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Abstract: The original technique developed for the direct incorporation and efficient dispersion of
silver metal NPs into ZnO precursor solution allowed us to elaborate nanocomposite thin films with a
large effective surface area for interaction with the external environment as well as a large surface area
for metal–semiconductor interaction suitable for surface photocatalysis reactions. Such photocatalysts
have the advantage of being in solid form, combining the benefits of the semiconductor material and
the metallic nanoparticles embedded in it, while being eco-friendly. Their photocatalytic performance
was analyzed under different operating conditions. The improved photocatalytic performance,
stability, and reusability of the nanocomposite were demonstrated under both laboratory and natural
conditions of use. The results of the present study provide interesting perspectives for the application
of these photocatalysts in water treatment.

Keywords: ZnO; Ag nanoparticles; sol–gel; nanocomposite; solar photocatalysis; liquid deposition

1. Introduction

Water is the universal solvent that can dissolve more substances than any other liquid;
however, it is particularly vulnerable to pollution. All toxic substances resulting from
human activities (domestic, agricultural, industrial, . . . ) can be found in water, causing its
pollution. Water quality has become not only a public health issue but also an environmental
problem, which leads to increasingly strict rules concerning industrial activities. With global
warming, wastewater treatment has become an indisputable necessity and the development
of efficient and inexpensive recycling techniques is a major challenge for the protection of
water resources. Any initiative to clean up water using a minimum of energy contributes
not only to the safeguarding of public health but also to the preservation of the environment.

The classical process of wastewater treatment, involving physical, chemical, and
biological processes, is not sufficient to remove toxic and hazardous substances from
water, especially long-chain molecular substances, such as synthetic dyes, which are non-
biodegradable and/or bactericidal. The search for more efficient and inexpensive methods
for the treatment of these polluted waters is more than topical. Advanced oxidation
techniques developed over the last two decades, such as heterogeneous photocatalysis,
represent an efficient solution for the degradation of toxic molecules that are very difficult
to eliminate through conventional processes [1]. The general principle of heterogeneous
photocatalysis consists in irradiating the surface of a photocatalyst, a semiconductor mate-
rial, to create electron–hole pairs. These charge carriers will be involved in redox chemical
reactions with free radicals to degrade, at least partially, non-biodegradable toxic polluting
molecules. The association of the solar resource as an energy source for heterogeneous
photocatalysis is an additional factor to boost the research of innovative and low cost pho-
tocatalysts, eco-friendly and able to eliminate pollutants such as dyes, pesticides, fertilizers,
or bacteria during the treatment of contaminated water.
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As the photodegradation reactions occur at the surface of the photocatalyst, powder
is the most advantageous form given its higher surface/volume ratio [2]. However, in
addition to the risks for human health and/or the environment related to the dispersion of
NPs in the environment, the complex problem of filtration for their recovery and reuse gives
a definite advantage to photocatalysts deposited on a substrate and to their integration in
water treatment systems. If, in addition, the photocatalyst thin film presents a nanogranular
morphology more likely to increase its reactive surface, this would give it a clear advantage
for industrial applications [3].

In addition to the various advantages of thin film photocatalysts (low cost due to
the small amount of material, no collection for recycling, fewer physical alterations, easy
integration in various devices, . . . ), the use of solar flux makes their fixed arrangement
particularly important. However, the share of publications and patents on thin film photo-
catalysts using solar resource remains moderate [4].

Wide band gap semiconductors are the most commonly used catalysts [5]. Stability,
non-toxicity, and ease of processing are among the key criteria for choosing a photocatalyst.
By meeting these criteria, ZnO offers a clear advantage for its use in photocatalysis. Indeed,
the valence and conduction bands of this semiconductor are adequately located with
respect to the redox potential of water and many organic species. This allows the direct
oxidation/reduction of the species adsorbed on its surface, or indirectly by the action of
hydroxyl radicals (OH*) from the oxidation of water [6]. TiO2, a semiconductor with the
same characteristics and qualities as ZnO, was the first to find applications in the field of
photocatalysis. However, its recent ban as a food additive [7] has allowed ZnO to dethrone
it as a catalyst, becoming hence the focus of attention in recent years [8].

Among the different techniques for the fabrication of ZnO-based thin film photocata-
lysts, the sol–gel process coupled with spin-coating offers the advantage of good control of
the morphology in order to obtain a dense nanogranular material with a good crystalline
quality, conditions that contribute to good photochemical performances [3]. Indeed, the
optoelectronic properties are thus improved and enable the creation of electron–hole pairs
by irradiation, which in turn generate hydroxyl radicals and superoxide radical anions
(O2

–). These active radicals will degrade organic pollutants until the production of simpler
molecules, H2O and CO2.

The beneficial contribution of silver to the photocatalytic properties of ZnO has been
widely reported in the literature in recent years. A significant part of these studies has
focused on ZnO-based nanostructures decorated with Ag, due to their very advantageous
surface-to-volume ratio in the photocatalysis process [9–15].

To synthesize Ag NPs loaded ZnO-based photocatalyst thin films, we directly included
the Ag NPs in the one-step ZnO deposition process. Thus, the possible plasmonic effects
linked to the NPs will be favored to the detriment of the simple electronic doping effect.
To our knowledge, we are the precursors in the use of such a process. Indeed, users of
the sol–gel process combine Ag precursors (most commonly silver nitrates, but also silver
acetates) with ZnO precursors [16–24]. This approach leads rather to a substitution effect of
Zn2+ by Ag+ in the ZnO host matrix.

In a previous paper [25] we presented preliminary results on these nanocomposite thin
films demonstrating their feasibility and stability under laboratory operating conditions.
In this paper, we have deeply revisited this study and extended it to natural operating
conditions, using river water solution and using sunlight as an illumination source.

2. Experimental
2.1. Elaboration by Sol–Gel Coupled with Spin-Coating

The sol–gel spin-coating deposition process has been previously described [25]. It is
schematically recalled in Figure 1 The preparation of the ZnO precursor solution involves
the dissolution of zinc acetate dehydrate (Zn(CH3CO2)2·2H2O) of concentration 1 mol/L
in propanol (C3H8O) and monoethanolamin (C2H7NO) as a stabilizer at the same concen-
tration (1 mol/L). Lower concentrations of zinc acetate dihydrate led to macroscopically
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discontinuous deposits similar to islands separated by voids [3]. This morphology would
not be advantageous in the intended application of photocatalysis.
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Figure 1. Sol–gel and spin-coating processing of ZnO nanocomposite films loaded with Ag NPs
(ZnO/Ag(NPs)).

We used 20 nm sized Ag NPs provided by US Research Nanomaterials, Inc. After
30 min of ultrasonic stirring, a quantity of Ag NPs is added to the ZnO precursor solution
in mass percentage such as 5% ≤ Ag/ZnO ≤ 30%. The solution is left to rest for 24 h. After
5 min of ultrasonic stirring and efficient dispersion of Ag, a few drops are deposited by
spin-coating on a crystalline silicon (c-Si) substrate. The elaboration of the ZnO/Ag(NPs)
composite thin films is performed according to the following protocol:

- Deposition of 4 successive layers of ZnO/Ag(NPs) nanocomposite by spin-coating
with a rotation speed equal to 2500 rpm, each one during 20 s.

- Heat treatment of each deposited layer at 300 ◦C for 10 min to evaporate the solvent
and solution residues.

- Heat treatment of the final nanocomposite film at 550 ◦C for 1 h to improve its
crystalline structure.

2.2. Characterization Techniques

The characterization of the film morphology was performed with a JEOL scanning
electron microscope (SEM, JEOL JSM-7900f, Tokyo, Japan) coupled with an EDX analysis
and a Digital Instruments nanoscope III atomic force microscopy (AFM, Digital, Los Ange-
les, CA, USA) in the tapping mode. The Raman spectroscopy measurements (Renishaw)
were performed with a blue–green laser of wavelength λ = 532 nm. The Fourier transform
infrared spectrometer (FTIR, Nicolet iS50, Thermofischer, Courtaboeuf, France), can operate
in transmission or reflection mode, in the range of wavenumbers 400 cm−1–4000 cm−1

with a resolution of 4 cm−1. X-ray diffractometer (D8 Advance Bruker, Billerica, MA, USA)
equipped with a copper anticathode (λ CuKα = 1.54056 Å), in the range of 30◦–80◦, with a
scan rate of 1 s by step, was used to analyze the structure of ZnO/Ag(NPs) nanocomposites.

The optical characterization was carried out with a Jobin-Yvon Uvisel UV-visible
spectroscopic ellipsometer (SE, Horiba, Palaiseau, France) in the photon energy range
1.5 eV ≤ E ≤ 5 eV at an incident angle of 70◦. Ellipsometry measures the change of
polarization state between incident light and reflected light on a sample, resulting from
multiple reflections due to the thin film structure and optical properties of the media and



Coatings 2022, 12, 1782 4 of 17

interfaces. SE measurements were treated assuming a representative bi-layer optical model
with a bulk layer (with a thickness db) and a top roughness layer (with a thickness ds).
We used an original inversion process described elsewhere [26–28] to extract db and ds as
well as the complex dielectric function ε = εr + iεi of the deposited material. The surface
roughness layer is considered to be formed by 50% of the same material as the bulk layer
and 50% of the void (εV = 1).

The photocatalytic activity was investigated on 1.5 cm × 1.5 cm sized samples through
the degradation of indigo carmine (IC: C16H8N2Na2O8S2) solution with a concentration
of 6.6 mg/L in water. Indigo carmine, the most widely used dye for fiber dyeing (such
as jeans), is known for its harmful effects of toxicity and non-biodegradability. However,
few works have been devoted to its photodegradation by the ZnO/Ag composite [29]. In
the laboratory conditions, the illumination of ZnO/Ag(NPs) nanocomposite immersed
in the solution, was provided by a 450 W (75 mW/cm2) halogen lamp, equipped with a
UV cutting filter, giving an emission spectrum similar to the solar spectrum and a 1 W,
365 nm UV-lamp (2 mW/cm2). For photocatalysis experiments, we used 1.5 cm × 1.5 cm
sized samples.

3. Results and Discussion
3.1. Ag NPs in the Precursor Solution

We checked the stability of the Ag NPs in the precursor solution with both Fourier
transform infrared absorption (FTIR) and Raman spectroscopy. Figure 2 shows the FTIR
spectra of ZnO precursor solution in the wave number range 400 cm−1–4000 cm−1, be-
fore and after the addition and dispersion of a quantity of Ag NPs in a mass ratio
Ag/ZnO = 10%. The two spectra are perfectly similar with a broad band at 3322 cm−1 and
a lesser broad band at 1580 cm−1 corresponding to the vibrations of the N–H bond of a
primary amine of monoethanolamine, but also to the O–H vibrations of the solvent [30].
The bands between 2870 and 2920 cm−1 correspond to the elongation vibration wave
numbers of the CH3 and CH2 groups. The vibrations between 1350–1450 cm−1 are assigned
to the symmetric vibrations of CH2 and CH3 [30]. The elongation of the C–O bond of the
primary alcohol is between 1030 and 1075 cm−1 [30,31], but the vibration at 1010 cm−1

may also correspond to C–N elongation [30]. The band between 400 cm−1 and 500 cm−1

corresponds to the Zn–O bond [32–34]. The spectra in Figure 2 show no vibrational modes
of bonds involving ZnO and silver. According to Oje et al. [35], the vibrations of Ag–O
silver oxide give a contribution at 530 cm−1. The absence of any bonding between ZnO
and silver indicates the stability of Ag NPs in the precursor solution.
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The stability of Ag NPs in the ZnO precursor solution was also checked through Raman
spectroscopy measurements. Figure 3 displays the Raman spectra of the ZnO precursor
solution, between 90 cm−1 and 1350 cm−1, before and after the addition and dispersion of
10% of Ag NPs. Without Ag NPs, the spectrum exhibits two Raman vibrational modes at
442 and 609 cm−1. A vibrational mode at 426 cm−1, corresponding to the E2(high) mode
of zinc acetate dissolved in ethanol, has been reported in the literature [36]. This mode
is shifted from the Raman mode of zinc acetate powder located at 434 cm−1 [36]. Thus,
the mode at 442 cm−1 would correspond to zinc acetate. Solid ZnO is characterized by an
E1(LO) Raman mode at 591 cm−1 [37]. In precursor form, this mode is shifted to 609 cm−1.
The shift of both modes would be due to the measurement performed on a solution.
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When Ag NPs are added to the precursor solution, both modes of ZnO display a higher
intensity and an additional vibration mode with lower intensity appears at 246 cm−1. This
mode cannot correspond to Zn–Ag interaction, since the Raman spectrum of silver-doped
ZnO shows a characteristic mode Zn–Ag at 393.7 cm−1 [38,39] whereas the vibrations of
Ag NPs are characterized by a vibration mode at 241 cm−1 [40]. Therefore, the additional
mode observed at 246 cm−1 is necessarily due to Ag NPs.

In conclusion, from measurements of the vibrational properties, it can be stated that:

(i) Ag NPs, once added and dispersed in the ZnO precursor solution, do not dissolve
in solution.

(ii) They remain present in metallic form in the solution and no doping effect of ZnO by
silver is generated.

3.2. Ag NPs in the Nanocomposite Film

The incorporation of Ag NPs has a direct effect on the macroscopic appearance of the
nanocomposite thin film as it is shown in Figure 4. Initially, ZnO exhibits a metallic sky-blue
surface (Figure 4a). At the lowest Ag NPs content (5%), the surface, still very reflective, turns
yellow but becomes macroscopically granular (Figure 4b). By increasing the Ag NPs content
up to 10% (Figure 4c), the ZnO/Ag(NPs) nanocomposite film becomes more homogeneous.
At the highest Ag NPs concentration (30%), the ZnO/Ag(NPs) nanocomposite film becomes
inhomogeneous again with its purplish surface outlined by wider fringes (Figure 4d).

Figure 5 shows scanning electron microscopy (SEM) micrographs, at a scale of a few
hundred nm, of ZnO/Ag(NPs) nanocomposite thin films grown with different Ag NPs
contents and deposited on c-Si substrates. The nanogranular morphology of the ZnO
matrix is highlighted (Figure 5a). Up to 10% Ag NPs content (Figure 5b,c), the ZnO matrix
remains dense but with a grain size slightly smaller than that of pure ZnO film and the low
density of spherical Ag NPs increases. In addition, the matrix becomes more porous, Ag
aggregates tend to agglomerate and lose their spherical shape (Figure 5d). The presence of
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silver in the aggregates on the surface of ZnO/Ag(NPs) nanocomposites was confirmed by
energy-dispersive X-ray spectroscopy (EDX) measurements [25].
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Processing of the SEM images by grain counting software allowed us to determine
an average size over 80 grains for ZnO and Ag NPs on the surface of the ZnO/Ag(NPs)
nanocomposite. Figure 6 displays these sizes as a function of the Ag NPs content. The
average size of the ZnO grains decreases from 50 nm to 35 nm for 10% of Ag NPs content.
Beyond that, it increases to 65 nm at the highest Ag NP content. This finding indicates
that the growth mechanism of the ZnO matrix is affected by the presence of Ag NPs in
the precursor solution. The average size of Ag NPs progressively increases from 88 nm
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to 130 nm with Ag NP content. SEM characterizations highlight the fact that, due to the
final thermal annealing at 550 ◦C, starting from Ag NPs of 20 nm in size in the deposition
precursor solution we obtain a ZnO/Ag(NPs) nanocomposite thin film with spherical Ag
aggregates of about 100 nm and uniformly distributed on its surface [41–45]. The presence
of Ag NPs on the film surface should, a priori, facilitate the photocatalysis reactions taking
place at the surface of the photocatalyst.
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Figure 7 presents the X-ray diffraction (XRD) diagrams of pure ZnO and ZnO/Ag(NPs)
nanocomposite thin films. Within the 30◦–45◦ 2θ range, they show peaks pointing around
32.0◦, 34.6◦ and 36.4◦, respectively attributed to (100), (002), and (101) orientations, ac-
cording to JCPDS 36-1451 of bulk ZnO. In the case of pure ZnO, the diagram presents
the dominant (002) peak revealing the Wurtzite phase of ZnO with a c-axis perpendicular
to the substrate plane. Its dominance remains practically unchanged up to 10% of Ag
NPs. It significantly decreases beyond 10% of Ag NPs with a relative enhancement of
both (101) and (100) peaks, indicating that the incorporation of Ag NPs starts to affect the
monocrystallinity of the ZnO matrix. The presence of Ag NPs is characterized by the (111)
and (200) Ag peaks located at 38.1◦ and 44.2◦, respectively, and whose intensity increases
with Ag NPs content.
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3.3. Effects of Ag NPs Content on Surface Wettability

The ZnO/Ag(NPs) nanocomposite thin films are intended for photocatalysis appli-
cations and will be in contact with solutions to be degraded. The study of the wettability
of their surface, in particular as a function of the Ag NPs content of the nanocomposite, is
therefore a necessary step. The measurement of the contact angle of the nanocomposite
surface was performed using deionized water drops of 3 µL volume. The surface of the
c-Si substrate is hydrophilic with a contact angle of 60◦ (Figure 8). The surface of the
pure ZnO thin film shows a rather hydrophobic property with a contact angle of 120◦.
Several wettability studies conducted on ZnO have shown a superhydrophobic [46–48] or
hydrophilic [49] character of its surface, depending on the deposition conditions. Figure 8
shows that the presence of Ag NPs makes the surface of the ZnO/Ag(NPs) nanocomposite
hydrophilic with a contact angle of 85◦ for 10% Ag NPs. The hydrophilic character increases
with increasing Ag NPs content, probably due to the decrease in the liquid contact area
with ZnO. However, other factors such as surface roughness can affect the hydrophilic or
hydrophobic character of the material surface [50].
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3.4. Effects of Ag NPs Ag Content on the Optical Properties of the Nanocomposite Film

The quantitative exploitation of the UV–visible spectroscopic ellipsometry measure-
ments was performed according to the spline inversion method [28] originally developed
for pure ZnO thin films. This model was adapted to the case of ZnO/Ag(NPs) nanocompos-
ite thin films because of the modifications induced by the Ag NPs on the optical properties
of the ZnO matrix, even at low content. Figure 9 plotted the thickness of the bulk layer
(db) and that of the surface roughness (ds) of ZnO/Ag(NPs) nanocomposite thin films for
different Ag NPs contents, derived from the ellipsometry measurements. The thickness of
the bulk layer agrees with the film thickness obtained using a profilometer. The thickness
of 150 nm in the case of pure ZnO film decreases to 90 nm with 5% of Ag NPs content and
then progressively increases with Ag NPs content to a value of 170 nm. The incorporation
of Ag NPs into the ZnO matrix increases the surface roughness of the nanocomposite film,
from 25 nm in pure ZnO to a value close to 50 nm in the ZnO/Ag(NPs) film.

The real (εr) and imaginary (εi) parts of the dielectric function of the nanocomposite
films are plotted in Figure 10 within a spectral photon energy (E) range such as 1.5 eV ≤ E
≤ 5 eV. Regardless of the Ag NPs content, the spectrum of the nanocomposite material is
similar to that of pure ZnO with the possible exception of the highest content of Ag NPs
(30%). The amplitude of εi and the intensity of the excitonic peak of the nanocomposite
material are, however, lower compared to that of pure ZnO. Below the absorption edge,
where the absorption is zero in the case of pure ZnO, εi shows non-zero values in the case of
ZnO/Ag(NPs) nanocomposite material which increases with Ag NPs content (Figure 10b).
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This area corresponds to the absorption domain of Ag NPs [51,52]. Beyond this spectral
zone, the amplitude of εi decreases with the increase in Ag NPs content. The singular
shape of the spectrum at 30% Ag NPs seems to indicate the limit of validity of the optical
model used to fit the ellipsometry measurements. The decrease in the εr amplitude by
increasing the Ag NPs content is synonymous with a decrease in the compactness of the
matrix (Figure 10a).
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nanocomposite film loaded with different contents of Ag NPs.

Absorption (α) measurements of ZnO/Ag(NPs) nanocomposite thin films, performed
in a previous study [25], revealed significant changes with Ag NPs loading. A red-shift
of the absorption onset arises since the smallest Ag NPs content is accompanied by an
additional absorption in the spectral zone lower than 3 eV. The optical bandgap is an
important parameter to characterize the performance of the photocatalyst with respect
to the irradiation source. Figure 11 displays Tauc’s bandgap (Eg) of the ZnO/Ag(NPs)
nanocomposite thin film versus the Ag NPs loading. Eg is defined as the energy at which
the linear extrapolation of (α.E)2 versus the photon energy E gives 0 [53]. Eg slightly
decreases from 3.22 eV for pure ZnO to 3.20 eV with 10% of Ag NPs. Beyond, Eg tends
to 3.14 eV.
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3.5. Effects of Ag NPs Ag Content on the Photocatalytic Performance

The photodegradation experiments were carried out in the framework of the experi-
mental protocol previously described [25]. The measurement consists of tracking, over the
illuminating time (t), the absorption of the band at 610 nm which is proportional to the
concentration C(t) of the IC solution. The photodegradation efficiency is defined by the
relative variation of C(t) with respect to the initial value C0 = 6.6 mg/L. The rate constant
of photodegradation is given by the slope of −ln(C(t)/C0) versus t, assuming a pseudo-
first-order kinetics. Figure 12 shows the evolution of the rate constant and the degradation
efficiency of an IC solution under UV irradiation for ZnO and ZnO/Ag(NPs) films. For
pure ZnO, a rate constant of 21 × 10−4 min−1 is obtained. When the Ag NPs loading
increases up to 10%, the rate constant reaches 54 × 10−4 min−1. Then, it decreases to flatten
at 22 × 10−4 min−1 for high Ag NPs contents (Figure 12a). Moreover, Figure 10b indicates
that after 6 h of illumination, the ZnO film degrades only 50% of the dye molecules. The
photocatalytic efficiency increases to more than 90% at 10% Ag NPs content. Beyond, it
decreases and stabilizes at 52% at high Ag NPs concentration. Thus, UV illumination
reveals that 10% of Ag NPs is an optimal loading for the nanocomposite thin film. From a
morphological point of view, such photocatalytic performance improvement could be due
to the decrease in the ZnO grain size. Indeed, small grain size is synonymous with a larger
number of active sites in contact with the solution to be degraded. Beyond this optimum
Ag NPs loading, the size of the Ag NPs exceeds 100 nm and the film becomes less dense,
reducing the active surface and consequently the photodegradation rate. Moreover, the
increase in the number and size of Ag NPs reduces the surface area of ZnO in contact with
the solution and decreases the photodegradation efficiency.

When illuminated with a halogen lamp, Figure 13 shows that the photocatalytic
performance of the nanocomposite, slowly but steadily, increases with the Ag NPs content.
Thus, the degradation rate constant, 3 times lower than with UV illumination, increases
steadily from 7.5 × 10−4 min−1 to 12.5 × 10−4 min−1 (Figure 13a) while the photocatalytic
efficiency (Figure 13b), twice lower than with UV illumination, increases regularly with
the Ag NPs content to reach 38%. Since no optimum Ag NPs content emerged from this
trend, this suggests that each type of illumination involves a different photodegradation
mechanism [25]. With its large bandgap, ZnO is only active in the UV. However, Figure 12
suggests that the photocatalytic performance under UV irradiation is enhanced by 10% of
Ag NPs. Under white irradiation, the improvement observed in Figure 13 must essentially
be due to the Ag NPs.
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Figure 13. Rate constant (a) and photodegradation efficiency (b) of an IC solution after 6 h of
illumination under halogen lamp irradiation equipped with a UV filter, with a ZnO thin film and a
ZnO/Ag(NPs) thin film loaded at different Ag(NPs) contents. The curves are provided as guides for
the eye.

3.6. Photocatalytic Performance under Natural Conditions

As previously mentioned, the main objective of this work is to operate the fabricated
photocatalysts under natural conditions, i.e., under sunlight irradiation to clean up a river
water-based solution. The experiments were carried out in July, i.e., in summer and under
a temperature of 30 ◦C, with a photocatalyst elaborated with the optimum content of
Ag NPs (10%). The results of photodegradation of an IC solution, made from deionized
water, by ZnO/Ag (10% NPs) are plotted in Figure 14b. For comparison, we performed
the same measurements with a pure ZnO thin film as a photocatalyst (Figure 14a). Let
us recall that the IC solution is characterized by absorption peaks at 280 and 610 nm,
attributed to the indigoid group present as a chromophore center in the IC molecule. Our
photodegradation measurements are monitored from the absorption band at 610 nm. After
4 h of sunlight exposure, Figure 14b shows almost complete degradation of the dye with
the ZnO/Ag(10% NPs) photocatalyst, which is not the case with pure ZnO (Figure 14a).
Figure 15 compares the photocatalytic degradation efficiency of the two photocatalysts
during the 4 h of sunlight irradiation. A high photocatalytic efficiency (97%) is reached with
ZnO/Ag(10% NPs) after 4 h of sunlight irradiation, with a rate constant of 15 × 10−3 min−1.
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In the case of pure ZnO, the efficiency does not even reach 80% with a lower rate constant
of 6 × 10−3 min−1.

Coatings 2022, 12, x FOR PEER REVIEW 13 of 18 
 

 

water-based solution. The experiments were carried out in July, i.e., in summer and under 
a temperature of 30 °C, with a photocatalyst elaborated with the optimum content of Ag 
NPs (10%). The results of photodegradation of an IC solution, made from deionized water, 
by ZnO/Ag (10% NPs) are plotted in Figure 14b. For comparison, we performed the same 
measurements with a pure ZnO thin film as a photocatalyst (Figure 14a). Let us recall that 
the IC solution is characterized by absorption peaks at 280 and 610 nm, attributed to the 
indigoid group present as a chromophore center in the IC molecule. Our photodegrada-
tion measurements are monitored from the absorption band at 610 nm. After 4 h of sun-
light exposure, Figure 14b shows almost complete degradation of the dye with the 
ZnO/Ag(10% NPs) photocatalyst, which is not the case with pure ZnO (Figure 14a). Figure 
15 compares the photocatalytic degradation efficiency of the two photocatalysts during 
the 4 h of sunlight irradiation. A high photocatalytic efficiency (97%) is reached with 
ZnO/Ag(10% NPs) after 4 h of sunlight irradiation, with a rate constant of 15 × 10−3 min−1. 
In the case of pure ZnO, the efficiency does not even reach 80% with a lower rate constant 
of 6 × 10−3 min−1. 

  
Figure 14. Absorbance spectrum of a CI solution under solar irradiation over time in the presence 
of pure ZnO thin film (a) and ZnO/Ag(10% NPs) thin film (b). 

 
Figure 15. Photodegradation efficiency, over time, of an IC solution under solar irradiation by a 
ZnO/Ag(10% NPs) thin film and by a pure ZnO film. The curves are provided as guides for the eye. 

As the photocatalyst is intended to treat effluent water, we prepared an IC solution 
with the same initial concentration of 6.6 mg/L and the same volume, using water from 

Figure 14. Absorbance spectrum of a CI solution under solar irradiation over time in the presence of
pure ZnO thin film (a) and ZnO/Ag(10% NPs) thin film (b).

Coatings 2022, 12, x FOR PEER REVIEW 13 of 18 
 

 

water-based solution. The experiments were carried out in July, i.e., in summer and under 
a temperature of 30 °C, with a photocatalyst elaborated with the optimum content of Ag 
NPs (10%). The results of photodegradation of an IC solution, made from deionized water, 
by ZnO/Ag (10% NPs) are plotted in Figure 14b. For comparison, we performed the same 
measurements with a pure ZnO thin film as a photocatalyst (Figure 14a). Let us recall that 
the IC solution is characterized by absorption peaks at 280 and 610 nm, attributed to the 
indigoid group present as a chromophore center in the IC molecule. Our photodegrada-
tion measurements are monitored from the absorption band at 610 nm. After 4 h of sun-
light exposure, Figure 14b shows almost complete degradation of the dye with the 
ZnO/Ag(10% NPs) photocatalyst, which is not the case with pure ZnO (Figure 14a). Figure 
15 compares the photocatalytic degradation efficiency of the two photocatalysts during 
the 4 h of sunlight irradiation. A high photocatalytic efficiency (97%) is reached with 
ZnO/Ag(10% NPs) after 4 h of sunlight irradiation, with a rate constant of 15 × 10−3 min−1. 
In the case of pure ZnO, the efficiency does not even reach 80% with a lower rate constant 
of 6 × 10−3 min−1. 

  
Figure 14. Absorbance spectrum of a CI solution under solar irradiation over time in the presence 
of pure ZnO thin film (a) and ZnO/Ag(10% NPs) thin film (b). 

 
Figure 15. Photodegradation efficiency, over time, of an IC solution under solar irradiation by a 
ZnO/Ag(10% NPs) thin film and by a pure ZnO film. The curves are provided as guides for the eye. 

As the photocatalyst is intended to treat effluent water, we prepared an IC solution 
with the same initial concentration of 6.6 mg/L and the same volume, using water from 

Figure 15. Photodegradation efficiency, over time, of an IC solution under solar irradiation by a
ZnO/Ag(10% NPs) thin film and by a pure ZnO film. The curves are provided as guides for the eye.

As the photocatalyst is intended to treat effluent water, we prepared an IC solution
with the same initial concentration of 6.6 mg/L and the same volume, using water from the
Somme river (a river in the north of France that flows into the English Channel). Figure 16
reveals a total degradation of the dye with ZnO/Ag(10% NPs) after 3 h and 50 min of
sunlight irradiation, with a high degradation rate of 24 × 10−3 min−1. This performance
must be attributed to different effects such as the pH value of the solution (pH = 7.8),
a probable contribution of bacteria and micro-algae present in the Somme water which
support the degradation of the dye simultaneously with the photocatalysis. This last effect
would require further study to assess the extent of its contribution.

The stability of photocatalytic performance and reusability are critical parameters in
the selection of a photocatalyst. Photodegradation experiments of the IC solution by the
ZnO/Ag(10% NPs) photocatalyst were repeated in 5 cycles of 4 h each. At each cycle, the
photocatalyst was carefully cleaned with deionized water and then dried in the open air at
room temperature. The IC solution is prepared and stored in the dark. In order to stabilize
the surface of the photocatalyst, it is kept in the dark before use. The protocol followed has
been widely detailed in a previous paper [25].
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Figure 17 summarizes the results of the reuse test experiments obtained with ZnO/Ag(10%
NPs) under sunlight irradiation and for the degradation of an IC solution prepared with
deionized water (Figure 17a) or natural water (Figure 17b). It also compares them with
those obtained with pure ZnO. From this figure we can draw the following conclusions:

- In the case of a dye solution with deionized water (Figure 17a), both photocatalysts
show good stability, in terms of photodegradation efficiency, during the 5 cycles of 4 h
of use. The ZnO/Ag(10% NPs) photocatalyst reaches an efficiency of 100% from the
2nd cycle. The efficiency of pure ZnO photocatalyst does not reach 80%.

- In the case of a dye solution prepared with natural water, the efficiency of ZnO/Ag
(10% NPs) reaches 100% as early as the 1st cycle. This efficiency decreases by 15%
after 5 cycles. With pure ZnO, the initial photocatalytic efficiency is close to 80% in the
1st cycle and decreases to 60% after 5 cycles.
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nation of an IC solution prepared with deionized water (a) and Somme water (b), during 5 cycles
of 4 h.

The decrease in photocatalytic performance in the case of a natural water-based
solution suggests that contaminants may inhibit the active sites onto the surface of the
photocatalyst over time. Indeed, the surface of the photocatalyst shows slight changes
after its extended exposure to this natural water of pH = 7.8 [52]. This surface change is
probably due to contamination and/or corrosion of the photocatalyst surface. Some authors
achieve the same photocatalytic performances under conditions similar to ours but using
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photocatalysts is much more complicated to elaborate ZnO nanostructures, multi-doped
ZnO, . . . ) [53]. Finally, we also verified by preliminary measurements by high-performance
liquid chromatography (HPLC) that the dye mineralization was complete and that no new
products were formed.

The photocatalytic efficiency depends on the type of catalyst, the nature and the
concentration of the dye, and the experimental conditions (light power, surface of the
catalyst, pH of the solution, etc). Therefore, the comparison of our results with those of
the literature is not easy. However, since stability and efficiency are the key factors for the
industrial application of the catalyst, we list in Table 1 the results of some studies on the
photodegradation of indigo carmine with ZnO-based catalysts under solar irradiation. It
should be noted that in all these studies, the catalyst is in powder form, and recovery after
use is a real drawback.

Table 1. Comparison of the results of this study with those of the literature.

Photocatalyst pH IC Solution Light Source Rate
Constant Efficiency Stability Reference

10–25 nm
1% Ni, C, N, S
multi-doped

nanospheres ZnO

3–11 5–15 (mg/L) Sunlight 1.38–2.83
(10−2 min−1) - −6% after 4 cycles Shinde et al.

[54]

10–20 nm
Mg doped ZnO

NPs on
graphene oxide

- 20 (mg/L) Sunlight 4.97
(10−2 min−1)

97%
after 60 min −10% after 4 cycles Labhane et al.

[55]

30–45 nm
AgIO4/ZnO NPs 7–10 23 (mg/L) Sunlight - 84%

after 110 min −18% after 5 cycles Abdelaziz et al.
[56]

50–120 nm
(Ag+ + Pd3+)

doped ZnO NPs
- 8–40 (mg/L) Sunlight - 58–77%after

180 min - Namratha et al.
[57]

ted100 nm
ZnO/Ag(10%
NPs) thin film

7.4 6.6 (mg/L)
(deionized water) Sunlight 1.5

(10−2min−1)
97%

after 240 min −1% after 5 cycles This work

7.8 6.6 (mg/L)
(Somme water) Sunlight 2.4

(10−2min−1)
100%

after 240 min −15% after 5 cycles This work

4. Conclusions

ZnO/Ag(NPs) nanocomposites thin films were successfully produced by a one-step
sol–gel spin-coating deposition process, with Ag NPs directly included and well-dispersed
in the precursor solution. Ag NPs of 20 nm in size, which remain well stable in the
precursor solution, form Ag aggregates of about 100 nm and are uniformly distributed
onto the surface of the nanocomposite mine film. The photocatalytic performance of
ZnO/Ag(NPs) nanocomposite thin films was tested through the degradation of indigo
carmine solutions under both laboratory and natural conditions. The presence of Ag NPs
improves the photocatalytic performance of ZnO in both UV and visible illumination.
By varying the content of Ag NPs in the nanocomposite up to 30% in mass percentage
Ag/ZnO, we highlighted an optimum at 10%. The ZnO/Ag (10% NPs) photocatalyst
exhibits high reliability after at least five photodegradation cycles of 4 h under laboratory
conditions of use. It also shows high efficiency in the treatment of natural water-based
solutions using sunlight. Further studies on the effects of different parameters such as
solution pH, photocorrosion, contaminant adsorption, etc., need to be conducted to further
improve this performance.
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