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Abstract: Properties of heterotructured semiconductors based on ZnO/CdS nanosheets are inves-
tigated for their possible application in photocatalytic and photoelectrochemical reactions. Semi-
conductor material is the main active coating of photoanodes, which triggers the half-reaction of
water oxidation and reduction, which entails the purifying or splitting of water. This article explains
nanocomposite assembly by convenient and simple methods. The study of the physicochemical
properties of semiconductor layers is carried out using electron microscopy, X-ray diffractometry,
and UV-visible spectroscopy. Studies of electrochemical properties are carried out by potential static
methods in electrochemical cells.
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1. Introduction

Water is one of the main components of life. It is extremely important to preserve the
chemical and physical purity of water on the planet. Humanity pollutes water because of
artificial processes. Modern, comfortable, and efficient living means chemical production.
Pollutants or by-products of chemical production end up in the aquatic ecosystem. This has
a detrimental effect on the fish and other life forms in the seas and oceans [1]. Therefore, it is
important to purify water masses from polluting molecules. One way of water purification
is decomposing of organic molecules and dyes, such as Methylene blue (Mb). Energy
is another important component for the implementation of life. Today, the extremely
increased consumption of hydrocarbons as a source of energy leads to high levels of carbon
dioxide emissions into the atmosphere, which adversely affects the planet’s ecosystem
and leads to the creation of a greenhouse effect. The transition to alternative energy
sources has a high potential for reducing carbon dioxide emissions into the atmosphere;
therefore, it is important to continue the development of this area. Photoelectrochemical
and photocatalytic systems based on mechanisms that mimic natural photosynthesis are
capable of decomposing complex molecules of water pollutants and running hydrogen
generation by water splitting [2]. The scientific community is of great interest in the
development of photoelectrochemical and photocatalytic systems based on semiconductor
materials [3,4]. Among several semiconductor materials that exhibit the ability to generate
hydrogen through photoelectrochemical water splitting, ZnO remains one of the most
interesting. This interest is fueled by the following: suitable energy band levels, sufficient
conductivity, eco-friendliness, prevalence, and availability. The high binding energy of
the exciton also makes ZnO a promising material for optical devices based on exciton
effects [5]. Due to the multifunctionality of semiconductor ZnO, its exploitation has also
found application in cosmetic production [6]; varistors technology [7]; gas sensors [8]; and
the textile industry, where ZnO nanoparticles are applied to cotton and woolen fabrics [9],
antibacterial coatings [10], and photocatalysts. Over the past decades, the development of
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several methods for the synthesis of ZnO layers of various sizes and geometries has been
observed. Among them, electrochemical synthesis of ZnO layers is one of the simplest and
most convenient methods for the production of nanosized arrays with highly controlled
morphology in 1D, 2D, and 3D structures. The main reaction leading to the formation of
oxides is the electric generation of the base [11,12]. There are also some disadvantages
of ZnO in photoelectrochemical processes. The main disadvantages of ZnO include fast
recombination of photoinduced electron-hole pairs, near-zero sensitivity to visible light,
and a low level of resistance to photodegradation. Such disadvantages inherently limit
the photocatalytic ability of ZnO under visible light. Recently, it has become popular to
overcome the disadvantages of ZnO by surface modification. The sensitization of ZnO
structures by layers of nanosized CdS occupies a special place in the development of
the photoelectrochemical and photocatalytic industry of hydrogen evolution using ZnO
arrays [13,14]. CdS is a semiconductor capable of absorbing visible light. Metal sulfides are
potential candidates for photocatalysis applications. The valence band of such materials
usually consists of sulfur 3p orbitals, which leads to more negative values of the conduction
band in comparison with metal oxides (MO) [15]. There is a wide range of methods
for the synthesis of narrow-gap semiconducting CdS of various forms—nanoparticles,
nanospheres, nanorods, and nanoplates [16–19]. Layer-by-layer or SILAR inclusion of CdS
particles on the surface of MO allows efficient production of H2 [20,21]. However, the
effectiveness of CdS as a photocatalyst is limited due to an anodic decomposition called
photocorrosion [22,23]. The strategy of creating three-component composites contributes
to an increase in the photocorrosion stability of CdS-based photocatalysts. Particles of
noble metals are a key component of such systems [24,25]. On the other hand, the correct
selection of particle sizes and layer thickness in which fast charge carrier transfers will be
carried out contributes to an increase in the efficiency of the photocatalyst and a decrease
in the photocorrosion rate.

In this work, the photocatalytic activity of ZnO and ZnO nanocomposite was investi-
gated. Photocatalytic tests consisted of the ability to decompose the MB dye. Photoelectro-
chemical properties were studied by J-t spectroscopy. Two types of ZnO morphology were
studied: leaf structure and nanosheets (NS). The deposition of thin CdS layers onto the ZnO
array carried out by the SILAR method. Two deposition modes of CdS involved 10 cycles
and 50 cycles. The purpose of this work is to study the effect of similar morphologies of
ZnO nanostructures and ZnO/CdS nanocomposites on its photocatalytic activity. To test
photocatalytic reactions, photoanodes were assembled from the synthesized materials.

2. Materials and Methods

The reagents for the experimental work were purchased from Sigma Aldrich, Almaty,
Kazakhstan and were used without purification. ITO glass substrates were thoroughly
cleaned prior to experimental work.

Arrays of ZnO NS were synthesized in an aqueous solution according to the procedure
described in [26]. For comparison, two different concentrations of Zn (NO3)2 × 6H2O were
selected: −0.1 M and 0.5 M. The electrical conductivity of the solution was maintained by
adding 0.5 M KCl. The potential applied to the substrate was kept equal to (−1.1) V. The
synthesis time and temperature were chosen to be equal to 30 min and 70 ◦C, respectively.
After electrochemical deposition, the obtained samples were thoroughly washed in distilled
water and annealed in a muffle furnace at 500 ◦C for 2 h.

ZnO NS/CdS nanocomposites were obtained by depositing thin layers of CdS onto
ZnO NS arrays [27,28]. Briefly, ITO glass coated with a ZnO matrix was sequentially im-
mersed in four containers: an aqueous solution containing Cd2+ cations (5 mM Cd(NO3)2);
deionized water; an aqueous solution containing S2− anions (5 mM Na2S); deionized water.
The thickness of the CdS coating was controlled by a number of immersion cycles. Figure 1
shows the schematic representation of 1 cycle of the SILAR technic.
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Figure 1. Schematic representation of 1 cycle of SILAR technic.

3. Results and Discussion
3.1. Properties of Low-Dimensional ZnO NS and ZnO/CdS Nanocomposites

The crystal structure of samples was studied on an X-pert MRD X-ray diffractometer
(XRD) equipped with a copper anode and shown in Figure 2. XRD pattern of ZnO NS (a)
(insert of Figure 2) demonstrates the main directions of crystallite growth (100), (101), and
(002). These crystallographic directions correspond to the ZnO wurtzite phase hexagonal
structure (JCPDS card no 05-0664). The structure correlates to a sheet or leaf-shaped form.
More intense reflections associated with the (101) direction show that the NSs oriented
randomly. The XRD patterns show that resulting ZnO NS (a) and ZnO NS (b) are similar
in phase and structure. In addition to reflections of ZnO NS (b), the XRD pattern contains
peaks of CdS 50. CdS diffraction peaks are detected according to JCPDS 01-077-2306, which
are indexed in the directions (100), (002), (101), (102), (110), and (112), which correspond to
the wurtzite structure. Background reflections refer to ITO.
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Electrochemical synthesis of ZnO NS (a) leads to the formation of an uneven array
(Figure 3a). A surface morphology study by a scanning electron microscope JEOL showed
the formation of developed structures. The average size of large 2D formations is not
comparable to small 1D crystallites around. The thickness of 2D formations is in the range
of 50–80 nm, while the diameter of the face is several microns. The appearance of small
1D crystallites around 2D forms may be associated with insufficient polarization of the
working electrode at the selected concentration of Zn ions. It is reasonable to assume that
1D structures are another form of growth anisotropy. Most likely, the array of hexagonal
formations is a seed layer for the growth of 1D structures, while curved 2D can be formed
at the initial stages of NS growth. Figure 3b shows the morphology of ZnO NS (b). The
average transverse size of sheets varies within 100 nm. Figure 3c shows the transverse size
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of the layer of ZnO NS (b). The homogeneity of the array is traced, the transverse size of
which varies within the range of 2.11–2.21 µm.
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Figure 3. SEM image of the surface morphology of 2D ZnO obtained by electrochemical synthesis at
a concentration of (a) 0.01 M Zn ions, (b) and (c) 0.5 M Zn ions.

The optical properties of obtained samples were investigated using Specord® plus
two-beam UV/Vis spectrophotometer and Lumina fluorescence spectrometer. The optical
absorption spectrum of ZnO is shown in Figure 4a, with black and red curves. An intense
peak of light absorption corresponding to 380 nm indicates the bandgap of the obtained
material equal to 3.26 eV of the wurtzite phase of ZnO. A comparison of black and red
curves demonstrates the appearance of additional areas of light absorption in the visible
area for ZnO NS (b). The similar nature of the absorption of visible light for a wide-
gap semiconductor can be explained by multiple scattering. The transport properties
of photogenerated charge carriers in ZnO have been studied by the room temperature
photoluminescence (PL) spectrum. PL spectrum of ZnO nanoplates excited by radiation of
325 nm has two main emission peaks located at 380 and 620 nm. Such an arrangement of
peaks is associated with the exciton recombination of ZnO and the presence of defects and
scattering paths [29–31] (Figure 4b).
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Figure 4. Optical properties. (a) UV/vis absorption of ZnO NS and ZnO/CdS nanocomposites;
(b) PL spectrum of ZnO NS.

The intensity of the 380 nm peak of the PL emission of ZnO NS (a) is higher than
ZnO NS (b). It indicates that the recombination of charge carriers for a ZnO NS (a) has a
higher level. Based on more competitive optical properties, ZnO NS (b) was chosen for
the formation of nanocomposites. Two modes of SILAR were chosen for modification of
ZnO NS (b). CdS nanolayers were deposited in 10 cycles (1 mode) and 50 cycles (2 modes).
Figure 5 shows an SEM analysis of the morphology of ZnO/CdS. Deposited layers of
CdS cover [0002] and [101 0] surfaces ZnO NS (b). CdS particles range in size from tens
to hundreds of nanometers. CdS coating somewhat extends the facet (101 0), which is
confirmed by the presence of porosity at the ends of the structures, while the lamellar
contour of hexagonal components is preserved (Figure 5a). The 50 cycles of CdS deposition
lead to the formation of thicker composites with an average transverse size close to 200 nm
(Figure 5b). The formed layer repeats the topography of the matrix film, which confirms
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the core-shell structure of hierarchically assembled semiconductors. Core-shell structure is
capable of improving photoinduced carrier transportation.
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3.2. Photocatalytic and Photoelectrochemical Testing

Photocatalytic and photoelectrochemical testing of prepared samples carried in an
aqueous electrolyte. The photocatalytic activity of the samples was tested by the decompo-
sition of the MB dye. For photocatalytic reactions, photoanodes were immersed in water at
an angle of 45◦ to the bottom of the vessel. A 60 mW/cm2 radiation source illuminated the
entire surface of the photoanode. To maintain the same chemical potential of semiconduc-
tors, pH 7 was used. Figure 6a shows graphs of in-dark sorption analysis for the reaction of
MB dye with different photoanodes.
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According to Figure 6a, ZnO NS (b) shows the highest sorption properties of the
dye. This can be explained by the developed surface compared to other samples (compare
Figures 3 and 5). ZnO/CdS (50) demonstrates the lowest sorption properties. This is due to
a decreased contact area between the photoanode and solution since, at 50 SILAR cycles,
CdS fills the voids between NS. The green curve shows the sorption behavior of the MB dye
in a vessel without photoanodes. The results of dye adsorption on the working surfaces
during the reaction and subsequent measurements of the optical density of the solution
make it possible to trust the analysis of the photodegradation of MB. Figure 6b shows
photodecomposition curves of MB with irradiated time. Since the glass walls of the vessel
were on radiation pass, only wavelength more than 300 nm hits the photoanode. It means
that wide-band gap semiconductors absorb a small portion of light and show low catalytic
levels. The red and black curves of Figure 5 represent less than 15% MB degradation in an
hour. In comparison, ZnO/CdS nanocomposites show more than 50% MB degradation. In
spite of the fact that ZnO/CdS (50) absorbs more UV/vis light (see Figure 4a), ZnO/CdS
(10) shows better photocatalytic behavior. The explanation for this phenomenon lies in
the high probability of charge carrier recombination in the volume of thick layers. A
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higher level of exciton recombination reduces the number of active species capable of
photocatalysis. On the other hand, Figure 3 shows that the estimated surface area of ZnO
NS (b) is larger than the surface area of ZnO NS (a). The larger the contact area of the
photocatalyst with the dye, the greater the probability of MB decomposition. This fact is
applicable to explain the better photocatalytic activity of ZnO NS (b) compared to ZnO NS
(a) (Figure 6b, red and black curves).

Photoelectrochemical tests of materials were evaluated by the ability to generate
photocurrent in a three-electrode electrochemical cell. Amperometry studies of current
density vs. time (J-t) were recorded under cyclic irradiation of 60 mW/cm2 light at zero
bias and 7 pH. Figure 7a shows J-t diagrams for ZnO NS and ZnO/CdS nanocomposite. A
photocurrent is excited upon irradiation, while a dark short-term peak up to 10 µA/cm2

corresponds to the recharging of active layers and equalization of Fermi levels of anode
and electrolyte. The subsequent decrease in J up to 0.6 µA/cm2 is explained by loosely
packed 2D ZnO. Nonzero values of J in the dark may indicate low transport properties of
charge carriers (Figure 7 first 40 s).
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The J of ZnO NS (a) reaches 82 µA/cm2, which is less than the J of ZnO NS (b), which
is equal to 98 µA/cm2. Comparing the Nyquist plot for ZnO NS (a) and ZnO NS (b)
(see Figure 7b black and red semicircles, respectively) reveals that a larger surface area
of ZnO NS (b) leads to improved charge transfer performance between the photoanode
and the electrolyte (small radius of semicircle). Figure 6a, blue and purple curves, shows
the values of the J recorded during PEC processes for ZnO/CdS (50) and ZnO/CdS (10),
respectively. It is seen that a thin layer of CdS in the ZnO/CdS core/shell structure exhibit
a higher level of J = 418 µA/cm2. Covering the ZnO NS arrays uniformly by 50 layers
of CdS leads to the suppression of J in the PEC cell. Consequently, thin layers of CdS
increase the photoelectrochemical efficiency of ZnO/CdS composites. This is in good
agreement with photocatalytic activity for MB degradation. The schematic diagram in
Figure 8 shows the hierarchy of the band structures of the ZnO/CdS composite, giving
a superficial representation of the photocatalysis process on semiconductor photoanodes
made in a composite architecture.

Based on the results of this work, it can be assumed that the water treatment or
production of pure hydrogen is permissible using elements common in the earth’s crust.
This will avoid the widespread use of rare and expensive materials, which will reduce the
cost of the final product.



ChemEngineering 2022, 6, 87 7 of 8ChemEngineering 2022, 6, x FOR PEER REVIEW  7  of  8 
 

 

Figure 8. Schematic diagram of the photocatalysis process of ZnO NS (left) and ZnO/CdS nanocom‐

posites (right). 

Based on the results of this work, it can be assumed that the water treatment or pro‐

duction of pure hydrogen is permissible using elements common in the earth’s crust. This 

will avoid the widespread use of rare and expensive materials, which will reduce the cost 

of the final product. 

4. Conclusions 

The exploitation of oriented and close‐packed structures of ZnO NS (Figure 3b) ex‐

hibits  a greater photoresponse  in  comparison with  a  similar  structure,  the packing of 

which is less dense (Figure 3a). Accordingly, it is important to control the morphology of 

the resulting photoactive material. The use of a simple but reliable technique of electro‐

chemical synthesis allows the creation of fine control of the surface and structure of the 

synthesized sample. Modification of wide‐gap semiconductors with narrow‐gap semicon‐

ductors is one way of creating nanocomposites and heterostructures. It requires the use of 

several hierarchical synthesis techniques to impart the desired architecture. In this work, 

using a  sequential  combination of electrochemical  synthesis and  the SILAR method, a 

photoactive nanocomposite with a specified and controlled 2D ZnO/CdS architecture was 

synthesized. The obtained ZnO/CdS NS photoanode exhibited  improved absorption of 

light and a decrease in the level of exciton recombination, which led to increased photo‐

current density up to J = 418 μA/cm2 at 0 V bias vs. Ag/AgCl. 

Author Contributions: Conceptualization, N.B.; methodology, D.B.; formal analysis, N.B.; investi‐

gation, B.S.; resources, N.B.; data curation, B.S.; writing—original draft preparation, D.B.; writing—

review and editing, N.B.; visualization, B.S. All authors have read and agreed to the published ver‐

sion of the manuscript. 

Funding: This research was funded by the Ministry of Science and Higher Education of the Republic 

of Kazakhstan, grant number AP08052381. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Volta, P.; Jeppesen, E. Impacts of Human Activities and Climate Change on Freshwater Fish. Water 2021, 13, 21. 

2. Fujishima, A. Electrochemical evidence for the mechanism of the primary stage of photosynthesis. In Book Electrochemical Evi‐

dence for the Mechanism of the Primary Stage of Photosynthesis; EditorBulletin of the chemical society of Japan: Tokyo, Japan, 1971; 

pp. 1148–1150. 

3. Shabdan, Y.; Markhabayeva, A.; Bakrano, N.; Nuraje, N. Photoactive Tungsten‐Oxide Nanomaterials for Water‐Splitting. Na‐

nomaterials 2020, 10, 9. 

4. Markhabayeva, A.A.; Moniruddin, M.; Dupre, R.; Abdullin, K.A.; Nuraje, N. Designing of WO3@Co3O4 Heterostructures  to 

Enhance Photoelectrochemical Performances. J. Phys. Chem. A 2020, 124, 486–491. 

5. Janotti, A.; Van de Walle, C.G. Fundamentals of zinc oxide as a semiconductor. Rep. Prog. Phys. 2009, 72, 12. 

Figure 8. Schematic diagram of the photocatalysis process of ZnO NS (left) and ZnO/CdS nanocom-
posites (right).

4. Conclusions

The exploitation of oriented and close-packed structures of ZnO NS (Figure 3b) exhibits
a greater photoresponse in comparison with a similar structure, the packing of which is
less dense (Figure 3a). Accordingly, it is important to control the morphology of the
resulting photoactive material. The use of a simple but reliable technique of electrochemical
synthesis allows the creation of fine control of the surface and structure of the synthesized
sample. Modification of wide-gap semiconductors with narrow-gap semiconductors is
one way of creating nanocomposites and heterostructures. It requires the use of several
hierarchical synthesis techniques to impart the desired architecture. In this work, using a
sequential combination of electrochemical synthesis and the SILAR method, a photoactive
nanocomposite with a specified and controlled 2D ZnO/CdS architecture was synthesized.
The obtained ZnO/CdS NS photoanode exhibited improved absorption of light and a
decrease in the level of exciton recombination, which led to increased photocurrent density
up to J = 418 µA/cm2 at 0 V bias vs. Ag/AgCl.
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