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Abstract: We used a sol–gel spin coating technique to synthesize nanocomposite thin films based on
zinc oxide (ZnO) loaded with silver nanoparticles (NPs). We tested these ZnO/Ag NPs photocatalysts,
with a thickness of about 100 nm, for the photodegradation of the indigo carmine dye solution. The
study focused on the effects of Ag NPs on the ZnO matrix as well as the impact of their concentration
on the photocatalytic performance of the nanocomposite. The study also highlighted the high
stability of the photocatalytic performance of these nanocomposites. This work is a contribution in
the search for non-toxic thin film photocatalysts that is usable under solar radiation for the treatment
of contaminated wastewater. Innovation in the field of heterogeneous photocatalysis requires the use
of solar resource with efficient results in terms of photocatalytic performance.
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1. Introduction
Despite stringent environmental regulations, the global textile dyes market accounted
for US $ 7.59 billion in 2019 and is expected to reach US$13.54 billion by 2027 [1]. This expected increase in the consumption of dyes will translate into an increase in water pollution
since the major part of these dyes will eventually be discharged in wastewater. Currently,
nearly 100 tons of dyes are released annually in effluents by industry, constantly damaging
the environment and threatening human health [2]. Semiconductor photocatalysis is one
of the most promising and non-expensive solution for the treatment of water contaminated
by these industrial dyes. Among wide-bandgap semiconductors eligible for the process of
photocatalysis and dye degradation, special attention has been given to zinc oxide (ZnO)
in recent literature due to its special features. [3–22].
As UV radiation is only a few percent of the sunlight spectrum, several approaches
have been used to improve the absorption of wide-gap semiconductors in the visible, to use
the sunlight as a source of irradiation. Elaboration of nanocomposites based on a wide-gap
semiconductor matrix in which metallic nanoparticles (NPs) are embedded seems like a
promising way to achieve this goal. Plasmonic NPs have gained a lot of attention due to
their exclusive optical properties. Due to the size of the metallic NPs, possible plasmon
excitations should facilitate the charge transport and separation of charge carriers [23–25]
and hence improve the photocatalytic efficiency of the nanocomposite in the visible spectral
range.
The beneficial contribution of Ag to the photocatalytic properties of ZnO has been
widely reported in the literature in recent years. An important part of these studies
has focused on Ag decorated ZnO-based nanostructures due to their very advantageous
surface-to-volume ratio in the photocatalysis process [26–32]. However, when the catalyst
is in a nanopowder form, its separation from the treated water and its recovery for reuse
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become a major constraint. This problem does not arise in the case of ZnO-based thin film
photocatalysts, offering them a clear advantage for industrial applications.
Several manufacturing techniques exist to develop ZnO-based thin film catalysts,
such as radiofrequency sputtering [33], electrodeposition [34], spray pyrolysis [35,36],
etc. Among these different techniques, sol–gel elaboration coupled with spin coating
deposition offers many advantages, such as its relatively low cost and ease of elaboration,
large-area deposition, good control of morphology, and the possibility to obtain a dense
nanogranular ZnO material with improved crystallinity [37–39]. Such properties contribute
to high photochemical stability. Moreover, a nanogranular ZnO photocatalyst presents
a large specific surface area, a critical factor to influence the photocatalytic activity. In
addition, improved optoelectronic properties will promote the creation of electron-hole
pairs by irradiation, which in turn will generate hydroxyl radicals *OH (the neutral form of
the hydroxide ion OH− ) and superoxide radical anions O2 − *. These active radicals will
degrade organic pollutants until the production of H2 O and CO2 .
Most often, authors using the sol–gel process combine Ag precursors (silver nitrate or
silver acetate) with ZnO precursors, [26–32,35,36]. This can lead to a substitution effect of
Ag+ to Zn2+ in the host lattice. To promote a plasmonic effect instead of simple electronic
doping, we chose to directly include Ag NPs in the one-step ZnO deposition process. To
our knowledge, this is the first time that such a process is reported.
The ZnO–Ag system, as a catalyst, has been used to study the photocatalytic degradation of various dyes. Methylene blue [26,27,30–32,36] and methyl orange [26,28,34] are
the dyes that have been studied the most. To date, no study, to our knowledge, has been
devoted to the degradation of indigo carmine (IC), one of the most widely used dyes and
the most polluting components found in the textile industry [40], by this type of thin film
photocatalyst.
In this work, 100 nm-thick ZnO/Ag NPs nanocomposite thin films, elaborated by
sol–gel spin coating technique, were used for the photodegradation of IC dye solution,
under UV- and visible light respectively. It intends to contribute to the efforts carried out
to extend the semiconductor light absorption spectrum to the visible region and to develop
visible light-driven heterogeneous photocatalysts. This should favor the use of sunlight as
an inexpensive and renewable energy source for photocatalytic processes.
2. Experimental Details
ZnO/Ag NPs nanocomposite thin films were deposited by a one–step sol–gel spin
coating technique [41]. The ZnO precursor solution was obtained by dissolving zinc acetate
dihydrate (Zn(CH3 CO2 )2 ·2H2 O) in 1-propanol (C3 H8 O). Monoethanolamine (C2 H7 NO)
was used as a stabilizer. We used a zinc acetate concentration of 1 mol/L, and the zinc
acetate/monoethanolamine molar ratio is set to 1. The mix was then stirred for 30 min at
room temperature. The substrates were crystalline silicon (c-Si) coated or glass substrates.
An amount of silver nanoparticles (Ag NPs), varying up to 30%, was added to the obtained
liquid and stirred in an ultrasonic bath for 5 min to disperse NPs in the solution. The
nanocomposite was defined by the amount of Ag NPs used for its deposition. This amount
represented the mass ratio between Ag and Zn in the precursor solution. After standard
cleaning of the substrates with ethanol, acetone, and distilled water, the solution was aged
for 24 h and stirred again, then deposited by spin coating at a rotation speed of 2500 rpm for
30 s. The ZnO/Ag(NPs) nanocomposite films were subsequently pre-heated in a furnace
at 300 ◦ C for 10 min in order to evaporate the solvent residues. The deposition cycle,
consisting of liquid deposition, spin coating, and pre-heating, leading to a film thickness of
about 30 nm, was repeated four times to obtain films with increased thickness. Finally, all
samples were air-annealed at 550 ◦ C for 1 h. The mentioned deposition conditions were
those that led to a well-crystallized hexagonal wurtzite-type nanogranular ZnO matrix
with a high density, a low surface roughness, and optimized optical property [37–39]. The
ZnO/Ag NPs nanocomposite thin film deposition process is schematically summarized in
Figure 1.
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Figure 1. The ZnO/Ag NPs nanocomposite thin films deposition process.

Ag NPs provided by US Research Nanomaterials, Inc. (Houston, TX, USA) were
characterized by Transmission Electron Microscopy (TEM) (2100F, JEOL Ltd., Tokyo, Japan)
and equipped with an energy dispersive X-ray (EDX) spectrometer. The morphology and
chemical composition of ZnO/Ag NPs nanocomposites were characterized by Scanning
Electron Microscopy (SEM) (JSM-7900f, JEOL Ltd., Tokyo, Japan) coupled with an EDX
analysis. An X-ray diffractometer (D8 Advance Bruker) 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 Ag NPs and ZnO/Ag NPs nanocomposites.
The optical properties and the photocatalytic activity were studied with a UV-visiblenear IR spectrophotometer in the spectra range 190–800 nm operating in both reflective
and transmission modes. The photocatalytic activity was monitored by recording the
absorbance of the dye solution. As a test, we chose the most used dye in textile industries,
the indigo carmine (IC: C16 H8 N2 Na2 O8 S2 ), with a concentration of 6.6 mg/L in water. The
illumination of the 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
3.1. Nanoparticles Characterization
Figure 2 shows a TEM image (a), the size distribution (b) and the XRD pattern (c) of
the commercial Ag NPs used to manufacture the ZnO/Ag NPs nanocomposite. Particle
size distributions were measured with a disc centrifuge. The measurement was based on
the centrifugal liquid sedimentation (CLS) method, according to Stokes law using a 405
nm wavelength laser [42]. Figure 2 reveals that Ag NPs are mainly 20 nm-sized and preferentially (111) oriented. However (200), (220), and (311) Ag orientations are also present.
A main size around 20 nm is also confirmed by the XRD diagram. TEM measurements
confirm that Ag NPs present a large size distribution and tend to agglomerate. Ultrasonic
agitation proves to be an effective method to break the bonds between Ag NPs and disperse
them well in solution.
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Figure 2. TEM image (a), size distribution by the CLS method (b), and X-ray diagram (c) of Ag NPs.

3.2. Nanocomposites Characterizations
SEM pictures of Figure 3a–c confirm the nanogranular morphology of the ZnO matrix
previously reported [43]. These micrographs show that, starting with 20 nm-sized Ag
NPs in the deposition process, we obtain ZnO nanocomposite thin films containing Ag
aggregates of 100 nm in size uniformly distributed on their surface. Their density increases
with Ag NPs content. At the same time, the surface roughness increases with Ag NPs
content. EDX measurements carried out on these areas confirm that they are indeed Ag
aggregates (Figure 3d). We suspect the final thermal annealing at 550 ◦ C to be responsible
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for this size variation and the cause of the diffusion of silver nanoparticles towards the
surface of the film. A priori, this should favor photocatalysis reactions taking place at the
surface of the photocatalyst.

Figure 3. SEM images of pure ZnO thin film (a) and ZnO/Ag NPs nanocomposite thin films with 10% (b) and 30% (c) of Ag
NPs content and EDX spectra of an Ag NPs area (d).

The XRD diagrams of pure ZnO and ZnO/Ag NPs nanocomposite thin films deposited on the c-Si substrate are reported in Figure 4. The spectra present only significant
contribution in the 30◦ to 40◦ of 2θ range, showing peaks pointing around 32.0◦ , 34.6◦ , and
36.4◦ respectively attributed, according to JCPDS 36-1451 of bulk ZnO [44] to (100), (002)
and (101) orientations. The spectra present the dominant (002) peak revealing a perfect
crystallinity with the Wurtzite phase of ZnO with a c-axis perpendicular to the substrate
plane. The ZnO/Ag NPs nanocomposite is characterised by the presence of (111) and (200)
Ag peaks located at 38.1◦ and 44.2◦ respectively and whose intensity increases with Ag NPs
content. The (002) mean ZnO peak slightly decreases until reaching 10% of Ag NPs. The
decrease is more significant beyond 10% of Ag NPs, and goes with a relative enhancement
of the (101) peak.
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Figure 4. XRD diagram of pure ZnO and ZnO/Ag NPs nanocomposites.

The optical properties were investigated using UV-visible-near IR reflective and transmission measurements within a 270–800 nm spectral range, on nanocomposite thin films
deposited on glass substrates. Figure 5 shows the absorption spectra of ZnO/Ag NPs
nanocomposites with various Ag NPs contents. The absorption spectrum of ZnO is significantly modified by the embedded Ag NPs:
(i)

Since with the smallest Ag NPs content, a red-shift of the absorption onset arises
indicating a bandgap narrowing.
(ii) The excitonic peak of ZnO shifts to a lower energy and with a lower amplitude.
(iii) An additional absorption, due to Ag NPs, arises in the spectral zone lower than 3 eV.
This additional sub-gap absorption due to Ag NPs [45] increases with their content.
(iv) The absorption in the UV part of the spectrum decreases however.

Figure 5. Absorption coefficient α of pure ZnO thin film and ZnO/Ag NPs nanocomposite thin films.
The dashed lines indicate the absorption edges and the arrow indicates the additional absorption
due to Ag NPs.

3.3. Photocatalytic Activity
Before carrying out the photodegradation experiments, we first verified that, in the
framework of our experimental protocol (see Figure 6), the degradation of the IC dye
solution is only due to our photocatalyst. For this purpose, different experiments were
conducted:
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•

•

•

•

Once the solution was prepared, we measured its absorbance without any contact
with the catalyst (Figure 7a). The absorption peaks at 280 and 610 nm are characteristic
of IC [46]. They are attributed to the indigoid group present as chromophore center in
IC [47]. Then, we let it stand for one hour in the dark. The absorbance spectrum after
one hour in the dark indicated perfect stability of the IC dye solution (Figure 7a).
We then exposed the solution to white light for one hour. Figure 7b shows that the
absorbance spectrum remains unchanged, especially in the absorption region of IC,
indicating that the illumination did not cause any degradation of the dye solution.
To clarify the exact role of silver in the photodegradation process, we used a 50 nm
thick Ag thin film sputtered onto a crystalline silicon substrate as a catalyst. After
one hour of white light illumination, the absorbance spectrum of the solution did not
change (Figure 7c). In conclusion, Ag film alone had no photocatalytic activity.
We also checked the role of a possible thermal effect, during the photodegradation of
IC dye solution, due to the IR part of the white light. For this, we heated the solution
at 60 ◦ C for one hour in the dark and in the presence of the ZnO/Ag catalyst. The
absorbance spectrum of the IC dye solution remained unchanged (Figure 7d).

After discarding all these parameters, we are confident that the effects observed during
the photocatalysis experiments can be attributed only to the ZnO/Ag catalysts.
Figure 8 displays the absorbance spectra of the IC solution recorded during different
times of photocatalytic activity of a nanocomposite with 10% of Ag NPs, under visible (a)
and UV (b) light illumination. We note a regular decrease of both peaks during the
illumination time. After nearly 6 h of degradation, the peak at 610 nm loses almost 85%
of its initial amplitude with a UV light against 27% with a visible light. At the same time,
the accumulation in the aqueous dye solution of species resulting from the IC degradation
leads to some increase in the 250 nm peak intensity [46].

Figure 6. The protocol for studying the reuse of ZnO/Ag NPs nanocomposite.
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Figure 7. Absorbance of the IC solution after one hour: (a) in dark and without catalyst, (b) under white light illumination
and without catalyst, (c) under white light illumination in the presence of Ag thin film, (d) in dark under thermal annealing
at 60◦ in the presence of a catalyst.

Figure 8. Absorbance of the IC solution after different times of degradation, under visible- (a) and UV- (b) light illumination.
The used catalyst was a nanocomposite with 10% of Ag NPs.

As the dye absorbance band at 610 nm is proportional to its concentration C, the
discoloration rate (or degradation efficiency) η after an illumination duration t, can be
defined by:


C
η(%) = 100 1 −
(1)
C0
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where C0 is the initial IC concentration before illumination, and C its value after a photodegradation duration t. Results obtained with both visible-light (a) and UV-light (b) are
reported in Figure 9. First, whatever the illumination source, the ZnO/Ag NPs nanocomposite thin film shows a higher photocatalytic activity in comparison with pure ZnO thin
film. This difference increases over time. For the same sample, the value of η more than
doubles when white light is used. The discoloration with ZnO/Ag NPs nanocomposite
shows a linear trend and its photocatalytic activity seems to be able to continue with the
same trend well beyond the time limit of the experiment (>6 h). Undoubtedly, the presence
of Ag NPs improves the photocatalytic performance of ZnO thin films.

Figure 9. IC degradation percentage with ZnO and ZnO/Ag NPs nanocomposite thin films under visible- (a) and UV(b) light illumination. The curves are provided as guides for the eye.

In the case of low concentrations of dyes, the pseudo-first-order kinetic model is
generally used to quantitatively analyze its kinetics degradation. A pseudo-first-order rate
constant k characterizes changes in concentration over time:
 
C
ln
= −kt
(2)
C0
This apparent first-order rate constant k is a useful tool to evaluate the photocatalytic
performance of a sample. Figure 10 shows the rate constant of nanocomposites with
different Ag NPs content and illuminated with either visible light or UV light. Unsurprisingly, the photocatalytic activity with UV illumination is two to five times greater than
with visible light. When Ag NPs content increases up to 10%, k increases from 16 × 10−4
to 45 × 10−4 min−1 with a UV light. Further increase in Ag NPs content drops the rate
constant to 20 × 10−4 min−1 at the highest Ag NPs content. Using a white light leads
to a very low IC degradation rate constant which monotonously and linearly increases
from 7 × 10−4 to 12 × 10−4 min−1 with Ag NPs content. The existence of an optimal
metallic NPs concentration for improving the catalytic activity of a semiconductor under
UV illumination has already been demonstrated [48–50].
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Figure 10. Degradation rate constant with ZnO/Ag NPs nanocomposites with various Ag NPs
content under UV- and visible light illumination. The curves are provided as guides for the eye.

Reusability is a key feature sought after for photocatalysts in technological applications.
The protocol for studying the reuse is schematically summarized in Figure 6. The tests
reported in Figure 11, in terms of degradation efficiency (a) and rate constant (b) after
7 h, were performed on a new sample with the most effective Ag NPs content of 10%.
The sample was used during five runs of 7 h of photo catalysis. After each photocatalytic
experiment, the dye solution was renewed, and the catalyst was washed by distilled water,
dried in air at room temperature, and kept in the dark for 12 h. Figure 11 infers the
following conclusions:
(i)

The ZnO/Ag NPs catalyst can maintain a stable and efficient photocatalytic performance over five photocatalytic cycles.
(ii) The first cycle seems to be a step of activating the sample surface, more particularly under visible light illumination, since its photocatalytic performance improves
thereafter.
(iii) Up to five cycles, a marginal decrease in photocatalytic efficiency of 5 % is observed.
Under UV illumination, the rate constant drops by 12%. This may be due to a decrease
of active sites on the catalytic surface [51]. Oxidation/corrosion and/or dissolution of
the noble metal particles during the photocatalytic operation are also usually evoked
as a problem for long-term use and stability [52].
(iv) After 7 h of use, no visible deterioration on the surface of the catalyst can be reported.
The thin film of nanocomposite can be used for a longer period.

Figure 11. Reusability of a ZnO/Ag NPs nanocomposite thin film, with 10% of Ag NPs, for degradation of the IC solution,
under visible- and UV-light illumination. (a) Degradation efficiency after 7 h, (b) rate constant.
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4. Discussion
Heterogeneous photocatalysis using a photocatalyst, with a bandgap of energy Eg ,
leads to the total mineralization of the dye molecule thanks to the possible following
mechanism [48,53]:
(i)

When the photocatalyst is illuminated by a photon of energy hν ≥ Eg (UV light illumination), its absorption generates an electron (e− )–hole (h+ ) pair in, respectively, the
conduction band (CB) and the valence band (VB) of the semiconductor (Figure 12a):

(ZnO) + hν → e− + h+
(ii)

(3)

The photo-generated electron–hole pairs lead to oxidation-reduction reactions with
dioxygen (O2 ) and aqueous (H2 O) in the dye solution to form free radicals like * O2 −
and * OH:

(O2 )ads + e− → ∗ O 2−

H2 O ⇔ H+ + OH− ads + h+ → H+ + ∗ OH

(4)
(5)

(iii) The degradation of the dye molecule occurs via successive attacks by active radicals
until the production of H2 O and CO2 .
The presence of Ag NPs in the ZnO thin film produces a Schottky barrier (Figure 12a).
Consequently, Ag NPs behave like electron sinks which provide sites for attracting the
photogenerated electrons and accelerating electron-hole pairs separation [48]:
Ag+ + e− → Ag

(6)

Ag NPs enhance the photocatalytic activity by increasing the lifetime of the photogenerated electron–hole pairs. However, beyond an optimal Ag NPs concentration, the
over-accumulation of electron on Ag NPs could attract the photo-generated holes, and
this may encourage the recombination of charge carriers [24,48]. As a consequence, the
photocatalytic performance drops (Figure 9).

Figure 12. Scheme of plausible electron transfer into ZnO/Ag NPs composite upon UV (a) and visible (b) light illumination.
In the latter case, electron transfer could be mediated by possible surface plasmon resonance (SPR) of Ag NPs.

Furthermore, the photocatalytic reaction rate strongly depends on other properties
such as the particle size, the surface area and the crystalline form [52]. The significant
decrease of the dominant (002) peak of ZnO (Figure 4) beyond 10% of Ag NPs can be
linked to the drop of the rate constant of Figure 10. As previously mentioned, the specific
surface area is a key factor in photocatalytic activity. A high Ag NPs content (Figure 3c)

Coatings 2021, 11, 400

12 of 15

may reduce the availability of semiconductor surfaces for light absorption and pollutant
adsorption and then decrease the catalytic efficiency of the catalyst.
Moreover, when Ag NPs are embedded in the ZnO matrix, defect-associated gap states
lead to a sub-bandgap absorption and a bandgap narrowing of the material (Figure 5).
Both effects contribute to the improvement of the absorption in the visible range and then
the photocatalytic activity under visible light illumination (Figure 10).
Other effects linked to the particular properties of Ag NPs can have a beneficial impact
on the photocatalytic activity of the nanocomposite [54,55]:
(i)

Surface plasmon resonance of Ag NPs could create an enhanced local electric field
on the surface of ZnO, which improves the activity of the catalyst under visible light
irradiation.
(ii) Electron transfer from excited Ag NPs to ZnO, mediated by Ag surface plasmons
under visible light irradiation (Figure 12b), could activate oxygen at the oxide surface
(Equation (4)).
(iii) Indirect transfer of photons from Ag NPs to ZnO via radiative decay of surface plasmon states could excite electrons in ZnO and increase electron–hole pair generation.
These different effects, enhanced with Ag NPs content, may explain the continuous
improvement in the photocatalytic performance observed under white light illumination
(Figure 10). However, these effects related to surface plasmon resonance depend on several
physicochemical parameters such as the particle size, the shape, and the inter-nanoparticle
gap [56–59].
The photocatalytic efficiency depends on the type of catalyst, the nature of the dye,
and the experimental conditions (light power, the surface of the catalyst, the concentration
of the solution, its pH, etc.). Additionally, the comparison of the obtained results with
those of the literature is not easy. However, as the stability and efficiency is a critical factor
for the industrial application of a catalyst, we will mention some of the studies done on
the degradation of indigo carmine with ZnO-based catalysts and focus on the stability
and efficiency of their photocatalytic performance during the degradation cycles. Shinde
et al. [51] used Ni, C, N, S and multi-doped ZnO nanospheres for the degradation of IC at
higher pH under solar light exposure. These authors concluded that the reusability of their
catalyst is not efficient beyond the third cycle. Labhane et al. [60] synthesized and studied
the photocatalytic activities of Mg-doped ZnO nanoparticles decorated on graphene oxide
(GO). They reached nearly 99% of IC degradation within 60 min under sunlight. Their
photocatalytic efficiency decreased by about 5–6% after four cycles. Prado et al. [61]
compared the photocatalytic ability of Nb2 O5 , TiO2 , and ZnO powders in degradation of
IC under a 125 W mercury-vapour lamp illumination. They showed that the activity of ZnO
catalysts decreased drastically to 20% of dye degradation, respectively, after 10 reaction
cycles. Güy and Özacar [62] used Tannin/ZnFe2 O4 /ZnO powder for the degradation of IC
in an aqueous solution under UV and visible light. They found degradation ratios of 82%
and 99% after illumination for 90 min under UV light and visible light, respectively. After
five times recycling, under visible the photocatalytic IC degradation performance of their
catalyst decreased up to 90% after five cycles under visible light.
Finally, it should be noted that in the studies mentioned above, the authors used a
catalyst in powder form, for which the recovery before reuse is a real drawback.
5. Conclusions
ZnO/Ag NPs nanocomposites thin films have been successfully produced by solgel spin coating technique, with Ag NPs content varying up to 30%. While the initial
average size of the nanoparticles was 20 nm, their average size, once embedded in the
nanocomposite, became of the order of 100 nm. The photocatalytic performance of ZnO/Ag
NPs nanocomposites in the degradation of IC has been probed using either UV or visible
light illumination. Under UV-light illumination, the photocatalytic performance is greatly
enhanced until an optimal Ag NPs content ranging between 10% and 20%. Under visible
light illumination, the moderate improvement increases steadily with the Ag NPs content.
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The photocatalytic performance of the nanocomposites has shown remarkable stability
during 5 runs of 7 h of IC degradation.
Direct sol-gel spin-coating deposition of 100 nm-thick ZnO/Ag NPs, with metallic
NPs at the surface of the photocatalyst and in direct contact with the pollutant, is the
chief strength of the study. Further investigations are needed to better tune the plasmonic
properties of nanoparticles, in particular, by reducing the size of Ag NPs, for better sunlight
application. Another track that we plan to explore is the use of NPs of a less expensive
metal, such as copper or copper oxide, for example.
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