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of hexagonal CdS-decorated ZnO
nanorod arrays with low-temperature preheating
treatment for improved properties and efficient
photoelectrochemical applications

Huey Jing Tan, a Zulkarnain Zainal,*ac Zainal Abidin Talib,b Hong Ngee Lim, a

Suhaidi Shafie,d Sin Tee Tanef and Noor Nazihah Bahrudin a

The limitations of oxide semiconductor-based solar cells in achieving high energy conversion efficiencies

have prompted incessant research efforts towards the creation of efficient heterostructures. Despite its

toxicity, no other semiconducting material can fully replace CdS as a versatile visible light-absorbing

sensitizer. Herein, we explore the aptness of preheating treatment in the successive ionic layer

adsorption and reaction (SILAR) deposition technique and improve the understanding of the principle

and the effects of a controlled growth environment on thus-formed CdS thin films. Single hexagonal

phases of nanostructured cadmium sulfide (CdS)-sensitized zinc oxide nanorods arrays (ZnO NRs) have

been developed without the support of any complexing agent. The influences of film thickness, cationic

solution pH and post-thermal treatment temperature on the characteristics of binary photoelectrodes

have been investigated experimentally. Interestingly, the preheating-assisted deposition of CdS, which is

rarely applied for the SILAR technique, resulted in improved photoelectrochemical performance similar

to the post-annealing effect. The X-ray diffraction pattern revealed that optimized ZnO/CdS thin films

were polycrystalline with high crystallinity. Examination of the morphology of the fabricated films via field

emission scanning electron microscopy showed that film thickness and medium pH altered the growth

mechanism of nanoparticles, thereby changing their particle sizes, which had a significant influence on

the film's optical behavior. The effectiveness of CdS as a photosensitizer and the band edge alignment

for ZnO/CdS heterostructures were evaluated using ultra-violet visible spectroscopy. Facile electron

transfer in the binary system as evidenced in electrochemical impedance spectroscopy Nyquist plots,

therefore, promotes higher photoelectrochemical efficiencies from 0.40% to 4.30% under visible light

illumination as compared with the pristine ZnO NRs photoanode.
1 Introduction

Photoelectrochemical (PEC), photocatalytic and photovoltaic
technologies are known as the cleanest and most economical
approaches to solar-driven renewable hydrogen production.
Typically, the efficiency of photoinduced charge carrier
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separation can signicantly alter the photocurrent conversion
efficiency of participating semiconductor(s). For instance, fast
electron–hole recombination rates in zinc oxide nanorod arrays
(ZnO NRAs) limit the overall photoelectrochemical performance
despite the one-dimensional nanostructured photoanode
serving as an excellent electron transport pathway to improve
electron collection for photocurrent generation.1 According to
recently reported strategies, constructing a heterojunction is
promising for maximizing the visible-light harvesting and
subsequently, the electron–hole generation, separation and
collection efficiency of a photoelectrode.2–4 In this context,
different semiconductor band levels could result in type I
(straddling gap), type II (staggered gap) or type III (broken gap)
heterojunctions. In the type II heterojunction, electron–hole
pairs can generally be separated more effectively than in type I
and type III heterojunctions since the conduction and valence
bands of two semiconductors are arranged step-wise so that the
transfer of photogenerated electrons (between conduction
RSC Adv., 2023, 13, 14393–14411 | 14393
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bands of semiconductor A and B) and holes (between valence
bands of semiconductor A and B) can simultaneously take place
without accumulation on either semiconductor.4 Therefore, it
suppresses electron–hole recombination and extends the
charge carrier lifetime for preferred photo-response. Apart from
that, the formation of a p–n heterojunction photoanode is also
favourable for engineering the interface electronic properties
and charge transfer mechanism. Liu and co-workers fabricated
p-CuO/n-ZnO nanorod arrays that demonstrated 4-fold PEC
enhancement contributed by broader visible-light absorption
and better charge separation in the heterostructure.5 Sitara et al.
coupled p-CoTe and n-MoS2 through sonochemical synthesis.
The successful creation of the heterojunction was evidenced not
only by a sharp decrement of the anodic onset potential but the
effective interfacial interaction between each counterpart also
reduced the charge transfer resistance.6

To fabricate a more functional ZnO-based nano-
heterostructure, metal chalcogenides, especially CdX (where X
= S, Se and Te), are dominant candidates due to their smaller
bandgap energies, similar lattice with ZnO and suitable band
alignment for the water splitting process. These features make
it possible to harvest the full solar spectrum to achieve the
desired solar-to-hydrogen (STH) conversion efficiency when
coupled with wide bandgap semiconductors. The application of
these visible II–VI semiconductors in quantum size facilitated
the inter-band photo-injection of electrons from quantum dots
(QDs) into the electron acceptor layer while the holes remained
strongly conned in QDs, therefore signicantly decreasing the
surface traps and suppressing the exciton recombination.7

Synergistic effects of different Cd-based chalcogenides and ZnO
nanostructures can be attained through surface sensitization or
core–shell architecture. According to Mendhe and co-workers,8

a core–shell structure with a larger interface contact area is
benecial for the charge generation and tunnelling process.
Besides this, the properties of the shell material can be tuned
individually, for instance, by controlling the shell thickness,
particle size and coverage, surface state passivation, etc., to
boost the PEC performance. Due to an optical band gap of
1.45 eV and a light-harvesting capability of up to ∼860 nm,
Consonni et al. fabricated ZnO/CdTe core–shell nanowire (NW)
arrays in which the crystallinity was greatly improved with
CdCl2 heat treatment and a short-circuit current density of 0.35
mA cm−2 was displayed.9 Before that, Yin et al.10 and Tak et al.11

developed CdSe and CdS-sensitized ZnO NWs, respectively.
Different deposition conditions were manipulated until
maximum photocurrent densities of 3.65 mA cm−2 and 3.32 mA
cm−2 were observed, respectively. Fundamentally, CdS is
considered to be more stable in polysulde electrolyte and is
less toxic if compared to CdSe and CdTe.12

As reported in most literature, the fabrication of the cascaded
ZnO/CdS heterojunction is possible via the implementation of
a simple successive ionic layer absorption and reaction (SILAR)
method.7,8,11 Other than the advantageous charge transfer ability
discussed above, the type-II heterostructure of ZnO/CdS is signif-
icant for inhibiting the photo-corrosion of CdS under light illu-
mination, which is induced by the accumulation and oxidization
of photogenerated holes.2 In this case, the crystal structure of
14394 | RSC Adv., 2023, 13, 14393–14411
heterojunction materials is an important consideration to avoid
any lattice strain and especially to ensure the uniform distribution
of the shell component.13 To the best of our knowledge, low-
temperature chemical routes including the conventional SILAR
process always produced cubic CdS or mixed phases of cubic and
hexagonal CdS.14–16 Despite similar atom arrangements being
found in both the cubic and hexagonal structures,17 different
lattice constants could reveal different levels of lattice mismatch,
which may lead to interfacial carrier recombination that causes
optical loss and decays the PEC activity.18 The relatively thermo-
dynamically stable hexagonal phase of CdS is, therefore, prefer-
able for solar cell application.15,19

Herein, we have applied a two-step preheating treatment
during the SILAR deposition process as one of the strategies to
promote hexagonal CdS crystal formation and strengthen the
heterojunction interface contact to enhance the PEC behaviour.
Such low-temperature so-bake treatment is common in the spin
coating technique but it is rarely reported for the SILAR approach.
However, it has been proved that a suitable two-step annealing
treatment at low temperatures is signicant for avoiding CdS lm
pinholes and excess element diffusion between heterojunction
components that might be induced by direct high-temperature
treatment; it also decreases the interfacial defect densities and
crossover phenomenon within the kesterite-based solar cells.20,21

From the preliminary study, the ZnO/CdS heterojunction with two-
step low-temperature preheating treatment showed an expected
photocurrent density enhancement as compared to that of one-
step or without any thermal treatment. Although there is
a wealth of studies reported on the preparation of single or multi-
component CdS nanostructures through the SILAR approach,
a well-established discussion connected to the reaction mecha-
nism change in different bath environments was seldom found.
Since the control of the experimental conditions is highly
responsible for the desired thin lm formation, the impact of
thickness, the pH of the cationic solution and post-annealing
temperature optimization in terms of optical, structural,
morphological and PEC properties of ZnO NRs/CdS photo-
electrode elucidated in this work can provide helpful guidance for
beginner researchers to design any semiconducting composite for
solar driven applications.

2 Materials and methods
2.1 Synthesis of the binary nanostructured ZnO/CdS
photoanode

Details of high-quality vertically aligned ZnO NRs arrays
formation on seeded indium tin oxide (ITO, 20 ohm/sq) glass
have been reported in previous work.22 To develop a ZnO NRs/
CdS heterostructure, the ITO/ZnO NR photoanode was rst
dipped in 0.16 M cadmium acetate dihydrate (Cd(CH3COO)2-
$2H2O, purity 98%, Merck, CAS no. 5743-04-4) ethanolic solu-
tion for 30 s to allow the adsorption of Cd2+ ions, followed by
rinsing for 30 s using methanol (CH3OH, AR grade, Chemiz,
CAS no. 67-56-1). The reaction was continued with the subse-
quent immersion in anionic precursor in which equimolar
sodium sulde was dissolved in a 1 : 1 volume ratio of deionized
water and methanol. Again, the substrate was rinsed to remove
© 2023 The Author(s). Published by the Royal Society of Chemistry
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excessive or unreacted S2− ions using a mixture of deionized
water and methanol (also a 1 : 1 volume ratio). The mixture
solvent was selected here instead of using plain deionized water
due to the lower dielectric constant but higher wettability of
ethanol (C2H5OH, EMSURE®ACS, ISO, Reag. Ph Eur grade,
Merck, CAS no. 64-17-5), and better Na2S solubility in the
mixture23 could promote ion adsorption, reaction and distri-
bution on the core semiconductor. The prepared samples were
then subjected to a 10 minute drying process at 150 °C, followed
by another 10 minutes of preheating treatment at 250 °C using
a hotplate. The reaction-dipping steps were repeated 5, 7, 10, 13
and 15 times to achieve different CdS thicknesses. Later, the pH
of the cationic solution was varied from ∼4.7 to ∼8.7 to deter-
mine a suitable environment for CdS nanocrystal growth while
maintaining the stability of ZnO NRs arrays. Lastly, the effects of
different post-annealing temperatures were studied in the range
from 300 °C to 600 °C where a complete transformation from
the cubic to the hexagonal phase of CdS could occur.24 A
nitrogen atmosphere was required for the annealing process in
the furnace due to the easy oxidation of CdS.25 The schematic
diagram for CdS deposition is displayed in Fig. 1.
2.2 Characterization and measurement

The structural, morphological, optical and photo-
electrochemical properties of prepared ZnO/CdS nano-
structures were investigated through in-depth
characterizations. X-ray diffraction (XRD) was performed using
a Panalytical X'Pert Pro with Cu Ka radiation (l = 1.54 Å) in the
2q range of 20°–60° and at a grazing angle of 0.5° to analyze the
crystalline structure of materials. The crystal phase of CdS was
further conrmed using a Witec Alpha 300R Plus Confocal
Fig. 1 Preparation of the ZnO NRs/CdS photoanode.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Raman Microscope with a 488 nm laser. A eld emission
scanning electron microscope (FESEM, JEOL JSM-7600F) with
Energy Dispersive X-ray Spectroscopy (EDX) was used to identify
the surface morphology and elemental composition of the
fabricated thin lms. X-ray photoelectron spectroscopy (XPS)
studies were done on a Scanning X-ray Microprobe Phi Quan-
tera II/Ulvac-Phi XPS model using an Al target as the X-ray
source while high-resolution transmission electron micros-
copy (HRTEM) with selected-area electron diffraction (SAED)
was performed using a Tecnai F20 microscope to further
conrm the crystalline characteristics and lattice fringes of the
deposited thin lms. The absorbance of each photoelectrode
was characterized using a Shimadzu UV-2600 ultraviolet-visible
(UV-Vis) spectrophotometer within the range of 200–800 nm.
Linear sweep voltammetry (LSV) and electrochemical imped-
ance spectroscopy (EIS) were performed at room temperature
with the ZnO/CdS heterostructure, Ag/AgCl and Pt wire acting as
the working electrode, reference electrode and counter elec-
trode, respectively. The photocurrent dependence on the
voltage (I–V) was measured in an aqueous solution of 0.10 M
sodium sulde (Na2S$xH2O) and 0.10 M sodium sulte
(Na2SO3) under intermittent halogen lamp irradiation (100 mW
cm−2). Herein, S2− and SO3

2− ions are indispensable as hole
scavengers to prevent self-oxidation of the CdS layer.
3 Result and discussion
3.1 The growth mechanism and preliminary investigation of
the preheating treatment effect

It has been widely reported that the formation of chalcogenide
thin lms can take place through an ion-by-ion, hydroxide
RSC Adv., 2023, 13, 14393–14411 | 14395
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aggregation or cluster-by-cluster mechanism. The ion-by-ion
mechanism (heterogeneous reaction) generally leads to
uniform, crystalline and compact CdS lms with hexagonal or
mixed (hexagonal and cubic) phases, while the cluster-by-
cluster mechanism (homogeneous reaction), which allows
colloidal particle precipitation prior to deposition, usually
results in porous, non-uniform and poorly adherent CdS
lms.26,27 Typically, the SILAR process favours the nucleation
and growth of CdS lms by adopting the ion-by-ion mechanism
in which every step was introduced by Pathan and Lokhande in
2004.28 When the developed ZnO NRs were immersed in
a cationic ethanolic solution, a high concentration of positively
charged cadmium ions were attached to ZnO NRs via van der
Waals and electrostatic forces, thus resulting in a positive
(inner) Helmholtz double layer while the negatively charged
counterions (acetate) formed the outer Helmholtz layer. The
acetate ions played the role of a weak base and induced a pH of
∼6.1 (dependent on concentration) in Cd(acetate)2-dissolved
solution to assist CdS adsorption and reaction.29 The rst rinse
in the ion-exchanged solution (ethanol) removed loosely bound
or excess adsorbed Cd2+ from the diffusion layer to allow
a saturated electrical double-layer formation. As an alternative
to the aqueous medium, alcohol can stabilize the ionic solu-
tions and restrict cadmium hydroxide formation.30 Further-
more, the anti-solvent effect generated by the insoluble nature
of Cd acetate in ethanol solvent additionally propelled the Cd2+

ions towards the substrate for contact, therefore, increasing the
ion adsorption.29 In the third step, the immersion in the anionic
precursor (Na2S solution), HS−, S2−, OH− and Na+ ions diffused
from the solution bath in the diffusion layer towards the solid
solution interface until equilibrium was established. The HS−

and S2− entered the outer Helmholtz layer and reacted with pre-
adsorbed Cd2+ to form the CdS nanoparticles monolayer. Lastly,
the second rinse removed any unreacted species and unwanted
by-products from the diffusion layer. By repeating such depo-
sition cycles under controlled parameters, the heterogeneous
nucleation grew into a continuous CdS lm with appropriate
thickness and morphology. The interaction scheme in the
formation of CdS particles is summarised in (eqn (1)–(4)).

Cd(CH3COO)2 / Cd2+ + 2CH3COO− (1)

Na2S + H2O / 2Na+ + SH− + OH− (2)

SH− + OH− / S2− + H2O (3)

Cd2+ + S2− / CdS (4)

Directly varying the pH of the precursor solution could also
affect the interaction and growth behaviour among reacting
particles and, therefore, their adsorption degree onto the
adsorbent surface as schemed in Fig. 2.

Generally, a low-temperature pre-treatment applied during
the thin lm deposition process is crucial for evaporating the
organic solvent and leaving only the desired particles on the
substrate surface. The effective removal of solvent and impuri-
ties enables uniform nuclei distribution and faster grain
14396 | RSC Adv., 2023, 13, 14393–14411
formation to promote the hexagonal phase crystal arrangement
in the preferred orientation. This facilitates crystallization in
subsequent post-heat annealing (at a higher temperature) and
the reduction of grain boundaries to extensively increase the
nanolm quality and charge carrier mobility. To conrm the
hypothesis, different preheating conditions were compared
using linear sweep voltammetry (Fig. 3) and nally, a two-step
preheating treatment at 150 °C and 250 °C was chosen to
fabricate all binary photoanodes due to the promising photo-
current enhancement. More in-depth study is ongoing to
provide a clearer picture of the preheating-assisted SILAR
technique and examine the possibility of surface oxidation or
secondary material formation under this proposed preheating
process to avoid the localization of the oxygen state at the ZnO/
CdS interface, which might affect the PEC cell efficiency.
3.2 Morphology and compositional analysis

The SILAR-coated ZnO/CdS photoelectrodes with increasing
layer numbers displayed a tendency to change into a deeper
yellow colour, which indicated that more CdS was successfully
deposited onto ZnO NRs and increased the lm thickness. Fig. 4
shows the typical surface FESEM images of bare ZnO NRs and
CdS-sensitized ZnO NRs for comparison. Hydrothermally grown
ZnO NRs arrays were vertically aligned on a seeded substrate
with a smooth surface and reported a diameter of about 69 nm.
Microscopically, the deposition of CdS NPs retained the ZnO
morphology without affecting the rod diameter much. However,
the surface roughness increased aer CdS sensitization as one-
dimensional ZnO NRs provided sufficient anchoring sites.
Spherical CdS nanoparticles were homogeneously distributed
on the hexagonal ZnO surface with the average particle size
increasing from 10.8 nm to 22.1 nm along with the increasing
SILAR cycle number. At the early stage of nucleation, small-
sized CdS particles were mainly observed. On increasing the
thickness up to 10 SILAR cycles, CdS NPs tended to agglomerate
into larger grains and slowly block beneath the NRs surface,
especially on reaching 15 deposition layers. According to the
cross-sectional images (Fig. 4a and e inset), CdS NPs were
closely embedded and formed a rough shell over the surface of
the nanorods. Nevertheless, pristine ZnO NRs arrays and the
heterostructure decorated with 13 layers of CdS depicted the
lm thickness of 1.79 mm and 1.83 mm, respectively.

The effect of modifying the pH of the cationic solution from
4.7 to 8.7 on the morphology of the CdS layer is displayed in
Fig. 5. The micrographs show that pH signicantly affected the
size and distribution of grown nanoparticles. Although most of
the particles tend to agglomerate in nature, large aggregates on
the ZnO nanorod surface were only observed for the lms
deposited at lower and higher pH values. Theoretically, the
relationship between the nanoparticle agglomeration behavior
and solution pH can be discussed based on the changes in ionic
strength and potential barrier (electrostatic repulsive forces).
Nanoparticle collision in colloidal suspensions may lead to
agglomeration and aggregation where the occurrence rate can
be decreased through the electrostatic stabilization method by
creating surface charge around the suspended particles.31
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 A quick view of the effect of pH on nanoparticle agglomeration behaviour.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 9
:3

4:
12

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
According to Saxena and co-workers, CdS NPs are highly stable
above pH 6.12.32 Faster agglomeration was therefore observed at
lower pH due to the unstable dispersion and coalescence of
primary particles into ower-like clusters. In addition, protons
(H+ ions) from HCl caused ZnO dissolution and competed with
Cd2+ in occupying the adsorption sites on the ZnO surface,
© 2023 The Author(s). Published by the Royal Society of Chemistry
which resulted in low CdS deposition in acidic solution due to
electrostatic repulsion. By increasing the pH value of the
cationic precursor to 5.7, the suspension stability was
improved, and the agglomeration rate was signicantly reduced
with the apparent particle size decreasing from 28.2 nm to
22.4 nm as approximated using the Image J soware. The effect
RSC Adv., 2023, 13, 14393–14411 | 14397
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Fig. 3 The effect of the preheating treatment on photocurrent
generation.

Fig. 4 Plane view FESEM images of bare ZnO nanorods (a), and ZnO
NRs/CdS deposited on ITO substrates after different numbers of SILAR
cycles: 5 (b), 7 (c), 10 (d), 13 (e) and 15 (f). The insets are the corre-
sponding cross-section images.

Fig. 5 The morphologies of ZnO NRs/CdS samples synthesized in the
cationic solution at pH 4.7 (a), pH 5.7 (b), pH 6.7 (c – original pH value),
pH 7.7 (d) and pH 8.7 (e). Planar and cross-section images of ZnO NRs/
CdS annealed at 500 °C (f).
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of pH on CdS NPs deposition was further investigated by
changing the initial pH of the cadmium acetate ethanolic
solution to pH 7.7 and pH 8.7. In this section, the adsorption
capability is modulated by the chemical reaction between the
surface of ZnO NRs and the surrounding precursor medium.
The point of zero charge (PZC) of ZnO NRs is ∼pH 6.5.33 This
means that when the pH of the cadmium cation (Cd2+) solution
is above pH 6.5, the surface of ZnO will bear a negative charge,
14398 | RSC Adv., 2023, 13, 14393–14411
which is feasible for positively-charged Cd ion adsorption.29 All
ZnO/CdS thin lms prepared at conditions above the pHPZC of
ZnO NRs illustrated amore regular grain size despite aggregates
still being observed when the pH was further increased. Faster
secondary particle growth over the pre-grown CdS particles,
which act as secondary nucleation sites, caused isolated CdS
particle formation instead of ZnO NRs/CdS core–shell struc-
tures. Therefore, the initial pH of 6.7 of the cadmium acetate
precursor remained for subsequent studies to prevent any
possible etching of ZnO NRs when the nanorod arrays were in
contact with a highly basic aqueous solution.34

In the post-annealing process, the mobility of the atoms
within the crystal allowed them to move into more stable
positions with minimum internal energy;35 for instance,
a stacked arrangement as seen in the FESEM image of the
sample annealed at 500 °C (Fig. 5f). In this case, the CdS
nanoparticles adopted sharper edges and grew into larger
spherical clusters, which in turn caused strain relaxation.15 It is
worth noting that the yellow colour of the CdS layer faded aer
being annealed at 600 °C. EDX analysis was thus performed to
compare the components of binary photoelectrodes that
underwent post-heating treatments at 300 °C, 500 °C and 600 °
C, respectively. As depicted in Fig. 6a–c, there was no major
stoichiometric variation across the surface of deposited lms
when the annealing temperature increased from 300 °C to 500 °
C, but a reduction of the Cd : S weight percentage ratio was
© 2023 The Author(s). Published by the Royal Society of Chemistry
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observed at 600 °C, suggesting the initiation of the material loss
of Cd or S elements, which was disclosed by Colorado and co-
workers36 with CdS nanoparticle degradation in an argon
atmosphere at 600 °C using TGA and XRD experiments. An
annealing atmosphere of 600 °C may have been extreme for
CdS-sensitized ZnO heterostructures in this study when
considering the evaporation temperature of Cd (500 °C) and S
(600 °C) elements.37,38 Fig. 6d and e shows the transmission
electron microscope (TEM) and high-resolution TEM (HRTEM)
images of ZnO/CdS annealed at 500 °C. Consistent with earlier
discussions, the homogeneous coating of the CdS layer on ZnO
nanorods with an even thickness of ca. 10 nm again conrmed
Fig. 6 Elemental composition analysis (with FESEM images and sample ph
and 600 °C (c), respectively. Plane view TEM micrograph (d), HRTEM ima
the optimal ZnO NRs/CdS core–shell heterostructure annealed at 500 °

© 2023 The Author(s). Published by the Royal Society of Chemistry
the core–shell nanostructure formation. The well-resolved two-
dimensional lattice fringes with spacings of 0.27 nm, 0.2 nm
and 0.21 nm correspond to the (002) plane of ZnO, and the (103)
and (110) planes of CdS. Meanwhile, the obtained SAED pattern
(Fig. 6f) with regular concentric rings in different radii revealed
the polycrystalline nature of the prepared thin lm sample,
which agrees with the XRD results. The CdS crystal size distri-
bution plot is presented in Fig. 6g, and their average size esti-
mated from the TEM micrograph was found to be 5.71 nm.
Fig. 7a–d demonstrates the high-resolution core spectra of Zn
2p, O 1s, Cd 3d and S 2p analysed using X-ray photoelectron
spectroscopy (XPS). The strong peaks located at 1022 eV and
otographs) of ZnONRs/CdS samples annealed at 300 °C (a), 500 °C (b)
ge (e), SAED pattern (f), and histogram of crystal size distribution (g) of
C.
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1045 eV were attributed to Zn 2p3/2 and Zn 2p1/2,5 while those
observed at 404.2 and 410.9 eV perfectly t the Cd 3d doublets
(Cd 3d5/2 and Cd 3d3/2).2 Concerning the XPS spectra of O 1s, the
peak observed at 531.8 eV was consistent with the oxygen-
decient surface of ZnO NRs that were covered by the CdS
layer.25 The peak positions of S 2p states were found at 161.3 eV
and 162.5 eV, similar to the ndings reported by Velanganni
et al.7 and Mendhe et al.8 These results conrmed the chemical
states of Zn2+, O2−, Cd2+ and S2−.
3.3 XRD and Raman structures

Fig. 8a shows the XRD patterns of prepared heterojunction thin
lms of different CdS thicknesses with the inclusion of ITO as
a reference (JCPDS 01-089-4598). The scanning step resolution
was xed at 0.08°. The diffraction pattern revealed the poly-
crystalline nature of all prepared samples in which the domi-
nant peaks found at 2q= 31.9°, 34.5°, 36.3° and 47.6° originated
from the standard wurtzite ZnO phase (JCPDS 00-065-3411). The
preferred orientation observed in the (002) direction is due to
the minimum surface free energy that promotes the nucleation
process. From the inset, the reections observed at 26.7° and
43.7° corresponding to (002) and (110) planes conrmed the
formation of hexagonal CdS NPs (JCPDS 01-077-2306). Similar
ndings have been reported in the literature.39,40 Interestingly,
the sharp (002) peak of ZnO gradually reduced in intensity with
the enhancement of the CdS peak as the SILAR deposition
Fig. 7 XPS spectra corresponding to Zn-2p (a), O-1s (b), Cd-3d (c), and

14400 | RSC Adv., 2023, 13, 14393–14411
increased from 5 to 15 cycles. A higher SILAR cycle number
typically increases the deposition and growth rates of CdS NPs
followed by a higher chance for the atoms to be arranged into
greater crystalline order.41 Therefore, it is understood that the
lm crystallinity was increased along with grain size for thicker
CdS layer formation. In this context, a more intense (002) peak
positioned at 2q = 26.7° was selected to estimate the crystallite
size (D) of CdS by employing the well-known Scherrer formula:
D = 0.9l/b cos(q), where l is the wavelength of X-ray radiation,
b is the full width at half maximum and q is the diffraction
angle. The calculated D values were 5.54 nm, 5.60 nm, 5.91 nm,
6.26 nm and 6.88 nm for 5, 7, 10, 13 and 15 SILAR cycles.
Considering the different surface mobilities of the adsorbed
species and growth kinetics, the pH of the aqueous medium
plays a vital role in affecting the crystalline quality of the
deposited CdS thin lms. In Fig. 8b, the peak associated with
the (002) plane at 2q = 26.7° did not vary much in intensity but
two characteristics peaks of ZnO located at 34.5° and 47.6°
decreased with increasing pH, indicating a negative effect on
corresponding crystal structures. At pH 4.7, in particular, both
ngerprints were relatively weak or undetectable. Few notice-
able ITO substrate peaks showed inhomogeneous particle
distribution and less compact lm formation at pH 4.7, 5.7 and
8.7. Interestingly, a new diffraction peak at 2q= 52.2° was found
in the lm prepared at pH 7.7. Together with the diffraction
peaks observed at 2q = 26.7° and 43.9°, it was assumed that the
S-2p (d).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 XRD patterns (a–c) and room-temperature Raman scattering spectra (d) of pristine ZnO NRs and ZnO NRs/CdS nanostructures prepared
at different SILAR parameters. The insets show the enlarged evolution for better XRD diffraction peak observation.
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cubic CdS phase was formed15 at pH 7.7. Representative XRD
diffraction patterns of CdS-decorated ZnO NRs, both as-
deposited and annealed with nitrogen gas ow at different
temperatures, are shown in Fig. 8c. Upon annealing, the
sharpness of the (002), (110) and (103) peaks were signicantly
increased due to the enhanced crystallinity of CdS nano-
structures with the retained wurtzite crystal structure of ZnO
NRs. The appearance of shoulder-like peaks at 24.8° and 28.2°
belonging to the (100) and (101) reection planes again
conrmed the presence of hexagonal CdS. This result is well in
agreement with previous reports as a thermodynamically more
stable hexagonal phase is invariably formed when heated above
300 °C.15 Along with the changes in annealing temperature, few
additional small peaks are sometimes observed at 2q = 48.7°,
50.8° and 52.8° probably due to recrystallization and phase
transformation occurring in the growing lm.42 All CdS
diffraction peaks, especially the (002) plane, shied to a higher
angle when the annealing temperature reached 600 °C,
accounting for the compressive or tensile strains and the pres-
ence of defects in the developed lm as reported in ref 43. The
structural strain and dislocation density as a function of
© 2023 The Author(s). Published by the Royal Society of Chemistry
different annealing temperatures were determined using the
following eqn (5) and (6):

Strainð3Þ ¼ b cos q

4
(5)

Dislocation densityðdÞ ¼ 1

D2
(6)

Referring to Table 1, a decline in strain value and dislocation
density implies a reduction in lattice imperfections (structural
defects) and consequently, larger crystallite size and higher
crystallinity levels for the crystal geometry would be obtained
aer appropriate post-heat treatment.44

As documented in the literature, the argument on the purity
and composition of fabricated CdS thin lm could always arise
due to the similar diffraction among cubic CdS, hexagonal CdS,
ZnO and the FTO substrate.25,45 To provide a better explanation
and clear evidence for the crystal structure of the formed CdS,
Raman spectroscopy was also applied in this work and selected
spectra are illustrated in Fig. 8d. For the bare ZnO NR photo-
anode, a weak peak at 99 cm−1 and a prominent peak at
RSC Adv., 2023, 13, 14393–14411 | 14401
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Table 1 Parameters obtained from XRD analysis of the as-deposited and annealed ZnO NRs/CdS photoanodes

Annealing temperature
Crystallite
size (nm)

(002) peak
angle FWHM Strain (×10−3)

Dislocation density
(×10−2)

As-deposited 6.26 26.7 1.3046 5.53 2.55
300 °C 9.43 26.8 0.8659 3.67 1.12
400 °C 12.97 26.8 0.6298 2.67 0.59
500 °C 14.80 26.8 0.5510 2.34 0.46
600 °C 11.50 27.1 0.7085 3.01 0.76
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437 cm−1 were observed and assigned to nonpolar E2 (low) and
E2 (high) phonon modes. The peak at 437 cm−1 is associated
with the strong wurtzite crystal orientation and good alignment
of ZnO NRs perpendicular to the substrate.46 Meanwhile,
a strong peak at 305 cm−1 and a weaker peak at 606 cm−1

represent the rst-order longitudinal-optical (1LO) phonons
and second-order longitudinal-optical (2LO) phonons of
hexagonal CdS. The coexistence of these two characteristic
peaks indicates the high crystallinity of the as-deposited CdS
NPs. No peak belonging to cubic CdS was observed at 243 cm−1,
therefore conrming that the prepared CdS layers were in
a stable hexagonal phase.25 However, the ZnO/CdS photo-
electrodes fabricated at pH < 6.7 presented lower Raman peak
intensity at 305, 437 and 606 cm−1, which could be a result of
severe nanocrystallite degradation in acidic media. The incre-
ment of both 1LO and 2LO band intensities aer the annealing
step was rationalized by the transition from non-resonant to
resonant Raman scattering.47 A smaller FWHM or narrowing of
the 1LO peak implies larger crystallite size and increasing
crystallinity when post-heat treatment at 500 °C is sufficient to
remove the cubic phase of CdS, as supported by XRD and
FESEM analysis. The Raman observations of Rokade et al.48 and
Jiang et al.49 regarding the structural analysis agree well with the
presented results.
3.4 Optical absorbance spectra and bandgap determination

Light absorption capability is highly dependent on the thick-
ness of the semiconductor with the consideration that the
deposited layer should invariably be thicker than the incident
light penetration depth.50 A thicker lm could certainly absorb
more incident light for exciton generation but in some cases, it
increases the series resistance and reduces the photocurrent. In
contrast, a severe optical loss could take place in an ultrathin
lm layer due to strong light transmission but poor light
absorption, trapping and collection.51 In addition, pinholes and
current leakage can occur in thin-layered photoelectrodes due
to the non-uniformity of the surface coverage.52 Therefore, an
optimum thickness is highly required to construct a high-
quality photoanode. The absorption behaviour of ZnO/CdS
samples with different immersion numbers was recorded as
a function of wavelength (Fig. 9a). Bare ZnO NRs mainly
exhibited a band-edge exciton at 380 nm, while for CdS coated
ZnO NRs (13 cycles), the optical absorbance was enhanced and
the absorption edge was signicantly red-shied to 540 nm. The
observed threshold is in good agreement with the narrower
bandgap of CdS that can expand excitonic absorption to the
14402 | RSC Adv., 2023, 13, 14393–14411
visible region as compared to that of ZnO NRs arrays. Broad-
ening of the absorption peak also conrmed the presence of
CdS sensitizers and the delocalization of electrons across the
core/shell interface.53 By noting the absorptionmaxima, the CdS
crystallite size can also be determined using the empirical
tting function in eqn (7):30,54

DCdS = (−6.6521 × 10−8)l3 + (1.9557 × 10−4)l2

− (9.2352 × 10−2)l + (13.29) (7)

D represents the crystallite size (nm) and l represents the
wavelength (nm) where the excitonic absorption of CdS nano-
crystals reached an extreme point. Herein, the calculated CdS
crystallite sizes closely resemble the values determined from the
Scherrer formula in the range of 4.83–6.19 nm. Apart from lm
thickness, the surface roughness, nanoarchitecture and particle
distribution are also important factors that could change the light
scattering, absorption, and trapping ability. Fig. 9b demonstrates
the absorption spectra of ZnONRs/CdS photoelectrodes deposited
at pH values of 4.7, 5.7, 6.7, 7.7 and 8.7. From observation, the
absorbance value increased with increasing pH values since the
adequate CdS loading on the more negatively-charged ZnO NRs
surface and higher lm roughness enabled greater light scat-
tering.26 Visible-light absorption was less effective at pH 5.7 due to
the smaller active area of the granule-like CdSmorphology but the
excessive agglomerates observed at pH 4.7 and pH 8.7 blocked the
surface of the ZnO NRs arrays and existing pores of the lm layer,
creating a barrier to light irradiation and electrolyte inltration
and thus, hampered the optical properties of the binary photo-
anode. The post-annealing process is effective at optimizing the
optical behaviour of the heterostructured photoanode by
improving the crystal properties without affecting their surface
morphology much. From the absorption spectra presented in
Fig. 9c, it can be inferred that identical absorbance was detected
for annealing temperatures of 300–500 °C. At 600 °C, the decre-
ment of visible light absorption was probably because of sulfur
deciency defects as a result of the evaporation of S from the CdS
layer. Overall, the absorbance edge, with regard to the threshold of
charge transition between the highest nearly lled band and the
lowest nearly empty band,55 was blue-shied toward a lower
wavelength. This is similar to the studies by Mohammed et al.56

and Bashar et al.57 on the effects of increasing the annealing
temperature, and this observation can be explained by the
increasing amount of cadmium and sulfur since annealing trig-
gered lm densication and great improvement in the
crystallinity.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 UV-Vis absorption spectra of ZnO NRs/CdS nanostructures as a function of SILAR cycle (a), pH (b) and annealing temperature (c).
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Based on the absorption spectra, the effective band gaps of
ZnO NRs and ZnO NRs/CdS core–shell thin lms can be derived
through Tauc plot using eqn (8) and extrapolating the linear
portion of the curves of (ahn)2 versus (hn).

ðahnÞ
1
n ¼ A

�
hn� Eg

�
(8)

Fig. 10 presents the direct allowed transition (where n = 1/2)
of all ZnO/CdS thin lms. In Fig. 10a, a lower band gap (Eg) was
observed for higher CdS deposition cycles, attributed to the
increased particle size as supported by FESEM images. The
estimated optical band gap value was 2.42 eV for the as-
deposited sample and reached 2.45 eV for lms annealed at
500 °C (Fig. 10b). Aer annealing at 600 °C, the obtained energy
bandgap was found to deviate more from that of bulk CdS and
approached a higher value of 2.50 eV. This could be due to
material loss as the evaporation of surface CdS diminished their
sensitization effect. In this context, the optical bandgap of the
annealed binary photoanode tends to gradually switch to the
pristine ZnO NRs, agreeing with the weakening of visible light
absorption.
© 2023 The Author(s). Published by the Royal Society of Chemistry
3.5 Photoelectrochemical properties

Since all nanostructured ZnO/CdS photoanodes displayed
enhanced optical behaviour and crystallinity as compared with
ZnO NRs, it is believed that the fabricated nano-heterojunction
can contribute to high photoelectrochemical performance
under solar-simulated light. Using bare ZnO NRs and CdS-
sensitized ZnO NRs as the working electrodes, the effective-
ness of CdS NPs as photosensitizer was studied through current
density–voltage (J–V) plots presented in Fig. 11. The photocur-
rents increased with increasing applied anodic potential, rep-
resenting typical n-type semiconductor behavior because both
ZnO and CdS are n-type semiconductors. As an overall obser-
vation, increasing the SILAR cycle number, pH and annealing
temperature resulted in the steady growth of the photocurrent
density (Jph) in the ZnO/CdS core–shell structure. For low
immersion cycles (5 cycles and 7 cycles) where a small amount
of CdS NPs just started to be adsorbed onto the ZnO NRs arrays
by van der Waals and electrostatic forces,30 the improved photo-
response was mainly due to the extended optical absorption
range and higher electron–hole pair generation. Likewise, the
continual growth of the photocurrent density from 2.638 to
3.917 mA cm−2 was observed with further augmentation of the
RSC Adv., 2023, 13, 14393–14411 | 14403
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Fig. 10 Bandgap energy curves of ZnO NRs/CdS heterostructures prepared at different dipping cycles (a) and annealing temperature (b).
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layer thickness for up to 13 cycles. This phenomenon is highly
attributed to the improved lm crystallinity with suitable shell
thickness that matches the minority carrier diffusion length to
inhibit the recombination of photo-generated electrons under
light illumination,58 which effectively enhanced the PEC
performance. However, Jph deteriorated with 15 SILAR cycled
nanoparticles as their agglomeration on the surface of the
nanorods blocked the active sites and empty spaces between
neighbouring nanorods, preventing suitable light and electro-
lyte penetration from reaching the core ZnO NRs arrays.54,59,60

A similar issue was also detected when the applied pH of the
cationic precursor was less appropriate for homogeneous CdS
deposition. As expected, a higher loading amount of CdS NPs
generated a higher photocurrent density. However, the high
density of surface aggregates at pH 4.7 and pH 8.7 led to
a strong deviation of photocurrent. The existence of grain
boundaries prevented efficient charge transport45 since higher
potential barriers at boundaries triggered light absorption at
higher energies. The widening of the band gap, therefore,
hardened the electronic transition between the conduction and
valence bands of cadmium sulde. Besides that, the degrada-
tion of the ZnO NRs structure when in contact with highly acidic
and alkaline media might limit the light scattering effect and
shorten the optical path length. This in turn interferes with the
directional electron transport in 1D ZnO NRs and charge
collection at the ZnO/CdS interface. Better electronic perfor-
mance of ZnO/CdS nanostructures was observed only at pH 6.7
and pH 7.7. A slightly lower photoelectrochemical performance
for thin lm synthesized at pH 7.7 was ascribed to lower crys-
tallinity. In addition, the transparent cationic precursor slowly
turned milky with the addition of 0.1 M sodium hydroxide
14404 | RSC Adv., 2023, 13, 14393–14411
(NaOH) to increase its alkalinity. The formation of any hydrox-
ides or complexes with the cadmium ions was, therefore,
possible, which could compete with the CdS NPs adsorption.

Pristine ZnO NRs and as-deposited ZnO NRs/CdS demon-
strated photocurrent densities of only 0.483 mA cm−2 and 3.917
mA cm−2, respectively, at the applied potential of 0.5 V versus
Ag/AgCl. With post-heat treatment at increasing temperatures
up to 500 °C, the photocurrents were further boosted from 4.082
mA cm−2 to 5.441 mA cm−2 as seen in Fig. 11c, suggesting the
higher photosensitivity of the CdS shell and efficient charge
separation in the heterostructure. Generally, a polycrystalline
lm is highly disordered with a large number of grain bound-
aries. In this case, the electronic transport mechanism is
dominated by the random hopping steps of electrons along the
grain boundary or by diffusion through extended states. The
trapping centers that exist at grain boundaries can capture free
carriers and therefore strongly affect the carrier transport
properties.35,44 Better crystallinity in the annealed lms and an
increment in the crystallite size improve the conductivity and
optical reectance44 and decrease lm resistivity, and also
accelerate the charge collection in the whole system and mini-
mize the recombination losses between ZnO NRs and the elec-
trolyte61 so that electrons can successfully reach the counter
electrode for further reaction. A huge difference between the
measured dark and saturated photo currents supports the effi-
cient charge separation, transportation and collection accessed
by good-quality thermal annealing. A slight decline in photo-
current density was observed as the annealing temperature
increased beyond 500 °C and was attributed to a decrease in the
Cd/S ratio (cadmium and/or sulfur evaporation) and carrier
concentration.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Linear sweep voltammograms obtained at the scan rate of
20 mV s−1 at applied potentials from −0.5 V to +1.0 V (vs. Ag/AgCl)
under illumination intensity of 100 mW cm−2 for different thicknesses
(a), pH (b) and annealing temperatures (c) of CdS-sensitized ZnO NRs.
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The photoconversion efficiencies (h) of ZnO NRs/CdS
annealed at 500 °C and pristine ZnO NR photoanodes were
calculated using eqn (9):40

h ¼
�
Jph

�
1:23� Vapplied

�
Pin

�
� 100% (9)

where Jph is the photocurrent density in (mA cm−2), Vapp (V) is
the applied external potential and Pin (mW cm−2) is the power of
© 2023 The Author(s). Published by the Royal Society of Chemistry
the incident light. Here, 1.23 V is the standard reversible redox
potential of water electrolysis [vs. the normal hydrogen elec-
trode (NHE)]. Pristine ZnO NRs arrays reached their maximum
efficiency of 0.40% at 0.24 V (vs. Ag/AgCl), while the efficiency of
the annealed ZnO NRs/CdS was 4.30% at 0.28 V (vs. Ag/AgCl),
which is about 11 times higher than that of the bare ZnO
NRs, indicating a stunning enhancement in the PEC perfor-
mance of the ZnO NRs/CdS core–shell photoanode as depicted
in Fig. 12a. Table 2 summarizes and compares the PEC
performances of a few reported photoanodes that are similar to
the present work.

The positive effect of thin lm annealing was further inves-
tigated by electrochemical impedance measurements. An EIS
spectrum provides information about electron diffusion in the
mesoporous lm, charge transfer resistance at the counter
electrode (RPt), recombination resistance at the working elec-
trode's interface (Rct), and electrolyte redox species diffusion,
from the high to low-frequency region, successively.64 According
to the EIS Nyquist plots obtained in the frequency region of 0.1–
1 MHz (Fig. 12b), the charge separation efficiency and interfa-
cial electron transfer for annealed ZnO/CdS were remarkably
increased as inferred from the smaller diameter of the corre-
sponding semicircle as compared to that of ZnO NRs. With
great crystallinity, photogenerated electrons and holes can
move efficiently from the photoelectrode to the electrolyte and
the counter electrode, therefore, minimising the charge transfer
resistance. A small number of grain boundaries also decreased
the possibility of trapping site and scattering centre formation
causing carrier recombination and deteriorated device perfor-
mance. In this study, the charge transfer resistance and RPt for
ZnO NRs were found to be 10 277.9 U and 730.1 U, while for
annealed CdS-sensitized ZnO NRs, the measured values were
704.3 U and 188.6 U. According to Rokade and co-workers, the
smaller arc diameter of the ZnO/CdS core–shell photoanode is
also proportional to a likely prolonged lifetime of photo-
generated carriers, which is favourable for photovoltaic and
photoelectrochemical activities. In short, increasing the
annealing temperature improved the crystallinity and stability
of annealed CdS thin layers (serious current leakage was
inhibited), thereby leading to a reduction in electron–hole
recombination in the binary photoanode. This observation is
consistent with the previously reported results.30,48,65

By employing the band gap energies, the positions of the
valence band (V.B.) and conduction band (C.B.) of ZnO and CdS
can be estimated based on the following empirical formulas:40

EC.B. = X − 0.5Eg + E0 (10)

EV.B. = EC.B. + Eg (11)

where EC.B. and EV.B. are conduction band and valence band
potentials, X is the electronegativity of the semiconductor with
values equal to 5.79 eV and 5.18 eV for ZnO and CdS,40 respec-
tively, Eg represents the bandgap energy of the semiconductor,
while E0 refers to the scaling factor describing the redox level of
the reference electrode to the vacuum (E0 = −4.5 eV for NHE).
The values of EC.B. and EV.B. (vs. NHE) for ZnO NRs were
RSC Adv., 2023, 13, 14393–14411 | 14405
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Fig. 12 Photoconversion efficiency (a) and Nyquist plots of impedance spectra (b) comparing the electrochemical properties of optimum ZnO
NRs and ZnONRs/CdS photoanodes. Schematic band energy diagram of the ZnO/CdS binary nanostructure (c) and the redox reaction occurring
with the ZnO/CdS photoanode upon illumination (d). LSV polarization curve in 1 M KOH (e).
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Table 2 A comparative study of the photoelectrochemical performance of the synthesized ZnO NRs/CdS heterostructures

Sample Photoconversion efficiency Photocurrent density Ref.

ITO/ZnO NRs/CdS in a mixture of 0.1 M Na2S and 0.1 M Na2SO3 electrolyte 4.39% at 0.28 V 5.44 mA cm−2 at 0.5 V Current study
FTO/ZnO/CdS in 1 M Na2S electrolyte — 5.1 mA cm−2 at 0.2 V 18
ZnO NRs/CdS in 0.5 M Na2SO4 electrolyte 2.36% at 0.31 V 1.75 mA cm−2 at 0 V 34
ZnO NRs/CdS in a mixture of 0.1 M Na2S and 0.1 M Na2SO3 electrolyte 3.43% at 0 V 2.77 mA cm−2 at 1.0 V 40
FTO/ZnO nanosheets/CdS in 0.5 M Na2SO4 electrolyte 0.754% at 0.04 V 2.31 mA cm−2 at 0 V 62
ITO/ZnO NRs/CdS NPs in 0.5 M Na2S electrolyte 1.5% at −0.68 V 4.33 mA cm−2 at 0 V 63
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calculated to be −0.32 eV and 2.90 eV, while those for ZnO NRs/
CdS were −0.54 eV and 1.91 eV. The schematic diagram of band
gap alignment of the binary nanostructured ZnO NRs/CdS
(Fig. 12c) shows a combination of metal oxide and narrow
bandgap chalcogenide sensitizer that can lead to the type-II
electronic band offset with good interface quality, which in
turn, guarantees a lower recombination rate in a binary
semiconductor.

All the above characterization results suggest that the addi-
tion and optimization of CdS photosensitizer onto ZnO NRs
arrays is benecial for increasing the photon absorption ability
and thus, the incident light-to-current conversion efficiency. A
mechanism for the heterojunction formation is discussed
below and the reaction at the ZnO/CdS interface is described in
detail, aided by Fig. 12d. Under light irradiation with photon
energy higher or equal to the bandgaps of ZnO and CdS, the
electron is excited from the lower ground level (valence band,
VB) to the higher level (conduction band, CB) with the simul-
taneous generation of the same amount of holes in the VB,
leading to a large number of electron–hole pairs being present
in the CdS NPs lm. These photogenerated carriers could
induce directional migration due to the formation of an inner
electric eld upon heterostructure construction. Since CdS has
a higher CB potential (−0.54 V vs. NHE) than that of ZnO
(−0.32 V vs. NHE), the photogenerated electrons are thermo-
dynamically transferred from the CB of CdS to the CB of ZnO
and subsequently shuttled to the ITO substrate and the Pt
counter electrode through the external circuit; conversely, the
photogenerated holes are transferred from the VB of ZnO to the
VB of CdS. Along with this mechanism, the type-II localized
charge carriers are efficiently separated in a way that the pho-
togenerated holes localized in the valence band of CdS reach the
electrode/electrolyte interface to oxidize the sacricial species
in the electrolyte while the reduction of protons on the Pt
electrode produces H2. As a result, charge recombination within
CdS and ZnO is diminished, followed by an enhancement in the
interfacial charge transport facilitated by the dense nanorod
structure together with the high electron mobility characteristic
of ZnO.34,66,67 The strong hole-scavenging ability of S2− ions with
the addition of SO3

2− ions is signicant in suppressing the
formation of undesirable disulde (S2

2−) ions, and is thus
advantageous in stabilizing CdS from photocorrosion.68

The oxidation reactions that occurred at the photoanode are
as follows:68,69

2S2− + 2hVB
+ / S2

2− (hole scavenging)
© 2023 The Author(s). Published by the Royal Society of Chemistry
S2
2− + SO3

2− / S2O3
2− + S2− (suppression of disulfide

formation)

SO3
2− + S2− + 2hVB

+ / S2O3
2−

S2O3
2− + H+ / HSO3

− + S

S + 2e− / S2−

The reduction reaction that occurred at the counter electrode
is as follows:

2H2O + 2e− / H2 + 2OH−

An additional photoelectrochemical study was conducted
using a typical three-electrode system in 1 M KOH (pH 14)
aqueous electrolyte to investigate the electrocatalytic perfor-
mance of ZnO NRs and CdS-sensitized ZnO NR photoanodes.
The conversion of the recorded potential was done according
to a previous report.70 In Fig. 12e, the LSV polarization curves
of both pristine ZnO and ZnO/CdS samples under illumina-
tion are depicted for the oxygen evolution reaction (OER)
reaction, which mainly occurs at the solid/liquid interface.
Both photoanodes exhibited an anodic photocurrent that
overall increased with the increasing electrode potential,
similar to the PEC response observed in the Na2S/Na2SO3

medium. ZnO NRs/CdS was more active than pristine ZnO
NRs as evidenced by its higher OER catalytic activity at 1.23 V
(vs. RHE) in accordance with the lower overpotentials of
171 mV and 800 mV at J = 1 mA cm−2 and 10 mA cm−2,
respectively. As compared to plain ZnO NRs, a smaller
applied potential is required to initiate the anodic oxidative
process in the ZnO/CdS photoanode under light irradiation.
The better PEC–water oxidation efficiency is attributed to
their lower onset potential and faster reaction kinetics,71

which can be correlated with the smaller charge transfer
resistance depicted in the impedance spectra. The ndings
are comparable to the works of Balu et al.72
4 Conclusion

The fabrication of ZnO NRs/CdS heterostructures on ITO
substrates has been demonstrated by cost-effective hydro-
thermal and SILAR techniques. The ZnO nanostructure sensi-
tized with a nely dispersed thin layer of CdS nanoparticles not
RSC Adv., 2023, 13, 14393–14411 | 14407
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only allows good direct charge transport, but a larger ZnO/CdS
interfacial area contributes to extensive visible-light harvesting.
A PEC enhancement encouraged by a two-step preheating
treatment played a signicant role in interface engineering by
accelerating the charge carrier transfer kinetics in solar devices.
Aer post-annealing in a nitrogen atmosphere, the photocur-
rent density and photoconversion efficiency of the optimized
ZnO NRs/CdS reached 5.44 mA cm−2 and 4.30%, respectively,
which is 11 times higher than the bare ZnO NRs. The thickness,
morphology, and crystallinity control of the CdS layer were also
effective in modifying the bandwidth from 3.22 eV to 2.45 eV.
These results conrmed CdS-decorated ZnO NRs as one of the
promising efficient photoanodes for PEC water splitting. Future
studies are required to improve the CdS lm stoichiometry by
varying the anionic solution concentration to subdue the issue
of sulfur deciency that might appear during the synthesis and
annealing steps. It is also recommended that the effect of
different applied temperatures in ZnO/CdS interface pre-
treatment be investigated to obtain a more stable photoanode
with higher photoconversion efficiency.
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J. Michallon, L. Rapenne, E. Appert and A. Kaminski-
Cachopo, Improvement of the physical properties of ZnO/
CdTe core-shell nanowire arrays by CdCl2 heat treatment
for solar cells, Nanoscale Res. Lett., 2014, 9, 1–13, DOI:
10.1186/1556-276X-9-222.

10 X. Yin, W. Que, D. Fei, H. Xie, Z. He and G. Wang, Strategies
to prepare an efficient photoanode for ZnO nanowires-based
CdS-CdSe co-sensitized solar cells, Electrochim. Acta, 2013,
89, 561–570, DOI: 10.1016/j.electacta.2012.11.016.

11 Y. Tak, S. J. Hong, J. S. Lee and K. Yong, Solution-based
synthesis of a cds nanoparticle/zno nanowire
heterostructure array, Cryst. Growth Des., 2009, 9, 2627–
2632, DOI: 10.1021/cg801076b.

12 A. Pareek and P. H. Borse, Hurdles and recent developments
for CdS and chalcogenide-based electrode in “Solar electro
catalytic” hydrogen generation: a review, Electrochem. Sci.
Adv., 2021, 1–25, DOI: 10.1002/elsa.202100114.

13 X. Bai, F. Purcell-Milton and Y. K. Gun’ko, Optical
properties, synthesis, and potential applications of cu-
based ternary or quaternary anisotropic quantum dots,
polytypic nanocrystals, and core/shell heterostructures,
Nanomaterials, 2019, 9(1), 85, DOI: 10.3390/nano9010085.

14 S. Horoz, Synthesis of W(3%)-doped CdS thin lm by SILAR
and its characterization, J. Mater. Sci.: Mater. Electron., 2018,
29, 7519–7525, DOI: 10.1007/s10854-018-8743-7.
© 2023 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1088/2053-1591/ab688a
https://doi.org/10.1002/adfm.201706785
https://doi.org/10.1007/s10934-018-0686-0
https://doi.org/10.1002/cssc.201802691
https://doi.org/10.1016/j.apsusc.2018.11.054
https://doi.org/10.1016/j.apsusc.2018.11.054
https://doi.org/10.3390/nano10122341
https://doi.org/10.1016/j.physb.2018.01.027
https://doi.org/10.1016/j.physb.2018.01.027
https://doi.org/10.1016/j.surfin.2021.101457
https://doi.org/10.1016/j.surfin.2021.101457
https://doi.org/10.1186/1556-276X-9-222
https://doi.org/10.1016/j.electacta.2012.11.016
https://doi.org/10.1021/cg801076b
https://doi.org/10.1002/elsa.202100114
https://doi.org/10.3390/nano9010085
https://doi.org/10.1007/s10854-018-8743-7
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01492d


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/1
6/

20
26

 9
:3

4:
12

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
15 R. K. Choubey, D. Desai, S. N. Kale and S. Kumar, Effect of
annealing treatment and deposition temperature on CdS
thin lms for CIGS solar cells applications, J. Mater. Sci.:
Mater. Electron., 2016, 27, 7890–7898, DOI: 10.1007/s10854-
016-4780-2.

16 Z. Bai and Y. Zhang, A Cu2O/Cu2S-ZnO/CdS tandem
photoelectrochemical cell for self-driven solar water
splitting, J. Alloys Compd., 2017, 698, 133–140, DOI:
10.1016/j.jallcom.2016.12.261.

17 Z. K. Heiba, M. B. Mohamed and N. G. Imam, Biphasic
quantum dots of cubic and hexagonal Mn doped CdS:
necessity of rietveld analysis, J. Alloys Compd., 2015, 618,
280–286, DOI: 10.1016/j.jallcom.2014.08.106.

18 H. Nan, W. Wu, K. Feng, B. Shan, Y. Qiu and Y. Zhang,
Improved photocatalytic efficiency and stability of CdS/
ZnO shell/core nanoarrays with high coverage and
enhanced interface combination, Int. J. Hydrogen Energy,
2017, 42, 848–857, DOI: 10.1016/j.ijhydene.2016.10.135.

19 X. Ning and G. Lu, Photocorrosion inhibition of CdS-based
catalysts for photocatalytic overall water splitting,
Nanoscale, 2020, 12, 1213–1223, DOI: 10.1039/c9nr09183a.

20 B. Duan, L. Lou, F. Meng, J. Zhou, J. Wang, J. Shi, H. Wu,
Y. Luo, D. Li and Q. Meng, Two-Step Annealing CZTSSe/
CdS Heterojunction to Improve Interface Properties of
Kesterite Solar Cells, ACS Appl. Mater. Interfaces, 2021, 13,
55243–55253, DOI: 10.1021/acsami.1c18152.

21 W. C. Chen, C. H. C. Y. Chen, Y. R. Lin, J. K. Chang,
C. H. C. Y. Chen, Y. P. Chiu, C. I. Wu, K. H. Chen and
L. C. Chen, Interface engineering of CdS/CZTSSe
heterojunctions for enhancing the Cu2ZnSn(S,Se)4 solar
cell efficiency, Mater. Today Energy, 2019, 13, 256–266, DOI:
10.1016/j.mtener.2019.05.015.

22 H. J. Tan, Z. Zainal, Z. A. Talib, H. N. Lim, S. Shae, S. T. Tan,
K. B. Tan and N. N. Bahrudin, Synthesis of high quality
hydrothermally grown ZnO nanorods for
photoelectrochemical cell electrode, Ceram. Int., 2021, 47,
14194–14207, DOI: 10.1016/j.ceramint.2021.02.005.

23 C. Rosiles-perez, A. Cerdán-Pasarán, S. Sidhik, D. Esparza,
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