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This article reports on VIS-active composite thin films based on zinc oxide (ZnO) and copper sulfide (CuxS) deposited using robotic
spray pyrolysis deposition (SPD) for the study of the optical and photocatalytic properties. The first step involves the SPD
deposition of a CuxS layer onto the glass substrate at 300°C. The second step consists of the deposition of a ZnO layer onto the
CuxS layer to form glass/CuxS-ZnO composites that were further annealed at 400°C. The development of the composite thin
films was confirmed by XRD and EDX analyses. The band gap energy (Eg) of the bare ZnO thin films decreased from 3.15 eV to
an activation energy value of 2.8 eV after the deposition of the ZnO thin layer onto the CuxS layer and from 2.8 to 2.08 eV after
annealing the CuxS-ZnO composite at 400°C. The UV-VIS irradiation (5.5% of UV, G = 55W/m2) of a 10 ppm methylene blue
solution was used to investigate the photocatalytic properties of the CuxS-ZnO composites. The annealed CuxS-ZnO thin films
at 400°C demonstrates better photocatalytic activity compared to CuxS-ZnO composites deposited at 300°C. The enhanced
photocatalytic efficiency of the annealed CuxS-ZnO thin films may be the result of the diode structure and the increased
crystallinity that prevent the electron-hole recombination.

1. Introduction

Nowadays, synthetic dyes are widely used in the textile,
paper, food, or cosmetic industries. During industrial pro-
cesses, some of these dyes are released into the wastewater,
and their total or partial further release into rivers and lakes
produces serious environmental problems [1, 2]. It is there-
fore necessary to develop a technology that can remove con-
taminants, as these dyes, that are at low concentration but
higher than the discharge limit [3]. In this context, solar
photocatalysis is an appropriate option to degrade recalci-
trant pollutants in water [4, 5]. During the recent years, a sig-
nificant effort was directed for using the clean, safe, and
abundant solar energy through the development of visible
light driven photocatalysts that can support implementing
the processes at larger scale.

Semiconductor-based photocatalysts raised considerable
attention due to their promising avenue for solving environ-
mental and energy problems, by using the abundant solar
radiation. Different metal oxides were reported to exhibit
photocatalytic activity, such as TiO2, ZnO, WO3, and SnO2
[6–9]. Among these, the zinc oxide (ZnO) thin film was
widely applied in the degradation of organic pollutants from
water or air due to its nontoxicity, low cost, photochemical
stability, and photocatalytic performance [10, 11]. However,
the use of ZnO is limited due to the high recombination rate
of the charge carriers and its wide band gap (~3.2 eV) that
allows its activation only under UV radiation. In order to
overcome these limitations, one of the strategies is to reduce
the required activation energy by coupling the n-type ZnO
semiconductor with a lower band gap p-type semiconductor
with suitably aligned energy bands to form diode-type
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heterostructures able to extend the photocatalytic response
towards VIS [10, 11].

Transition metal sulfides are usually coloured; thus, they
absorb radiation in the VIS spectral range and are therefore
promising candidates for solar cells and photocatalytic appli-
cations [12, 13]. Among the transition metal sulfides, CdS
and PbS have been combined with ZnO to develop suitable
heterojunctions, and these heterostructures are also applica-
ble in VIS-activated photocatalysis [14, 15]. However, Cd
and Pb are highly toxic elements; thus, an alternative material
is required for obtaining more environmental friendly photo-
catalysts. Environmental friendly copper sulfide (CuxS)
materials with Cu vacancies are one of the best choices. Cop-
per sulfide (CuxS) is recognized as an important, narrow
band gap (1.2-2.1 eV) p-type semiconductor suitable for
modifying the properties of ZnO when attached to the ZnO
surface to develop n-p heterojunctions, and these hetero-
structures have applications in VIS-activated photocatalysis
[13, 16]. A literature review indicates that work was carried
out on the synthesis of powder CuxS-ZnO nanocomposites
for photocatalytic applications. For example, Li et al. [17]
reported the synthesis of three-dimensional (3D) Cu2S@ZnO
composites by an easy three-step synthesis process and
showed their efficiency in the degradation of methylene blue;
Zhu et al. [18] reported the synthesis of CuS-ZnO nanocom-
posites by a simple mechanical method, without adding sur-
factants. The photocatalytic efficiency of the nanocomposites
reached the highest value when 0.5% CuS was added to ZnO;
Hong et al. developed a CuS-ZnO nanowire array using a
stainless-steel mesh, and ZnO-CuS heterostructured nanoar-
rays were widely used in piezophotocatalytic activity for the
degradation of methylene blue [19]. Morevoer, Silvie et al.
reported the synthesis of ZnO-CuS nanocomposites by the
hydrothermal method using two sulfur sources, thiourea
and thioglycolic acid, and showed their efficiency in the deg-
radation of the Mordant Black 11 dye [20]. However, the use
of powder photocatalysts suspended in water raises two
major problems specific particularly for small-sized powder
grains: the catalyst separation after the photocatalytic process
from the aqueous solution and its recycling for reuse.

To overcome these problems, CuxS-ZnO photocatalysts
can be used as thin films. The use of films in industrial pro-
cesses is recommended as avoiding the technological prob-
lems raised by powder leaching, aggregation, and/or
separation.

There are only a few publications reporting on CuxS-ZnO
thin films such as Zhang et al. that have deposited a CuS-ZnO
composite film on a quartz substrate using a spin coating
method, and the tribological effect of the CuS addition to
the ZnO thin fillm was investigated [21]. The thin films
should be obtained using a low-cost, low-energy deposition
method that can be easily scaled up. To meet these require-
ments, CuxS-ZnO thin films were deposited by robotic spray
pyrolysis (R-SPD) that was identified as an inexpensive and
versatile technique for the thin films deposition [22].

This paper reports on the deposition of a ZnO thin film
on a CuxS thin film using the robotic spray pyrolysis route.
After deposition, the CuxS-ZnO composite thin films were
annealed at 400°C to improve the crystallinity and the inter-

face interactions between the two layers. The structural, mor-
phological, and optical properties of CuxS-ZnO composites
before and after annealing were further investigated to out-
line their influence on the photocatalytic response.

2. Experimental Section

2.1. Chemicals. CuCl2·2H2O (99%, Scharlau Chemie SA),
thiourea H2NCSNH2 (99%, Scharlau Chemie SA), ZnCl2
(99.99%, Scharlau Chemie SA), absolute ethanol (C2H5OH,
99.2%, SC PAM Corporation SRL, Bucharest), and glycerol
(C3H8O3, 99.5%, Scharlau Chemie SA) were obtained from
commercial sources and used without any further
purification.

2.2. Instrumentation. The crystallinity of the thin films was
investigated using a Bruker D8 Discover X-ray Diffractome-
ter (CuKα = 1:5406Å, locked-couple technique, step size
0.02, scan speed 3 s/step, 2θ range from 20 to 70°). Scanning
electronmicroscopy (SEM) was employed to observe the thin
film surface using a Hitachi SEM S-3400 N type 121 II device
coupled with a ThermoScienctificUltra Dry energy dispersive
X-ray spectrometer (EDX). The topography of the compos-
ites was investigated via Atomic Force Microscopy (AFM,
NT-MDT model BL222RNTE). The band gap and activation
energy values of the thin films were estimated using a UV-
VIS-NIR spectrophotometer (Perkin Elmer Lambda 950).

2.3. Thin Film Deposition

2.3.1. CuxS Thin Films. CuxS films were deposited by robotic
spay pyrolysis using 50mL solution containing the precur-
sors mix (CuCl2·2H2O and thiourea, H2NCSNH2) dissolved
in a 7 : 2 : 1 volume ratio of deionized water : absolute etha-
nol : glycerol. The Cu : S molar ratio in the precursor solution
was 1 : 3 at a 0.3mol/L Cu2+ concentration. This solution was
sprayed on a glass substrate (1:5 cm × 1:5 cm) heated at
300°C, using 25 spraying sequences, with 30-second break
between two consecutive spraying pulses and air as carrier
gas. The glass substrates were previously cleaned with water
and detergent at neutral pH followed by ultrasonication in
ethanol and then dried using an air compressor. These depo-
sition parameters were the result of previously optimized
data [16, 23].

2.3.2. CuxS-ZnO Composite Films. ZnCl2 was dissolved in a 7
: 3 volume ratio of water : ethanol to obtain 50mL of 0.1M
solution. This precursor solution was sprayed on the glass/-
CuxS substrates heated at 300°C, using 10 spraying
sequences, with 45-second break between two consecutive
spraying pulses [23] using air as carrier gas. Annealing at
400°C for one hour was further used to increase the crystal-
linity of the two-layered structure.

2.4. Photocatalytic Experiments. The photodegradation
experiments were run in a quartz beaker using two UV radi-
ation sources (UV-A, typically 340-400nm, λUV,max = 365
nm, Philips) and five VIS light sources (TL-D Super 80
18W/865, typically 400-700 nm, λVIS,max = 565 nm, Philips),
with a total average irradiance value of 55W/m2. The UV
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contribution to the total irradiance represents approximately
5.5%, which resembles the profile of a simulated solar radia-
tion at much lower irradiance value. A 0.0125mM (10ppm)
methylene blue solution (MB, 99.8%, Merck) was prepared,
as recommended by the standard ISO 10678:2010, [24], using
ultrapure water (Direct-Q3 Water Purification System). In
each experiment, a composite thin film was immersed in
20mL of MB solution corresponding to a 2 cm thick liquid
layer above the sample, allowing thus minimal radiation
losses. Prior to irradiation, the samples were kept one hour
in dark to reach the adsorption-desorption equilibrium.
The photodegradation efficiency (η) was calculated based
on the initial absorbance of the dye solution (A0) and the
absorbance after 1, 2, 4, and 6 hours (At), recorded at the
maximum absorbance wavelength for MB (λ = 663 nm),
using a UV-VIS-NIR spectrophotometer (Perkin Elmer
Lambda 950), according to the following equation[24]:

η = Ao − At
Ao

× 100: ð1Þ

3. Results and Discussions

3.1. Structure, Surface Morphology, and Composition. The
structural properties of the ZnO thin film and of the CuxS-
ZnO composite layers obtained by depositing the ZnO thin
layers over the CuxS layer at 300°C and further annealed at
400°C were studied, and the XRD patterns are inserted in
Figure 1.

All diffraction peaks of the ZnO thin films in Figure 1(a)
can be assigned to the hexagonal structure (JCPDS-00-065-
0726). A strong orientation is observed along the (002) plane
that represents the growth perpendicular to the substrate sur-
face and indicate that the ZnO thin films are strongly ori-
ented along the c-axis [25, 26]. The (002) plane of the ZnO
thin film represents the most thermodynamically favorable
growth plane due to its low surface energy and the most
dense wurtzite structure [27]. A decrease in the (002) peak
intensity was observed after the deposition of ZnO on CuxS
(Figure 1(b)), indicating that the orientation of the bare
ZnO films along the (002) direction was altered when grown
on CuxS due to a decrease in the atomic diffusion between the
CuxS and ZnO films. The XRD data for the CuxS-ZnO com-
posite deposited at 300°C (Figure 1(b)) and after annealing at
400°C (Figure 1(c)) show the combinations of two sets of pat-
terns: one assigned to ZnO (JCPDS-01-089-1394) and the
other (represented by two asterisks) corresponding to the
crystalline structures of Cu1.8S (JCPDS-00-04-0881) [16,
28] and of Cu2S (JCPDS-01-072-1071) [29, 30]. The XRD
patterns of the CuxS-ZnO composite deposited at 300°C
and after the annealing treatment at 400°C also exhibit the
characteristic peaks for the hexagonal structure of the ZnO
thin films. The diffractograms outline the relative low crystal-
linity of CuxS compared to ZnO as the CuxS peaks are of
lower amplitude in the XRD patterns of the CuxS-ZnO com-
posite structure. This could also be the consequence of the
fact that CuxS is not directly exposed to the X-rays. A similar
trend was observed for the annealed composites
(Figure 1(c)). Additional peaks were observed in the diffrac-

tograms that can be attributed to CuO (JCPDS-00-048-
1548). The presence of CuO in the thin film is the result of
spraying using air as carrier gas, thus supporting the forma-
tion of CuO; moreover, the annealing treatment increases
this phase in the film. The results also show an increase of
about 5% in the crystallinity degree after annealing.

SEM analyses were carried out to investigate the surface
morphology of the thin films, and the results are included
in Figure 2. The CuxS thin films show agglomerated granular
particles with cracks (Figure 2(a)) while ZnO thin films are
deposited in agglomerated uneven clusters (Figure 2(b)).
After deposition of ZnO on glass/CuxS, the CuxS-ZnO com-
posites show a granular surface (Figure 2(c)) with surface
cracks. After annealing at 400°C (Figure 2(d)), the layers have
a less compact surface aspect with less surface cracks.

The AFM images of the CuxS-ZnO composites deposited
at 300°C (Figures 3(a) and 3(b)) and after annealing at 400°C
(Figures 3(c) and 3(d)) confirm the results outlined in the
SEM images and allow to calculate the average roughness
values of 83.47 nm and 145.13 nm, respectively. These values
suggest that annealing increases the roughness as a possible
result of additional surface reactions (e.g., CuxS oxidation).
The increase in roughness after annealing can be linked to
the growth/aggregation of the smaller grains forming larger
and domed grains with micropores. This increase in the
roughness values due to spiky and bumpy aggregates may
result in more active sites increasing thus the photocatalytic
activity [31–34], as a porous surface increases the number
of active sites available for the pollutant molecules adsorption
as first step in photocatalysis [31, 32].

Energy dispersive X-ray spectroscopy (EDX) was
employed to get the elemental surface composition of the
composite thin films deposited at 300°C (Table S1) and
after annealing at 400°C (Table S2), and the results are
included in Table 1. Figures S1 and S1 display their
elemental mapping. These results show that the surface
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Figure 1: XRD patterns of (a) the ZnO thin films, (b) CuxS-ZnO
composites thin films as deposited, and (c) after annealing at 400°C.
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mainly contains Cu, S, Zn, and O in the nanocomposites as
deposited at 300°C with a CuxS : ZnO ratio of 1 : 2.4 and,
after annealing at 400°C, with a ratio of 1 : 2.3. Moreover,
the molar ratio of Cu and S was found to be Cu : S = 1:4 : 1
for the CuxS-ZnO composites obtained at 300°C and 1.75 : 1
after annealing at 400°C. These results indicate that the
molar ratio in the precursor solution (Cu : S = 1 : 3) was
changed during the deposition and the annealing treatment
and confirm that copper exists as sulfide(s) but also in
other compounds as the oxide(s), confirming the XRD
results. In addition, other elements (Si, Ca) from the glass
substrate were identified, proving that the layers are very
thin. The presence of the Cl atoms on the surface of the
CuxS-ZnO composite thin film as deposited at 300°C is the
result of the zinc chloride precursor used for the deposition
of ZnO. The excess of oxygen in the CuxS-ZnO composites
obtained at 300°C may be the result of the absorbed oxygen
at the surface during spraying as air was used as carrier gas.
It can also be the result of the partial oxidation of CuxS to
CuxO. A large excess of oxygen is also observed in the
CuxS-ZnO composites after annealing, confirming the
increase in the CuxO content after annealing in air. These
results well corroborate with the XRD data.

3.2. Optical Properties. The transmittance spectra of the bare
ZnO and CuxS thin films and of the CuxS-ZnO composites as
deposited at 300°C and after annealing at 400°C are included
in Figure 4. The spectrum of the ZnO thin film shows a max-
imum transmittance of approximately 80% in the VIS region,
which is close to the values reported in literature [35], while
CuxS thin films have a low transmittance value, of maximum
18%. For the CuxS-ZnO composite deposited at 300°C, a
slight increase in the transmittance, close to 23%, is observed
as result of the interaction between the CuxS and ZnO thin
films and/or as result of the partial oxidation of the CuxS thin
film. This value increases to approximately 54% in the CuxS-
ZnO composite after annealing at 400°C. This increase in
transmittance may be due to the increase in the grain size
and improved structural homogeneity (that avoiding scatter-
ing) and crystallinity along with a modified surface composi-
tion, as already explained.

The UV-diffuse reflectance spectra of the bare ZnO and
CuxS thin films and of the CuxS-ZnO composites as depos-
ited at 300°C and after annealing at 400°C are included in
Figure 5. The results show that ZnO thin film exhibit the
highest reflectance throughout the whole VIS region while
the reflectance decreases in the VIS region after deposition
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Figure 2: SEM images of (a) CuxS thin films, (b) ZnO thin films, (c) CuxS-ZnO composite films deposited at 300°C, and (d) CuxS-ZnO
composite films after annealing at 400°C.
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of ZnO thin film onto CuxS and annealing at 400°C, indicat-
ing that CuxS-ZnO composite thin film obtained after
annealing is expected to be a better photocatalyst under VIS
irradiation. These results are similar to those reported in lit-
erature [36]. Indeed, the CuxS layer can support the transport
of the photogenerated charges carriers in the ZnO conduc-
tion band while suppressing their recombination due to the
n-p heterojunction. The heterojunction also supports the
alignment of the Fermi levels and therefore facilitates trans-
port of electrons and holes on different paths.

The band gap and activation energy levels for the thin
films were estimated using Tauc’s plots that correlate the
absorption coefficient and the photon energy [37, 38] and
are presented in Figure 6. The direct energy band gap calcu-
lated for ZnO and for the CuxS thin films is 3.15 eV and 2.63
eV, while for the CuxS-ZnO composite deposited at 300°C
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Figure 3: 2D (a, c) and 3D (b, d) AFM images for the CuxS-ZnO composites deposited at 300°C (a, b) and after the annealing treatment at
400°C (c, d).

Table 1: EDX results of the CuxS-ZnO composites as deposited at
300°C and after treatment at 400°C.

CuxS-ZnO as deposited at
300°C

CuxS-ZnO after annealing at
400°C

Elements Atomic % Elements Atomic %

Zn 21.47 Zn 15.28

O 44.28 O 52.30

Cu 15.17 Cu 15.21

S 10.73 S 8.71

Cl 0.89 Cl —

Si 6.46 Si 7.21

Ca 1.00 Ca 1.28
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and for the composite layer after annealing at 400°C, the acti-
vation energy was estimated at 2.80 and 2.08 eV, respectively.
These values are close to those reported in literature and
strongly depend on the composition and crystallinity of the
thin films [37, 39]. These results revealed that the energy
band gap value of the ZnO thin films was reduced from
3.15 to 2.80 eV after deposition on the CuxS layer at 300°C
that confirms that good interfaces resulted between these
two layers. These results also show that the band gap energy
of CuxS-ZnO composite deposited at 300°C decreased from
2.80 to 2.08 eV after annealing, and the values for both com-
posites are proving their VIS activation. This decrease origi-
nates from the formation of the diode structure, caused by

the alignment of energy bands of ZnO, CuxS, and CuxO as
illustrated in Figure 7.

3.3. Photocatalytic Activity. The photocatalytic activity of the
CuxS-ZnO composite thin films was evaluated in the degra-
dation of methylene blue under UV-VIS irradiation at low
irradiance values at different process durations, and the
results are included in Figure 8. The corresponding absorp-
tion spectra of the variation with time of Methyl Blue solu-
tion under light irradiation are illustrated in Figures S3 and
S4. The results show that the photodegradation efficiency is
higher when using the CuxS-ZnO composite deposited at
300°C (Figure 8(a)) compared to that obtained when using
the composite after annealing at 400°C (Figure 8(b)) for an
initial irradiation duration of 2 hours. After about three
hours of irradiation, the removal efficiency on the CuxS-
ZnO composite obtained after annealing at 400°C becomes
higher than that of the sample deposited at 300°C as a
possible result of a less clogged surface with photocatalytic
by-products owing to its more ordered surface aspect (as
the results in Figure 2 show) which is one of the key aspects
for a higher photocatalytic performance. This is in good
agreement with the SEM images. Moreover, the higher
photocatalytic efficiency of the composite obtained after
annealing at 400°C could also be due to a higher
crystallinity degree of the annealed material that leads to
better mobility of the photogenerated charge carriers. The
improvement of the charge carrier’s transport prevents
recombination and allows producing more oxidant species
such as the hydroxyl radicals. The dye removal efficiency
after 1 hour in dark and 6 hours under UV+VIS radiation
was 10.35% for the CuxS-ZnO composites deposited at
300°C and 13.32% for the CuxS-ZnO composites after
annealing at 400°C. The enhanced photocatalytic efficiency
of the annealed CuxS-ZnO thin films can be attributed to
the diode structure and the crystallinity that prevents
recombination as already outlined. Moreover, the amount
of CuO increases after annealing in composite thin films
that could also increase the photocatalytic activity; thus,
both the CuO content and the increased in crystallinity
degree may be responsible for the experimental result.

Considering the low irradiance value used in the experi-
ments (55W/m2), significant higher photodegradation effi-
ciencies are to be expected under natural solar radiation
(with an average irradiance value of 500-1000W/m2).

The results recorded using the CuxS-ZnO composite
deposited at 300°C and after annealing at 400°C represent
an improvement over previous results obtained when using
TiO2/CuxS-CuO/SnO2 thin films tested using the same irra-
diation scenario and using phenol solutions with 4, 10, and
20 ppm concentration. After 6 h of irradiation, the highest
recorded efficiency was in that case of 8.75% for the 4 ppm,
6.8% for the 10 ppm, and 6.9% for the 20 ppm pollutant con-
centration [40].

The use of a CuxS-ZnO diode structure (p-n semiconduc-
tor composite) can lead to an overall decrease in the activa-
tion energy of the photocatalytic heterostructure, from the
UV wavelength (required by ZnO) to the VIS. The ZnO,
CuxS, and CuxO semiconductors have different potential
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values (VB and CB bands) as illustrated in Figure 7; therefore,
in the CuxS-ZnO photocatalysts, the holes and electrons were
allowed to flow from a semiconductor to another, reducing
the electron-hole recombination. A single phase of CuxS is
difficult to obtain, and the main by-product which is copper
oxide can act as a cocatalyst and could therefore lower the
activation energy of the set to easily initiate photocatalytic
activity. The mechanism of transport and separation of
photogenerated electron/hole pair species, related to the dif-
ferent energy bands within the different structures of the con-

stituents of the overall composite material, is illustrated in
more detail in Figure 7.

4. Conclusions

A relatively simple, inexpensive, and upscalable method,
spray pyrolysis, was used for the deposition of the double
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Figure 6: The Tauc plots of (a) CuxS, (b) ZnO, and (c) CuxS-ZnO nanocomposites as deposited at 300°C and (d) after annealing at 400°C.
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layered composite thin films with the structure glass/-
CuxS/ZnO, and the formation of these thin films was con-
firmed by the XRD and EDX analyses. The AFM results
prove that the surface roughness increases during annealing
as also the crystallinity degree does. The activation energy
of the CuxS-ZnO composites deposited at 300°C and after
annealing at 400°C was estimated based on the Tauc plots
as being 2.80 eV and 2.08 eV, respectively, proving the VIS
activation of these composites. The photocatalysis results
demonstrate that the CuxS-ZnO composites after annealing
at 400°C have a better photocatalytic response as compared
to CuxS-ZnO composites deposited at 300°C in the photocat-
alytic degradation of methylene blue, following a higher crys-
tallinity degree and surface roughness. This deposition
method can be further extended to other similarly coupled
metal sulfide and metal oxide composite thin films targeting
an enhanced photocatalytic VIS-activity.
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