (6000 Sc m−1) [18], a huge surface area (2.63 × 103 m2 g−1)
and a complete impermeability to any gases [19]. The efficiency of graphene–polymer composite
seems to be related to the molecular-level dispersion of graphene [20] that commonly occurs by using
a proper surfactant and/or selecting a polymer matrix that, through π−π stacking or hydrophobic
(van der Waals) interactions, preserve the intrinsic electronic properties of graphene and allow a
nanofiller homogeneous distribution [21]. Regarding a graphene hosting layer framework, thin
and porous films, facilitating gas/VOCs diffusion, are preferred to get fast sensor responses and
to avoid layer poisoning (hysteresis effects). A very porous layer with a controlled distribution
of the nanofillers can be developed by electrospinning (ES) deposition. This is a technology able
to produce advanced multifunctional polymer nanocomposites (2D and 3D micro- or nanofibrous
layers) and has been conceived as one of the most promising strategies to design and fabricate
highly sensitive nanocomposite films at low cost and with high production rates [22]. The process
uses a high voltage to provide sufficient charges in the polymer solution such that a jet is ejected
from the tip of a spinneret toward a grounded collector: the solvent evaporates on the path and the
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polymer nanofibers can be grown according to various arrangements and different morphologies. Thus,
graphene nanoparticles can be added in the polymer solution for electrospinning, and nanofibers can be
investigated as potential conductive material for chemical sensors. In a recent study, Avossa et al. [23]
used the temperature to modulate the sensitivity of nanocomposite polymer nanofibers (polystyrene,
polyhydroxibutyrate, mesoporous graphitized carbon (PS-PHB-MGC)) to gas and VOCs, making the
sensor more selective to NO2 (LOD: 2 ppb, limit of detection) when operated at 80 ◦C, whereas VOCs
adsorption decreases.

A polymer doping agent is an alternative to the functionalization or substitution of polymer matrix
for tuning the sensor selectivity. Different porphyrin species have been used to dope organic polymer.
For instance, porphyrins combined with poly(2-phenyl-1,4-xylylene) have led to a huge variation in
responses depending on the selected analytes (toluene, ethylacetate, ethanol, and propanone) [24].
Porphyrins have excellent sensing properties (their framework, peripheral substituents and the core
that could be practically occupied by all metals of the periodic table) that make them an effective object
of study and sensor applications of the last thirty years [25]. In the literature, there are several cases of
porphyrins subjected to electrospun deposition in combination with electrospinnable polymers, so that
their dispersion [26] and arrangement inside fibers as well as their photocatalytic [27] and sensing
features [28,29] have been investigated extensively [30]. On the other hand, the best performances seem
to be achieved when porphyrin occupies the outer part of the fiber [31] or when polymer fibers are
very porous. Electrospun polymer fibers with a ternary composite combination (porphyrin, graphene
oxide and nylon) are also manufactured [32] to be investigated towards more advanced applications.

In this paper, we present the design and the creation of a nanofibrous conductive chemical sensor
based on a quaternary combination of two insulating polymers (PS and PHB, named as PsB) doped
with 5,10,15,20-tetraphenylporphyrin (H2TPP) and mesoporous graphene nanopowder. Porphyrin,
due to its molecular structure, is expected to give a significant contribution to the sensing properties of
the polymer composite fibers [23], by coordinating the planar surfaces of MGC and the phenyl rings of
PS (effects on fiber morphology and structure) and “capturing” selectively volatile organic compounds
(VOCs) (effects on sensor sensitivity and selectivity). The polymers were selected because they are
versatile (widely used in many consumer products), eco-compatible, biodegradable (PHB), recyclable
(PS) [33,34] and resistant to thermal excursions (thermoplastics). Additionally, they are both soluble
in chloroform and insoluble in H2O, meaning that they could be deposited by a unique electrospun
mixture with a single needle, and were expected to be stable to changes in environmental humidity.
In this more complex fibrous matrix, a preliminary study on the dependence of the sensor selectivity
on the temperature was also carried out and is described below.

2. Materials and Methods

Mesoporous graphitized carbon nanopowder (MGC) (<500 nm; available surface area:
50–100 m2/g; average pore diameter: 137 Å), hexadecyltrimethylammonium bromide (CTAB) (~99%),
polystyrene (PS) (Mw = 192,000 g/mol), chloroform (≥99%), toluene (≥99.8%), acetic acid (≥99%),
and poly[(R)-3-hydroxybutyric] acid (PHB) (natural origin) were purchased from Sigma-Aldrich
(Merck KGaA, Darmstadt, Germany). Ethanol (≥99.8%) was obtained from Fluka (Buchs, Switzerland).
All chemicals were used without further purification. A 5,10,15,20-tetraphenylporphyrin (H2TPP)
was prepared following literature protocol [35]. Standardized pure air (5.0) was purchased from
Praxair-RIVOIRA (Rome, Italy) and stored in cylinders.

Interdigitated Electrodes (IDEs), provided by Micrux Technologies (Oviedo, Spain), were
fabricated on borosilicate substrate (IDE sizes: 10 mm × 6 mm × 0.75 mm; Pt/Ti electrodes, 120 pairs,
10 μm wide × 5 mm long × 150 nm thick, with 10 μm gap) and rinsed with soap and a “base piranha”
mixture at 60 ◦C for ~15 min, (3:1, v/v, ammonia water and hydrogen peroxide water solution) and
finally with Milli-Q water (~18 MΩ cm) before any use.

The electrospun dispersion was prepared by first solubilizing 450 mg of PS pellets into 9 mL of
chloroform under magnetic stirring. After complete dissolution, 60 mg of PHB were added into the
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solution and mixed at 50 ◦C for 2 h. Then, 150 mg of CTAB and 1 mL of ethanol were poured into the
system and mixed overnight at 50 ◦C under magnetic stirring. Suspensions composed of 1.3 mg of
MGC with and without 15 mg of H2TPP were poured into 2 mL of the PS/PHB/CTAB solution and
sonicated for at least 1 h.

The resulting polymer dispersions were loaded into glass syringes (1 cm long stainless steel and
blunt tips) and connected to a syringe pump (Model KDS 200, KD Scientific). The fibers depositions
were carried out in a home-made (IIA-CNR, Monterotondo, Rome, Italy) and ventilated clean box
equipped at ambient condition. The electrospinning apparatus consisted of a high power AC-DC
converter, a high voltage oscillator (100 V) driving a high voltage (ranging from 1 to 50 kV), a syringe
pump and a rotating conductive pipe with a 45 mm diameter grounded collector. The fibrous layers
were fabricated by applying ~6 kV DC voltage between the syringe tip and the collector (8 cm of
distance), at a pump feeding rate of 700 μL h−1. Deposition time was fixed at 2 min to obtain a thin
and adhering coverage of the surface (IDEs and SiO2 wafers and High Precision Quartz slices). UV-Vis
spectrophotometer (UV-2600 Shimadzu, Kyoto, Japan) was used to collect UV spectra of the fibrous
layer at the solid state.

Optical micrographs were captured by a Leitz-Wetzlar (Metallux 708082, Wetzlar, Germany)
microscope, for the evaluation of the quality coverage of the fibers deposited onto the IDE.

Fibers morphological analyses were carried out by means of micrographs from Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM). The electrospun nanofibrous fabrics
deposited on thin SiO2 wafers and sputter-coated with gold in a Balzers MED 010 unit were analyzed
for SEM by a JEOL JSM 6010LA electron microscope (High Equipment Centre, University of Tuscia,
Viterbo, Italy). Scanning transmission electron microscopy (STEM) images were acquired in annular
dark field mode (ADF) on a JEOL JEM-2200FS microscope operated at 200 kV and with a spot size of
2 nm (IMEM-CNR, Parma, Italy). The H2TPP/PS-PHB-MGC fibers were deposited on a lacey carbon
coated copper grid, to reduce electrostatic charging of the fibers under the electron beam. Chemical
mapping of carbon and oxygen were obtained from energy dispersive X-ray spectroscopy (EDXS)
using a Si-Li detector (JEOL JED-2400, Akishima, Tokyo, Japan).

The resulting chemiresistors (IDEs + NFs, where NFs means nanofibers) were sealed in a
measurement glass chamber (~100 mL volume) and connected to an electrometer (Keithley 6517, Solon,
Ohio, USA) capable of measuring their electrical parameters and sending data to a PC (LabVIEW 2014
Software, National Instruments, Austin, TX, USA). The current, provided under dry and clean air, was
recorded by applying potential values from −4.0 to 4.0 V in steps of 0.4 V at different temperatures
(25, 40, 50, 60, and 70 ◦C). Current versus applied voltage values were used to calculate the resistance
of the fibrous coated IDE and its correlation to the temperature, as well as a potential hysteresis of the
material when it was electrically stressed. All batches of the chemiresistors fabricated on different
dates but keeping the identical deposition parameters reported the same electrical features, confirming
the reproducibility of the deposition technique.

Dynamic sensor measurements were carried out at different working temperature (Tw: 50, 60,
and 70 ◦C, generated by a micro-heater placed below each sensing area of the IDE) using: (i) 4-channel
MKS 247 managing up to four MKS mass flow controllers (MFC), set in the range 0–200 sccm (standard
cubic centimeter per minutes); and (ii) Environics S4000 (Environics, Inc., Tolland, CT, USA) flow
controller, containing three MFCs supplying three flow rates (up to 500, 250 and 2.5 sccm, respectively),
managed by its own software. Pure air was used as the gas carrier and it was blended with increasing
concentrations of vapors of water (H2O), acetic acid (AcAc) and toluene (Tol), respectively, obtained
through air bubbling in customized borosilicate bubblers (Rolando Spaziani S.r.l., Nettuno, Rome,
Italy). A total gas flow of 300 sccm passed through the measurement chamber, housing the IDEs. Each
measurement was carried out after the complete recovery of the starting current (the baseline) under
dry and clean air flow. IDE responses were calculated as ΔI/I0, where ΔI is the current variation and I0

is the current when the air flowed.
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3. Results and Discussion

Electrospinning technology was used to create nanocomposite nanofibrous layers in a single step
using a single needle. The depositions were easily carried out onto several substrates, specifically
silicon dioxide thin slices (for fibers morphological, chemical and optical characterization) and
customized borosilicate IDE transducers (for measuring electrical and sensing features of the thin
nanofibrous coating). Each substrate, fixed onto the grounded rotating cylinder facing the needle tip,
was able to collect the ejected fibers within the deposition cone (Figure 1). Fibers did not look aligned
over the electrode, but arranged to form a porous network placed on the IDE surface. Despite the
heterogeneity of the polymer suspensions, the electrospun jet streams occurred without discontinuity,
so that fibers were collected for a few minutes.

Figure 1. Sketch of electrospinning technique able to coat an IDE (interdigitated electrode) with
composite nanofibers (left); and current measurements upon interaction of the chemosensor with
gaseous molecules (right).

Shortly, the deposition process was generated by the application of a definite electrical field
between the polymer suspension droplet at the metal nozzle and the grounded substrate placed at
a distance. Due to the application of the electrical field, the polymer drop first changed shape (from
spherical to conical) and then was elongated until the electrostatic forces exceeded the surface tension
of the polymer suspension and forced the ejection of the liquid jet. Finally, dry and fine fibers were
collected following the jet bending and stretching processes (by forces with opposing effects) [36],
solvent evaporation and then splaying. The resulting fabrics appeared soft and cotton candy-like,
and resulted easy to peel when electrospun processes were carried out for a longer time. Thus,
to improve the fibers adhesion, it was necessary to thoroughly clean all the surfaces (base-piranha
solution) and, following the deposition, incubate all the substrate at 60 ◦C under slight vacuum.
The nanocomposite fabrics were pink (Figure 2c), turning to orange when the thickness increased but
white/light gray (Figure 2d) if porphyrin-free. Nanocomposite fibers without porphyrin (PsB-MGC)
previously investigated [23] appeared extremely rough on the surface and decorated with brighter
islands, but fairly uniform in term of shape (cylindrical) and size (d: 550 ± 170 nm) (Figure 2b).
The fibers combined with H2TPP (H2TPP-PsB-MGC) kept the same circular cross-sectional shape but
appeared much smaller in size (d: 174 ± 50 nm) (Figure 2a). A possible reason for this phenomenon
could be attributed to the polymer percentage decreasing in the final electrospun mixture [37,38] when
porphyrin molecules were added. Furthermore, a higher voltage applied to the porphyrin mixture
necessary to engage the electrospun process (VH2TPP-PsB-MGC =≈ 6 kV; VPsB-MGC = 2.9 kV) could also be
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responsible for the fiber diameter reduction when combined to a lower feed rate (i.e., 700 μL h−1 and
900 μL h−1 used for H2TPP- PsB-MGC and PsB-MGC suspensions, respectively) [39,40]. Porphyrin
fibers looked smoother and had small spherical/elliptical bumps protruding from the whole the
surface of the fibers (Figure 2a, inset). Therefore, the addition of the porphyrin to the composite system
seemed to substantially change the morphology of the resulting fibers: in addition to dispersion forces,
H2TPP could interact with PS and graphene by π−π interactions and with PHB by hydrogen bond.
However, long, continuous and unbeaded fibers proved an appropriate combination of electrospinning
set of parameters.

Figure 2. SEM micrographs of H2TPP-PsB-MGC (a) and PsB-MGC (b) [23] and their respective pictures
placed under (c,d). Diameter distribution graph (e) of H2TPP-PsB-MGC (purple) (a) and PsB-MGC
fibers (black) (b).

Figure 3 shows a magnified TEM micrograph focusing on a single H2TPP- PsB-MGC fiber.
The shape is regular but the heterogeneity of the fiber seems to be confirmed by areas with
different contrast among the diverse nanoaggregates. For ADF-STEM imaging, the contrast
(brightness/darkness) is approximately proportional to the square of the averaged atomic number
projected in beam direction z and it depends linearly on the thickness [41] (in particular, the bigger is
the atomic number, the brighter is the image). The bright regions inside the polymer/porphyrin fiber
could be due to Br−, counterion to CTA+ (Cetyltrimethylammonium) in the surfactant. The cationic
surfactant was used to decrease the aggregation of MGC particles and improve their solubility/stability
in the polymer matrix. Thus, the brightest area (a higher scattering, i.e., higher intensity in the image)
distributed along the inner part of the fiber is supposed to be consequently and indirectly related also
to graphene dispersion. As concerns the distribution of both polymers (PS and PHB), the electrospun
nanofibers were expected to result in a bulk matrix mainly composed of one of the two polymers
hosting an approximately inhomogeneous dispersion of the second polymer, as a consequence of the
poor polymer–polymer miscibility. According to the literature, when two polymers are soluble in the
same solvent but incompatible with each other, they solidify in different domains [42] during fiber
formation [43]. In the inset of Figure 3, the EDXS chemical map is shown, as obtained from C-K (blue)
and O-K peaks (green). Oxygen looks to be more concentrated at the surface of the fiber, leading us to
suppose a higher presence of PHB at the surface (carbonyl, hydroxyl and ether groups). On the other
hand, the distribution of the porphyrin can hardly be highlighted by this technique since H2TPP is
also substantially constituted by C atoms with the exception of the four N atoms in the core of the
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macrocycle (but having close atomic number); thus, the contrast is too low to recognize the porphyrin.
A high affinity between PS and H2TPP (π−π stacking of the aromatic rings) is reported in literature
where the homogeneous dispersion of the porphyrin in the surface and inside PS electrospun fibers
is described using fluorescence microscopy (homogeneously red colored fibers) [28]. A weak π–π
stacking could also occurs between graphene flakes surface and porphyrin molecules [44]. Therefore,
porphyrin could be fairly dispersed among PS chains and MGC nanofillers in fiber inner part, and PHB
arranged to the outermost part.

 

Figure 3. Annular dark field mode-scanning - transmission electron microscopy (ADFM-STEM) image
of a porphyrin doped fiber. The inset shows the corresponding energy dispersive X-ray spectroscopy
(EDXR) chemical map from carbon (blue) and oxygen (green).

The UV-Vis diffuse reflectance (R%) spectrum of a H2TPP-PsB-MGC fibrous layer (Figure 4)
showed the characteristic features of the H2TPP chromophore, with the Soret (reflectance minimum
about 2.5% at 415 nm) and Q bands well defined (VI: 516 nm, R: 13%; III: 550 nm, R: 19%; II: 591 nm,
R: 23%; I: 648, R: 22%). Although the Soret band showed the expected broadening in the solid state,
the absence of wavelength shifts seemed to indicate that the porphyrin could be well dispersed in the
polymeric matrix. This hypothesis is also supported by the narrow Q bands.

Figure 4. Diffuse reflectance ultraviolet-visible (DR-UV-Vis) spectrum of a H2TPP PsB-MGC thick fibrous
layer (the orange one in inset). Inset shows also a porhyrin-free fibrous coating (the white-grey one).
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The nanocomposite fibrous layer, comprising many interfaces between each component. was
expected to be an intriguing system for the development of chemical sensors, due to both the
wide adsorption surface and the surface energy potentials involved [45]. Optical microscope
pictures (Figure 5b) depicted a Pt-Ti microtransducer coated with 2 min-deposited fibers, which
appeared optically transparent and with some small black MGC aggregates spread inside fibers,
suggesting that the graphene distribution was not completely homogeneous but enclosed within
the polymer wires. Increasing the deposition time, a thicker layer was obtained, but the adhesion
resulted inhomogeneous and it was more easily peelable from the transducer. To measure the
electrical parameters of the resulting chemiresistor, both at room and increasing temperatures up to
70 ◦C, each IDE, during the current vs. voltage measurements, was positioned onto a customized
micro-heater fabricated on alumina substrate. The supplied voltage ranged between −4 V and
+4 V. Current–voltage curves displayed a quasilinear relationship between the current changes
and the imposed increasing voltage values. Indeed, both PS and PHB, being thermoplastics, can
be heated to their melting point (TM_PS: 240 ◦C; TM_PHB: 175 ◦C), cooled, and reheated again
without substantial degradation. The experimental melting point of porphyrin is also high enough
(TM_H2TPP: ≥300 ◦C [46]) to allow the sensor to work properly in the established range. However,
further heating involved an initial increase in current followed by a slow and irreversible increase in
resistance, probably due to an irreversible arrangement of MGC inside fibers. For this reason, all
experiments were carried out up to 70 ◦C. To investigate the contribution of the porphyrin to the
chemiresistor electrical features, the same amount of graphene was used [23] to produce the fibers
with and without porphyrin: indeed, upon the addition of porphyrin, MGC final mass percentage
resulted about 1%. However, at room temperature (25 ◦C), porphyrin chemiresistor was more
resistive (about 1.2 × 108 MΩ) than the porphyrin-free one (about 3.4 × 106 MΩ). The current
inside fibers is supposed to occur by tunneling of electrons among MGC particles through a small
insulating barrier (percolation theory). The electrical properties of such fibrous layers depend on
both the quantity and the quality of the “texture” covering the electrodes. Therefore, the resulting
measured electrical resistance is related to the individual fiber resistance (due to its dimension and
shape), the fiber density (number of fibers per unit of surface area) and the electrode coverage. In
porphyrin-fibers, nanofillers appeared distributed within the inner part of fibers, whereas the MGC
aggregation inside PsB-MGC was supposed outer, then closer to the IDE metal-electrodes and with
a smaller polymer barrier. A reason of this effect could be due to the arrangement of MGC inside
fibers due to the porphyrin addition. Furthermore, it is known that conductivity can increase more
than one order of magnitude when fiber diameter increases [47]. Porphyrin fibers were estimated to
be much thinner than PsB-MGC one. On the other hand, thinner fibers are commonly preferred for
sensor applications, since smaller-diameter wires are expected to have a faster response associated
with a quicker diffusion of gas molecules through the fiber. Additionally, the collected porphyrin
fibrous coatings showed a lower density of the PsB-MGC nanofibers over the electrodes (i.e., layer
more porous, Figure 5b), although it increased with the same deposition time. This result could
be a further reason to explain a lower conductivity of H2TPP fibrous chemiresistor. The electrical
signals at 25 and 40 ◦C were noisy, thus the porphyrin chemiresistor did not seem to work properly.
Conversely, increasing the electrode working temperature, current increased considerably, especially
when temperature value was set at 70 ◦C. Consequently, the signal to noise ratio increased too, and
the baseline looked more stable.
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Figure 5. Current vs. voltage diagram at 25, 40, 50, 60 and 70 ◦C and 25, 40, 50 and 60 ◦C in the inset
(a); optical image of the IDE covered by H2TPP-PsB-MGC fiber (b); and resistance values diagram at
25, 40, 50, 60 and 70 ◦C (c).

When the sensor was heated from 25 to 40 ◦C, the electrical resistance changed by two orders of
magnitude (from 108 to 106 MΩ) (Figure 5c and inset). The exponential decreasing of the resistance
values to the increasing 10 ◦C steps has been reported in the semi-logarithm bar-plot of Figure 5c, where
resistance changed from ≈7 × 103 to ≈5 MΩ, going from 50 to 70 ◦C. Such a non-linear dependence of
conductivity on the heating apparently confirms the prevalence of the tunneling current (depending
on the small dielectric barriers (insulating polymer) between the particles [48]) in comparison with the
contact one [49,50], which usually should dominate in highly filled composites in contact with each
other. The tunnel contribution is described by Equation (1):

ρT = e
( πw

2

√
2mV0

( h
2π )

2 )

(1)

where ρT is the tunnel resistivity, m is the electron rest mass, h is Planck’s constant, V0 is the height
of the barrier, and w is its width [51]. Commonly, in a polymer nanocomposite matrix, the gap
among nanofillers tends to increase with temperature due to the polymer phase volume expansion
(i.e., polymer crystalline phase melting [52]) or the amorphous phase softening [53] during melting,
resulting in a resistivity rise of several decades. In the fibrous chemiresistors here described, with and
without porphyrin [23], the different results could be explained by the phenyl group rotation in
polystyrene (polymer backbone chain reorientation [54]), which could favor strong π–π interactions
existing between aromatic organic molecules and the basal plane of MGC. Such a rearrangement could
be responsible for the connectivity improvement of the conductive network of the nanofillers, inducing
the enhancement of the electrical conductivity [55]. The interfacial force between graphene and PS
could be enhanced by surface modification, which reduced the interfacial thermal resistance and
dispersed graphene more uniformly [56]. A significant contribution to the MGC rearrangement inside
fibers could also be generated by the aromatic planes of H2TPP facing graphene surfaces. Indeed,
comparing both the fibrous layers resistance values, H2TPP-PsB-MGC became less resistive than
PsB-MGC, when the working temperature reached and went over 60 ◦C (Figure 6), notwithstanding
the disadvantaged parameters listed above of the porphyrin layers to be conductive. More specifically,
its resistance value reached ≈5.7 MΩ versus ≈81.6 MΩ of PsB-MGC measured at the same temperature
(Tw: 70 ◦C) in dry and clean air. Furthermore, the steep slope of H2TPP-PsB-MGC curve (Figure 6)
could also be affected by the temperature effects on charge transport among porphyrin that is strongly
temperature dependent [57]. It means that at lower temperature H2TPP could work as barrier while at
higher temperature it should promote conduction.
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Figure 6. Resistance vs. working temperature for H2TPP-PsB-MGC (purple) and PsB-MGC (blue) fibers.

Vapor measurements were carried out according to a dynamic mode: the sensor was exposed
to a gaseous stream of molecules, the content of which was ruled by blending a stream of pure air
with a second stream saturated with the vapor to be analyzed. Thus, the fibrous chemosensor was
firstly deployed to increasing percentages of water vapors, ranging 0–50% with increments of 10%,
and with working temperature values set at 40, 50 and 60 ◦C. Both transient responses and response
curves are depicted in Figure 7a,b. The current, reported as I/I0 (I: the current value; I0: starting
current value under clean air) linearly increased when humidity percentage increased, too. A reason
for this positive trend was the presence of the cationic surfactant inside the fibers that facilitated the
dispersion of the carbon nanostructures [58]. Another reason could be related to the structure of the
nanofillers, having here a mesoporous configuration, capable of easily entrapping water molecules and
then interacting by the oxygen atoms making part of the framework of each MGC sheet [23]. When the
chemosensor (Tw: 50 ◦C) was exposed to 50% relative humidity, it became seven times more conductive
than the dried one. An inverse relationship occurred when working temperature increased: under 50%
RH (relative humidity), the sensor became six (60 ◦C) and three times (70 ◦C) more conductive than
under dry air, therefore generally the sensor responses to water vapors decreased with temperature.
The related sensitivity values, defined as the change of measured signal per analyte concentration
unit, i.e., the slope of the sensor responses graph [59] (Figure 7c), showed a decrease of 64% and 78%
when the sensor worked, respectively, at 60 and 70 ◦C. Sensitivity is a key parameter in sensor design,
because it represents an index related to the sensor ability to “capture” an analyte. In fact, such a
fibrous layer was designed to be scarcely affine to water molecules, having two hydrophobic polymers
(PS and PHB) and planar structures of H2TPP and MGC preferring π–π interactions (despite H-bonds
due to MGC structural defects and a cationic surfactant water soluble). Further, they were insoluble
in H2O, meaning that the resulting fibers could be exposed to a wide range of relative humidity
percentages without undergoing structural changes. The lowering of the affinity index to vapor due to
the heating should be presumably caused by the decrease of the vapor molecules diffusion mainly
caused by the backbone polymer chains motion [60,61]. In addition, in agreement with the kinetic
theory of matter, the sorbed molecules (H-bonds and Van der Waals forces), gaining kinetic energy
when heated, were able to “fly” out of the binding site. Indeed, furnishing the sufficient kinetic energy
to desorb the “captured” material is the usual strategy to restore/regenerate an adsorbent [62]. A very
similar behavior is reported for PsB-MGC nanosensors [23].
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Figure 7. Normalized current (I/I0) versus time during water vapor measurement (10%, 20%, 30%, 40%
and 50% RH) at 70, 60 and 50 ◦C (a); ΔI/I0–RH percentage diagram (response curves) (b); and sensitivity
of the H2TPP-PsB-MGC electrode at the different working temperatures (c).

To investigate a potential role of the porphyrin as a selective sensing agent, the fibrous chemosensor
was deployed to toluene and acetic acid vapors, the two chemicals that, among the VOC chemical classes
previously tested, reported the lowest and the highest, respectively, affinity to PsB-MGC fibers. Additionally,
when working temperature increased, the PsB-MGC sensitivity values decreased greatly, making that
sensor suitable to work at room (or close to room) temperature for VOC detection. Furthermore, the interest
in testing both the chemicals is reinforced by the fact they have proved to be common organic indoor
air pollutants [63] and extremely toxic by inhalation [64,65]. Finally, both acetic acid and toluene, being
solvents of PHB and PS, respectively, were expected to be able to easily penetrate inside fibers. However,
the analyzed vapors flowed in low concentrations (acetic acid and toluene up to 1000 and 1200 ppm,
respectively) to avoid the poisoning of the sensing layers. Such a missing effect (i.e., the poisoning) was
supported by no change in the baseline of the transient sensor responses, confirming that no chemical
interaction had resulted in a permanent variation of the polymer structure. Thus, known concentrations of
toluene vapors were generated and flowed throughout the sensor measuring chamber, and the related
electrical changes are depicted in Figure 8. The shape of the transient responses (Figure 8a) pointed out
quick responses to toluene at each temperature, ranging between 50 and 70 ◦C, suggesting a Langmuir-like
kinetics and reaching the plateau in a few minutes. However, unexpectedly, the sensor response (current
values) increased by heating (Figure 8), reporting the highest sensitivity at 70 ◦C (STol70: 1.76 × 10−3 ppm−1;
STol50: 9.63 × 10−5 ppm−1). The exposure to acetic acid vapors also induced fast responses, linearly related
to increasing concentrations of the sample (Figure 9). At higher temperature, sensitivity to acetic acid
increased too (SAcAc70: 14 × 10−3 ppm−1; SAcAc50: 4.4 × 10−4 ppm−1) according to an exponential rate
(Figure 9d,e). Further, a better signal/noise ratio was gathered as the temperature increased.

Figure 8. Transient responses (I/I0 versus time) upon injection of 579 ppm of toluene in dry air (a); and
response curves (ΔI/I0) to different toluene concentrations at increasing temperature values (50, 60
and 70 ◦C) (b).
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Figure 9. Transient responses (I/I0 versus time) upon injection of different concentration of acetic acid
in dry air at: 70 ◦C (a); 60 ◦C (b); and 50 ◦C (c); sensitivity dependence on the working temperature (d);
and response curves (ΔI/I0) to increasing acetic acid concentrations and increasing temperature (e).

Figure 10 depicts, in semi-logarithm scale, a comparison among the sensitivities to the selected
chemicals, enhancing the different affinity of the material to each analyte, the same positive trend for
the VOCs and the divergent trend (i.e., sensitivity decreasing) for water vapors. Therefore, going from
50 to 70 ◦C, the sensitivity to water vapors became five times lower; conversely, to acetic acid and
toluene, it was about 32 and 18 times greater, respectively. Another significant sensor feature is the
limit of detection (LOD) defined as the lowest concentration of the analyte that can be detected by the
sensor under given conditions, particularly at a given temperature. Thus, LODAcAc70 and LODTol70
(three standard deviations of the blank) were lowered up to ~1 and ~3 ppm, respectively.

Figure 10. Sensitivity values changes to water vapors, toluene and acid acetic, respectively, depending
on the sensor working temperature.

Porphyrin contribution to the sensor features was highlighted by the shape of the normalized
response rate, which described the current variation per ppm in time during the exposure to the VOCs flow
(Figure 11a). When toluene molecules kept in touch with the fibrous surface within the first 60 s (60 ◦C),
a seven times higher response rate to toluene was measured for H2TPP-PsB-MGC sensor than PsB-MGC
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(specifically from 6.75 × 10−4 ± 1.95018 × 10−5 ppm−1 s−1 to 4.90 × 10−3 ± 6.27 × 10−5 ppm−1 s−1).
This temperature value was chosen because the current values of both sensors were comparable (Figure 11).
The kinetic adsorption profile followed a classical Langmuir profile in both sensors but with different
magnitude and adsorption rate. Since both sensors were operating at the same temperature and same
toluene concentration, the main parameters involved in the sensor response were expected to be related to
the number of the available binding sites and the adsorption energy (features defining the affinity between
analyte and surface) [66]. Additionally, toluene could efficiently mediate the electron transfer between
porphyrin and MGC. On the other hands, this organic compound could provide conformational changes
of both macromolecules and hosting polymer chains (PS), thus contributing to the redistribution of the
graphene network, which is responsible for the charge flow. When the sensors were exposed to acetic
acid, the H2TPP inside fibers apparently was responsible for the changes in both response magnitude and
adsorption curve shape, Langmuir-like and Henry-like to with and without porphyrin sensor, respectively
(Figure 11), indicating a higher affinity of porphyrin fibers to the analyte. Both transient response and
calibration curves are the results of the ad/absorbing processes that depend on the chemical affinity of the
VOCs to the material. The nanofibrous thin film can be considered as a complex and heterogeneous system
where MGCs, and their arrangement through the fibers, are responsible for the resulting electrical features.
Thus, the analytes have to be able to diffuse through the polymer–porphyrin matrix to be adsorbed onto
the mesopores (or structural defects) and/or the planar surfaces of graphene, determining the changes
in the charge density. The mesoporous structure could work as nucleation center for entrapping and
growing molecules, such as AcAc, with multiple functional groups. Simultaneously, specific hydrogen
bond interaction with the four nitrogen atoms, arranged in the core of the macrocycle structure, could
occur [67]. Since all VOCs induced a rise in current, the effect on network distribution inside fibers could
be considered the dominant one. The active contribution of porphyrin to the VOCs adsorption and to the
electrical mechanisms is visualized in Figure 11b,d, whereas the changes of sensitivities in temperature
for both sensors enhanced the opposite curve trend: sensitivity decreasing by heating in PsB-MGC sensor
and conversely increasing in H2TPP-PsB-MGC.

Figure 11. Comparison of the normalized response rate (a,c) and sensitivities (b,d) of H2TPP-PsB-MGC
and PsB-MGC to toluene (a,b) and acetic acid (c,d), respectively.
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4. Conclusions

The present study reported the development of a conductive nanofibrous and nanocomposite
polymer sensor combined with a free-base tetraphenylporphyrin, having the role of driving the
selectivity and sensitivity of the polymer layer. Electrospinning technology allowed, in a single step
and for 2 min, the fabrication of a pink-colored and highly porous layer adhering to the surface of the
electrode. The sensor was able to work in a stable and reproducible way between 50 and 70 ◦C without
any significant degradation, and revealing non-linear relationships between the conductivity and the
temperature. The electrical conductivity increased when temperature increased, presumably due to the
improving of the connectivity of the MGC networks. The effects of the porphyrin appeared significantly
in the morphology of fibers (which were smoother and thinner than the porphyrin-free fibers) and
in the electrical features. In fact, H2TPP-Ps-MGC resulted more resistive at lower temperature,
but became much more conductive than PsB-MGC when the chemiresistor worked at 60–70 ◦C, due to
the rearrangement of MGC through the polymer fiber and presumably favored by the aromatic planes
of H2TPP facing graphene surfaces and phenyl groups of PS. It means that, at a higher temperature,
H2TPP tends to promote the fibrous layer conductivity. Furthermore, porphyrin not only increased the
sensor sensitivity to toluene vapor (i.e., adsorption and diffusion favored), which was not revealed by
PsB-MGC, but also increased with increasing temperature, differently from what occurred in PsB-MGC,
whereas the sensitivity to VOCs decreased with heating. Further studies are needed to understand the
whole mechanism of ad/absorption occurring between MGC–polymer–porphyrin and the VOCs/gas
as well as the role of each polymer inside the fibers when the working temperature changed. However,
this preliminary study suggests that this complex and nanostructured polymer matrix is expected
as a challenging tool, where sensitivity and selectivity, now driven by temperature and a free-base
porphyrin, would be designed and ruled taking into account a series of new combinations to create
polymer composite sensors able to work alone or in array, at low cost, with fast responses, easy to be
produced in large-scale and to be applied for multifaceted environments.
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Abstract: Nanofibrous membranes based on polycaprolactone (PCL) have a large potential for use
in biomedical applications but are limited by the hydrophobicity of PCL. Blend electrospinning
of PCL with other biomedical suited materials, such as gelatin (Gt) allows for the design of
better and new materials. This study investigates the possibility of blend electrospinning PCL/Gt
nanofibrous membranes which can be used to design a range of novel materials better suited for
biomedical applications. The electrospinnability and stability of PCL/Gt blend nanofibers from a
non-toxic acid solvent system are investigated. The solvent system developed in this work allows
good electrospinnable emulsions for the whole PCL/Gt composition range. Uniform bead-free
nanofibers can easily be produced, and the resulting fiber diameter can be tuned by altering the
total polymer concentration. Addition of small amounts of water stabilizes the electrospinning
emulsions, allowing the electrospinning of large and homogeneous nanofibrous structures over a
prolonged period. The resulting blend nanofibrous membranes are analyzed for their composition,
morphology, and homogeneity. Cold-gelling experiments on these novel membranes show the
possibility of obtaining water-stable PCL/Gt nanofibrous membranes, as well as nanostructured
hydrogels reinforced with nanofibers. Both material classes provide a high potential for designing
new material applications.

Keywords: biomaterial; biomedical; nanofibers; scaffolds; reinforced; hybrid material; thermal analysis;
nanofibrous membranes

1. Introduction

Electrospun nanofiber membranes have gained a lot of attention the past few years. Their striking
resemblance to the morphology of the extracellular matrix (ECM) made them especially interesting
for biomedical applications. Nanofibrous membranes can, unlike structures with porosity on a
larger scale, provide an environment closely mimicking the natural ECM by providing appropriate
cell binding sites. Cell behavior and functionality can be controlled by man-made nanofibrous
scaffolds, which are therefore increasingly being used in tissue engineering and wound-healing
applications [1,2]. Solvent electrospinning provides a relatively simple way to produce nanofibers
from polymer solutions and is therefore currently the most commonly applied processing technique.
To fully exploit the potential of electrospun nanofibrous materials, further research toward the use
of less toxic, more economical solvents and a stable electrospinning process suitable for upscaling,
is essential.
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Polycaprolactone (PCL) is commonly used in biomedical products, ranging from sutures or staples
for wound closure to contraceptive devices. This is mainly due to its tunable degradation profile,
in combination with low cost, easy production and availability of medical-grade material [3,4]. It is
thus not surprising that PCL nanofibers for biomedical applications have also been developed [5–10].
The practical application of PCL nanofibers in the biomedical field, however, is severely limited due to
the hydrophobic properties adversely affecting cell affinity. Although the nanofiber morphology closely
resembles the ECM, its complexity in terms of composition, biological functionality and biophysical
properties makes it difficult to reproduce using single polymer systems. Blending synthetic and natural
polymers offers the opportunity to tune physical properties and bioactivity while minimizing the
disadvantages of both polymer components, thus more closely resembling the native ECM [2,11–13].
Compared to the use of copolymers or modified nanofibers, blending offers an alternative approach
that is simple and economical [14].

A wide variety of natural polymers are available for biomedical applications, including several
polypeptides and polysaccharides. They provide the desired biological properties in a blend and are
biodegradable. Gelatin (Gt) is a commercial polypeptide widely available in medical-grade material and
very suitable for biomimetic applications since it displays many integrin binding sites for cell adhesion
and differentiation [15–19]. Although it is possible to produce pure Gt nanofibers [20], blending with PCL
can give rise to superior mechanical properties [21–23], increasing its application potential.

Our previous work showed that Gt nanofibers are cold-water-soluble due to their high
surface-to-volume ratio which promotes water penetration and dissolution. They can be used as an
instant cold gel. This presents opportunities for PCL/Gt blended nanofibrous membranes to design
new hybrid materials for biomedical applications. In this article, we develop a non-toxic and economical
solvent system for the production of PCL/Gt blend nanofibers by electrospinning. An acetic acid
(AA)/formic acid (FA) solvent system is selected based on our previous work in which pure PCL and
pure Gt nanofibers were produced [5,20]. Several PCL/Gt blend nanofibrous membranes with varying
compositions are electrospun and their morphology is characterized. Cold-gelling experiments are
performed on nanofibrous membranes with varying PCL/Gt ratio to study its effect on the gel formation
of the Gt component and the resulting structure of these novel materials.

2. Materials and Methods

2.1. Materials

Polycaprolactone (average Mn of 80 kg·mol−1) was purchased from Sigma-Aldrich (Overijse,
Belgium). Commercial gelatin isolated from pigskin by the acidic process (type A pharma-grade,
300 Bloom) was kindly supplied by Rousselot, Ghent, Belgium. Both polymers were used as-received
for the electrospinning process. AA (99.8 vol%) and FA (98.0 vol%) were supplied by Sigma-Aldrich
(Overijse, Belgium).

Efforts in optimization also included testing of a lower molecular weight PCL (average Mw

14 kg·mol−1) purchased from Sigma-Aldrich (Overijse, Belgium) and a gelatin isolated from bovine
bones by the alkaline process (type B pharma-grade, 260 Bloom) kindly supplied by Rousselot,
Ghent, Belgium.

2.2. Electrospinning

The electrospinning process allows for easy production of nanofibers using polymer solutions,
and is more thoroughly described for PCL and gelatin in our previous papers [5,20]. Blend nanofibers
are obtained when the solution used for electrospinning contains two (or more) polymer components.

The PCL/Gt electrospinning solutions were obtained by simultaneous dissolution of PCL and
gelatin, allowing for variations in solvent ratio, total polymer concentration and polymer ratio.
The electrospinning solutions were characterized prior to use by their viscosity and conductivity.
Viscosity was measured using a Brookfield viscometer LVDV-II (standard deviation was on average
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8%, Brookfield, Middleboro, MA, USA) and conductivity was determined by a CDM210 conductivity
meter of Radiometer Analytical (standard deviation was on average 11%, Düsseldorf, Germany).

All electrospinning trials for process optimization were performed using a mono-nozzle setup,
leading to a scalable electrospinning process. Nanofibrous membranes for subsequent analysis were
electrospun using a multinozzle or rotating drum setup at low speed [24,25], already providing
upscaled samples. The latter samples were electrospun using the AA/FA solvent system (solvent ratio
as specified in the text), a polymer concentration of 13 wt% (PCL/Gt ratio as specified in the text),
a flow rate of 1 mL·h−1, a tip-to-collector distance of 12.5 cm and the applied voltage adapted for
stable electrospinning.

The electrospun samples were examined by scanning electron microscopy (FEI Quanta 200 F,
Thermo Fisher Scientific, Eindhoven, The Netherlands) at an accelerating voltage of 20 kV.
Sample preparation was done using a sputter coater (Emitech SC7620, coating with Au, Rotterdam,
The Netherlands). The nanofiber diameters were measured using ImageJ version 1.48, https://imagej.net.
The average fiber diameters and their standard deviations are based on 50 measurements per sample.

2.3. Water Treatment of PCL/Gt Blends

Water treatment of PCL/Gt blend nanofibrous membranes was done by washing the samples
in a large quantity of demineralized water at 35 ◦C (maximal temperature without affecting PCL
nanofibrous structure) for 30 s. Four repetitions were done before further drying at ambient
temperature for over 24 h.

2.4. Materials Characterization

Solution cast films (prepared by solution casting in Teflon evaporation dishes of the electrospinning
solution) and nanofibrous membranes were characterized using a Fourier Transform Infrared (FTIR,
Thermo Fisher Scientific, Eindhoven, The Netherlands) spectrometer with Attenuated Total Reflectance
(ATR) accessory (diamond crystal) from Thermo Scientific. The spectra were recorded in the range
4000–400 cm−1 with a resolution of 4 cm−1. 32 scans were averaged for each spectrum. The films were
prepared by sampling the electrospinning solution and solution casting onto Teflon evaporation dishes.
All nanofibrous membranes were measured as-spun. Additionally, PCL/Gt nanofibrous membranes
were also measured after (partial) removal of gelatin by water treatment as detailed above.

Differential scanning calorimetry (DSC) measurements were performed using a TA Instruments
(Asse, Belgium) Q2000 equipped with a refrigerated cooling system and using nitrogen as purge
gas (50 mL·min−1). The instrument was calibrated using Tzero technology, including a temperature
calibration with indium. DSC measurements were performed on samples of 3.00 ± 0.30 mg conditioned
at 65% RH for 24 h, enclosed in hermetic Tzero aluminum crucibles and at a heating rate of 2.5 K·min−1.
The standard deviation of the melting enthalpy of PCL nanofibers was 5%.

Dynamic Mechanical Analysis (DMA) measurements were done using a TA Instruments Q800
(Asse, Belgium), equipped with liquid nitrogen cooling (LNCS) and film tension clamps. Calibration
was done according to a manufacture-defined procedure. Temperature calibration was performed by
means of the melting transition of gallium. Films and nanofibrous membranes were measured in film
tension mode, using a Poisson’s ratio of 0.44, a frequency of 1 Hz, a strain of 0.5%, a static force of
0.01 N and a heating rate of 2.5 K·min−1. The measurements were performed on as-spun nanofibrous
membranes at room humidity (40 ± 10% RH). The samples were not heated above 30 ◦C to avoid
melting of the PCL component.

3. Results and Discussion

3.1. Electrospinning of PCL/Gt Blend Nnanofibers Using AA/FA

Our previous investigation of the pure components illustrated that both PCL and gelatin are
electrospinnable when dissolved in AA/FA, and this for several concentrations and solvent ratios [5,20].

293



Nanomaterials 2018, 8, 551

There is a significant overlap of solution and processing parameters for the stable electrospinning
of the pure polymers. Based hereon, a total polymer concentration of 13 wt% and a 70/30 AA/FA
solvent system were chosen as a starting point for the blend electrospinning (tip-to-collector distance
(TCD)) of 12.5 mm, flow rate of 1 mL·h−1. This solvent choice minimizes the amount of FA,
which minimizes degradation of PCL [5], while guaranteeing electrospinning of fine bead-free PCL
and gelatin nanofibers.

As illustrated in Figure 1, the full range of PCL/Gt blend ratios is well electrospinnable using
the chosen parameters. Indeed, uniform bead-free PCL/Gt nanofibers could be produced in a
stable manner for all compositions. Although the conductivity of the electrospinning solution
increases significantly, and the viscosity markedly drops with increasing gelatin content (Figure S1),
no remarkable differences in nanofiber diameter were observed. Variations in total polymer
concentration with a fixed polymer ratio, on the other hand, do affect fiber diameter. Electrospinning
of a 50/50 PCL/Gt blend solution results in a stable process and bead-free nanofibers for polymer
concentrations between 9 wt% and 17 wt%. Within this electrospinnable window, the nanofiber
diameter could be tuned between 140 nm and 550 nm respectively (Figure 2). Blend electrospinning of
PCL/Gt using the AA/FA solvent system is thus highly flexible, with both the PCL/Gt ratio and the
fiber diameter adjustable to the end application.

 
Figure 1. Scanning electron microscopy (SEM) images of PCL/Gt blend nanofibers electrospun using
a total polymer concentration of 13 wt% and 70/30 AA/FA (TCD of 12.5 cm, flow rate of 1 mL·h−1

and voltage adjusted in the range of 15–20 kV for stable electrospinning): (a) 100/0 PCL/Gt, (b) 70/30
PCL/Gt, (c) 50/50 PCL/Gt, (d) 30/70 PCL/Gt and (e) 0/100 PCL/Gt. All PCL/Gt blend ratios were
well electrospinnable.

Although this clearly did not impede electrospinnability, all the PCL/Gt blend solutions were
opaque due to a phase separation resulting in emulsions. The homogeneous emulsions gradually
evolved toward two completely separated clear phases over the course of a few hours after complete
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dissolution. Within this time frame, however, neither process stability nor fiber morphology were
affected. Additionally, continued stirring of the emulsions makes stable electrospinning possible for
much longer dwell times (no visible phase separation after 48 h).

PCL degrades significantly in the AA/FA solvent system with prolonged dwell times in solution [5].
Therefore, the polymer blend degradation was investigated for longer dwell times in solution through
viscosity measurements (Figure S2). Although the reduction in solution viscosity is not as large as for pure
PCL (about 40% after 48 h in 70/30 AA/FA), 50/50 PCL/Gt blends are also characterized by a decrease
in viscosity with increasing dwell time in the acid solution (about 20% after 48 h in 70/30 AA/FA). This is
probably mainly due to PCL degradation [20], resulting in slightly smaller fiber diameters (276 ± 67 nm
after 3 h in solution vs. 233 ± 47 nm after 48 h in solution). Despite the small change in fiber morphology,
process stability was not affected by PCL degradation. Using a continuously stirred PCL/Gt emulsion in
70/30 AA/FA, uniform bead-free nanofibrous membranes can thus be produced over the course of 48 h,
with only a slight influence on fiber diameter.

As the electrospinning remains stable for a prolonged time, PCL/Gt blend electrospinning using the
AA/FA solvent system was readily scalable to produce large nanofibrous membranes. Homogeneous
nanofibrous membranes with a nominal size of 300 × 300 mm2 were produced on a multinozzle setup.
Their uniformity was validated by using SEM and FTIR analysis at several points throughout the
membrane. No significant differences in fiber morphology or diameter were observed. Similarly, for all
PCL/Gt blend ratios, FTIR spectra were identical within a single membrane, even though they were
electrospun using emulsions. Pure PCL and pure gelatin are characterized by a few non-overlapping
peaks in their FTIR spectra (Figure S3 and Table S1) [22,26,27]. Therefore, a qualitative indication of the
PCL/Gt composition of the nanofibrous membranes is given by the ration of the carbonyl stretching
peak of PCL and the amide I peak of gelatin. The 70/30 AA/FA solvent system thus allows for
stable, reproducible, and scalable production of PCL/Gt blend nanofibers with high flexibility in fiber
composition and diameter.

 

Figure 2. SEM images of 50/50 PCL/Gt blend nanofibers electrospun using 70/30 AA/FA (TCD of
12.5 cm, FR of 1 mL·h−1 and E adjusted for stable electrospinning) with a total polymer concentration
of (a) 9 wt%, (b) 13 wt% and (c) 17 wt%. Varying the total polymer concentration significantly affects
fiber diameters.

3.2. Stabilizing the Electrospinning Emulsions by Tuning the Solvent System

Water could be added to the electrospinning solutions up to 5 vol% without affecting solubility
of the polymers. It stabilizes the solutions and hinders the phase separation of the PCL/Gt blends
into two completely separated phase (the gelatin-rich phase settles at the bottom of the container
without continued stirring). This makes electrospinning of bead-free PCL/Gt blend nanofibers
possible for low gelatin concentrations without continued stirring (Figure 3b). Moreover, using
a 70/25/5 AA/FA/water solvent system, the settling phenomenon can be prevented for gelatin
concentrations up to 20 wt% of the total polymer mass. A similar effect has been reported by Feng
et al., who illustrated that addition of a small amount of AA to a trifluoroethanol solution increases
PCL-gelatin miscibility [22].

295



Nanomaterials 2018, 8, 551

 

Figure 3. SEM images of 85/15 PCL/Gt nanofibers produced using a polymer concentration of 13 wt%
but with differing solvent systems: (a) An emulsion unstable in time; (b) An emulsion stable in time,
and; (c) A clear solution stable in time.

Alternatively, the effect of a changing the AA/FA solvent ratio was investigated. With an
increasing FA concentration, miscibility is slightly improved. Although the gelatin-rich phase still
settles on the bottom of the container when stirring is stopped, the PCL-rich upper phase contains
more gelatin with decreasing AA/FA ratio of the solution. This is clearly illustrated by FTIR analysis
of solution cast films of the upper and lower phase of an emulsion kept at rest (Figure 4). The gelatin
peaks of the PCL-rich upper phase are much more pronounced when dissolved in 30/70 AA/FA
(APCL/AGt = 1.5) than in 70/30 AA/FA (APCL/AGt = 21.3) (Figure 4 red curves, b vs. a), pointing to a
higher gelatin concentration. Due to this higher miscibility in the PCL-rich phase, clear solutions stable
in time were obtained for gelatin concentrations up to 30 wt% of the total polymer mass when using
the 30/70 AA/FA solvent system. These clear and stable solutions were well electrospinnable, giving
rise to bead-free nanofibers with reproducible diameters (Figure 3c). FTIR analysis of the obtained
nanofibrous membranes, however, showed no differences in composition compared to the membranes
electrospun using emulsions in 70/30 AA/FA (Figure S4). Consequently, the increased miscibility in
30/70 AA/FA does not affect nanofiber composition on the mm-scale.

Figure 4. Normalized Attenuated Total Reflectance-Fourier-transform infrared spectroscopy (ATR-FTIR)
spectra of films obtained by solution casting the upper (red) or lower (blue) phase, representing the
continuous and dispersed phase respectively, of a PCL/Gt emulsion in (a) 70/30 AA/FA or (b) 30/70
AA/FA left at rest.
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3.3. Interactions between the PCL and Gt Components by Thermal Analysis

The interactions and miscibility of polymer components in a blend often affect the thermal properties
of the blend compared to their pure counterparts. Indeed, in a polymer blend containing a crystallizable
component, a decrease in melting temperature and/or crystallinity is often observed; interaction between
chains and chain segments of the blend components can cause a decrease in lamellar thickness of the
crystals and/or a decrease in the amount of crystallizable material [28–31]. Additional to changes in
melting behavior, also the glass transition is possibly affected by blending [28,32], with completely
miscible polymer blends showing only one intermediate Tg. Therefore, the PCL/Gt blend nanofibers
were analyzed using DSC and DMA and compared to the melting behavior and glass transition to pure
PCL nanofibers.

While studying PCL/Gt blend nanofibers using DSC, care has to be taken when analyzing the
PCL melting endotherm, since dissociation of gelatin triple helices occurs within the same temperature
range [20]. However, the heat effect of this triple helix dissociation is far less than the melting enthalpy
measured for pure PCL nanofibers, namely about 4 J·g−1 and about 70 J·g−1 respectively. The endothermic
transition can thus mainly be attributed to the PCL component. As expected, DSC analysis of PCL/Gt
blend nanofibers shows a clear decrease in overall melting enthalpy (Figure 5a). This decrease is in
line with the decreasing PCL concentration. Indeed, recalculation of the overall melting enthalpy as a
function of PCL mass results in values of about 70 J·g−1 for all samples (Table 1). The value for 15/85
PCL/Gt nanofibers is slightly higher, probably due to a more significant overlapping heat effect of the
triple helix dissociation within the gelatin component and a larger error. Overall, however, the PCL
melting enthalpy does not seem to be significantly decreased due to blending. Additionally, the melting
trace showed a peak value (Tp) of 55 ± 1 ◦C for all samples. These results indicate that blending of PCL
with gelatin does not significantly affect the melting behavior of the PCL component and interaction
between the components is thus low. This also confirms that the analyzed nanofibers contain the expected
amount of PCL and gelatin, pointing to a homogeneous blend composition throughout the membranes.
Similar results were obtained for all investigated solvent systems (70/30 AA/FA, 30/70 AA/FA and
70/25/5 AA/FA/water). Nanofiber composition, uniformity and PCL-gelatin interactions are thus not
affected when electrospinning a clear solution compared to an emulsion. DMA analysis on 85/15 PCL/Gt
blend nanofibers illustrated that the glass transition of PCL is hardly affected compared to pure PCL
(Figure 5b). This again points to weak interactions and low miscibility between PCL and gelatin.

Figure 5. The effect of blending with gelatin, using a 70/30 AA/FA solvent system, on (a) the melting
behavior and (b) the glass transition of PCL-based nanofibers measured by DSC at 2.5 K·min−1 and by
DMA respectively.
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Table 1. Melting enthalpy measured using DSC (Figure 5a), as a function of total polymer mass and
recalculated as a function of PCL mass.

Nanofibrous Membranes
ΔHm

(Joules per Gram Fiber)
ΔHm

(Joules per Gram PCL)

PCL 71 71
85/15 PCL/Gt 61 72
50/50 PCL/Gt 29 68
15/85 PCL/Gt 12 80

3.4. Cold-Water Solubility of the Gelatin Component

As discussed in our previous paper, gelatin nanofibers are cold-water-soluble and dissolve to
form a hydrogel in water at room temperature when they are not cross-linked [20]. Blending with
PCL could affect this property. The 85/15 PCL/Gt nanofibers do not show significant changes in
nanofiber morphology when submerged in cold water, suggesting the gelatin component to be not
dissolved. With increasing gelatin concentration, however, a fiber-reinforced hydrogel is obtained,
where gelatin partly gels but a nanofibrous network mainly consisting of PCL remains. Although water
stability through cross-linking can easily be obtained [33], nanofiber-reinforced gelatin hydrogels could
prove to be a promising biomedical material [34–36], combining a soft and elastic consistency while
allowing for cell support on a nanofibrous membrane with increased porosity. To characterize the
nanofibrous reinforcing structure and gain insight into the phase morphology of PCL/Gt nanofibers,
the water-soluble gelatin fraction was removed using water of 35 ◦C.

All nanofibrous membranes having a PCL concentration of ≥50% still showed structural integrity
after water treatment. It was, therefore, possible to characterize them using SEM and FTIR (Figure 6
and Table 2). Additionally, the mass loss of the membranes was determined. Since the water treatment
procedure does not affect pure PCL nanofibers (Figure 6a,e), this mass reduction can be attributed to a
decrease in gelatin content, resulting in a new PCL/Gt ratio.

SEM analysis, the measured mass loss and FTIR analysis all clearly indicate that the rinsing
procedure only has a minor influence on 85/15 PCL/Gt nanofibers. Indeed, fiber morphology before
and after water treatment is comparable (Figure 6b,f), and the FTIR spectra were identical, resulting
in similar APCL/AGt ratios (Table 2). A similar result was obtained for 85/15 PCL/Gt nanofibers
electrospun using 30/70 AA/FA (clear solutions). The phase separation in the electrospinning solution
thus only has a minor effect on the final PCL/Gt fiber morphology. Although PCL-gelatin interaction
within the nanofibers is low according to our thermal analysis, the gelatin component no longer
dissolves in water. This indicates that the gelatin-rich phase is finely dispersed throughout the
nanofibers, so that the hydrophobicity of PCL prevents gelatin dissolution.
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Figure 6. SEM images of PCL/Gt blend nanofibers (13 wt%, 70/30 AA/FA) with different PCL/Gt
ratios (a–d) before and (e–h) after water treatment, i.e., rinsing with demineralized water at 35 ◦C.
Mass loss is calculated by weighing the dried weight. Based on this mass loss of gelatin, a new PCL/Gt
ratio was calculated for the rinsed samples.

Table 2. Composition of the nanofibrous membranes before and after water treatment, analyzed using the
ratio of the carbonyl stretching peak of PCL and the amide I peak of gelatin measured using FTIR. After
water treatment, the composition is comparable and reflecting a gelatin concentration of about 15 wt%.

Nanofibrous Membranes
APCL/AGt

before Water Treatment
APCL/AGt

after Water Treatment

85/15 PCL/Gt 4.9 5
70/30 PCL/Gt 2.3 4.7
50/50 PCL/Gt 0.9 3.1 *

* A slightly higher gelatin concentration is measured, probably due to the gelatin film covering the membrane,
as demonstrated in Figure 6h.

With increasing gelatin content, there is a significant amount of gelatin dissolved by rinsing in
demineralized water at 35 ◦C, as evidenced by the mass loss and the decreasing amide I peak of
gelatin in the FTIR spectra (Figure 6 and Table 2 respectively). The influence on the fiber diameter;
however, is only small, especially for 70/30 PCL/Gt nanofibers, and no porosity of individual
nanofibers is observed (Figure 6g). Additionally, the new PCL/Gt ratio after extraction is about
85/15. It is, therefore, hypothesized that a 70/30 PCL/Gt nanofibrous membrane is built up by a
mixture of PCL-rich and gelatin-rich nanofibers. The PCL-rich nanofibers within the membrane contain
about 15 wt% of gelatin and are not affected by water treatment, similar to 85/15 PCL/Gt nanofibers.
The gelatin-rich nanofibers are dissolved, possibly leaving some PCL residue upon rinsing (Figure 6g).
Although there are clearly still intact nanofibers present in the 50/50 PCL/Gt nanofibrous membranes
after water treatment, a gelatin film is observed in SEM analysis (Figure 6h). This indicates that the
gelatin polypeptide chains are sufficiently immobilized by entanglements with the PCL component to
prevent removal by dissolution. Moreover, the gelatin phase must be present more toward the shell of
the nanofibers, causing film formation and a slightly higher APCL/AGt ratio in FTIR (Table 2).

These results indicate that PCL/Gt blend nanofibrous membranes have a high potential for
advanced biomedical material design. On one hand, water-stable PCL/Gt blend nanofibrous
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membranes can be produced for gelatin concentrations up to 15 wt%. On the other hand, for higher
amounts of gelatin, cold-gelling when in contact with water is possible, giving rise to a nanostructured
hydrogel that is physically reinforced by PCL nanofibers. The nanofibers in these nanostructured
reinforced hydrogels consist of PCL-rich nanofibers that still contain a significant amount of gelatin
(about 10 to 15 wt%).

4. Conclusions

In conclusion, the AA/FA-based solvent system allows for stable, reproducible, and scalable
PCL/Gt blend electrospinning with high flexibility, this while the toxicity of the solvent system is
significantly reduced compared to traditionally utilized solvents. Indeed, dissolution of PCL/Gt
blends in 70/30 AA/FA yields well electrospinnable emulsions for the whole PCL/Gt composition
range. Although these emulsions are subject to settling of the gelatin-rich phase, uniform bead-free
nanofibers can easily be produced within a time frame of a few hours or by continued stirring of
the electrospinning solution. Additionally, the resulting fiber diameter can be tuned by altering the
total polymer concentration. Using 30/70 AA/FA, stable and clear electrospinning solutions are
obtained for gelatin concentrations up to 30 wt% due to increased miscibility. Further augmentation of
gelatin concentration results in phase separation with the formation of an unstable emulsion. For all
PCL/Gt ratios, process stability is best, and toxicity is minimized using 70/30 AA/FA. For gelatin
concentrations up to 20 wt%, substitution of 5 vol% acid with water stabilizes the emulsion for over
48 h, making electrospinning possible without continued stirring or compromising the lower toxicity
of the solvent system.

The resulting PCL/Gt nanofibrous membranes are water-stable up to gelatin concentrations of
15 wt%, irrespective of the possible phase separation in the electrospinning solution used for production
(emulsion vs. clear miscible solution). It is hypothesized that membranes containing a higher
amount of gelatin are built up of a mixture of nanofibers mainly consisting of PCL (~85/15 PCL/Gt)
and nanofibers mainly consisting of cold-water-soluble and cold-gelling gelatin. The PCL-gelatin
interactions within the nanofibers were low, as blending did not seem to affect the glass transition or
melting of the PCL component. If the original nanofibrous membrane contains a high amount of gelatin
(>15 wt%), cold-gelling when in contact with water is possible, giving rise to a nanofiber-reinforced
physical gelatin hydrogel. This novel combination of material properties could prove to be a promising
material for biomedical applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/7/551/s1.
Figure S1. Viscosity and conductivity measurements of PCL/Gt blend electrospinning solutions, using the 70/30
AA/FA solvent system (a) as a function of the PCL/Gt ratio and (b) as a function of the total polymer concentration.
Figure S2. Viscosity measurements of the electrospinning solutions (PCL and/or Gt dissolved in 70/30 AA/FA)
with increasing dwell time show that PCL degrades substantially whereas the Gt component remains quite stable.
Figure S3. ATR-FTIR spectra of pure PCL and pure Gt, showing their characteristic peaks. Figure S4. Normalized
ATR-FTIR spectra of 85/15 PCL/Gt blend nanofibers electrospun using an emulsion (dissolution in 70/30 AA/FA)
or a clear solution (dissolution in 30/70 AA/FA). Table S1. Characteristic peaks of a PCL pellet and Gt powder in
ATR-FTIR, as indicated in Figure S3.
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Abstract: Sericin is a biomaterial resource for its significant biodegradability, biocompatibility,
hydrophilicity, and reactivity. Designing a material with superabsorbent, antiseptic, and non-cytotoxic
wound dressing properties is advantageous to reduce wound infection and promote wound healing.
Herein, we propose an environment-friendly strategy to obtain an interpenetrating polymer network
gel through blending sericin and agarose and freeze-drying. The physicochemical characterizations
of the sericin/agarose gel including morphology, porosity, swelling behavior, crystallinity, secondary
structure, and thermal property were well characterized. Subsequently, the lysozyme loaded
sericin/agarose composite gel was successfully prepared by the solution impregnation method.
To evaluate the potential of the lysozyme loaded sericin/agarose gel in wound dressing application,
we analyzed the lysozyme loading and release, antimicrobial activity, and cytocompatibility of
the resulting gel. The results showed the lysozyme loaded composite gel had high porosity,
excellent water absorption property, and good antimicrobial activities against Escherichia coli and
Staphylococcus aureus. Also, the lysozyme loaded gel showed excellent cytocompatibility on NIH3T3
and HEK293 cells. So, the lysozyme loaded sericin/agarose gel is a potential alternative biomaterial
for wound dressing.

Keywords: silk sericin; agarose; lysozyme; composite gel; wound dressing

1. Introduction

Non-healing skin wounds exposed to bacterial infections are biologically characterized by
lengthening inflammation, interfering re-epithelialization, disturbing collagen production, and finally
delaying wound healing [1]. In wound care, wound dressing is an important biomedical material used
to protect the wound from infection and facilitate wound healing [2]. Accompanied by the growing
number of chronic diseases, the wound dressing market is evolving rapidly in the present healthcare
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system worldwide [3]. The ideal wound dressing should absorb wound exudate in a manner, allow gas
exchange and maintain necessary moisture at wound interface without cytotoxicity and allergenic
response [4]. Besides, it can promote wound healing by creating a suitable microenvironment to
prevent bacterial infection and promote cell adhesion and proper proliferation [5]. Among all wound
dressing materials, hydrogel is an attractive alternative in traditional therapeutic approaches for its
multifunctional abilities such as hydrophilicity, swelling, drug delivery, and in situ gelling capacity [6].

Sericin (SS) is one of the major protein components of silk, which is discarded as a waste during the
degumming process in the textile industry [7]. Sericin is a natural protein, exhibiting immense potential
in the field of biomaterial owing to its biodegradability, easy availability, and hydrophilicity [8].
Sericin has numerous biological activities such as anti-oxidation, anti-bacterium, and anti-coagulation,
promoting cell growth and differentiation [9]. However, sericin is physically fragile and highly
soluble due to its amorphous nature [10], which is unsuitable for biomedical applications. Hence,
in order to obtain desired material with improved properties for regenerative medicine application,
sericin is mostly designed to copolymerize, crosslink, or blend with other polymers as it has polar
side chains with diverse functional groups, such as amine, hydroxyl, and carboxyl groups [11–15].
Agarose (AR) is a transparent, neutrally charged, and thermo-reversible natural polysaccharide [16].
Agarose is used extensively in vitro cartilage tissue engineering as it provides a superior foundation
for chondrogenesis and higher glycosaminoglycan deposition to produce constructs with functional
properties approaching those of native articular cartilage [17,18]. Additionally, agarose gel is considered as
a biological scaffold material for the central nervous system repair and regeneration due to its excellent
mechanical properties which can well match the growth and control of nerve axis, the porous structure
which is conducive to nutrient delivery, and the implant which does not cause adverse reactions [19].
However, agarose shows low cell adhesiveness and cell proliferation activity in vivo [20]. Therefore,
blending agarose with other polymers such as chitosan and gelatin to overcome the valid drawbacks
has escalated in recent years [21,22]. Consequently, the present study brought together the innate
advantages of sericin and agarose to fabricate a blended hydrogel for prospective application in
a wound dressing.

Nevertheless, the hydrogel is limited as a wound dressing material because it may paradoxically
provide a preferred environment for infectious bacteria. To prevent bacterial infection on both skin
wound and dressing material, antibiotics such as penicillin and methicillin have been widely used.
However, the widespread and indiscriminate use of antibiotics now constitutes a major health concern
worldwide due to the emergence of numerous resistant pathogens [23]. Therefore, tremendous attention
has been paid to the discovery and development of alternative novel antibiotics, particularly with
new modes of action to overcome the resistance. Lysozyme is a natural antibacterial agent that has
been isolated from the cells and secretions of virtually all the living organisms [24]. Lysozyme plays
the role of the anti-microbial agent through catalyzing the hydrolysis of β-1,4 glycosidic bonds
between N-acetylmuramic acid and N-acetylglucosamine in peptidoglycans of the bacterial cell
wall [25]. It is commercially available at low cost, and classified as GRAS grade by the Food and Drug
Administration (FDA, US) and as a food additive by the European Union (E 1105) [26]. Lysozyme has
been extensively applied as antibacterial agents in wound dressing and protein separation [27].
Accordingly, the development of lysozyme-based antimicrobial material is significantly important
toward an environmentally benign antimicrobial field.

We herein developed an improved lysozyme (LZM) loaded sericin/agarose (SS/AR) gel
(SS/AR/LZM). Scanning Electronic Microscopy (SEM), Attenuated Total Reflection Fourier Transform
Infrared Spectroscopy (ATR-FTIR), X-ray Diffraction (XRD), Thermogravimetric Analysis (TGA),
and swelling behavior test were performed to characterize the physicochemical properties of SS/AR gel.
We successfully fabricated lysozyme loaded SS/AR composite biomaterials by solution impregnation
method. We investigated the lysozyme loading and release, the antimicrobial activity of SS/AR/LZM
gel against typical Gram negative/positive bacteria Escherichia coli (E. coli) and Staphyloccus aureus
(S. aureus). In addition, the cytotoxicity of the lysozyme loaded SS/AR gel was evaluated on NIH3T3
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and HEK293 cells. The results suggested that the SS/AR/LZM gel with antimicrobial activity and
cytocompatibility has a great potential in wound dressing application.

2. Materials and Methods

2.1. Materials

Bombyx mori cocoons were provided by the State Key Laboratory of Silkworm Genome Biology,
Southwest University (China, 400716). Lysozyme (20,000 U/mg) was obtained from Sangon Biotech Co.
Ltd. (Shanghai, China). Agarose G-10 was purchased from Biowest (Nuaillé, France). Cell counting
kit-8 (CCK-8) was from Beyotime (Beijing, China). LIVE/DEAD cell viability kit was from Thermo
Fisher Scientific (Waltham, MA, USA). NIH3T3 (mouse embryonic fibroblast) and HEK293 (human
embryonic kidney) cell lines were obtained from China Infrastructure of Cell Line Resources.
Chemicals for cell culture such as Dulbecco’s modified Eagle’s medium (DMEM), Fetal Bovine Serum
(FBS), Trypsin-EDTA and Penicillin/Streptomycin were from Gibco BRL (Gaithersburg, MD, USA).
Ultrapure water was the product of Milli-Q Plus system from Millipore (Billerica, MA, USA). All other
chemicals utilized were of analytical grade.

2.2. Fabrication of SS/AR Gel

Sericin was extracted from Bombyx mori cocoons as previous reports [28,29]. Briefly, silkworm
cocoons were cut into pieces and autoclaved at 121 ◦C for 30 min to obtain sericin solution.
Subsequently, sericin solution was freeze-drying to become sericin powder, and then dissolved
in hot water. Sericin and agarose solution (2%, w/v) were mixed gently, and allowed to gel after
casting into 24-well cell culture plates. These stable hydrogels were then frozen at −80 ◦C for 12 h
followed by lyophilization for 24 h to become gels. According to the volume ratios of sericin and
agarose solution, the corresponding SS/AR gels were termed as S100A0, S75A25, S50A50, S25A75,
and S0A100, respectively.

2.3. Characterization of SS/AR Gel

SEM observation was performed on JSM-5610LV (Tokyo, Japan) with working voltage of 25 kV to
examine the surface morphologies of the gel. The porosities of SS/AR gels were calculated according to
the liquid displacement method [30]. Briefly, SS/AR gel was immersed into water (V1) in a graduated
cylinder, the total volume including water and SS/AR gel was recorded as V2. The SS/AR gel was
then removed from the cylinder and the residual water volume was recorded as V3. The porosity (p)
of SS/AR gel was calculated using the following equation:

p = (V1 − V3)/(V2 − V3) × 100%. (1)

ATR-FTIR spectra of sericin and SS/AR gel were determined in the wavenumber range of
650–4000 cm−1 at a resolution of 4 cm−1 on a Nicolet iz10 Infrared spectrophotometer from Thermo
Fisher Scientific (Waltham, MA, USA). XRD of sericin and SS/AR gel were carried out by X’Pert
powder X-ray diffraction system (PANalytical, Almelo, OV, Netherland) within a 2θ range of
10◦–70◦. The thermal behaviors of sericin and SS/AR gel were analyzed by a thermogravimetric
analyzer TGA-Q50 (TA instruments, New Castle, DE, USA) under a nitrogen flow of 20 mL/min [31].
The specimens were heated from room temperature to 600 ◦C, at a heating rate of 10 ◦C/min.

2.4. Swelling Behavior

The swelling ability of the SS/AR gel was analyzed using a conventional gravimetric method [32].
Briefly, a pre-weighed dry gel (Wd) was immersed into water at 37 ◦C for 30 min to achieve equilibrium.
The swollen weight of gel was recorded as Ws at specific time intervals. The experiment was repeated
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for three times under the same conditions. Swelling ratios (S) were determined as the following
equation:

S = (Ws − Wd)/Wd × 100%. (2)

2.5. Preparation of SS/AR/LZM Gel

To prepare the lysozyme loaded SS/AR gel, S50A50 was cut into a circular piece with a diameter
of 1.5 cm and then immersed into lysozyme solution (20–75 mg/mL) for 16 h. Subsequently,
the lysozyme loaded SS/AR gel was removed from lysozyme solution and freeze-dried. According to
the lysozyme concentration, the resulting SS/AR/LZM gels were termed as S50A50L20, S50A50L50
and S50A50L75, respectively.

2.6. The Loading and Release of Lysozyme

Lysozyme has a specific absorption peak at 280 nm [33], which could be used to measure the
loaded and released lysozyme concentration. Ultraviolet visible spectrophotometer was employed to
analyze the loading and release of lysozyme. The loaded lysozyme content was determined by the
difference of lysozyme concentration before and after the treatment. The circular SS/AR/LZM gel with
a diameter of 1.5 cm was dispensed into a centrifuge tube containing 4 mL of 0.01 M PBS (pH 7.4) buffer
at 37 ◦C. At special time points, an aliquot (1 mL) PBS buffer was collected to measure the absorbance
at 280 nm to determine the released lysozyme contents. Then the gel was transferred into 4 mL fresh
PBS solution for the next measurement. The cumulative release rate was determined according to the
ratio of the released and loaded lysozyme. Various lysozyme concentrations (0.1–0.6 mg/mL) were
prepared for the calibration curve. All experiments were performed in triplicate.

2.7. In Vitro Antibacterial Assay

The antibacterial activity was evaluated according to the previous procedures with a slight
modification [34,35]. SS/AR and SS/AR/LZM gels were cut pieces with 1 mm in thick and 1.5 cm
in diameter, subsequently sterilized with UV radiation for 30 min. E. coli and S. aureus were grown
in Luria–Bertani (LB) media at 37 ◦C with continuous shaking until the optical density at 600 nm
(OD600) reached about 1.5. Bacteria (500 μL) were harvested by centrifugation at 1000 rpm for 5 min
followed by washing with 0.01 M phosphate buffer saline (PBS, pH 7.4). Subsequently, bacteria were
re-suspended and diluted with PBS buffer. Next, 50 μL of the diluted bacterial suspension was cultured
at 37 ◦C for 2 h in the presence of SS/AR gel or SS/AR/LZM gel. Aliquots (1 μL) of the mixture were
diluted (1:10,000) in PBS, and then manually spread on LB agar plates. After 16 h incubation at 37 ◦C,
the units of colony formation in each agar plate were counted to check the antibacterial ability of the
gels. Each independent experiment was performed in triplicate.

2.8. Cytocompatibility Assay

NIH3T3 and HEK293 cells were cultured in high glucose DMEM supplemented with 10% FBS
and 1% penicillin/streptomycin in a humidified atmosphere of 95% and 5% CO2 at 37 ◦C. To check the
cell viability, NIH3T3 and HEK293 cells (100 μL) were loaded at the density of 1 × 104 cells/well in
96-well plates and incubated 12 h at 37 ◦C. SS/AR or SS/AR/LZM gel was sterilized by ultraviolet
radiation overnight and then added to the cell plates. Non-treated cells were used as a control.

After treated with the gels for 12 h, 24 h and 36 h, CCK-8 assay was used to assess cell viability
according to the manufacturer’s instructions. CCK-8 solution (10 μL) was added into each well and
then incubated at 37 ◦C for 1.5 h. The optical density (OD) of each well was measured at 450 nm on a
microplate reader TECAN (Mannedorf, Switzerland). The cell viability is defined as the percentage of
OD value of the treated and control wells. For each experiment, at least three samples were evaluated.
The morphologies of NIH3T3 and HEK293 cells after incubation for 24 h in the absence and presence of
SS/AR or SS/AR/LZM gel were observed on a fluorescence microscope EVOS FL Auto Cell Imaging
System (Life, Bothell, WA, USA).
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Additionally, LIVE/DEAD staining assay was carried out to further assess the effects of the gels
on the cells viability. NIH3T3 and HEK293 cells were cultured and incubated at 37 ◦C as described
above. The cells after treated with SS/AR or SS/AR/LZM gel for 24 h were incubated with staining
solution at 37 ◦C for 15 min. Then the images were collected on EVOS FL Auto Cell Imaging System.
For each sample, the experiment was done in triplicate.

3. Results and Discussion

3.1. Preparation of SS/AR/LZM Gel

In this study, we prepared the SS/AR/LZM gel with good antibacterial activity and
cytocompatibility, as illustrated in Figure 1. Sericin and agarose solution were mixed and then
freeze-dried to become a porous gel. Thereafter, lysozyme, a natural antimicrobial agent, was loaded
into the SS/AR gel. As sericin is negatively charged, agarose is neutral, whereas lysozyme is positively
charged, thus the adsorption of lysozyme into the SS/AR gel may be attributed to the electrostatic
interactions between the opposite charges of sericin and lysozyme [36]. Also, the physical adsorption
caused by free diffusion could promote the adsorption of lysozyme. In addition, lysozyme has carboxyl
group, amino groups and four disulfide bonds [37], and sericin has hydroxyl, carboxyl, and amino
groups [38]. The special hydrophilic/hydrophobic interactions between lysozyme and sericin are
also able to enhance the adsorption of lysozyme. The resulting SS/AR/LZM gel with interconnected
porous structures, high swelling ability, good antibacterial activity and cytocompatibility may be
a prospective alternative for wound dressing.

Figure 1. Schematic illustration of the fabrication of sericin (SS)/agarose (AR)/lysozyme (LZM) gel.

3.2. Morphology of SS/AR Gel

Porous materials provide space for cell growth and proliferation, and the microenvironment for the
retention and release of bioactive molecules [39]. Furthermore, the porous structure affects the supply
of nutrients and oxygen, and the removal of wastes [40], which is of utmost importance to wound
dressing. In this study, the prepared gels had macro-porous “open-cell” structures (Figure 2A–D).
The porosity of S75A25, S50A50, S25A75, and S0A100 gels were 53.17%, 49.54%, 46.17% and 59.75%,
respectively (Figure 2E). Compared to other gels, S50A50 and S25A75 gels had significantly bigger pore
sizes. This may be the fact that S50A50 and S25A75 gels could adsorb more water. After lyophilization,
the space water occupied resulted in the formation of pores. Consequently, the pore size and porosity
of gels were dependent on the ratio of sericin and agarose solution.
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Figure 2. The porous microstructures of S75A25 (A), S50A50 (B), S25A75 (C), and S0A100 (D) gels.
The porosity of gels with different ratios of sericin and agarose (E).

3.3. Characterization of SS/AR Gel

ATR-FTIR was employed to analyze the chemical interactions between sericin and agarose as ATR
technique can probe to only a shallow depth and thus emphasize any surface coatings [41]. Sericin has
a typical spectrum with distinctive peaks at 1600–1700 cm−1 (amide I, C=O stretching vibration),
1480–1575 cm−1 (amide II, N–H bending vibration), and 1229–1301 cm−1 (amide III) [42]. As shown in
Figure 3A, sericin gel had characteristic peaks at 1621 cm−1, 1521 cm−1, and 1241 cm−1, corresponding
to amide I, amide II, and amide III, respectively. Pure agarose exhibited its characteristic peaks at
1068 cm−1 (C–O, axial deformation), 930 cm−1 (3, 6-anhydro-galactose), and 891 cm−1 (C–H, angular
deformation of β anomeric carbon), the result was consistent with the previous study [43]. In the
blended gels, the characteristic peaks of both agarose and sericin were recorded, which confirmed the
presence of both components. Some slight shifts in amide I and amide II peaks, and the differences in
the intensity of peaks were observed in case of the composite gels, which indicated that the backbone
structures of sericin and agarose did not change. Lysozyme has characteristic peaks at 3295 cm−1

(NAH stretching of the free amino groups), and 2961 cm−1 (CAH stretching) as well7 as amide I
(1600–1700 cm−1), amide II (1500–1600 cm−1) and amide III (1230–1320 cm−1) [44]. Few peaks were
found to overlap with the peaks of sericin.

The crystalline structure of the composite was analyzed by XRD. Silk protein has main diffraction
peaks of Silk I (2θ = 12.2◦ and 28.2◦), and Silk II (2θ = 18.9◦ and 20.7◦) [45]. Similar XRD patterns
of sericin with peaks at 2θ = 19.2◦ and 21.15◦ have been reported [46–49]. Sericin and SS/AR gel
exhibited obvious diffraction peaks at 19.08◦ and 19.56◦, respectively (Figure 3B), which indicated the
existence of sericin in the SS/AR gel. The difference of 2θ between sericin and SS/AR gel reflect the
conversion of the random coil to β-sheet structure for the presence of the intermolecular hydrogen
bond in sericin [50].

The thermal stability of sericin and SS/AR gel were examined by TGA. Sericin and SS/AR
gel underwent three stages of thermal degradation including dehydration, deploymerization,
and decomposition (Figure 3C). The first stage was from room temperature to around 110 ◦C,
where the mass loss revealed the removal of adsorbed water molecules in sericin and SS/AR gel.
The second major decomposition was attributed to the degradation of sericin and agarose occurred
in the temperature range of 120–410 ◦C. At this stage, the mass loss of SS/AR gel was faster than
that of sericin, indicating that sericin could improve the thermal stability of the composite gels and
delay the thermal degradation process. At the last stage, the mass loss occurred from 420 ◦C to 600 ◦C,
which was associated with the breakdown of sericin and agarose.
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Figure 3. Characterizations of SS/AR gels. (A) Attenuated Total Reflection Fourier Transform Infrared
Spectroscopy (ATR-FTIR); (B) X-Ray Diffraction (XRD); (C) Thermogravimetric Analysis (TGA);
and (D) swelling ratio.

3.4. Swelling Behavior

Swelling ratio is a vital property to illustrate the uptake of liquids in wound dressing. The swelling
ratio of various SS/AR gels were shown in Figure 3D. The results showed that all samples exhibited
good swelling behavior. After 60 min, S75A25 and S0A100 gels had the swelling ratios of 3628–4196%,
whereas S50A50 and S25A75 had the swelling ratios of 3040–3262%. The swelling ratios of S75A25 and
S0A100 gels were higher than those of S50A50 and S25A75 as they had smaller pore size and higher
porosities. The swelling of the gels had two stages, including the growing period and equilibrium
period. In the initial 20 min, the swelling ratios of all samples increased quickly, indicating the excellent
hydrophilicity of the composite gels. Thereafter, all gels quickly reached the swelling equilibrium.

The SS/AR gels with various ratios had a honeycomb structure, high porosity as well as excellent
swelling capacity. In this study, we purposed to develop an alternative wound dressing through
bringing together the innate advantages of sericin and agarose. High content of sericin will reduce
the mechanical property of the gel, and high content of agarose may affect the cell adhesion and
proliferation. Hence, we suggested the SS/AR gel with a ratio of 50:50 (S50A50) had moderate
mechanical property and cytocompatibility, which may be suitable for wound dressing. The S50A50
gel was chosen for the further experiments.

3.5. Lysozyme Release

To avoid frequent replacement of the dressing and reduce the risk of overexposing wound
to bacteria, a wound dressing should have a controllable drug release ability [51,52]. The loaded
lysozyme contents of S50A50L20 and S50A50L50 gels were 24.94 mg and 50.78 mg, respectively
(Figure 4A). And the loading efficiency of lysozyme was 62% and 51% for S50A50L20 and S50A50L50
gels, respectively (Figure 4B). Increasing lysozyme solution concentration could increase the loaded
lysozyme contents, however, reduce its loading efficiency. To assess lysozyme release, we analyzed the
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correlation between lysozyme concentration and UV absorption by the standard curve. The results
showed that UV absorption was tightly correlated with lysozyme concentration (Figure 4C). Obviously,
lysozyme could be released from both S50A50L20 and S50A50L50 gels. Lysozyme release could be
divided into burst stage and steady stage (Figure 4D). During the initial burst phase, the release rate
was relatively high. This effect is associated with the diffusion of water molecules and desorption of
lysozyme close to the surface of the gel [53]. At the steady phase, lysozyme was gradually released
from SS/AR/LZM gels up to 60 h. The cumulative release of S50A50L20 and S50A50L50 gels reached
74% and 86% at 3 h, respectively. After 60 h, the cumulative release reached 98% and 99%, indicating
lysozyme was almost entirely released from the composite gels. The results suggested that the
SS/AR/LZM gel had a sustainable lysozyme releasing ability, which is required for a wound dressing.

Figure 4. The loading and release of lysozyme. (A) Lysozyme contents loaded on SS/AR gel; (B) loading
efficiency; (C) standard curves of UV intensity and lysozyme concentration; and (D) the cumulative
release of lysozyme.

3.6. Antibacterial Activity

The antibacterial activity of the composite gels toward E. coli and S. aureus were shown in
Figure 5A. Compared to the control, the total colonies number in the presence of SS/AR/LZM gels
significantly decreased, indicating the SS/AR/LZM gel had good antibacterial activity. The S50A50L20
and S50A50L50 gels exhibited the bacteria reduction rates of 76%/87% and 84%/95% toward E. coli,
S. aureus, respectively. The S50A50L75 gel completely inhibited the growth of the bacteria both for E. coli
and S. aureus, suggesting increasing lysozyme solution concentration can improve the bactericidal
ability of the composite gel as it increased the loaded and released lysozyme contents.
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Figure 5. Antibacterial activities of SS/AR/LZM gels against E. coli and S. aureus. (A) Total bacterial
colonies counting; (B, C) Bacterial colonies reduction rate.

Lysozyme is a natural antibacterial agent. Its antibacterial activity is mild compared with inorganic
and organic antibacterial agents. To improve the antibacterial effect of lysozyme, some strategies such
as physical and chemical modifications or synergistic action with other substances have been developed
in recent years [26,54–56]. In this study, the SS/AR/LZM gels for antibacterial test had a dimension
of 1 mm in thickness and 1.5 cm in diameter. The size and thickness determined the low loading
content of lysozyme. In addition, the bacterial suspension volume affected the release efficiency of
lysozyme from the gels. Therefore, SS/AR/LZM gels exhibited expected antibacterial effect; however,
the loading content and the release efficiency of lysozyme determined its antibacterial activity.

Various antimicrobial materials have been developed for wound dressing application, such as
metals/metal oxides [57], antibiotics [58], and peptides [2]. These materials are associated with
a big concern about adverse effects on ecosystems. For instance, silver nanoparticle, one of the
most classical and important materials, exert an adverse effect on environmental safety during its
preparation and application. Also, the widespread and indiscriminate use of antibiotics response to
the emergence of numerous resistant pathogens. The cost of the synthetic antibacterial peptide is very
high. Here, the developed SS/AR/LZM material has good cytocompatibility and without toxic side
effects and drug resistance. The main advantage of the lysozyme-based material is significantly safe to
human and environment, which has exciting and expected potentials in biomedical materials such as
wound dressing.

3.7. Cytocompatibility Assay

To evaluate the cytocompatibility of SS/AR and SS/AR/LZM gels, we tested the effects of SS/AR
and SS/AR/LZM gels on the viability of NIH3T3 and HEK293 cells. In the CCK-8 test, a soluble
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formazan dye with the maximum absorbance at 450 nm produced as metabolically active cells react
with a tetrazolium salt in the CCK-8 reagent. And, the higher optical density (OD) value indicates better
cell viability and more live cells [59]. As shown in Figure 6A, B, after 12 h, there were no significant
differences in the cells viabilities among SS/AR, SS/AR/LZM gels and the control. After 24 h, the cells
viabilities for SS/AR, SS/AR/LZM, and control groups increased quickly. After 36 h, the cells in
all groups exhibited significantly higher viabilities than those at 24 h. The results suggested the
SS/AR/LZM gel had good cytocompatibility on NIH3T3 and HEK293 cells. This may be due to
the fact that active sericin promotes cell growth for its cytoprotective and mitogenic abilities [9].
Furthermore, the morphologies of NIH3T3 and HEK293 cells were observed on an optical microscope
after 24 h in the absence and presence of SS/AR and SS/AR/LZM gels. The results showed that
morphologies of the cells were nearly identical to that of the control (Figure 6C), indicating SS/AR and
SS/AR/LZM gels were not toxic on NIH3T3 and HEK293 cells.

After staining with the LIVE/DEAD fluorescent reagent, the alive cells were stained green while
the apoptotic cells were stained red. The result showed most of the cells were green and only a few of
cells were red (Figure 7), indicating that the SS/AR and SS/AR/LZM gels had good cytocompatibility
on NIH3T3 and HEK293 cells. The fluorescence images of the LIVE/DEAD staining assay were in
accordance with the results of CCK-8 assay.

Figure 6. CCK-8 assay of the SS/AR/LZM gels. Cells viability of NIH3T3 (A) and HEK293 (B) in the
presence of SS/AR gel or SS/AR/LZM gel, respectively. Microscopic analysis of NIH3T3 and HEK293
cells; ((C), scale bar, 200 μm).
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Figure 7. The LIVE/DEAD staining assay. NIH3T3 ((A), scale bar, 200 μm) and HEK293 ((B), scale bar,
100 μm) cells.

4. Conclusions

In summary, the SS/AR composite gel was successfully prepared by blending and freeze-drying.
The SS/AR gel had highly porous and inter-connected structure, and good swelling behavior.
The lysozyme loaded SS/AR gel had a sustainable lysozyme releasing ability and good antimicrobial
activities against E. coli and S. aureus as well as excellent cytocompatibility on NIH3T3 and HEK293
cells. The SS/AR/LZM gel is expected to develop as an alternative for wound dressing.
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Abstract: In the new century, electrospun nanofibrous webs are widely employed in various
applications due to their specific surface area and porous structure with narrow pore size.
The mechanical properties have a major influence on the applications of nanofiber webs. Lamination
technology is an important method for improving the mechanical strength of nanofiber webs.
In this study, the influence of laminating pressure on the properties of polyacrylonitrile (PAN) and
polyvinylidene fluoride (PVDF) nanofibers/laminate was investigated. Heat-press lamination was
carried out at three different pressures, and the surface morphologies of the multilayer nanofibrous
membranes were observed under an optical microscope. In addition, air permeability, water filtration,
and contact angle experiments were performed to examine the effect of laminating pressure on
the breathability, water permeability and surface wettability of multilayer nanofibrous membranes.
A bursting strength test was developed and applied to measure the maximum bursting pressure of
the nanofibers from the laminated surface. A water filtration test was performed using a cross-flow
unit. Based on the results of the tests, the optimum laminating pressure was determined for both PAN
and PVDF multilayer nanofibrous membranes to prepare suitable microfilters for liquid filtration.

Keywords: nanofiber; lamination; water filtration

1. Introduction

Electrospun polymeric nanofiber web has gained increasing importance in the production of
engineered surfaces with sub-micron to nano-scale fibers. The widely employed areas of electrospun
nanofibers are tissue engineering [1,2], wound healing [3], drug delivery systems [4], composites [5],
solar cells [6], protective clothing [7], lithium-ion batteries [8,9], sensors [10–12], gas sensors and
separators [13,14], and air and water filtration [15–19], owing to their high surface-area-to-volume
ratio, highly porous structure and extremely narrow pore size. The main factor influencing the
application of nanofibers is their mechanical properties. An electrospun nanofiber has very poor
mechanical strength due to low contact and adhesion between the fibers.

Several methods have been developed to provide suitable mechanical strength to electrospun
nanofibers. One of the most common methods is to blend several polymers, the advantage of which
is that it is easy and low-cost. However, it is necessary to use polymers which can dissolve in
the same solvent system, of which there are only a few [20,21]. In another method, lamination
was achieved using an epoxy composite. In this method, an electrospun layer was laid on the
epoxy/curing agent in a mold and then the curing process was performed for a period of 16 h [22].
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Nanofiber reinforced nanomaterials such as carbon nanotubes and graphene represent another route
for improving the mechanical strength of nanofibers. However, this method is costly and in some
cases has a low efficiency [23,24]. Charles et al. [25] used a dip coating method to improve the
mechanical strength of nanofibers. They described the mechanical properties of a composite system
comprising hydroxyapatite (HA)-coated poly (L-lactic acid) (PLLA) fibers in a poly (ε-caprolactone)
(PCL) matrix. A biomimetic method was used to coat the fibers with HA, and a dip-coating procedure
served for the application of PCL to the coated fibers. The composite was formed into a bar using
compression molding at low temperatures. The disadvantage of this method is that it is a time- and
chemical-consuming procedure. Xu et al. [26] developed a self-reinforcing method to enhance the
strength of polycarbonate (PC) membranes. In this method, the PC nanofibers were immersed into a
solvent (30%) and non-solvent (70%) mixture, which resulted in enhancement in the strength (128%)
owing to the fusion of junction points. The entire porous structure on the PC nanofibers was destroyed,
which greatly impaired the application of the membranes. The thermal lamination method is one
of the most reliable, repeatable, time-saving, environmentally friendly and cost-effective methods
used to adhere two surfaces. In this method, an adhesive polymer or web is usually applied between
two surfaces. Using heat and pressure, the surfaces adhere to each other. There is a large amount of
research related to improving the strength of nanofibers; however, the number of reports is still limited
compared to those dealing with lamination technology. Jiricek [27,28] and Yalcinkaya et al. [29,30]
used a bi-component polyethylene (PE)/polypropylene (PP) spunbond as a supporting layer for
nanofiber layers. A fusing machine was used for the lamination process. A nanofiber layer was
adhered on the outer surface of the bi-component due to the low melting point of PE. The resultant
multilayer nanofibrous membranes were used for micro and nanofilters. The supporting material and
the density of the nanofibers have an influence on the water and air permeability of the multilayer
materials. Yoon et al. [7] laminated nanofibers with various densities of polyurethane (PUR) fiber
onto different textile surfaces using an adhesive web. The results showed that the various multilayer
nanofibrous membrane structure designs had a considerable influence on the degrees of breathability
and waterproofness of the textile surfaces. In our previous work [31], it was observed that both the
supporting material and the density of the nanofiber web have an influence on the water permeability
of the multilayer nanofibrous membranes. The lower area weight with open structure supporting
materials has higher water flux and permeability. Kanafchian et al. [32] used a heat-press technique to
laminate the polyacrylonitrile (PAN) nanofiber on a polypropylene spunbond at various laminating
temperatures. It was observed that, when the applied temperature is lower than the melting point
of polypropylene spunbond, the nanofiber web remains unchanged. Moreover, the increase in
temperature increased the adhesion between nanofiber while decreasing the air permeability.

Although the system and parameters of the electrospinning process have been well analyzed, there
is still a lack of information about a proper lamination technique for nanofiber webs. So far, mainly the
effect of temperature on the lamination of electrospun nanofiber webs has been investigated using
heat-press methods [32–34]. Yao et al. [33] studied the effect of the heat-press temperature, pressure,
and duration on the morphological and mechanical characteristics of an electrospun membrane for
membrane distillation. The results showed that the temperature and duration of the heat-press
play more important roles than the pressure in the heat-press treatment. However, the pressure
varied between 0.7 and 9.8 kPa at 150 ◦C during a 2-h period, which is time- and energy-consuming
and therefore a more comprehensive parametric study is required. The aim of this study is to
consider the influence of laminating pressure on the properties of multilayer nanofibrous membranes.
Polyvinylidene (PVDF) and polyacrylonitrile (PAN) are the most commonly used nanofiber layers
owing to their chemical and thermal stability. Herein, both polymers were electrospun using a
semi-industrial scale nanofiber production method. The nanofiber layers were laminated onto a
nonwoven surface to improve their mechanical strength via the heat-press method, which is easy
to scale and is an energy-saving method at various applied pressures. Other conditions, such as
temperature and the duration of lamination, were kept stable. The effect of the laminating pressure
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on the nanofiber web has not yet been well reported. To investigate the effect of the pressure on the
nanofiber/laminate process, surface morphology under an optical microscope, the minimum bursting
pressure, air permeability, water permeability and contact angle tests were applied. Our objective was
to optimize the lamination technology and produce multilayer nanofibrous membranes for suitable
application in liquid filtration. Another novelty of this paper is that nanofiber layers were produced by
using the industrial equipment, and that the layers strongly adhered on the supporting layer without
any damage using various lamination pressures to improve their application in liquid filtration.

2. Materials and Methods

2.1. Preparation of Nanofibre Webs

13 wt. % PVDF (Solef 1015, Bruxelles, Belgium) was prepared in N,N-dimethylacetamide
(DMAC) and 8 wt. % PAN (150 kDa H-polymer, Elmarco, Liberec, Czech Republic) was prepared in
N,N-dimethylformamide. The solvents were purchased from Penta s.r.o. (Prague, Czech Republic).
The solutions were stirred overnight using a magnetic stirrer. Nanofiber webs were prepared using the
semi-industrial Nanospider electrospinning device (Elmarco, Liberec, Czech Republic) as shown in
Figure 1.

Figure 1. Schematic diagram of an electrospinning unit.

The solution is placed in a solution tank, which is a closed system and connected to a solution
bath. The wire electrode passes along a metal orifice in the middle of the solution bath. The solution
bath is moved back and forward to feed the surface of the wire electrode. The solution bath feeds
the polymer solution on a moving stainless steel wire. The speed of the bath is 240 mm/s. A high
voltage supplier is connected to a positively charged wire electrode (55 kV). A second wire electrode,
which is connected to a negatively charged voltage supplier (−15 kV), is placed on the top of the
spinning unit. A conveyor backing material is placed between the two electrodes. The spinning takes
place between the two electrodes. The nanofiber web is collected on baking paper moving in front
of the collector electrode. The distance between the electrodes is 188 mm. The distance between the
second electrode and the supporting backing material is 2 mm. The speed of the backing material for
PAN and PVDF is 15 mm/min and 20 mm/min, respectively. The amount of solution on the wire is
controlled with the speed of the solution bath, the diameter of the wire (0.2 mm) and the diameter of
the metal orifice (0.6 mm) in the middle of the solution bath. No solution dipping was observed. An air
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conditioning unit is used to control the humidity and temperature of the spinning in a closed chamber.
The temperature and humidity of the input air are set to 23 ◦C and 20% by the air-conditioning system.
The volumes of air input and output are 100 and 115 m3/h, respectively. The area weight of the PVDF
and PAN nanofibers was set at 3 g/m2.

2.2. Lamination of Nanofibre Webs

The prepared nanofiber webs were cut into A4 size (210 × 297 mm2). As a supporting layer,
120 g/m2 of polyethylene terephthalate spunbond nonwoven and 12 g/m2 of adhesive web were used
(the supplier information is not given). Heat-press equipment (Pracovni Stroje, Teplice, Czech Republic)
was used for the lamination process (Figure 2). In this equipment there are two metallic hot
plates (upper and lower) used under pressure. The nanofibers, a copolyamide adhesive web and
a polyethylene terephthalate spunbond supporting layer were placed between the two hot plates.
Two silicon layers were used to block direct contact between the multilayer nanofibrous membranes
and the hot plates. The heat was applied (130 ◦C) for a duration of 3 min. Pressures of 50, 75 and 100 kN
were applied between the upper and lower plates. For each pressure, PVDF and PAN nanofiber webs
were used. The resultant multilayer nanofibrous membranes were termed PAN50, PAN75, PAN100,
PVDF50, PVDF75, and PVDF100 according to the pressure value.

Figure 2. Schematic design of the heat-press equipment and replacement of the multilayer
nanofibrous membranes.

2.3. Characterization of the Multilayer Nanofibrous Membranes

The surface morphology of the electrospun fibers and laminated multilayer nanofibrous
membranes was observed using a scanning electron microscope (SEM, Vega 3SB, Brno, Czech Republic).
From each sample, at least 50 fibers were measured. The fiber diameter was analyzed using the Image-J
program (free online program). The Origin-Lab program was used to evaluate the diameter distribution.
The surface contact angle of the samples was measured using a Krüss Drop Shape Analyzer DS4
(Krüss GmbH, Hamburg, Germany), at five different points, using distilled water (surface tension
72.0 mN m−1) and ethylene glycol (surface tension 47.3 mN m−1) on the clean and dry samples at room
temperature. The air permeability of the multilayer nanofibrous membranes was tested using an SDL
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ATLAS Air Permeability Tester (@200 Pa and 20 cm2, Rock Hill, SC, USA). At least three measurements
were taken for each sample.

The maximum, average and minimum pore sizes were determined by a bubble point measurement
device, which was developed in our laboratory. The bubble point test allowed the size of the pores of
the porous material to be measured. The pore flow means a set of continuous hole channels connecting
the opposite sides of the porous material (see Figure 3). At least three measurements were taken.

Figure 3. Schematic diagram of pore flow and forces acting on a pore.

The main part of the method was to control the pressure needed to pass a liquid through the
tested porous material and for wetting the sample. This is because the wetting force (and hence the
opposite force required to extrude the liquid) depends on the pore circumference. The principle for
calculating the pore size is shown in Figure 3 and Equations (1) and (2).

Fγ = γπD (1)

Fp = pS (2)

where Fγ is the force given by surface tension γ of the liquid around the perimeter of πD. The force Fp
is given by external pressure p displacing the liquid from the pores and acting on the surface of pore S.

It is possible to calculate the magnitude of the force given by the surface tension and the force
given by the pore pressurizing fluid. By increasing the air pressure and measuring its flow through
the sample, the size of the average and minimum pores can also be determined. In this case, it is
necessary to compare the pressure curve of the wet sample with the pressure curve of the dry sample
(see Figure 4). The dry sample pressure curve required to determine the mean and minimum pores is
also applicable for determining the air permeability coefficient (K) of the sample calculated according
to the relation (Equation (3)):

K = Q/(Δp A) (3)

where Q is the air flow rate (m2/s), Δp is the pressure drop of the sample, and A is the area of air
flow (m2).

When the pressure increases in the dry sample, the flow rate also increases. Conversely, in the wet
sample, at the beginning, there is no flow because all the pores are filled with the liquid. At a certain
pressure, the gas empties the largest pore, which determines the minimum pore size, and gas begins to
flow through the wet sample. The intersection between the calculated half-dry and the wet sample
gives the mean flow pore size. When all the pores are emptied, an intersection between the wet and
dry curve will be observed. This means the relation between the applied pressure and the detected
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flow becomes linear and the intersection of the wet and dry curve represents the detected minimum
pore size.

 

Figure 4. Example of a pressure drop determination to calculate the pore size.

The bursting strength of the multilayer nanofibrous membrane was tested, and the maximum
delamination pressure was recorded. The testing device was developed in our laboratory as shown in
Figure 5. In this test, the samples were placed between two rings, and the nanofiber side of the samples
was placed on the upper side. The sample size was 47 mm in diameter. Pressurized water was sent to
the membrane, and the hydrostatic pressure was measured using a pressure controller, which was
placed in front of the membrane and connected to a computer. The hydrostatic pressure was increased
gradually, and as soon as the nanofiber layer burst, the pressure value on the screen decreased sharply.
The maximum pressure value was recorded as the bursting strength of the membrane. The testing
samples are shown in Figure 5. After bursting, the nanofiber layer delaminated from the surface of the
multilayer membrane. At least three measurements were taken for each membrane.

 

Figure 5. Bursting strength testing unit.

A lab-scale cross-flow filtration unit was developed as shown in Figure 6. Tap water was used
as the feed solution. The maximum amount of feed solution was 1500 mL. The flux (F) and the
permeability (k) of the membranes were calculated according to Equations (4) and (5) [31,35]:

F =
1
A

dV
dt

(4)
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k =
F
p

(5)

where A is the effective membrane area (m2), V is the total volume of the permeate (L), p is the
transmembrane pressure (bar), and t is the filtration time.

 

Figure 6. A cross-flow unit: (A) membrane cells; (B) permeate; (C) feed; (D) pump; (E) surface bubble
cleaning; (F) pressure controller; (G) feed flow speed controller.

3. Results and Discussion

3.1. Characterization of Nanofibre Webs and Laminated Multilayer Nanofibrous Membranes

To characterize the nanofiber webs into the format of multilayer nanofibrous membranes,
various aspects of their material properties were carefully considered. These properties include
the fiber diameter, diameter distribution, mean pore size, wetting property, air permeability,
and bursting strength.

The surface morphology of the nanofiber webs before and after lamination was imaged using a
scanning electron microscope as shown in Figure 7. The average fiber diameter of the PAN and PVDF
nanofibers before lamination was determined to be 171 nm and 221 nm, respectively. The diameter of
the PVDF nanofibers was greater than that of the PAN nanofibers. The main reason was the difference
in viscosity. In previous work [36], it was determined that a 14 wt. %. PVDF solution has a viscosity
of 969 mPa.s, while 8 wt. %. PAN has 191 mPa.s. Based on the viscosity results, one can expect that
a polymeric solution with a lower viscosity will have a lower fiber diameter. After the lamination
process, neither the PVDF nor the PAN nanofiber diameters significantly changed at a pressure of
50 kN (Figure 8). However, significant changes were observed at laminating pressures of 75 kN and
100 kN. When the highest laminating pressure was applied (i.e., 100 kN), the diameter of the PAN and
PVDF nanofibers increased by 14% and 25%, respectively. The fibers were flattened under heat and
pressure, and the fiber diameter increased gradually. The highest fiber diameter changes were observed
in the case of the PVDF nanofiber layer due to its lower glass transition and melting temperature
compared to PAN [37,38].
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Figure 7. SEM images and fiber diameter distribution of (A) PAN nanofiber web before lamination;
(B) PAN50; (C) PAN75; (D) PAN100; (E) PVDF nanofiber web before lamination; (F) PVDF50;
(G) PVDF75; and (H) PVDF100.
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Figure 8. Fiber diameter of various multilayer nanofibrous membranes under different
laminating pressures.
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It was verified that there is a strong correlation between the electrospun fiber diameters and the
polymer concentration, which has been well documented in the literature [39–41]. From the SEM images,
the PAN and PVDF multilayer nanofibrous membranes exhibited bead-free surface morphology.

The average pore size of the membranes is given in Figure 9. Electrospun materials readily deform
at low pressures. Since the tensile strength of PVDF and PAN nanofibers before lamination is quite
low to withstand air pressure, their pore size was not measured.
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Figure 9. The relationship between the mean pore size and the laminating pressure of (A) PAN and
(B) PVDF multilayer nanofibrous membranes.

In general, there is a correlation between the fiber diameter and the average pore size of the
nanofibers. Reducing the fiber diameter increases the surface area and compact web structure, which
results in a small pore size [42]. Bagherzadeh et al. [43] demonstrated a theoretical analysis to predict
the pore size of electrospun nanofibers. According to their theory, at a given web porosity, increasing
the fiber diameter and thickness of the web reduces the dimensions of the pores. This theory was
validated experimentally, and the results were compared with the existing theory to predict the pore
size distribution of nanofiber mats. Their results showed that the pore size significantly increased
with an increase in fiber diameter, web porosity and density of the layers. In this work, the correlation
between the diameter of the PVDF nanofibers and the mean pore size was compatible with the
literature, while PAN showed an opposite correlation. The laminating pressure effect must be taken
into consideration. The nanofiber layer did not change; only the fibers flattened after lamination due
to the pressure. It was expected that a higher pressure would cause a lower pore size since the fibers
flattened and melting adhesive filled more of the pores and covered the surface of the nanofibers as
shown in Figure 10. The PAN multilayer nanofibrous membranes fulfilled this expectation while the
PVDF did not. Figure 9B shows that the average pore size and the standard deviation of the pore size
measurements increased with pressure, which could be due to possible damage of the PVDF nanofibers
under high pressure. Gockeln et al. [44] investigated the influence of laminating pressures on the
microstructure and electrochemical performance of the lithium-ion battery electrodes. The results
indicated that all the laminated samples showed highly porous and homogeneous networks, while the
pore size slightly decreased with an increase in laminating pressure. At higher pressures, the intrinsic
electrical conductivity was improved due to more compression.

The water and ethylene glycol wettability of the PAN and PVDF multilayer nanofibrous
membranes were examined by a contact angle measurement as shown in Figure 11. The surface
energy and surface roughness are the dominant factors for the wettability. As can be seen from
Figure 11, an increase in laminating pressure decreased the water and ethylene glycol contact angle of
both PAN and PVDF multilayer nanofibrous membranes. Hence, ethylene glycol has a lower surface
energy compared to water, with the differences in contact angle value being 20◦ for PAN and 30◦ for
PVDF. Similar behavior was observed in the literature [45,46]. It is well known that when the surface
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energy is lowered, and surface roughness is raised, the hydrophobicity is enhanced [47–49]. With the
help of heat, the higher laminating pressure on the surface may cause changes to the surface shape and
make the surface flatter, which results in an increase in the surface wettability (Figure 11). The PVDF
membranes showed hydrophobic characteristics at the lowest laminating pressure (i.e., 50 kN), while
at higher laminating pressures they showed hydrophilic properties. By setting the lamination process
parameters, one can prepare hydrophilic PVDF multilayer nanofibrous membranes without any
surface modification.

 

Figure 10. An illustration of adhesive melting over the surface of a nanofiber web, forming a
non-porous film.
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Figure 11. Contact angle vs. laminating pressure of (A) PAN; (B) PVDF multilayer
nanofibrous membranes.

The morphology of the nanofiber webs, including their pore size, shape, size distribution and
porosity, has a significant influence on the air permeability of the multilayer membrane. To investigate
the effect of laminating pressure on the air permeability of the multilayer nanofibrous membranes,
the samples were placed on a circular sample holder, and the air flow rates through the samples were
measured (Figure 12A). Like the air flows, the areas of the sample and pressure drop remained constant
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during the measurement. Due to the weakness of neat nanofiber layers, the air permeability test was
not performed. In a previous study [31], the tensile strength of the nanofiber layers was found to be
between 3 and 4.33 (N/25 mm), which is extremely low to withstand any external force.
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Figure 12. Influence of laminating pressure on (A) air permeability; and (B) bursting strength of
multilayer nanofibrous membranes.

Abuzade et al. [50] studied the effects of the process parameters (e.g., concentration of solution,
applied voltage) on the porosity and air permeability of an electrospun nanoweb. The results showed
that the nanofiber diameter and size distribution are dominant parameters in controlling the pore sizes
formed by the nanofiber intersections and air permeability of the electrospun web. Figure 12A showed
that increasing the laminating pressure lowered the air permeability of the multilayer membranes.
Compression of the melting adhesive, filling the pores of the nanofiber and nonwoven web, covered
the surface of the thin nanofiber layer and created a non-porous film (Figure 10). As a result, the
breathability of the membranes was decreased. Similarly, Kanafchian et al. [32] claimed that during
the lamination, the melt adhesive penetrates through the nanofiber/fabric structure, which leads to
filling of the pores of nanofibers and a decrease in air permeability. The PAN multilayer nanofibrous
membrane has a lower air permeability than PVDF, mainly due to the lower fiber diameter of the PAN
nanofibers compared to the PVDF nanofibers. Rajak et al. [51] prepared PAN nanofiber webs from
various concentrations. The results indicated that changes in concentration affect the fiber diameter.
At a higher concentration and fiber diameter, the air permeability has a higher value.

A bursting test was performed to determine the mechanical strength of the laminated layers,
and the results are shown in Figure 12B. The test method has been developed in our laboratory.
The maximum delamination point of the multilayer nanofibrous membranes was measured using
hydrostatic pressure. The results showed that PAN nanofibers have a better adhesion to the supporting
layer and a better bursting strength compared to PVDF. The adhesion between the layers is related to
the material surface chemistry and its influence on adhesion, together with the properties of adhesive
materials and interactions at the adhesive-substrate surface interface. Materials that can wet each
other tend to have a better adhesion, and the wettability of the material is related to its surface energy.
For instance, low surface energy materials such as poly(tetrafluoroethylene), ceramics, and silicon,
are resistant to wetting and adhesive bonding [52]. Lee et al. [53] found that the surface energy of
PAN is around 44 mJ/m2, while this value was calculated as 54.1 mJ/m2 by Pritykin et al. [54]. On the
other hand, PVDF has a very low surface energy value of around 26 mJ/m2 [55]. Due to the lower
surface energy of PVDF compared to PAN, the adhesion between the layers is weaker, which results
in low lamination strength. The results show that laminating pressure plays an important role in the
bursting strength. By increasing the laminating pressure under heat, the melted adhesive fills the pores
of the nanofibers and nonwovens and penetrates through the layers. A better mechanical strength is
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achieved due to the entanglement of the adhesive web and the layers. The results showed that the
bursting strength of a material can be improved by adjusting the lamination conditions.

3.2. Evaluation of Liquid Filtration by Cross-Flow Filtration

Taking their practical applications into consideration, laminated multilayer nanofibrous
membranes were used to further investigate their water permeability performance due to their
hydrophilic, porous, small pore size and predominant mechanical properties for liquid filtration.
A cross-flow filtration unit was prepared in our laboratory. Using Equation (5), the water permeability
of the PAN and PVDF multilayer nanofibrous membranes was calculated (Figures 13 and 14).

 

Figure 13. Permeability of PAN multilayer nanofibrous membranes at various laminating pressures
over time.

 

Figure 14. Permeability of PVDF multilayer nanofibrous membranes at various laminating pressures
over time.
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A decrease in permeability was observed for both the PAN and PVDF multilayer nanofibrous
membranes depending on the operation time as shown in Figures 13 and 14. There are a few possible
reasons for the decrease in permeability during liquid filtration. The first reason is concentration
polarization, which is a consequence of the selectivity of the membrane. When the liquid passes through
the membrane, the solute is retained by the membrane surface with a relatively high concentration.
Moreover, the hydrophilicity of the membrane decreases over time during filtration due to membrane
fouling and concentration polarization. Since tap water is not pure, dissolved molecules, suspended
solids, and organics may be contained in the water, which can cause a decrease in the water flux due
to fouling. The second reason is that close to the membrane surface, the effective transmembrane
pressure (TMP) driving force reduces due to an osmotic pressure difference between the filtrate and
the feed solution. TPM is generally observed in the case of ultra-filtration (UF) membranes. Another
reason may be related to the compression/collapse of membrane pores, thereby causing a reduction in
water permeability. The operating conditions (feed pressure, temperature, pH, flow rate, etc.) are also
effective factors in membrane permeability. In general, the flux decline is caused by a decreased driving
force and/or an increased resistance of the membrane, raw water characteristics, and particulate matter
levels [56–58].

At the beginning, all the PAN membranes had the highest permeability (Figure 13). After a 4-h
filtration test, the flux declined to 824, 909, and 375 Lm−2h−1bar−1 in the case of PAN50, PAN75,
and PAN100, respectively. The results indicated that laminating pressure has a huge impact on the
water permeability of the multilayer membranes. The laminating pressure and the permeability of the
membranes showed a non-linear relationship in the case of the PAN membranes. PAN50 and PAN75
multilayer nanofibrous membranes showed the best water permeability. On the other hand, all the
PVDF membranes showed very low initial permeability at the beginning due to the hydrophobic
nature of the PVDF nanofibers, and the melted adhesive web partially occupied the membrane
pores, increasing the hydraulic resistance to filtration (Figure 14). The results of 4 h of filtration of
PVDF membranes showed that the highest permeability (1444 Lm−2h−1bar−1) was only achieved
at the lowest laminating pressure (50 kN). PVDF75 and PVDF100 had almost the same permeability
value (650 and 681 Lm−2h−1bar−1, respectively) after the 4-h filtration test. Li et al. [59] reported a
simple strategy to improve the waterproof/breathable performance and mechanical properties of
electrospun PVDF fibrous membranes using a thermo-pressing system. It was found that the effect
of temperature and pressure on PVDF has a synergistic effect on the fiber morphology and crystal
structure. By properly adjusting the temperature and pressure, robust mechanical properties and
excellent waterproof/breathable performance of PVDF membranes were achieved.

In terms of water permeability, PAN75 has the best results from the PAN membranes. PVDF50
showed the best permeability results after the 4-h filtration test from all the PAN and PVDF membranes.
The results showed that after proper lamination multilayer nanofibrous membranes are suitable for
future application in liquid filtration.

4. Conclusions

There is a huge demand for the filtration application of nanofiber layers due to their specific
surface, low pore size and high porosity. In this study, the effect of laminating pressure on PAN and
PVDF multilayer nanofibrous membranes was investigated to prepare suitable microfilters for liquid
filtration. The surface morphology, average pore size, air permeability, water permeability, bursting
strength, and the contact angle of the membranes were compared. Different performance levels were
achieved by varying the laminating pressure of the multilayer nanofibrous membranes. The pressure
effect had a considerable influence on air permeability, average pore size, contact angle, bursting
strength, and water permeability. The surface morphology results showed that the fiber diameter
slightly increased with an increase in laminating pressure, while the water and ethylene glycol contact
angles decreased. The main effect of laminating pressure was observed on the average pore size,
air permeability, bursting strength and water permeability of the membranes. PVDF50 showed the
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best water filtration of all the membranes. However, the bursting strength of PVDF50 is the lowest,
which may cause possible damage and delamination of the layers under pressure over time. PAN
nanofibers have a better adhesion to the surface of the multilayer. PAN75 was selected as the best
candidate for liquid filtration due to its high water permeability and mechanical strength. PVDF
multilayer nanofibrous membranes showed better air permeability than PAN, which may be better
for the possible application of air filtration. These findings imply that to achieve the best permeable
membrane results, the lamination process should be carefully optimized.
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Abstract: We describe the synthesis of mesoporous Al2O3 and MgO layers on silicon wafer
substrates by using poly(dimethylacrylamide) hydrogels as porogenic matrices. Hydrogel films
are prepared by spreading the polymer through spin-coating, followed by photo-cross-linking
and anchoring to the substrate surface. The metal oxides are obtained by swelling the hydrogels
in the respective metal nitrate solutions and subsequent thermal conversion. Combustion of the
hydrogel results in mesoporous metal oxide layers with thicknesses in the μm range and high specific
surface areas up to 558 m2·g−1. Materials are characterized by SEM, FIB ablation, EDX, and Kr
physisorption porosimetry.

Keywords: mesoporous; Al2O3; MgO; poly(dimethylacrylamide); hydrogel; thin film; spin coating;
SEM; FIB; Kr physisorption

1. Introduction

The synthesis of metal oxides with uniform mesopores is often achieved by utilization of porogenic
structure directors or matrices. For example, micellar aggregates of amphiphilic species—such as
surfactants or block co-polymers—are frequently utilized as porogens. They form spontaneously by
self-organization and serve as pore fillers or even as structure-directing species during the formation
of the inorganic phase by a sol–gel-based synthesis (‘soft templating’) [1,2]. This synthesis method is
applicable to a limited variety of inorganic products, such as silica and some other oxidic materials,
including aluminum oxide (Al2O3) [3–5]. For uniform, continuous layers (‘solid films’) of mesoporous
metal oxides at a substrate surface the soft-templating approach is usually the method of choice,
because the spontaneous self-aggregation into micellar units can take place inside a liquid film that
contains both the amphiphilic species and the inorganic precursor compounds. For this purpose,
the micellization is induced by evaporation of the solvent (evaporation-induced self-assembly, EISA) [6,7].
It needs to be stressed, though, that several metal oxides cannot be obtained in this way as their
formation may go along with phase-separation and segregation from the amphiphilic species. As an
alternative, the concept of using solid, porous structure matrices (‘hard templates’) has been shown to
be a more versatile option [8,9]. This method, often called ‘nanocasting’, comprises the synthesis of
the desired products within the pores of a silica or carbon matrix, followed by selective removal of
the matrix; the product is obtained as a ‘replica’ of the pore system in the matrix. Nanocasting can
be used for the fabrication of a multitude of metal oxides, including Al2O3 [10–12], as well as those
that have so far not been obtained by soft templating, e.g., magnesium oxide (MgO) [12–15]. However,
the nanocasting concept still has its limitations when it comes to the synthesis of porous films, since
the removal of the structure matrix may cause detachment of the replica film from the substrate.
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We have recently described the synthesis of mesoporous metal oxides by using
poly(dimethylacrylamide) hydrogels as matrices [16,17]. Hydrogels are three-dimensional structures
composed of hydrophilic polymer chains, which can absorb and hold large quantities of water in the
spaces between the chains [18]. They can be fabricated via physical or chemical cross-linking [19] and
have been used as matrices for porous inorganic materials [16,17,20–22]. Their utilization as porogenic
matrices may be regarded as halfway between ‘soft’ and ‘hard templating’. The hydrogel forms a
continuous network that can take up the inorganic precursor species (such as a metal salt) with no
risk of phase-separation, similar to a hard structure matrix. At the same time, the swollen hydrogel
is a highly flexible phase; the (cross-linked) polymer strands are more or less loosely arranged and
displaceable, like a soft matrix. In fact, the porogenic impact may even occur when the water-soluble
polymer strands are not even cross-linked, but only sterically entangled [23]. We have rationalized that
thick bundles of polymer chains (rather than single, individual chains) in poly(dimethylacrylamide)
hydrogels form the porogenic entities [16]. The products obtained so far were powders with somewhat
uniform mesopores and high specific surface areas.

Here we report on utilizing the same kind of porogenic hydrogels for mesoporous layers
(solid films) of aluminum oxide (Al2O3) and magnesium oxide (MgO) at the surface of silicon wafer
substrates. Photo-cross-linked poly(dimethylacrylamide) hydrogels are attached to the substrate by
chemical bonding and serve as matrices for the metal oxides (Scheme 1). Porous Al2O3 and MgO
with a high surface-to-volume ratio play an important role in separation [24,25] and heterogeneous
catalysis [26–29]. Especially for the latter application immobilized layers of the catalyst (MgO) or
support (Al2O3) materials with large pores are considered advantageous to facilitate easy access of the
reactants by diffusion.

 

Scheme 1. Preparation of porous metal oxide (Al2O3, MgO) layers: (a) anchoring of the adhesion
promoter on the Si wafer substrate; (b) spreading of the polymer by spin coating; (c) hydrogel formation
and immobilization on the substrate by photo-induced cross-linking; (d) swelling in metal salt solution
(Al(NO3)3, Mg(NO3)2); (e) formation of the porous metal oxide and combustion of the hydrogel
by calcination.

2. Materials and Methods

Materials: Acryloyl chloride (Alfa Aesar, Karlsruhe, Germany, 96%), allylamine (Sigma-Aldrich,
Taufkirchen, Germany, 98%), aluminum nitrate nonahydrate (Sigma-Aldrich, ≥98.0%), ammonia solution
(Stockmeier, Bielefeld, Germany, 25%), bicyclohexyl (Acros, Geel, Belgium, 99%), chloroform (Stockmeier),
chlorodimethylsilane (Alfa Aesar, 97%), 1,2-diaminoethane (Acros, >99%), 2,3-dimethylmaleic anhydride
(Acros, 97%), di-tert-butyl dicarbonate (Boc2O, Acros, 97%), ethanol, absolute (Sigma-Aldrich),
hydrochloric acid, conc. (Stockmeier, 37%), hydrogen peroxide (Stockmeier, 35%), magnesium
nitrate hexahydrate (Sigma-Aldrich, ≥97%), magnesium sulfate (Grüssing, Filsum, Germany, 99%),
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platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solution in xylene (Sigma-Aldrich,
Pt ~2%), 4”-silicon-wafer (Plano, Wetzlar, Germany), sulfuric acid, conc. (Stockmeier, ≥98%),
thioxanthone (Sigma-Aldrich, 98%), and triethylamine (TEA, Grüssing, 99%) were used as received.
Acetone (Stockmeier), diethyl ether (Hanke+Seidel, Steinfurt, Germany), ethyl acetate (Stockmeier),
n-hexane (Stockmeier), methanol (Stockmeier), n-pentane (Stockmeier), silica gel (VWR), sodium
bicarbonate (Stockmeier), and sodium chloride (Stockmeier) were of technical grade and used as
received. 1,4-Dioxane (Carl Roth, Karlsruhe Germany, ≥99.5%), N,N-Dimethylacrylamide (DMAAm,
TCI, Eschborn, Germany, 99%), tetrahydrofuran (THF, BASF, Ludwigshafen, Germany), and toluene
(Grüssing, 99.5%) were distilled under low pressure. α,α′-Azobisisobutyronitrile (AIBN, Fluka, Seelze,
Germany, >98%) was recrystallized from methanol. Cyclohexanone (Sigma-Aldrich, ≥99.0%) was
distilled. Dichloromethane (Stockmeier) was dried over CaCl2 and distilled.

Characterization: 1H and 13C NMR spectra were recorded on a Bruker AV 500 spectrometer at
500 MHz and 125 MHz, respectively. Reference solvent signals at 7.26 and 2.56 ppm were used
for spectra in CDCl3 (99.8 atom % Deuterium) and DMSO-d6 (O=S(CD3)2, 99.9%), respectively.
Gel permeation chromatography (GPC) was performed in chloroform for PDMAAm at 30 ◦C and
at a flow rate of 0.75 mL·min−1 on a Jasco 880-PU Liquid Chromatograph connected to a Shodex
RI-101 Detector. The instrument was equipped with four consecutive columns (PSS-SDV columns
filled with 5 μm gel particles with a defined porosity of 106 Å, 105 Å, 103 Å and 102 Å, respectively)
and were calibrated by poly(methyl methacrylate) standards. Krypton (Kr) physisorption analysis
was performed at 77 K on a Quantachrome Autosorb 6B instrument. The masses of the films were
determined by weighing the wafer substrates before and after film synthesis. Several samples of
identical films (7 × 7 mm substrate dimensions) were combined for each sorption measurement to
provide sufficient overall film masses (1–200 mg). Samples were degassed at 120 ◦C for 12 h prior to
measurement. The specific surface areas were assessed by multi-point BET analysis [30] in the range
0.1 ≤ p/p0 ≤ 0.3. Scanning electron microscopy (SEM) and energy-dispersive X-ray (EDX) spectroscopy
were performed on a Zeiss NEON® 40 microscope connected with an UltraDry detector from Thermo
Fisher Scientific (Waltham, MA, USA).

Cross-Linker Synthesis: 2-(Dimethyl maleimido)-N-ethyl-acrylamide (DMIAAm) was synthesized
through a four-step reaction as described in the literature [31] and can be found in detail in the
Supplementary Materials.

Polymer Synthesis: Poly(DMAAm-co-DMIAAm) was synthesized with DMAAm monomer and
DMIAAm cross-linker by free radical polymerization initiated with AIBN in an analogous fashion as
described in the literature [31]. DMAAm (95 mol %) and DMIAAm (5 mol %) and about 0.002 mol %
AIBN relative to the total amount of monomer were dissolved in 1,4-dioxane and purged with argon
for 20 min. The total monomer concentration was 1 mol·L−1. The polymerization was carried out
at 70 ◦C for 7 h under argon atmosphere. Afterwards, the polymer was precipitated in diethyl ether
and re-precipitated from tetrahydrofuran into diethyl ether for purification. Finally, the polymer was
dried in high vacuum and characterized by NMR spectroscopy and GPC. 1H NMR (500 MHz, CDCl3):
δ (ppm) = 1.51–1.83 (m, CH2), 1, 94 (s, CH3), 2.3–2.75 (m, CH), 2.77–3.19 (m, N-CH2, NH-CH2, N-CH3),
3.6 (b, NH). Yield: 88%, Mn: 39,000 g·mol−1, DMIAAm composition: 5 mol % (Feed)/4.8 mol % (NMR),
PD: 5.1.

Synthesis and Immobilization of the Adhesion Promoter: 1-[3-(Chloro-dimethyl-silanyl)-propyl]-3,4-
dimethyl-maleimide was synthesized as described in the literature [32] (see Supplementary Materials).
A Si wafer (7 mm × 7 mm) was activated with a mixture (7:3 vol.) of concentrated sulfuric acid (H2SO4)
and 30% hydrogen peroxide (H2O2) solution at 90 ◦C for 1 h. After repeated rinsing with water and
ethanol and drying in argon stream the adhesion promoter was absorbed from 1 vol % solution in
bicyclohexyl for 24 h. Finally the wafer was rinsed with chloroform and abs. ethanol and dried in an
argon flow.

Preparation of Hydrogel Films: Solutions of the polymer in cyclohexanone (2 mL) with 2 wt %
thioxanthone as a sensitizer were spin-coated on a pre-treated Si wafer, using variable spin velocities
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and polymer concentrations (see Results and Discussion section); polymer solutions were first spread
at 250 rpm for 25 s, followed by 60 s of spinning at the final velocity. The polymer layer on the wafer
was irradiated with UV light for one minute by using a 200 W mercury short arc lamp with an intensity
of 266 mW·cm−2.

Preparation of Porous Al2O3 and MgO layers: For the preparation of Al2O3, the hydrogel film was
re-swelled in saturated aqueous aluminum nitrate solution (1.9 mol·L−1) overnight and then treated
with the vapor of an aqueous ammonia solution (12.5 wt %) for 3 h at 60 ◦C to convert Al(NO3)3 to
Al(OH)3/AlO(OH), followed by drying overnight at 60 ◦C. The material was calcined in a tube furnace
for 4 h at 500 ◦C with a heating rate of 1 ◦C·min−1 to combust the polymer and to form a porous
Al2O3 film on the Si wafer. For the preparation of MgO the hydrogel film was re-swelled in saturated
aqueous magnesium nitrate solution (4.9 mol·L−1) overnight and then dried at 120 ◦C. The material
was calcined in a tube furnace for 2 h at 300 ◦C and 2 h at 500 ◦C with a heating rate of 1 ◦C·min−1 to
combust the polymer and to form a porous MgO film on the Si wafer.

In an alternative approach, the above-described preparation of the hydrogel film was modified by
dissolving the polymer in methanol (instead of cyclohexanone) and by adding aluminum nitrate or
magnesium nitrate to this solution before (instead of after) spin-coating (2500 rpm final spin velocity)
and subsequent photo-cross-linking. Otherwise, the same synthesis protocol was used.

3. Results and Discussion

Photo-cross-linked hydrogel films were used as structure matrices for the preparation
of porous alumina (Al2O3) and magnesia (MgO) layers. The polymer for the hydrogels was
synthesized by free radical polymerization of N,N-dimethylacrylamide (DMAAm) and 2-(dimethyl
maleimido)-N-ethyl-acrylamide (DMIAAm) (Scheme 2a). The synthesized polymers have a molecular
weight (Mn) of ca. 39,000 g·mol−1. DMIAAm served as a photo-cross-linker to form a three-dimensional
polymer network (Scheme 2b) by a reaction mechanism that can be primarily described as a [2+2]
cycloaddition; however, other mechanisms are also possible [32]. According to NMR data the DMIAA
fraction in the polymers is 4.8 mol %, slightly less than the feed composition (5 mol %), which is in
accordance with previous findings [33]. To covalently attach the hydrogel to a silicon wafer substrate,
1-[3-(chloro-dimethyl-silanyl)-propyl]-3,4-dimethyl-maleimide was used as an adhesion promoter.
The promoter was applied to the wafer prior to coating with the polymer. For this purpose, the wafer
surface was chemically activated by oxidative treatment with piranha solution (H2SO4/H2O2).
The promoter bonds to the surface via its reactive chloro-silane function (Scheme 2c); the maleimide
function can react with the polymer during photo-induced cross-linking.

Porous Al2O3 or MgO layers were created by pre-fabricating hydrogel films on the substrate and
then adding the inorganic precursor species in a second step (Scheme 1). The polymer was spin-coated
on the pretreated Si wafer by using cyclohexanone as a solvent. The polymer concentration and spin
velocity were varied in order to obtain variable film thicknesses. Photo-cross-linking of the polymer
film was then achieved by UV irradiation as described in the Experimental Section. The cross-linked
network forms a thin hydrogel film at the Si wafer surface. Figure 1 shows example scanning electron
microscopic (SEM) images of dry films exhibiting high degrees of homogeneity. (further examples are
shown in Figure S1 in the Supplementary Materials). The film thicknesses were analyzed by focused
ion beam (FIB) ablation. Figure 1d shows a rectangular hole cut out of the film. The image was taken
from a tilted angle (ca. 45◦ to the film surface), showing both the section through the film and the
underlying substrate. This way, the average thickness of the film can be measured; depending on
polymer concentration and spin velocity it ranges from 0.187 μm to 0.851 μm (Table 1).

The hydrogel film was then impregnated with Al(NO3)3 or Mg(NO3)2 by swelling in a saturated
aqueous solution of the respective salt. The Al salt was transformed to Al(OH)3/AlO(OH) by exposure
to ammonia vapor and subsequently calcined to create Al2O3; this procedure is frequently applied for
the structure-directed synthesis of Al2O3 [10,11]. The Mg salt was directly transformed to MgO by
calcination. In both cases, the calcination procedure leads to the thermal combustion of the hydrogel
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matrix, leaving behind metal oxide layers that remain attached to the Si wafer substrates (presumably
by Si-O-Al bonds in case of Al2O3 and by ionic interaction with the charged oxidized Si surface in case
of MgO, respectively). Identification of the metal oxide phases by XRD was not feasible due to the very
low thickness of the layers (see below), but previous studies [16,17,23] have shown that the applied
synthesis conditions lead to formation of γ-Al2O3 (with low crystallinity) and MgO, respectively.
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Scheme 2. (a) Synthesis of the polymer serving as the precursor for the hydrogel films; (b) photo-
cross-linking of the polymer; (c) schematic [19] of the adhesion promoter attachment to the Si wafer surface.

 

Figure 1. SEM images of dry hydrogel films prepared by spin-coating with variable polymer
concentration and spin velocity (average film thicknesses: (a) 0.187 μm; (b) 0.588 μm; (c,d) 0.851 μm;
see Table 1). Image (d) shows an example of the FIB ablation analysis of a film (average thickness:
0.851 μm; green bars: 0.8796, 0.8439, 0.8320 μm).
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Table 1. Characteristics of dry hydrogel films obtained by spin-coating of the polymer and subsequent
photo-cross-linking.

Spin Velocity (rpm) Polymer Conc. (wt %) Film Thickness (μm)

2500 5 0.187
2500 7.5 0.306
2500 10 0.588
1000 5 0.607
1000 7.5 0.801
1000 10 0.851

Figure 2 shows SEM images with FIB analysis of two examples of porous Al2O3 and MgO layers.
(further examples are shown in Figure S2 in the Supplementary Materials) EXD analysis confirms the
approximate stoichiometry of Al/O = 1.5 and Mg/O = 1, respectively (Table S1 in the Supplementary
Materials). The Al2O3 layer (Figure 2a,b) exhibits a fairly smooth and homogeneous texture and an
average thickness of 1.77 μm, three times the thickness of the non-swollen (dry) hydrogel film that was
used as the matrix (0.588 μm). This difference reflects the swelling of the hydrogel and also indicates a
certain degree of porosity in the Al2O3 layer, as will be substantiated below.

 

Figure 2. SEM images and FIB ablation analysis of two example layers of Al2O3 ((a,b); average
thickness: 1.77 μm, prepared with a hydrogel film of 0.588 μm thickness; green bars: 1.766 and
1.782 μm) and MgO ((c,d); average thickness: 0.646 μm, prepared with a hydrogel film of 0.851 μm
thickness; green bars: 0.5862, 0.7313, 0.6197 μm).

Assessment of the pore size distribution by nitrogen (N2) or argon (Ar) physisorption analysis
was not possible due to the low overall amount of material (as frequently encountered for thin layers
of porous material), but krypton (Kr) physisorption allowed a five-point BET analysis, as shown
in Figure 3a. The isotherm showing the adsorbed amount of Kr is shown in Figure S3 in the
Supplementary Materials. The specific surface area of the Al2O3 layer is 370 m2·g−1, corresponding to
0.259 m2·cm−2 if normalized to the covered area of the substrate. The latter value incorporates the
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respective film thickness, while the former value is independent of the film dimensions. This large
surface area confirms that the Al2O3 layer is indeed porous. As mentioned in the Introduction section,
we have recently reported on the synthesis of γ-Al2O3 materials synthesized by the same procedure
(using the same type of hydrogels), but in form of powders rather than as thin layers [16,17,23].
The powder samples exhibited similar BET surface areas (250–370 m2·g−1) with narrow pore size
distributions around ca. 4 nm and mesopore volumes in the range of 0.4–0.5 cm3·g−1. Hence, it is
fair to assume similar mesopores for the Al2O3 layer presented here. The origin of these mesopores is
the porogenic impact of bundles of polymer strands in the hydrogel; the combustion of the hydrogel
creates disordered, tubular mesopores, as previously described [16]. The MgO layer (Figure 2c,d),
on the other hand, is significantly less homogeneous than the Al2O3 layer; it exhibits a rough surface
with raptures and an almost granular texture. Its average thickness is 0.646 μm, which is actually
less than the thickness if the respective non-swollen (dry) hydrogel film (0.851 μm). This indicates a
lower degree of porosity which is confirmed by a low BET surface area of 112 m2·g−1 (0.025 m2·cm−2;
Figure 3b). Obviously, the polymer network does not have a strong porogenic impact in this case.
This may be due to the fact that the hydrogel matrix starts to decompose before a sufficiently stable
network of MgO has formed.

 

Figure 3. BET plots of Kr physisorption data of porous metal oxide layers: (a) Al2O3 layer (1.77 μm
thickness); (b) MgO (0.646 μm); (c) Al2O3 (prepared by pre-mixing the polymer).

In an alternative synthesis approach, we simplified the process by dissolving the metal salts
and the precursor polymer in methanol before applying them to the silicon wafer by spin-coating
and subsequent photo-cross-linking of the polymer. Hence, no drying of the hydrogel films and
subsequent re-swelling in metal salt solutions is necessary which facilitates the overall procedure.
The rest of the synthesis was carried out in the same way as before. Two example SEM images of
the resulting Al2O3 and MgO layers are shown in Figure 4. Further examples are listed in Table S2
and shown in Figure S4 in the Supplementary Materials. The Al2O3 layer (Figure 4a) exhibits an
average thickness of 0.364 μm and shows a fairly homogeneous texture, although not as smooth as in
case of the synthesis procedure described above (i.e., by re-swelling the pre-fabricated hydrogel films
with metal salt solutions). However, it exhibits a higher BET surface area of 558 m2·g−1. Figure 3c;
the surface area per substrate area, 0.080 m2·cm−2, is lower as a consequence of a lower layer thickness.
The MgO layer (Figure 4b) is even less homogeneous; it appears seriously granular and rough, with a
similar BET surface area as for the material prepared by the first route (112 m2·g−1). In summary,
the alternative synthesis approach, despite being simpler and easier to carry out, cannot be regarded
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as equally successful as the first route in terms of the homogeneity and smoothness of the resulting
metal oxide layers.

 

Figure 4. SEM images of two example layers of (a) Al2O3 and (b) MgO prepared by pre-mixing the
polymer ((a): 200 mg; (b): 150 mg) with the metal salts ((a): 600 mg Al(NO3)3·9H2O; (b): 450 mg
Mg(NO3)2·6H2O) prior to spin-coating and subsequent photo-cross-linking and calcination.

4. Conclusions

In summary, we have shown that the concept of using poly(dimethylacrylamide) hydrogels as
porogenic matrices for the synthesis of mesoporous metal oxides can be applied to the preparation of
porous layers on silicon substrates by anchoring the hydrogel to the substrate via chemical bonding.
Homogeneous mesoporous layers of Al2O3 with high specific surface areas (up to 558 m2·g−1) are
obtained. The MgO layers display lower homogeneity and porosity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/8/4/186/s1,
Figure S1: SEM images of dry hydrogel films, Figure S2: SEM images of Al2O3 and MgO layers, Figure S3:
Kr physisorption isotherms, Figure S4: SEM images of Al2O3 and MgO layers prepared by pre-mixing, Table S1:
EDX analysis, Table S2: Amounts of polymer and metal salts for pre-mixing synthesis.
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Abstract: Metal-organic frameworks (MOFs) are extremely porous, crystalline materials with high
surface area for potential use in gas storage, sequestration, and separations. Toward incorporation
into structures for these applications, this study compares three variations of surface-bound and
free-standing HKUST-1 MOF structures: surface-anchored MOF (surMOF) thin film, drop-cast film,
and bulk powder. Herein, effects of HKUST-1 ammonia interaction and framework activation, which
is removal of guest molecules via heat, are investigated. Impact on morphology and crystal structure
as a function of surface confinement and size variance are examined. Scanning probe microscopy,
scanning electron microscopy, powder X-ray diffraction, Fourier-transform infrared spectroscopy, and
energy dispersive X-ray spectroscopy monitor changes in morphology and crystal structure, track
ammonia uptake, and examine elemental composition. After fabrication, ammonia uptake is observed
for all MOF variations, but reveals dramatic morphological and crystal structure changes. However,
activation of the framework was found to stabilize morphology. For activated surMOF films, findings
demonstrate consistent morphology throughout uptake, removal, and recycling of ammonia over
multiple exposures. To understand morphological effects, additional ammonia exposure experiments
with controlled post-synthetic solvent adsorbates were conducted utilizing a HKUST-1 standard
powder. These findings are foundational for determining the capabilities and limitation of MOF films
and powders.

Keywords: metal-organic framework; microscopy; thin films; powders

1. Introduction

Highly porous crystalline materials known as metal-organic frameworks (MOFs) have been
the focus of much attention over recent years due to their promising potential for a wide range of
applications, including gas storage, separation, catalysis, and sensing [1–3]. Careful selection of
the inorganic nodes and organic linkers that compose the chemical structure of the material can
lead to a variety of highly tunable pore sizes and chemical functionality [4]. Varying synthetic
conditions, such as processing solvent [5], temperature [6], concentration [7], etc., also allows one to
tailor MOF properties. This careful control makes it possible to embed MOF materials within an array
of hierarchical architectures and composites [8]. Once synthesized, MOF crystallinity and morphology
are typically evaluated to determine quality. However, when testing the materials in the presence of
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different gases, it is rare to find studies that monitor possible morphological changes, even though
changes in crystal structure are often investigated [9]. This lack of structural understanding needs to
be addressed for a variety of MOF systems and host-guest interactions if they are to become a viable
option for integration into more complex designs. This study herein characterizes the morphological
impact of one such interaction for the HKUST-1 MOF, providing previously neglected insights into
how the MOF may perform in modern applications.

The most widely studied MOF is HKUST-1, also known as Cu3BTC2 or MOF-199, which was
first discovered by Chui et al. [10] and uses copper(II) ions and benzene-1,3,5-tricarboxylate (BTC) as
the inorganic and organic building blocks, respectively. One of the reasons HKUST-1 has garnered so
much attention is because of its ability to capture and store a wide variety of gases, including carbon
monoxide, carbon dioxide, nitric oxide, nitrogen, hydrogen, and sulfur dioxide [11–13]. Furthermore,
HKUST-1 has been shown to be a suitable candidate for the sequestration of harmful gases like
hydrogen sulfide, arsine, and ammonia [14,15]. One of the key features of HKUST-1 is that it allows
for the adsorption of these different gases in the copper paddlewheel unit, depicted in Figure 1. In this
paddlewheel unit, Cu2+ ions are connected to form Cu2+ dimers through a weak bond and are bridged
by four carboxylate units. The as-synthesized framework typically contains solvent molecules weakly
bound to the axial coordination sites of the Cu2+ ions. These solvent molecules can be removed through
a simple activation procedure (i.e., heating under vacuum), thus enabling the Cu2+ ions to act as Lewis
acidic sites for the binding of molecules possessing basic character, such as ammonia. Herein, this
research explores the effect of residual solvent molecules on the adsorption of ammonia in HKUST-1,
highlighting for the first time how the presence of solvent (or lack thereof) affects morphology.

Figure 1. Unit cell (left) of the HKUST-1 metal-organic framework system ((100) crystal face) [10].
HKUST-1 is composed of four benzene-1,3,5-tricarboxylate organic ligands coordinated to Cu2+ dimer.
Highlighted is the copper paddlewheel structure (right) characteristic of the HKUST-1 system. Each
Cu2+ dimer completes its octahedral coordination sphere with two axial positions (vacant here) opposite
of the Cu-Cu vector.

The synthesis of HKUST-1 can be varied so as to achieve a wide range of geometries, morphologies,
and composites, allowing the MOF to be tailored toward specific applications [16]. For example,
HKUST-1 can be tethered to a substrate as a surface-anchored MOF (surMOF) or a drop-cast thin
film; and it can be synthesized to be a free-standing material (bulk powder). However, most studies
for HKUST-1 only characterize and analyze one of its possible variations, typically its powder form.
This is especially true in the investigation of the HKUST-1 interaction with ammonia gas. There have
been studies that compare pure HKUST-1 powder to composite materials that contain it, but there is a
deficiency of ammonia studies that directly compare different MOF variations [17].

The research herein compares the behavior of surface-bound and free-standing HKUST-1 materials.
A study by Nijem et al. [18] suggested that aspects of the HKUST-1 interaction with ammonia may vary
depending on whether the MOF is confined to a substrate. Also, the effect of size on MOF behavior
is studied; the three MOF variations investigated herein all had the same chemical composition but
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were on different size scales. The aim of the study is to investigate how these different variations
respond to ammonia in order to gain insights into the effects of size and substrate confinement on
morphology, composition, and crystallinity. This is important because films of different size regimes
are required depending on the application [19,20]. For example, films prepared on the nanometer
scale may be useful as dielectric layers in transistors [21], whereas gas filtration technologies might
require micron-sized films or larger [22]. For the creation of successful MOF-based devices it should
not be assumed that material properties and reactivity will remain consistent across size regimes;
therefore, more comprehensive studies such as the one conducted herein are needed in order to better
understand the scope and broad applicability of various host-guest interactions.

Specifically, this study compares the three different variations of HKUST-1 mentioned above: the
surMOF, drop-cast thin film, and bulk powder. Metal-organic frameworks anchored to a surface are
able to integrate both the versatility and tunability of MOF systems into hierarchical architectures
for potential applications in electronic or sensing devices [23,24]. Bulk powders have shown promise
in their capabilities for incorporation into MOF-graphene hybrid materials and real-world gas mask
filtrations [15,25]. The bulk powder used in this study was synthesized, yielding large, microscale,
free-standing MOF crystals [26]. The surMOF was prepared via a well-established layer-by-layer
approach where nanoscale MOF crystallites were deposited in a controlled fashion onto a carboxylic
acid-functionalized gold substrate [27,28]. The formation of MOF crystals on the substrate using
this method was recently found to occur via a Volmer–Weber growth mechanism, giving rise to a
discontinuous surface of nucleating MOF crystallites [29,30]. Lastly, the drop-cast thin film was also
formed on a functionalized gold substrate, yielding a uniform film of highly-oriented crystals [26].
This is the first time that a parallel study has investigated these three MOF variations to determine
whether or not they exhibit uniform behavior independent of substrate confinement and size variance.

In this study, these three variations were used to probe the interaction of HKUST-1 with ammonia
gas. Metal-organic framework interactions with ammonia have been the subject of much attention
over recent years because they have been show to outperform other materials in their ability to
adsorb ammonia [14,31,32]. The high-performance capabilities for the HKUST-1 system have been
attributed to the copper paddlewheel, a preferential binding site for the chemisorption of Lewis bases
such as ammonia [33]. In addition, ammonia is also able to interact with various other parts of the
MOF as well, such as the organic linkers [17]. The HKUST-1 is known to react with ammonia in
different ways depending on the presence of water, making it a useful test case for examining the
effect of activation and gas exposure [34]. The HKUST-1 has been shown to adsorb more ammonia
under humid conditions because the ammonia can bind to the Lewis acidic Cu ions and is also
able to dissolve into films of water that are contained within the pores [35]. Peterson et al. [36]
showed that under dry conditions, ammonia reacted with the open-metal binding sites of the copper
paddlewheel to form a copper(II)-diamine species. That same study also showed that under humid
conditions, the MOF underwent a more severe degradation owing to the reaction of ammonia with
the BTC linkers to form Cu(OH)2 and (NH4)3BTC species. After exposure under both wet and dry
conditions, the ammonia was removed via heating under vacuum to regenerate the material, which
could then successfully re-uptake ammonia upon subsequent exposures. The research herein examines
morphology throughout multiple cycles of regeneration and re-exposure for the activated surMOF
material, which adds new and practical information about the viability of using surface-constrained
MOF nanomaterials.

The interaction of ammonia with HKUST-1 has been modeled by simulations [17,37] and has been
monitored via breakthrough studies [14]; IR spectroscopy [38]; X-ray crystallography [39]; nuclear
magnetic resonance spectroscopy [36]; X-ray photoelectron, extended X-ray absorption fine structure,
X-ray absorption near edge structure, UV−vis, electron paramagnetic resonance spectroscopies [34];
and microcalorimetry [40]. More recent work has shifted focus toward preventing or reducing MOF
degradation upon ammonia exposure [41,42] and creating systems in the bulk that could function
as filters in real-world applications [15]. Although positive approaches in these areas are underway,
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there are still fundamental aspects of the HKUST-1 ammonia interaction that need to be explored. A
major shortcoming in those studies is the lack of details about the morphological changes that occur
under different conditions. Therefore, for the first time ever, this study presents microscopic images for
three HKUST-1 variations that show the morphological transformations upon exposure to ammonia
for both the as-synthesized and activated material. This type of knowledge pertaining to changes in
morphological structure has thus far been overlooked in the literature, but is essential if HKUST-1 is to
be used in combination with another material, such as graphene-MOF composites [43], or integrated
into device structures.

In addition, this study examines the effect of residual solvent adsorbates on the HKUST-1
ammonia interaction. For most synthetic routes towards HKUST-1, the solvent used for processing
is still bound to the as-synthesized MOF either via chemisorption or physisorption [44]. It is well
known that the solvent used for the processing of MOFs has an influence on the properties of the
resulting framework [11]. For example, the size and porosity of HKUST-1 was shown to be altered by
varying the ratio of solvents used during synthesis [45]. The presence of solvent can also hinder the
ability for many MOFs to perform their desired function due to competition and blockage of binding
sites [46]. The presence or absence of solvent plays a major factor in how the MOF interacts with
ammonia, as evidenced by the effect of water on the reaction discussed prior. Research described
herein will further explain the impact that solvent has on MOF degradation by exploring how different
crystallographic and morphological changes occur depending on whether solvent molecules are within
pores prior to ammonia exposure. Solvent is easily removed from HKUST-1 via activation by heat
at reduced pressures, resulting in a visual color change of turquoise (as-synthesized) to dark blue
(activated MOF) [10,11]. Multiple studies have confirmed that this activation process does not disrupt
crystallinity [47], but potential effects on substrate morphology are not reported. Research described
herein examines the morphological stability upon activation of the HKUST-1 surMOF.

Three variations of the HKUST-1 system and its interaction with ammonia gas were interrogated
for both substrate-bound and free-standing materials. Ammonia gas exposure was investigated for
as-synthesized and activated samples to explore the effect of residual solvent molecules. Further
studies were done to gain insights into ammonia removal and re-exposure to the surMOF material.
Additionally, ammonia exposure experiments, utilizing a purchased standard of HKUST-1 powder
(Basolite® C 300), were completed to explore the effect of additional processing solvents bound to the
framework. Fourier-transform infrared spectroscopy (FT-IR), scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDS), scanning probe microscopy (SPM), and powder X-ray
diffraction (XRD) characterized samples before and after ammonia exposure. These techniques were
used to track uptake and release of ammonia, monitor changes in surface morphology, examine
elemental composition, and observe effects on overall crystal structure. These fundamental studies
of HKUST-1 ammonia gas interactions elucidate which effects are inherent to the MOF system, as
opposed to effects that are dependent on substrate confinement or size variance, and are critical for the
successful incorporation of HKUST-1 into hierarchical architectures.

2. Materials and Methods

2.1. Materials

Copper (II) acetate monohydrate and copper (II) nitrate hemi(pentahydrate) were purchased from
Fisher Scientific (Fair Lawn, NJ, USA). Absolute, anhydrous ethanol (200 proof, ACS/USP Grade) was
obtained from Pharmco–Aaper (Shelbyville, KY, USA). Trimesic acid (TMA, H3BTC) (95%), dimethyl
sulfoxide (DMSO) (spectrophotometric grade), and 16-mercaptohexadecanoic acid (MHDA) (90%)
were purchased from Aldrich (St. Louis, MO, USA). The DMSO was purged with nitrogen and passed
through columns of molecular sieves. Gold substrates composed of silicon wafers with 5 nm Ti
adhesion layer and 100 nm Au were purchased from Platypus Technologies (New Orleans, LA, USA).
Anhydrous ammonia gas was obtained from Alexander Chemical Company (Kingsbury, IN, USA).
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2.2. Sample Preparation

Three variations of MOFs were fabricated: surface-anchored MOFs (surMOF) via layer-by-layer
deposition, MOF thin films by drop-cast method, and MOF powder synthesized to produce microcrystals.

2.2.1. surMOF

The surMOFs were fabricated according to literature precedent on a gold substrate functionalized
by a self-assembled monolayer (SAM) using alternating, solution-phase deposition [27–29]. The gold
substrate was first immersed in a 1 mM ethanol solution of MHDA for 1 h to form the foundational
SAM that anchors the framework to the substrate. The substrate was then rinsed with ethanol and
dried with nitrogen. Next, the sample was submerged in a 1 mM ethanol solution of copper acetate
monohydrate. The substrate was removed after 30 min, rinsed, and dried as before. The sample was
then submerged in a 0.1 mM ethanol solution of TMA for 1 h. Again, the substrate was rinsed, dried,
and returned to the 1 mM copper acetate monohydrate solution. Four deposition cycles of the copper
and TMA solutions yielded a film with an average thickness, roughness, and surface coverage of
10 nm, 20 nm, and 24%, respectively [29]. For all experiments herein, solutions were held at room
temperature. After film formation, the substrate was characterized by SPM and IR.

2.2.2. Thin Film

The MOF thin film was prepared according to a modified drop-cast procedure [26]. The starting
reagents, 2.8 mmol (0.59 g) TMA and 5.3 mmol (1.2 g) copper (II) nitrate hemi (pentahydrate), were
combined in 5 mL of DMSO. This solution underwent sonication and stirring until powders were
completely dissolved. A 1 mL portion of the resulting blue solution was then diluted to 5 mL by the
addition of DMSO. A gold substrate that had been functionalized with a SAM of MHDA (according to
the aforementioned method) was placed on a hotplate. A pipet transferred the diluted solution onto
the gold to form a liquid layer that completely covered the substrate. The sample was covered with a
glass beaker, the hotplate was ramped up to 100 ◦C over a 10-min period, and the sample was held
at that temperature for an additional 10 min. As the solvent evaporated, a thin blue-green film was
formed. Once the solvent was fully evaporated, the substrate was removed from the hotplate and
placed onto an aluminum heat sink to cool the film to room temperature for characterization by XRD,
SEM, and IR. This procedure yielded surface-confined crystals ranging in size from 1 to 10 microns.
A quantitative study of crystal size and homogeneity was not undertaken.

2.2.3. Powder

The MOF bulk powder was prepared according to an optimized procedure [26]. First, 2.8 mmol
(0.59 g) TMA and 5.1 mmol (1.2 g) copper (II) nitrate hemi(pentahydrate) were sonicated in 5 mL
DMSO solution until completely dissolved. The solution was then heated in a beaker to 100 ◦C on
a hotplate for 2 h, which resulted in the formation of blue-green crystals. After cooling, the precipitate
was sonicated in ethanol, dried by vacuum filtration, and washed with additional ethanol solvent. The
powder was transferred to a test tube, suspended in dichloromethane, and centrifuged for 6 min at
3300 rpm. This process was repeated three times, after which the resulting blue powder was dried
overnight under high vacuum and then stored in a vacuum desiccator to be characterized by XRD,
SEM, and IR. This procedure yielded free-standing crystals ranging in size from 10 to 100 microns.
A quantitative study of crystal size and homogeneity was not undertaken.

2.3. Ammonia Exposure

Ammonia exposure was investigated for as-synthesized as well as activated samples. The
activation process was undertaken by heating the sample under vacuum to evacuate the pores and
remove any solvent (residual or coordinated). All samples that were regenerated and re-exposed
underwent the same regeneration procedure.
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2.3.1. Activation Process

Samples were placed under high vacuum at 180 ◦C for 2 h. The samples were then cooled under
vacuum for 30 min prior to exposure.

2.3.2. Ammonia Exposure

For ammonia exposure, a sample under high vacuum at 25 ◦C was exposed to 360 torr of ammonia
gas for 1 h. Samples exposed as-synthesized were held under high vacuum for 5 min at 25 ◦C prior to
exposure. All samples (with and without prior activation) were exposed without breaking vacuum.

2.3.3. Regeneration and Re-Exposure

To undergo regeneration, samples were held under high vacuum at 180 ◦C for 1 h. The samples
were then cooled under vacuum for 30 min prior to characterization. Prior to re-exposure, samples
were left open to the atmosphere for at least 1 h. Each sample that was re-exposed underwent the same
exposure method to which it was originally exposed.

2.4. Standard Powder Investigation of Solvent Effects

Basolite® C 300 powder was obtained from Aldrich (St. Louis, MO, USA) and was used as a
standard for comparison to the HKUST-1 MOF powders fabricated as described above. The powder
underwent ammonia exposures with and without activation in the manner outlined previously.
Additional experimental exposures were undertaken to expose the Basolite® C 300 powder to solvents
prior to ammonia exposures.

2.4.1. H2O Exposure

Standard samples underwent H2O exposure before subsequent ammonia exposure. The powder
was exposed for 5 min to high vacuum conditions, and then for 2 h to H2O vapor that had been heating
to 85 ◦C under vacuum. Next, the sample was exposed for 5 min to high vacuum. The powder was
then characterized and subsequent ammonia exposure was undertaken as described in the above
section “ammonia exposure”.

2.4.2. DMSO Exposure

Standard samples underwent exposure to DMSO prior to subsequent ammonia exposure. A
100–250 mg portion of powder was suspended in 10–15 mL DMSO. The mixture was stirred for 2 h,
after which the powder was dried via vacuum filtration and overnight house vacuum. Once dry, the
powder was characterized and exposed to ammonia gas without activation.

2.5. Characterization

All samples underwent characterization by microscopy and infrared spectroscopy. The surMOF
samples were characterized by scanning probe microscopy. The drop-cast thin films and the powder
samples were characterized by scanning electron microscopy with energy dispersive spectroscopy, as
well as by powder X-ray diffraction.

2.5.1. Scanning Probe Microscopy (SPM)

A Dimension Icon Scanning Probe Microscope (Bruker, Santa Barbara, CA, USA) that operated in
peak force tapping mode was used to obtain several images (512 × 512 pixels) for each sample, both
before and after exposures, at 5 μm × 5 μm and 500 nm × 500 nm. Etched silicon tips, SCANASYST-AIR
(Bruker, Santa Barbara, CA, USA), with a spring constant range of 0.2–0.8 N/m and a resonant
frequency range of 45–95 kHz were used. Scan parameters were as follows: 1 Hz scan rate, 12 μm
z-range, 250–370 mV amplitude set point, and 100–450 mV drive amplitude. Image analysis was
carried out by Nanoscope Analysis software (Bruker, Santa Barbara, CA, USA).
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2.5.2. Infrared Spectroscopy (IR)

Infrared spectra were collected from 3800–600 cm−1 in ATR (Attenuated Total Reflectance) mode
and used a Thermo Scientific Nicolet iS50 instrument. The spectra were collected at a resolution of
4 cm−1 and used a bare gold substrate as the background for the surMOF studies and ambient air as
the background for the powder and thin-film studies.

2.5.3. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS)

The SEM images were collected by a Hitachi TM-3000 tabletop microscope and used an
accelerating voltage of 15 kV with the detection of back-scattered electrons. The EDS data were
collected at this voltage by this microscope coupled with a Bruker XFlash MIN SVE detector and scan
generator for EDS capability.

2.5.4. Powder X-ray Diffraction (XRD)

The XRD patterns were collected by a Rigaku Miniflex X-ray diffractometer and used Cu Kα

radiation at 30 kV and 15 mA. Data were collected from 10.00◦ to 79.99◦ for the powder and 10.00◦ to
34.00◦ for the drop-cast thin film (range selected to avoid the intense gold peaks from the underlying
substrate). All samples were analyzed at a sampling width of 0.03◦ and scan speed of 3◦/min.

3. Results and Discussion

To investigate how ammonia interacts with the HKUST-1 metal-organic framework, three different
variations of the material (surMOF, drop-cast thin film, and powder) were exposed to ammonia; and
the effect was monitored via microscopy, IR, and powder XRD. For these MOF variations, both
as-synthesized and activated (heated under vacuum to remove species within pores) samples were
investigated. The SPM characterization was undertaken to monitor how ammonia interacts with the
surMOF deposited by a layer-by-layer protocol onto a gold surface functionalized with a self-assembled
monolayer. The SEM characterization was used to monitor both a thin-film framework fabricated via
drop-casting onto a functionalized gold surface as well as the synthesized bulk powder of microcrystals.
Infrared spectroscopy was utilized in all three cases to track the uptake and release of ammonia. For the
thin film and powder, powder XRD patterns were collected to gain further insights into how ammonia
affects the overall crystal structure; and EDS was used to examine elemental composition. Beyond
monitoring the effect of the initial ammonia exposure, both SPM and IR were used to understand
what happens when ammonia is removed and re-introduced to the surMOF material. To further
investigate the findings from the aforementioned experiments and explore the effect of different
processing solvents, experiments utilizing a purchased standard of HKUST-1 powder (Basolite® C 300)
were conducted.

3.1. Morphological Characterization

Integral to understanding how the material is affected by its interaction with ammonia, SPM
and SEM characterization reveal the morphological structure of the surMOF, thin film, and powder
HKUST-1 variations. Images of these structures before ammonia exposure, after exposure without
activation, and after exposure with prior activation are shown in Figure 2. In all three cases, when
the framework was exposed to ammonia without activation, the material undergoes a dramatic
morphological change. The surface of the surMOF material changed from smaller, evenly distributed
crystallites (Figure 2a) to larger bundles of nanowire-like structures (Figure 2b). A similar change of
surface morphology was observed in the thin film (Figure 2d,e). The powder material also underwent
a complete morphological change from octahedral shaped crystals (Figure 2g) to the nanowire-like
structures (Figure 2h).
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Figure 2. Top: Representative SPM images of HKUST-1 surMOFs (a) before exposure to NH3; (b) after
exposure without activation; and (c) after exposure with prior activation. Middle: SEM images of
HKUST-1 drop-cast thin film (d) before exposure to NH3; (e) after exposure without activation; and
(f) after exposure with prior activation. Note: Due to high conductivity, underlying gold substrate
appears bright in SEM images (especially prevalent in (e) and (f)). Bottom: SEM images of HKUST-1
powder (g) before exposure to NH3; (h) after exposure without activation; and (i) after exposure with
prior activation. All scale bars in (a–c) are 2 μm, in (d–f) are 100 μm, and in (g–i) are 10 μm.

A minor morphological change was observed when the framework was activated prior to
ammonia exposure. The surMOF underwent a slight morphological change where the sharpness
of the nanocrystallite features were reduced; and the size of the isolated structures on the surface
increased (Figure 2c) relative to the film features before exposure (Figure 2a). The thin film and the
powder materials did not undergo significant morphological changes after exposure to ammonia with
activation (Figure 2f,i).

These images and observations provide new and important information as to how ammonia
affects the morphology of the HKUST-1 crystals dependent on whether or not the material was
activated (removing water or residual solvent) before the framework was exposed to the gas. When the
sample was not activated, the ammonia-framework interaction resulted in a dramatic morphological
change that was not observed when the framework was activated prior to exposure. This result
is consistent with the findings of Peterson et al. [36] that the presence of water or residual solvent
alters the reaction of the MOF with ammonia. Based on the morphological changes observed and
the conclusions by Peterson, it can be hypothesized that the nanowires formed by exposure without
prior activation could be Cu(OH)2 crystallites and that the changes (or lack thereof) observed in the
samples exposed with prior activation could be due to the formation of a copper(II)-diamine species.
Regardless of the products formed, the images clearly show that different interactions are taking place
dependent on whether the sample was activated.

Further, it was confirmed that the heating process involved did not cause a significant
morphological change on the surMOF, which is an important observation because MOF materials are
often activated prior to being used. This was shown by an experiment in which the as-synthesized
sample was characterized following the activation process without subsequent ammonia exposure
(shown in Section 3.5).

3.2. Compositional Characterization

Infrared spectra were obtained to investigate the chemical composition of the framework. This
characterization technique was utilized to monitor uptake of ammonia and to examine how this
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exposure affected the framework. A comparison was conducted for when the sample underwent
exposure to ammonia both without and with activation. Spectra of the framework before ammonia
exposure, after exposure of an as-synthesized sample, and after exposure of an activated sample are
shown in Figure 3 for the surMOF, thin film, and powder variations of the framework. The EDS was
obtained for the powder and thin film samples to investigate the chemical identity of compounds
captured within the framework, such as the DMSO solvent or the ammonia gas.

Figure 3. Infrared (IR) spectra of HKUST-1: (a) surMOF before exposure to NH3; (b) surMOF after
exposure without activation; (c) surMOF after exposure with prior activation; (d) drop-cast thin film
before exposure to NH3; (e) drop-cast thin film after exposure without activation; (f) drop-cast thin film
after exposure with prior activation; (g) powder before exposure to NH3; (h) powder after exposure
without activation; and (i) powder after exposure with prior activation.

Characteristic IR peaks for HKUST-1 are present in all samples prior to exposure [27,34,38]; and
a few small differences between the MOF variations are observed (Figure 3a,d,g). The asymmetric
COO- stretch (~1650 cm−1) and the C–C aromatic vibration peak, corresponding to the linker molecule
(~1440 cm−1), are present in all spectra. All spectra for the as-synthesized materials also contain a
very broad peak at ~3000–3400 cm−1, indicative of water or deposition solvent within the framework
(Figure 3a,d,g). Peaks at 2930 cm−1 and 2855 cm−1 are only present in the surMOF sample and
correspond to the C–H stretch of the underlying self-assembled monolayer on the gold substrate
(Figure 3a–c) [48]. Peaks at 950 cm−1 and 1000 cm−1 are present only in the thin film and powder
spectra (Figure 3d,g) and correspond to the DMSO solvent, indicating that it is present within the
framework. The DMSO also has broad peaks around ~3000 cm−1, which occur at the same vibrational
frequency as water [49]. For both the as-synthesized thin film and powder sample, EDS data confirm
the presence of the DMSO deposition solvent, showing a 1:1 ratio of the Cu:S (SI Figures 1 and 4). This
suggests that each open axial copper paddlewheel position may be occupied by one DMSO ligand.
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All of the data gleaned from the IR spectra indicate that ammonia was present after exposure
regardless of prior activation and HKUST-1 variation. Changes occurred in the spectra when the
framework was exposed to ammonia (Figure 3b,c,e,f,h,i) consistent with literature observations [34].
A new distinct peak appeared around 3300 cm−1 that corresponds to the N-H stretch of ammonia
on the framework [50]. This was true regardless of whether the framework was activated prior to
exposure, which indicated that the uptake of ammonia into the framework was not dependent on
activating the framework. Other changes that occurred upon exposure to ammonia were the shifting of
the peak at 1650 cm−1 to 1625 cm−1, the increase in intensity of peak at 1560 cm−1, the appearance of
two peaks in the 1260–1210 cm−1 range, and the broadening/shifting of the 1370 cm−1 and 1450 cm−1

peaks. All of these observances are in accord with previous studies investigating the effect of ammonia
gas on the HKUST-1 framework [34]. After ammonia exposure for both as-synthesized and activated
samples, EDS for the thin film and powder variations confirmed the presence of nitrogen and the
removal of sulfur (SI Figures 2, 3, 5 and 6). (Note that the low-energy -ray peak associated with
nitrogen in the crowded region with carbon and oxygen did not permit quantitative analysis of the
nitrogen composition, but did qualitatively confirm its presence.) The data show that the ammonia gas
displaced any solvent molecules present within the as-synthesized framework.

3.3. Crystal Structure Characterization

Powder XRD data were obtained for the thin film and powder systems, but could not be obtained
for the surMOF films investigated in this study due to the low density of material bound to the surface.
The similarities observed via microscopy and IR analysis for all three variations suggest that crystal
structure findings for the thin film and powder likely translate to the surMOF variation.

Powder XRD was important for confirming the HKUST-1 structure for the synthesized thin film
and bulk samples, as well as for characterization of the crystal structure after ammonia exposure.
Patterns for the material before ammonia exposure, after exposure without activation, and after
exposure with prior activation are shown in Figure 4 for the thin film and powder variations of the
framework. The peaks corresponding to the thin film and powder material pre-exposure (Figure 4b,e)
match well with the reference pattern (Figure 4a), indicating that the HKUST-1 crystal structure
was obtained. The MOF deposited as a thin film (Figure 4e) demonstrates a preferred (111) crystal
orientation. Noteworthy is that the XRD for the powder has broader peaks in comparison to the film,
revealing the highly crystalline nature of the film.

Figure 4. XRD patterns of (a) reference for HKUST-1 powder (ICDD pdf number 00-062-1183);
(b) powder before exposure to NH3; (c) powder after exposure without activation; (d) powder after
exposure with prior activation; (e) drop-cast thin film before exposure to NH3; (f) drop-cast thin film
after exposure without activation; and (g) drop-cast thin film after exposure with prior activation.
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Ammonia exposure with and without activation resulted in a change in crystal structure as
observed by powder XRD (Figure 4c,d,f,g); and the resulting patterns are in general agreement with
previous studies investigating the effect of ammonia on HKUST-1 [10,36,46]. For the HKUST-1 powder,
the patterns for both as-synthesized and activated samples after ammonia exposures are consistent
with one another (Figure 4c,d). This indicates that the activation step did not prevent the change in the
crystal structure, despite what the SEM revealed with the crystal morphology remaining consistent.
The same was observed for the as-synthesized and activated HKUST-1 thin films (Figure 4f,g). These
observations highlight the importance of monitoring changes in both the morphology and the crystal
structure, demonstrating that changes in crystallographic structure does not necessitate significant
changes in substrate morphology. When comparing the ammonia exposures for the film and powder,
the broadness of the peaks for the ammonia exposures to the film and powder are different, but the
locations are consistent, revealing that the same crystal structure transformation is observed. The
differences in the patterns are that the powder sample has broad peaks, while the film sample has
sharper and therefore more distinguishable peaks. This is consistent with the samples before exposure
with broader peaks observed for the synthesized powder (Figure 4b) and sharper peaks observed for
the synthesized film (Figure 4e).

3.4. Standard Powder Investigation of Solvent Effects

Experiments with a standard HKUST-1 powder were undertaken in order to investigate a sample
with and without residual solvent ligands within the framework. For the synthesized thin film and
powder HKUST-1 samples, DMSO was found to be present in the as-synthesized materials and is likely
coordinated to the open copper paddlewheel site. For the surMOF HKUST-1 sample, water is within
the framework and likely bound at this same site. By conducting the experiments with a standard
powder obtained commercially, this study investigated (1) the outcome of ammonia exposures on this
standard powder void of residual solvent; (2) the effect of residual water and DMSO on this powder;
and (3) the outcome of an ammonia exposure after the water or DMSO solvent were present within
the framework.

3.4.1. Standard Powder as Received

The obtained standard powder was found to be consistent with literature precedent for HKUST-1
by SEM [11], IR [34], and XRD [10,36,46] characterization (Figures 5a, 6a and 7b). The SEM analysis
of the crystal morphology for the standard powder was consistent with the powder synthesized by
the procedure described herein. The EDS data showed no evidence of nitrogen present and minimal
(2%–3%) sulfur (SI Figure 7). It is noteworthy that the standard powder matched the peak intensities of
the HKUST-1 reference pattern (Figure 7a,b) more so than the synthesized powder shown in Figure 4b.

Exposures of ammonia gas for as-synthesized and activated samples were both successful, as
IR confirmed the presence of ammonia (Figure 6b,c); and EDS data qualitatively showed similar
uptake of nitrogen for both ammonia exposures (SI Figures 8 and 9). The SEM images reveal no
morphological changes after either type of exposure (Figure 5b,c), suggesting that the standard powder
was activated as received. (Note that the presence of silicon was observed via EDS (SI Figure 7), and
this diatomaceous earth was observed in SEM images, which was likely an active desiccant to help
maintain activation.) Despite the lack of morphological changes, the crystal structure observed by
XRD did change upon exposure to ammonia (Figure 7b–d). The XRD patterns for the standard powder
without and with activation (Figure 7c,d) are consistent with one another as well as with the XRD
patterns for the ammonia exposures of the as-synthesized HKUST-1 powder (Figure 4c,d).
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Figure 5. Representative SEM images of HKUST-1 powder (obtained commercially as Basolite® C 300)
(a) before gas exposure; (b) after NH3 exposure without activation; (c) after NH3 exposure with prior
activation; (d) after H2O vapor exposure; (e) after H2O vapor and subsequent NH3 exposure without
activation; (f) after DMSO exposure; (g) after DMSO and subsequent NH3 exposure without activation.

Figure 6. IR spectra of HKUST-1 powder (obtained commercially as Basolite® C 300) (a) before gas
exposure; (b) after NH3 exposure without activation; (c) after NH3 exposure with prior activation;
(d) after H2O vapor and subsequent NH3 exposure without activation; (e) after DMSO and subsequent
NH3 exposure without activation.
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Figure 7. XRD patterns of (a) reference pattern for HKUST-1 powder (ICDD pdf number 00-062-1183);
(b) commercially obtained HKUST-1 powder (Basolite® C 300) before gas exposure; (c) after NH3

exposure without activation; (d) after NH3 exposure with prior activation; (e) after H2O vapor exposure;
(f) after H2O vapor and subsequent NH3 exposure without activation; (g) after DMSO exposure;
(h) after DMSO and subsequent NH3 exposure without activation.

3.4.2. Standard Powder with Water Exposure

After exposing the standard powder to water vapor, the crystal morphology observed via
SEM was unchanged (Figure 5d), and the crystal structure was maintained according to XRD
(Figure 7e). Noteworthy, the peak intensities observed in the diffraction pattern were more similar to
the synthesized powder (Figure 4b) rather than the standard powder as-received (Figure 5b). This is
indicative that the water is bound to the framework of the standard powder after water exposure.

For this standard powder exposed to water vapor, an ammonia exposure resulted in a change in
crystal morphology observed by SEM (Figure 5e), the uptake of ammonia detected by EDS (SI Figure 10)
and IR (Figure 6d), and a change in crystal structure seen by XRD (Figure 7f). The morphology for this
sample that had undergone an ammonia exposure after water vapor exposure (Figure 5e) was similar
to that of the as-synthesized HKUST-1 powder upon exposure to ammonia (Figure 2h). The XRD data
after ammonia exposure for this sample (Figure 7f) was consistent with the exposures on the standard
powder (Figure 7c,d) and the synthesized powder (Figure 4c,d).

3.4.3. Standard Powder with DMSO Exposure

After exposing the standard powder to DMSO, the crystal morphology was unchanged as
observed via SEM (Figure 5f). The crystal structure was maintained with the same small change
in peak intensity (Figure 7g) as observed for the standard powder after water exposure (Figure 7e),
which again was similar to that of the synthesized powder (Figure 4b). The IR shows peaks at
approximately 950 cm−1 and 1000 cm−1 which are consistent with DMSO. The EDS shows a 1:1 ratio
of Cu:S (SI Figure 8), which correlates with the same ratio found for the synthesized powder. This IR
and EDS data suggests 1 DMSO may be coordinated to each axial copper paddlewheel site.

Upon subsequent ammonia exposure, IR and EDS data indicated that ammonia was captured
(Figure 6e) (SI Figures 11 and 12). The SEM showed that the crystal morphology changed (Figure 5g)
in a manner consistent with what had been observed for all ammonia exposures of as-synthesized
samples (Figure 2b,e,h). The resulting XRD pattern (Figure 7h) is consistent with the patterns for other
ammonia exposures (Figures 7c,d,f and 4c,d), especially those of the synthesized powder (Figure 4c,d).
For the standard powder with water exposure before ammonia exposure, the XRD peaks (Figure 7f)
were sharper, correlating with the size of the crystals observed by SEM (Figure 5f) relative to those for
both the standard powder exposed to DMSO and the synthesized powder after ammonia exposure
(Figures 5g and 2h, respectively).
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3.4.4. Discussion of Solvent Effects on Standard Powder

This study shows that the presence of different solvent ligands results in the loss of crystal
morphology after ammonia exposure, while the crystal structure is essentially the same independent
of the solvent molecules presence. Why does the presence of the ligand result in loss of the crystal
morphology? Based on this research, it is hypothesized that this may be that the ligand is bound to
the copper paddlewheel, destabilizing the structure. This is specifically supported by the change in
the XRD pattern of the standard powder after it is exposed to water and DMSO. The change in peak
intensities may be indicative of this destabilization. In addition, if water or solvent is in fact bound to
the copper paddlewheel as hypothesized, then this creates a competition for binding when ammonia
is introduced [37]. This competition likely changes the way ammonia is able to interact with the
various parts of the framework, explaining why the morphology change is different depending on the
absence or presence of solvent. By activating the HKUST-1 before ammonia exposure, one is not able to
prevent the change in crystal structure but is able to prevent the dramatic change in morphology, which
remained unknown until now. This is advantageous because morphological changes destroy film
continuity and would affect the packing and interaction of the powder within a composite material
or device architecture. Understanding and preventing this degradation is fundamental toward the
integration of MOF materials into hierarchical structures for the realization of their potential in
applications as thin film sensors or for industrial gas sequestration.

3.5. Characterization of Regeneration and Re-exposure

This research has shown that the presence of residual solvent disrupts the morphology of three
HKUST-1 variations upon exposure to ammonia and that this disruption can be prevented by activation
prior to initial gas exposure. Will the original morphology be preserved upon the removal of the
ammonia from within the framework and, if so, then what about after a second round of gas exposure?
Toward future applications, it is necessary for the material to be morphologically stable not just upon
initial exposure, but also for the ammonia uptake to be reversible for multiple cycles of exposure,
removal, and re-exposure. This investigation was undertaken for the surMOF HKUST-1 variation with
SPM and IR. This was done to determine if the ammonia can be removed after exposure and then
whether the framework can re-uptake ammonia upon a subsequent exposure.

Scanning probe microscopy images and IR spectra in Figure 5 show that the activated surMOF
(Figure 8b) remained morphologically stable after it was exposed to ammonia once (Figure 8c),
regenerated by the removal of ammonia (Figure 8d), and exposed to ammonia a second and sixth
time (Figure 8e,f). The SPM images reveal a minor loss in the sharpness of the features after the initial
exposure, but the morphology did not change again even after multiple rounds of regeneration and
re-exposure. The IR data support that the ammonia was removed by the regeneration process and
re-incorporated upon re-exposure. The peak in the IR spectra (~3300 cm−1) corresponding to ammonia
was no longer present after regeneration (Figure 8d’), and the peak was again observed after the
second (Figure 8e’) and sixth (Figure 8f’) exposures, indicating successful removal and re-addition of
ammonia onto the framework. The observation that ammonia can re-bind to the substrate even after
the material undergoes a morphological change is consistent with the results of Peterson et al., which
showed that ammonia could still interact with the substrate after undergoing its initial changes in
structure and composition [36].
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Figure 8. Top: Representative SPM images of HKUST-1 surMOFs (a) before exposure to NH3; (b) after
activation; (c) after exposure with prior activation; (d) after regeneration; (e) after second exposure
with activation; and (f) after sixth exposure with activation. Bottom: Corresponding IR spectra (a’–f’).

4. Conclusions

For the successful incorporation of HKUST-1 into hierarchical architectures, fundamental research
is necessary to investigate the effect of heat and gas on the material structure. This study explored how
the morphology and crystal structure of the MOF respond to ammonia gas exposure, yielding insights
into the effect of different residual solvent molecules within the HKUST-1 framework. In studying three
variations of HKUST-1 (surMOF, drop-cast thin film, bulk powder), it was found that all responded
similarly, independent of substrate confinement and size variance. While microscopy demonstrated
a dramatic change in the morphological structure upon ammonia exposure for the as-synthesized
material, activation of the framework by prior heating was demonstrated to rid the framework of
solvent molecules and thus mitigates the disruption. An alteration in crystal structure, observed by
XRD, was shown to occur in both the drop-cast film and powder, regardless of activation. Additionally,
IR supported the successful uptake of ammonia, independent of activation prior to exposure. For
activated surMOF films, ammonia uptake was shown to be reversible, permitting removal and
recycling upon additional exposures, preserving framework morphology throughout. These findings
provide new information about the HKUST-1 ammonia interaction specific to morphological stability
and crystal structure change.

Building upon the research herein, additional avenues of study will be explored to expand
the versatility and performance capability of HKUST-1 and other MOF systems for gas capture.
Morphological stability studies involving exposure with additional gas varieties, such as arsine
or hydrogen sulfide, are of interest to further understand the morphological impact induced by
the host-guest interaction within both free-standing and surface-anchored HKUST-1 variations.
Literature precedent has shown by XRD that HKUST-1 degrades upon arsine exposure without
prior activation, whereas hydrogen sulfide is observed to disrupt the framework with or without
prior activation [15]. Additional MOF systems, such as MOF-5, MOF-177, and UiO-66, shall be
observed to determine morphological stability upon ammonia exposure with and without activation.
Prior studies demonstrated that UiO-66 was stable according to XRD upon activated exposure [51],
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while both MOF-5 and MOF-177 systems were observed to degrade via XRD [52]. This area of
research will yield further understanding regarding the potential capabilities and limitations of MOF
materials, continuing toward the goal of incorporating MOF assemblies as smart interfaces for sensing
applications or selective gas adsorption devices.
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Abstract: NiAl-layered double hydroxide (NiAl-LDH) coatings grown in-situ on AZ31 Mg alloy
were prepared for the first time utilizing a facile hydrothermal method. The surface morphologies,
structures, and compositions of the NiAl-LDH coatings were characterized by scanning electron
microscopy (SEM), three dimensional (3D) optical profilometer, X-ray diffractometer (XRD),
Fourier transform infrared spectrometer (FT-IR), and X-ray photoelectron spectroscopy (XPS).
The results show that NiAl-LDH coating could be successfully deposited on Mg alloy substrate
using different nickel salts, i.e., carbonate, nitrate, and sulfate salts. Different coatings exhibit different
surface morphologies, but all of which exhibit remarkable enhancement in corrosion protection in
3.5 wt % NaCl corrosive electrolyte. When nickel nitrate was employed especially, an extremely
large impedance modulus at a low frequency of 0.1 Hz (|Z|f = 0.1 Hz), 11.6 MΩ cm2, and a significant
low corrosion current density (jcorr) down to 1.06 nA cm−2 are achieved, demonstrating NiAl-LDH
coating’s great potential application in harsh reaction conditions, particularly in a marine environment.
The best corrosion inhibition of NiAl-LDH/CT coating deposited by carbonate may partially ascribed
to the uniform and vertical orientation of the nanosheets in the coating.

Keywords: Mg alloy; LDH; corrosion; deposition; coating

1. Introduction

Mg alloy has excellent physical and mechanical properties but a high chemical reactivity and
susceptibility to corrosion, which hinders its practical application and development in more fields [1].
Efforts by formation of protective coatings on Mg alloy surface to decrease the corrosion rate and
extend the serving time have aroused an increasing interest in the area of surface engineering [1,2].
Many traditional coating methods are adopted to protect Mg alloy from corrosion, such as electroless
Ni plating [3,4]. However, more and more attendant problems, especially environmental issues,
emerge with increasing usage of these techniques, such as the high cost and complexity in dealing
with the waste plating bath, and the detrimental effect of Cr to the ecosystem [3]. Thus, it is highly
urgent to find state-of-the-art alternative coatings with low pollution emissions but with efficient
corrosion inhibition.

Layered double hydroxides (LDHs) have received extensive attention for potential application in
supercapacitor [5], catalysis [6], adsorbents [7], and corrosion protection [8] because of their diversity
in compositions and structures. The charge of the metal layer in the LDHs is compensated by interlayer
anions such as CO3

2−. Once CO3
2− anions are intercalated, it cannot be exchanged by most corrosive

anions, such as SO4
2− and Cl−, due to the high ion-exchange equilibrium constant of CO3

2− anions,
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thereby the corrosion of the substrate under the LDHs coating will be delayed. From this point of
view, CO3

2− anions intercalated LDHs are an ideal choice for obtaining a LDHs coating with high
corrosion inhibition capacity. The most widely reported CO3

2− intercalated LDHs on Mg alloy matrix
is MgAl-LDHs coating, which is obtained, in most cases, by in-situ growth technology owing to
the simplification of operation and strong adhesion of the coating [9]. Recently, MgFe-LDH and
MgCr-LDH films were also obtained on anodized AZ31 Mg alloy by in-situ growth measurement [10].
However, the orders of magnitude of the jcorr of these in-situ grown LDH coatings are higher than
−8, mostly range from −5 to −7 (Table 1) [8,11–14]. To break the bottleneck of jcorr, it is advisable to
prepare carbonate-based LDHs film by attempting more different divalent or trivalent metallic cations.
Though most recent research results proved that NiAl-LDH nanoparticles possess good photocatalytic
performance [15], in-situ growth of NiAl-LDH film on Mg alloy for corrosion protection has not yet
been reported to date.

Table 1. Corrosion inhibition of different layered double hydroxide (LDH) coatings on Mg alloy from
most recent published literature.

Substrate LDH Coatings Corrosive Medium
Ecorr

V vs. SCE
jcorr

(A cm−2)
Ref.

Mg alloy MgAl-NO3
− Phosphate buffer saline −1.53 3.63 × 10−7 [14]

Anodized AZ31 Mg alloy MgAl-NO3
− 3.5 wt % NaCl solution −0.47 9.48 × 10−7 [8]

Anodized AZ31 Mg alloy MgAl-VO3
− 3.5 wt % NaCl solution −0.40 2.48 × 10−7 [8]

Anodized AZ31 Mg alloy MgAl-NO3
− 3.5 wt % NaCl solution −1.34 1.18 × 10−7 [10]

AZ31 Mg alloy MgAl-5-fluorouracil Phosphate buffer saline −1.12 3.34 × 10−5 [13]
Plasma electrolytic oxidation

pretreated AZ31 Mg alloy MgAl-5-fluorouracil Phosphate buffer saline −1.20 3.92 × 10−6 [13]

AZ31 Mg alloy MgAl-5-fluorouracil Phosphate buffer saline −1.42 3.27 × 10−5 [16]
Anodized AZ31 Mg alloy MgFe-NO3

− 3.5 wt % NaCl solution −1.44 1.09 × 10−6 [10]
Anodized AZ31 Mg alloy MgCr-NO3

− 3.5 wt % NaCl solution −1.47 2.16 × 10−6 [10]
AZ91D Mg alloy ZnAl-VO3

− 3.5 wt % NaCl solution −1.30 2.21 × 10−6 [17]
AZ91D Mg alloy ZnAl-Cl− 3.5 wt % NaCl solution −1.39 2.52 × 10−6 [17]
AZ91D Mg alloy ZnAl-NO3

− 3.5 wt % NaCl solution −1.42 1.33 × 10−5 [17]
AZ31 Mg alloy MgAl-CO3

2− 3.5 wt % NaCl solution −0.36 8.40 × 10−7 [18]
Anodized AZ31 MgAl-CO3

2− 3.5 wt % NaCl solution −0.29 3.50 × 10−7 [18]

Herein, we report a facile hydrothermal measurement to in-situ growth of NiAl-LDH
nanocomposite on Mg alloy by use of alkaline solutions with three different nickel salts for preparation
of a highly enhanced corrosion-resistant coating with an extraordinary low corrosion rate (Figure 1).
The NiAl-LDH coating prepared by nickel carbonate exhibits uniformly and vertically aligned
nanoarrays with an extremely large impedance modulus at a low frequency of 0.1 Hz (|Z|f = 0.1 Hz),
11.6 MΩ cm2, and a significantly low jcorr down to 1.06 nA cm−2 in 3.5 wt % NaCl corrosive
electrolyte, which outperforms the values of the foregoing achieved LDH coating on Mg alloy
(Table 1) [8,10,13,14,16–18]. The NiAl-LDH coatings were characterized, and the enhanced corrosion
inhibition mechanism was proposed and discussed.
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Figure 1. Schematic illustration of various microstructures of NiAl-LDH coatings prepared with different
nickel salts. (I) nickel carbonate; (II) nickel nitrate; and (III) nickel sulfate. The interlayer anions are not given
in case III.

2. Methods

2.1. Materials and Reagents

The matrix used is AZ31 Mg alloy with a chemical composition in wt %: 2.75 Al, 1.15 Zn,
0.16 Mn, and Mg balance. Primary chemicals include nickel carbonate (AR), nickel nitrate (≥98%),
nickel sulphate (≥98.5%), sodium carbonate (≥99.8%), and sodium hydroxide (≥98%). Chemicals were
acquired from Aladdin Industrial Inc. (Shanghai, China) and Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China), and all chemicals were used without further purification. Ultrapure water used in
the experiments was obtained using a water purification system (UPT-II-10T, Ulupure Corporation,
Chengdu, China) with a resistivity of 18.2 MΩ cm at 25 ◦C.

2.2. Preparation of NiAl-LDH Coatings on Mg Alloy

All the NiAl-LDH coatings were grown on Mg alloy substrate by a simple one step hydrothermal
method with the same steps and conditions but with three different nickel salts. The obtained
coatings by use of nickel carbonate, nickel nitrate, and nickel sulphate are denoted as NiAl-LDH/CT,
NiAl-LDH/NT, and NiAl-LDH/ST coatings, respectively. The mole ratio of Ni2+, Al3+, and CO3

2− in
the precursor solution is 6:2:1. Take the preparation of NiAl-LDH/CT coating, for example, which is
described as follows:

Pre-treatment of substrate: The AZ31 Mg alloy was ground mechanically with SiC waterproof sand
paper and degreased in an alkaline solution at 65 ◦C for 10 min [3].

Preparation of precursor solution: 40 mL aluminum nitrate solution (0.002 mol Al(NO3)3·9H2O) was
first added to a nickel solution (~40 mL) containing 0.002 mol NiCO3·2Ni(OH)2·4H2O. Then, 0.001 mol
anhydrous Na2CO3 was added, followed by pH adjustment of the solution to about 12 by use of
a NaOH solution (~3.7 mL). Finally, the above solution was diluted to a volume of 100 mL by adding
ultrapure water.

Growth of NiAl-LDH film: The solution above was then transferred into a 100 mL Teflon-lined
autoclave where a pre-treated Mg alloy has been placed. Then, the autoclave was placed and kept in
an oven with a temperature of 125 ◦C for 24 h for in-situ growth of NiAl-LDH films on the matrix.

After that, the samples were taken out of the autoclave, rinsed with water, dried overnight in
an oven at 65 ◦C, and designed as NiAl-LDH/CT coating. The amount of nickel salts is 0.006 mol for
deposition of NiAl-LDH/NT and NiAl-LDH/ST coatings, which is the sole difference in comparison
with preparation of NiAl-LDH/CT coating.

2.3. Characterization and Electrochemical Tests

The surface morphologies and roughness of the different NiAl-LDH coatings were
observed by scanning electron microscopy (SEM, Hitachi S-4800, Hitachi High-Technologies
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Corporation, Tokyo, Japan), and three dimensional (3D) optical profilometer (Bruker Contour GT-K,
Billerica, MA, USA), respectively. The arithmetical mean deviation of the profile (Ra) is used to
estimate the roughness. The microstructures of the coatings were identified by X-ray diffractometer
(XRD, D8 Advance). Fourier transform infrared spectroscopic acquisition of the specimens were
obtained (FT-IR, Nicolet 6700, Thermo Scientific, Waltham, MA, USA) in the range of 4000~500 cm−1.
The elemental compositions of the sample surface were recorded by X-ray photoelectron spectroscopy
(XPS, 250Xi, Thermo Scientific, Waltham, MA, USA) and energy dispersive X-ray spectroscopy (EDS)
equipped in SEM. The water contact angles were measured with a water drop volume of 5 μL,
utilizing optical contact angle meter (JC2000D, Shanghai Zhongchen Digital Technology Apparatus
Co., Ltd., Shanghai, China) at 298 K. The electrochemical impedance spectroscopy (EIS) and Tafel
curves were achieved using a classical three-electrode system with saturated calomel electrode (SCE)
as reference electrode, Pt foil as counter electrode, and freshly ground bare Mg alloy and as-prepared
NiAl-LDH coatings as working electrode (exposed area: 1 × 1 cm2) on an electrochemical workstation
(CHI660E, Chenhua, Shanghai, China). The EIS frequencies range from 105~0.1 Hz using an AC
perturbation of 10 mV versus the open circuit potential (OCP). The Tafel measurement was performed
at a scan rate of 5 mV/s in the potential region of ±500 mV versus OCP. All the electrochemical tests
were carried out in a 3.5 wt % NaCl solution at 298 K.

3. Results and Discussion

The digital photos of bare Mg alloy and three different NiAl-LDH coatings are shown in
Figure 2. The substrate shows a shiny surface after polishing and pre-treatment processes, as shown
in Figure 2a. After coating, all the samples show a light bronze-like surface in color, suggesting the
successfully deposition of NiAl-LDH coating on the Mg alloy (Figure 2b–d). The surface brightness of
NiAl-LDH/CT and NiAl-LDH/NT coatings are very close, and both of which are brighter than that of
NiAl-LDH/ST coating.

 

Figure 2. Digital photos of (a) bare Mg alloy; (b) NiAl-LDH/CT; (c) NiAl-LDH/NT; and (d)
NiAl-LDH/ST coatings.

Figure 3a shows the XRD patterns of Mg alloy and NiAl-LDH coatings obtained with different
nickel salts. For the substrate, three strong peaks at (2θ) 32.20◦, 34.40◦, and 36.62◦, and several relatively
weak peaks at 47.83◦, 63.06◦, and 72.50◦, etc. are ascribed to the characteristic diffraction peaks of Mg
(PDF 35-0821). These small and weak peaks at 18.59◦, 38.02◦, 58.64◦, and 62.07◦ are the characteristic
peaks of Mg(OH)2 (PDF 07-0239) [19,20]. The XRD patterns of all coatings are almost identical and
two new peaks appear at ca. 11.73◦ and 23.58◦, which correspond to the (003) and (006) planes of
NiAl-LDH (PDF 15-0087) [15]. Figure 3b shows that all samples present almost the same absorption
peaks in the FT-IR spectra. The relatively strong peak at 3692 cm−1 is related to the O–H stretching
vibration of Ni–O–H, and the broadening adsorption peaks at 3464 cm−1 and 1630 cm−1 are associated
with the O–H stretching and bending vibrations from interlamellar water molecules [21] owing to
formation of hydrogen-bond. The absorption bands located at 1368 and ca. 1070 cm−1 correspond
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to the asymmetrical and symmetrical stretching vibrations of C–O in CO3
2−, respectively. The weak

bands below 800 cm−1 are assigned to lattice vibrations of metal-oxygen (M–O) in the brucite-like
layers [8]. XPS survey spectrum in Figure 3c shows that the primary elements of substrate are Mg
and O, and C 1s peaks is hardly seen. After coating, two new peaks appeared at ca. 856.5 and 74.2 eV
which are assigned to Ni 2p and Al 2s, respectively. In addition, significant intensification of C 1s
peak at ca. 284 eV is observed. The Ni 2p high-resolution XPS spectra exhibit two major peaks along
with two pairs of shake-up satellites (Figure 3d). The major peaks at 873.4 and 855.7 eV relating to Ni
2p1/2 and Ni 2p3/2 with a spin-energy separation of 17.7 eV are characteristics of Ni (II) in Ni(OH)2.
The Al 2p spectra showing peaks at ca. 74.4 eV (Figure 3e) are ascribed to Al3+ species (Al–O). The C 1s
spectrum is deconvoluted into three separate peaks related to different types of carbon bonds including
C–C at 284.8 eV owing to adventitious carbon, C–O (286.3 eV) and O–C=O (288.7 eV) from CO3

2−

(Figure 3f). These characterizations demonstrate the successful formation of NiAl-LDH crystal phase
on the matrix.

 

Figure 3. (a) XRD patterns; (b) FT-IR; and (c–f) XPS spectra of different NiAl-LDH coatings.
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Figure 4a–c exhibits the matrix surface fully covered with vertically aligned nanoflake arrays for
the NiAl-LDH/CT coating, both vertically and horizontally aligned, and randomly-inclined nanoflakes
for the NiAl-LDH/NT coating, and nanonodules for the NiAl-LDH/ST coatings. These coatings are
composed of Ni, Al, C, and O, and distribute uniformly all over the LDHs coating surfaces (Figure 4d–f).
The thickness and side length of the nanoflakes are 63 and 425 nm, respectively, for NiAl-LDH/CT
coating. The thickness of the nanoflakes for NiAl-LDH/NT coating is about 34 nm, and the length
cannot be determined due to random orientation and irregular shape which result in a much higher Ra,
11.76 μm, than that of NiAl-LDH/CT coating (4.24 μm) (Figure 4g–i). The NiAl-LDH/ST coating
exhibits a flat surface packed by uniform nanonodules with a size of ca. 17 nm, producing the
lowest Ra, 2.01 μm, among the three types of NiAl-LDH coatings. The different shapes of the deposits
result in different water contact angles (Figure 4j–l). The water contact angles of NiAl-LDH/CT and
NiAl-LDH/NT coatings are 84.8◦ and 82.1◦, respectively, while the value of NiAl-LDH/ST coating is
only 67.9◦. The variation in water contact angles led to a slight difference in corrosion inhibition for
these coatings.

 

Figure 4. (a–c) SEM; (d–f) SEM-EDS mapping; and (g–i) 3D roughness images of the surface
morphologies; and (j–l) water contact angles for (a,d,g,j) NiAl-LDH/CT, (b,e,h,k) NiAl-LDH/NT,
and (c,f,i,l) NiAl-LDH/ST coatings.

Electrochemical impedance spectroscopy (EIS) was carried out in 3.5 wt % NaCl corrosive
electrolyte to evaluate the corrosion resistance of the three NiAl-LDH coatings [22], which is depicted
in Figure 5. EIS results show that Mg alloy has a two-time constant (Figure 5a), i.e., one capacitive
loop at high frequency and one inductive loop with ranges from intermediate to low frequency region,
which are ascribed to the electric double layer at the electrode/electrolyte interface and relaxation
diffusion of corrosion products such as Mg(OH)+

ads, respectively [20,23]. According to the fitting
results by use of an equivalent circuit (EC) model as given in Figure 6a [20], the charge transfer
resistance (Rct) of the bare Mg alloy is only 369.20 Ω cm2. After deposition of NiAl-LDH films,
totally different Nyquist plots were observed. The fitting results based on an EC model consisting
of Rf, Rct, and Zw (Figure 6b) are listed in Table 2. All the coatings show a very high Rf along with
a remarkable increment of Rct, manifesting the significant enhancement of corrosion protection by the
coatings. In contrast, NiAl-LDH/CT coating exhibits the highest Rf (6.2 MΩ cm2) and Rct (3.5 MΩ cm2),
followed by NiAl-LDH/NT coating with medium Rf (3.7 MΩ cm2) and Rct (1.8 MΩ cm2), and the
NiAl-LDH/ST coating with the lowest Rf (1.4 MΩ cm2) and Rct (0.72 MΩ cm2). The impedance
modulus at a low frequency, such as |Z|f = 0.1 Hz, which can be obtained directly from the Bode plots
without fitting, also represent the corrosion-resistant capability of a coating [20,21]. It can be seen
from Table 2 that the NiAl-LDH/CT coating also possesses the highest |Z|f = 0.1 Hz, 11.6 MΩ cm2,

366



Nanomaterials 2018, 8, 411

in comparison with that values of NiAl-LDH/NT (6.7 MΩ cm2) and NiAl-LDH/ST (3.4 MΩ cm2)
coatings. The biggest radius of curvature in Figure 5b also confirms the best corrosion resistance of
NiAl-LDH/CT coating.

Figure 5. Nyquist plots of (a) bare Mg alloy and (b) different coatings.

Figure 6. The equivalent circuit models used for fitting the EIS results of the (a) bare Mg alloy
and (b) different NiAl-LDH coatings. The equivalent circuit (EC) model of the Mg alloy for fitting
is Rs(QdlRct(RLL)) where Rs is solution resistance, Qdl is double layer capacitance, Rct is charge
transfer resistance, RL is inductance resistance, and L is inductance. The EC model for coatings is
Rs(Qf(Rf(Qdl(RctZw)))) where Qf and Rf are capacitance and resistance of the coatings, respectively.
Zw is Warburg diffusion resistance.

Table 2. Parameters of EIS for three different NiAl-LDH coatings.

Samples
Qf/10−9

(S sn cm−2)
Rf

(MΩ cm2)
Qdl/10−9

(S sn cm−2)
Rct

(MΩ cm2)
W/10−7

(S s0.5 cm−2)

|Z|f = 0.1 Hz

(MΩ cm2)
χ2/10−3

NiAl-LDH/CT coating 2.1 ± 0.029 6.2 ± 0.17 62.8 ± 7.6 3.5 ± 0.45 3.5 ± 0.17 11.6 0.31
NiAl-LDH/NT coating 1.5 ± 0.021 3.7 ± 0.14 113.5 ± 9.8 1.8 ± 0.22 3.5 ± 0.35 6.7 0.22
NiAl-LDH/ST coating 0.84 ± 0.087 1.4 ± 0.15 24.5 ± 2.6 0.72 ± 0.076 6.9 ± 0.27 3.4 1.5

A further Tafel test was performed to ascertain the corrosion potential, Ecorr vs. SCE, and jcorr of
the samples [24,25], the results of which are shown in Figure 7 and listed in Table 3. The Ecorr and jcorr

of a bare Mg alloy are −1450 mV and 3242 nA cm−2, respectively. After deposition of NiAl-LDH/CT
film, the Ecorr shifts positively by ca. 800 mV to −674 mV, and jcorr is decreased by a factor of 3058 in
comparision with that value of the matrix.The jcorr of NiAl-LDH/NT and NiAl-LDH/ST coatings are
3.24 and 5.75 nA cm−2, respectively, which are in positive agreement with the variation of |Z|f = 0.1 Hz

because a coating with higher impedance always has lower jcorr and better corrosion resistance.
However, it is worth noting that a material with a lower jcorr does not always possess a higher Ecorr.
For example, the NiAl-LDH/ST coating has the highest jcorr but the lowest Ecorr (Table 3). That is
because Ecorr is a thermodynamic parameter, which stands for the corrosion tendency, while corrosion
rate is proportional to the jcorr, i.e., there is no direct relationship between Ecorr and jcorr.
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Figure 7. (a) Tafel curves of the bare Mg alloy and different NiAl-LDH coatings in NaCl corrosive
medium. (b) The corresponding jcorr of substrate and coatings extracted from the Tafel curve.

Table 3. Parameters of Tafel curves for bare Mg alloy and different NiAl-LDH coatings.

Samples Ecorr (mV) jcorr (nA cm−2) βa (mV dec−1) −βc (mV dec−1)

Bare Mg alloy −1450 ± 52 3242 ± 425 331 95
NiAl-LDH/CT coating −674 ± 42 1.06 ± 0.59 190 171
NiAl-LDH/NT coating −625 ± 96 3.24 ± 0.25 244 184
NiAl-LDH/ST coating −577 ± 51 5.75 ± 1.03 270 188

The high capacity and slight difference in corrosion resistance of the three different NiAl-LDH
coatings are ascribed to the high affinity of LDHs towards CO3

2− in comparison with the corrosive
Cl−, the different orientations of the nanosheets, and the different shapes of the deposition, which is
illustrated in Figure 1. The corrosive species cannot be exchanged with the brucite-like layer and
have to exchange with the CO3

2− anions to arrive at the substrate surface, but the ion-exchange is
not easy due to the high affinity of LDHs to CO3

2− anions, enabling high enhancement in corrosion
inhibition in all the as-prepared NiAl-LDH coatings. Due to the vertically-aligned nanosheets in the
NiAl-LDH/CT coating, the carbonate anions distribute evenly in the interlayer spaces, which further
increase the difficulty of the ion-exchange between CO3

2− anions and corrosive species (Case I in
Figure 1). For the NiAl-LDH/NT coating, the basal spacing becomes larger at some locations and
CO3

2− anions distribute unevenly in the interlayer spaces owing to irregular orientation of the
nanosheets, which increases the probability for corrosive species to arrive at the substrate surface by
going through fewer CO3

2− anions, resulting in reduction of corrosion inhibition (Case II in Figure 1).
In general, the dense plate-like arrangement of LDHs is favorable for increasing corrosion resistance of
the film due to lower exposure of CO3

2− anions for ion-exchange. However, for the NiAl-LDH/ST
coating in this work, nanomodules with many obvious voids rather than nanoflakes were formed,
as demonstrated by the SEM image in Figure 4c, which decreases the corrosion-resistant capability of
the LDHs film. In addition, the smaller water contact angle of NiAl-LDH/ST coating in comparison
with that of NiAl-LDH/CT and NiAl-LDH/NT coatings should also be responsible for the decreasing
corrosion inhibition of NiAl-LDH/ST coating. It is worth noting that although these explanations
above account for the difference in corrosion resistance of the three different coatings, the influences of
the different orientation and shapes of the deposition on the corrosion inhibition are not significant
because all the jcorr of the coatings remain in the level of nA cm−2.

4. Conclusions

A facile hydrothermal strategy was progressed to achieve in-situ NiAl-LDH coatings on Mg alloy
to improve the corrosion protection. All the NiAl-LDH coatings obtained by different nickel salts show
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remarkable enhancement in corrosion inhibition in NaCl solution compared with Mg alloy substrate,
which is attributed to the strongly affinity between charge-compensating CO3

2− and brucite-like
layers. The different orientation of the nanosheets and the different shapes of the deposition are mainly
responsible for the slight difference in corrosion inhibition performance among the three different
coatings. The NiAl-LDH/CT coating deposited by carbonate shows relatively the highest |Z|f = 0.1 Hz

and lowest jcorr, suggesting its best corrosion inhibition. It is believed that these findings may inspire
the design and development of other LDH nanosheet arrays, such as NiCr-LDH arrays, as highly
enhanced corrosion protection film for a susceptible lightweight metal matrix.
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