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An ultrathin layer of CdS (~8 nm) was successfully coated on an array of vertically aligned ZnO nanorods using pulsed

electrodeposition. The pulse was essential during the deposition of CdS to ensure equilibrium between diffusion and

nucleation of CdS precursors. These ZnO nanorods functioned as a large contact base for the deposition of CdS. This

enlarged interface between CdS and ZnO together with its close intimacy facilitated efficient charge transfer from the

excited CdS to ZnO upon visible illumination. Owing to the high electron mobility of ZnO, it shuttled the electrons

efficiently for enhanced photocurrent generation. Compared to bare CdS film, the CdS-ZnO photoelectrode yielded a

doubled anodic visible photocurrent density of 6 mA/cm” at 0 V vs. Ag/AgCl. Photoluminescence spectroscopy and

photoelectrochemical characterizations showed that the charge recombination within CdS was suppressed and the proper

band alignment favored the electron transfers.

Introduction

Metal chalcogenides attractive class of
photoactive semiconductors as they generally exhibit narrow
optical band gap which is responsive to visible light of the solar
spectrum.l'3 Cadmium sulfide (CdS) is one of the most
investigated metal chalcogenides that has a direct band gap of
~ 2.4 eV. Together with its highly energetic conduction band
(ca -1.0 V vs NHE) and reasonably high electrons density at
room temperature, CdS has demonstrated its potential in
photocatalytic and photoelectrochemical applications.4
Typically, CdS has found uses in photocatalysis, photovoltaic,

photodetector, sensors etc.’® In photocatalysis, nanoparticles

represent an

of CdS are generally used in the form of suspension in aqueous
solution. CdS nanoparticles with various sizes, morphological

structures, and surface chemical properties have been
designed to achieve larger surface area, better charge
transport, and higher photostability.g'10 Other than

photocatalysis, most of the above mentioned applications
involve the use of CdS thin film rather than
nanoparticles/powder. Coating CdS powder onto a suitable flat
substrate with the aide of chemical binder or heat treatment
appears to be a convenient way to construct CdS thin film
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although it often encounters film stability (adhesion) issue.™

Other options to fabricate CdS thin film without pre-
synthesizing the nanoparticles include chemical vapor
deposition, vacuum evaporation, sputtering, spray pyrolysis,
successive ionic layer adsorption and reaction, chemical bath
deposition and electrodeposition.u‘16 Because
electrodeposition is a low cost method, scalable for large thin
film synthesis and involves only simple setup of
instrumentation, it has been widely used to prepare metal-
based thin films including cds.”’ A high quality thin film of CdS
with good homogeneity can be conveniently electrodeposited
using an aqueous solution containing Cd salt and thiosulfate as
the source of sulfur.’® The photoresponse of CdS thin films is
depending on the photocharge transportation from CdS to the
charge collecting substrate upon photoexcitation. In most
cases, the transparent indium-doped tin oxide (ITO) and
fluorine-doped tin oxide (FTO) are used as the charge
collecting substrates. Although stable visible photoresponse
from CdS thin film has been achieved,9 the photocharge
transportation is regulated by the film thickness (i.e. film
thickness should be shorter than the charge diffusion length of
CdS) and the efficiency of the charge collection at the
substrate.

In order to improve the charge collection at the substrate,
maximizing the charge collection site is favorable and it can be
achieved by transforming the flat substrate into porous or
anisotropic nanostructure one-dimensional (1D)
nanotubes, nanorods, nanoneedles etc.’®?* These non-flat
substrates serve as large contact base for the deposition of

such as

CdS which facilitate more interfaces for charge transfer.
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Vertically aligned ZnO nanorods array grown on FTO is a good
candidate for this purpose as ZnO possesses greater electron
mobility than many other oxide nanostructures.”>>* This 1D
ZnO nanorods array can be prepared by a number of methods
enabled by the advancement in the chemical synthesis today.
However, the challenge lies in the high quality deposition of
CdS onto them. The conventional electrodeposition method
offers good versatility in preparing an even deposit film on flat
substrate but it has limitation to coat the vertically aligned 1D
nanostructured substrates. The presence of concentration
gradient of the precursor, i.e. higher precursor concentration
at the upper layer of the 1D nanostructure compared with the
bottom region, always result in dominant deposit at the top
layer of the 1D nanostructured substrate and considerably
uncoated bottom part. The situation can be even more
challenging when each single nanorod/nanotube is too close
to each other to impose capillary resistance for the diffusion of
precursors. In this work we develop a square-wave pulsed
electrodeposition method to overcome the above difficulties
in depositing an even layer of CdS over the wall of the
vertically aligned ZnO nanorods substrate.

Nonetheless, CdS nanoparticles have been previously
decorated onto 1D TiO, nanotubes and 1D ZnO nanorods thin
film with different level of coating quality using single-step
electrodeposition, sequential chemical bath deposition and
ion-exchange approach.z‘r"27 The purpose of composing CdS-
ZnO and CdS-TiO, in those earlier studies was to facilitate
extension of light absorption into visible light region. The
visible light photocurrent generation of CdS-ZnO (or CdS-TiO,)
was found greatly enhanced compared with the bare ZnO (or
TiO,). While ZnO and TiO, have band gap > 3.0 eV which
corresponding to UV-excitation, the sensitization with narrow
band gap CdS component was therefore expected to generate
visible light response. However, it remains unclear that if CdS-
ZnO will be more superior to the bare CdS thin film under
visible illumination because the geometry of CdS-ZnO and the
interfaces between them may affect the excitation and charge
transport of the excited CdS. In this work, we aim to improve
the performance of visible light response CdS by evenly
anchoring them onto the anisotropic ZnO nanorods array
which is vertically aligned on FTO glass substrates. ZnO
nanorods provide larger charge collecting area for the
deposited CdS. The thin CdS layer has thickness less than its
charge diffusion length; therefore the excited charges from
CdS are extracted more efficiently into ZnO. Together with the
close intimacy with ZnO and the large contact interface
provided by the anisotropic 1D structure, CdS-ZnO thin film
has photoelectrochemical performance 100% higher than the
pulsed electrodeposited bare CdS thin film under visible light.
The photocurrent density obtained in this work is in general
higher than the reported values under the similar
measurement conditions.’® % Notably, ZnO in this work was
not involved actively in generating electron (as it is not
photoexcited) but served as the electron mediator and
effective scaffold for CdS deposition. The importance of
providing large collecting site for charges further equipped
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with high quality deposition to ensure efficient electron flow is
demonstrated.

Experimental Section
Preparation of a ZnO nanorod film on a FTO substrate

ZnO nanorod films were prepared by a chemical bath
deposition (CBD) method on FTO substrates. All FTO substrates
were pre-cleaned with Milli-Q water, ethanol (99.5%, Sigma-
Aldrich) and acetone (99.8%, Chem-Supply) under mild
sonication followed by drying in air. ZnO seeding layers on the
cleaned FTO substrates formed by thermal
decomposition of zinc acetate before CBD process. Several
drops of a solution containing 0.005 M of zinc acetate (Ajax
Finechem) dissolved in ethanol applied on the
transparent FTO substrates. After 10 seconds, the substrates
were rinsed with ethanol and dried with nitrogen gas. The
wetting process with zinc acetate was repeated for five times
before calcined for 20 min at 350 °C to form ZnO seeds from
thermal decomposition of zinc acetate. The whole seeding
procedure was repeated for two times to obtain evenly
distributed ZnO seed layers on the FTO substrates.

were

were

The seeded substrates were then sealed in a Schott bottle with
100 mL aqueous solution consisted of 0.025 M of zinc nitrate
(98%, Sigma-Aldrich) and 0.025 M of hexamethylenetetramine
(99%, Sigma-Aldrich) used as a structure-directing agent. Each
solution was preheated to 90°C for 5 min before mixing. The
bottle was then kept in the oven at 90°C for 3 h. This growth
cycle was repeated twice. The obtained ZnO nanorod thin films
were rinsed thoroughly in Milli-Q water and dried in air.
Subsequently, the transparent ZnO nanorod films were
calcined for 30 min at 450 °C to completely remove the
remaining organic components.

Preparation of CdS nanoparticles on the ZnO nanorod film

CdS nanoparticles on a FTO substrate and the ZnO nanorod
film were deposited by a pulsed electrodeposition method in a
three-electrode cell, with a FTO substrate and the resultant
ZnO nanorod film as the working electrodes, Ag/AgCl as a
reference electrode and a Pt foil as the counter electrode. A
mixture of 10 mM CdCl, and 100 mM Na,S,0; was chosen as
the electrolyte. The excess sulphur source was to secure the
stoichiometric ratio of Cd and S considering the sulphur loss in
the following calcination process. The CdS nanoparticles was
deposited electrochemically at ambient temperature by
applying a rectangular current waveform imposing in a
periodic manner generated by a Potentiostat (Metrohm
Autolab PGSTAT M101, MEP instruments) combined with Nova
software, applying a cathodic pulse (-1.25 V, 5 ms — 0.5 s) and
short-circuit pulse (0 V, 5 ms — 0.5 s) alternatively for 30 min.
The voltage, frequency and duration values are carefully
chosen based on the optimized conditions. The-obtained CdS-
ZnO film was dried and calcined at 400 °C for 30 min in N, in a
horizontal quartz tube furnace (HTFS80-450/1, Labec) to
facilitate crystallisation. Before the heating, N, was purged
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through the tube furnace for 2 h to completely remove the air.
Subsequently, the heating was performed with the ramping
rate of 5 °C/min from room temperature to 400°C. The gas
flow rate was maintained at 50 mL/min throughout the
process.

Characterization of the obtained CdS-ZnO composites

The crystallographic phase structures of the deposited films
were characterized using an X-ray diffractometer (X’pert Pro
MRD, Philips) with Cu Ka radiation at 45 kV and 40 mA, a step
size of 0.013° and a scan step time at 97.92 s in the 20 range of
20° to 60°. The morphological features and the film thickness
were determined using a scanning electron microscope (Nova
NanoSEM 230, FEI). The UV-Vis diffuse reflectance spectra
were obtained using a UV/Vis/NIR spectrophotometer (UV-
3600 Plus, Shimadzu). A high-resolution transmission electron
microscopy (HRTEM, CM200 Philips) was employed to examine
the lattice fringes of electrodeposited CdS and ZnO crystals, as
well as the interface between the CdS nanoparticles and the
ZnO nanorod film. The Mott—Schottky plots of the ZnO, CdS
and CdS-ZnO film were measured using a potentiostat
(Metrohm Autolab PGSTAT 302N, MEP instruments) combined
with a frequency response analyzer (Autolab FRA2 modules)
with a frequency of 700 Hz scanning from -1.5 V to 0 V (vs.
Ag/AgCl) at a scan rate 50 mV/s. The photoluminescence
emission spectra were obtained using a spectrometer
(FluoroMax-4, Horiba) to study the recombination rate of
electrons and holes within the film.

The photoelectrochemical properties of the ZnO, CdS and CdS-
ZnO films were examined under potentiostatic conditions in a
three-electrode system using CdS-ZnO films as the working
electrode, Ag/AgCl as the reference electrode and a platinum
wire as the counter electrode in an aqueous solution
containing 0.25 M of Na,S and 0.35 M of Na,S0O; at pH 12. An
electrolytic cell made out of Teflon with a flat quartz window
was used. The photocurrent responses were measured under
visible light illumination using a 300 W Xenon lamp with a cut
off filter (A = 435 nm). The illuminated area of the working
electrode was fixed at 0.196 cm’.

Results and discussion

Upon pulsed-electrodeposition at -1.25 V with frequency of
100 Hz, a homogeneous yellow layer was found evenly coated
on FTO substrate (Figure 1a). Examination under a scanning
electron microscope (SEM, Figure 1b) reveals the morphology
of this evenly coated layer consists of fused nanoparticles with
comparable primary particle size of ca 20 — 30 nm. Voids or
pores are present within the spaces among each cluster of
fused nanoparticles. This morphological feature of pulsed-
electrodeposited CdS film is different from the reported
electrodeposited CdS film in which a compact film with
undeveloped porosity was a common observation.”?® It is
believed that porous CdS film may have enhanced electron
conduction because more CdS-electrolyte interfaces are

This journal is © The Royal Society of Chemistry 20xx
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created. Figure 1c and d show that these irregularly-shaped
nanoparticles have visible light response with the onset light
absorption wavelength at 520 nm which is corresponding to
the band gap of CdS (ca. 2.4 eV). The absorbance of CdS film
has extended to visible light range compared to that of ZnO
nanoarrays. High resolution transmission electron microscopy
(HRTEM) image in Figure le confirms that the nanoparticles
are the crystalline CdS exhibiting (001) facet with lattice fringe
of 0.34 nm. The pulsed-electrodeposited film was also verified
by x-ray diffraction (XRD) to consist of crystalline CdS with the
diffraction peaks at 24.82 and 28.22 to represent (100) and
(101) planes of the hexagonal CdS, respectively (see Figure S1
in Supporting Information).

(c)

—2n0
—CdS

€0 40 500 50
Wavelength (nm)
(e)

Figure 1. (a) CdS film on a FTO substrate and a ZnO substrate from pulsed
electrodeposition; (b) SEM image of CdS thin film on the FTO substrate using pulsed
electrodeposition; (c) Absorption spectra of CdS thin film on the FTO substrate from
pulsed electrodeposition and ZnO nanoarrays from chemical bath deposition; (d) TEM
image of CdS nanoparticles on the FTO substrate from pulsed electrodeposition; (e)
HRTEM of CdS film on the FTO substrate from pulsed electrodeposition.

Vertically aligned ZnO nanorods array on FTO is an ideal
scaffold to support CdS when compare to the flat FTO
substrate as it provides larger anchoring sites for CdS. Figure
2a shows the typical morphology of ZnO nanorods prepared
using chemical bath deposition (CBD) method. The hexagonal
nanoarrays with smooth surface are observed with consistent
diameter of ca. 80 nm. Employing the identical pulsed-
electrodeposition condition used for the bare CdS thin film, it
is clearly seen that the surface of ZnO nanorods is completely
covered by a thin but rough layer of nanoparticles (Figure 2b).
Photograph of this CdS-ZnO thin film (Figure 1a) also suggests
the uniform deposition of CdS across the thin film.
Microscopically, overall diameter of the nanorods is not
noticeably changed because of the ultra-thin coating. It is
worth to note that conventional electrodeposition (i.e. non-

J. Name., 2013, 00, 1-3 | 3
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pulsed electrodeposition) has not been reported to

successfully wrap 1D-nanoarray substrate. As shown in Figure

S2a (Supporting Information), non-pulsed electrodeposition
led to the formation of relatively thick CdS layer on top of the
ZnO nanoarrays without penetrating into the bottom region of
the film. This over-layer of deposited component on the 1D-

nanoarrays was typically observed in previous studies (e.g.
31,32

CulnS, nanoparticles on TiO, nanotubes array).

Figure 2. (a) SEM image of ZnO nanorod film from 6 h of chemical bath
deposition; (b) SEM image of CdS-ZnO composite from pulsed electrodeposition.

Figure 3 shows the images of transmission electron
microscope (TEM) and high resolution TEM (HRTEM) obtained
on the ZnO and CdS-ZnO powder scratched off from the FTO
substrate. In consistent with the SEM analysis, clean surface of
bare ZnO with well-defined Ilattice fringe (0.26 nm,
corresponding to (001) facet) was observed. In contrast, a
homogeneous coating layer on ZnO with an even thickness of
ca. 8 nm is found on CdS-ZnO nanorods sample. The magnified
area of the typical interface between ZnO and CdS exhibits the
presence of crystalline ZnO and CdS. It is also noted that the
size of CdS nanoparticles is smaller in CdS-ZnO (8-10 nm) than
in the bare CdS (20-30 nm) film. This is an expected difference

4| J. Name., 2012, 00, 1-3

between the two films because ZnO nanorods provide larger
nucleation site for electrodeposition of fresh CdS. However, in
bare CdS film, the CdS precursors were electrodeposited and
grown on the existing CdS crystal to yield larger particles. UV-
visible absorption spectra of CdS-ZnO (Figure S3 in Supporting
Information) and bare CdS films onset
wavelength at 520 nm, indicating the similar optical band gap

show identical
possessed by both samples. Thus, quantum size effect induced
by small sized-CdS is not observed in the studied particle size
range.

() Cds-zno

Zn00.26 nm (001,

Figure 3. (a) TEM image of ZnO nanorod film from chemical bath deposmon (b) TEM
image of CdS-ZnO composite from pulsed electrodeposition; (c) HRTEM image of CdS-
Zn0 composites from pulsed electrodeposition.
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Figure 4. (a) PEC measurements of ZnO, CdS and CdS-ZnO composite from pulsed
electrodeposition at 0 V vs. Ag/AgCl in an electrolyte containing 0.25 M Na,S and 0.35
M Na,SO; (pH = 12) under chopped visible light irradiation (A 2 435 nm); (b) Emission
photoluminescence (PL) spectra (excitation wavelength 425 nm) of pristine ZnO, pure
CdS and CdS-ZnO composites films from pulsed electrodeposition.

Phoelectrochemical (PEC) performances of the pulsed-
electrodeposited bare CdS and CdS-ZnO films were evaluated
under visible light (>420 nm) at a constant bias of 0 V vs
Ag/AgCl (Figure 4a). At 0 V where the photocurrent is mainly
driven by the intrinsic electron transport properties of the CdS,
it is shown that CdS pulsed-deposited on ZnO has a higher

This journal is © The Royal Society of Chemistry 20xx
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anodic photocurrent density of 6 mA/cm’ compared with the
bare CdS pulsed-electrodeposited on FTO (2.8 mA/cm?). Note
that the value of photocurrent density for CdS-ZnO is higher
than the reported value yielded by conventional non-pulsed
electrodeposition. For example, CdS-ZnO film obtained from
non-pulse system in this work generated photocurrent density
of 3.5 mA/cm’ (Figure S2b in Supporting Information).
Although photocurrent increment over the bare CdS
counterpart is still observed and attributed to the improved
charge transfer to the substrate (ZnQ), its absolute activity is
inferior to the pulsed electrodeposited CdS-ZnO.
Photocurrents of CdS-ZnO obtained from pulsed-
electrodepsotion with different durations are also shown in
Figure S4 as reference. While UV-Vis spectra indicated
comparable absorbance under visible illumination, the high
photocurrent density of CdS-ZnO is promoted by the larger
charge collection sites facilitated by the ZnO nanorods arrays.
A more efficient mechanism in transferring the electrons from

the excited CdS results in less charge recombination in the film.

Figure 4b shows the photoluminescence (PL) spectra of CdS
and CdS-ZnO films. Photoluminescence is emitted when the
excited electrons return to their ground state (recombination
phenomenon). Therefore the intensity of the PL emission peak
reflects the significance of charge recombination. The emission
peak at 518 nm is also indicative of the optical band gap of CdS
component in the composite film. The obvious quenching of PL
emission band of CdS-ZnO verifies the reduced charge
recombination which contributed to the enhanced PEC
performances. Bare ZnO film did not generate PL emission
peak under the excitation source of 425 nm.
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Figure 5. (a) Mott-Schottky plots of ZnO film from chemical bath deposition; (b) CdS

film from pulsed elecctrodeposition, the capacity measurements of (a) and (b) were

carried out at 700 Hz within the potential range of -1.5 V to 0 V vs. Ag/AgCl; (c) Tauc
plot of ZnO film from chemical bath deposition; (d) Tauc plot of CdS film from pulsed
electrodeposition.

The presence of smaller CdS nanoparticles and its thin coating
over ZnO nanorods facilitated a more favorable charge
migration pathway where the thickness of CdS (~8 nm) is
shorter than its electron diffusion Iength.33 The intimacy of CdS

This journal is © The Royal Society of Chemistry 20xx
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and ZnO also enabled the electron transfer and more
importantly, this charge transfer is powered by the suitable
band energy alignment present at the interface. Figure 5
shows the Mott-Schottky (top panel) and Tauc plots (bottom
panel) of ZnO and CdS. Tauc plot of the CdS-ZnO is included in
Figure S5 for reference. Mott-Schottky analyses measured the
flat band potentials of the semiconductors while valence band
potentials could be derived after the optical band gaps
measured in Tauc plot are taken into consideration.>® Based on
the Mott-Schottky plots, the observed positive slopes of the
capacitance against voltage verify that both ZnO and CdS as n-
type semiconductors. The extrapolation of the linear region of
the slope evaluates the flat band potentials of both materials.
As flat band potentials for n-type semiconductors are generally
located slightly below the conduction bands, the intercept
value at x-axis can be used to estimate the conduction band
potentials. Derived from Nernst equation,35 the flat band
potentials of ZnO and CdS are calculated to be -0.25 and -0.34
V vs RHE, respectively. These values are in good agreement
with the literature reports.36 Because both CdS and ZnO have
n-type conductivity, the higher level of conduction band of CdS
(more negative) forms a proper energy alignment with ZnO in
which the photoexcited electron in CdS can be favorably
transferred to ZnO to achieve higher efficiency of electrons
transportation.

Counter Electrode

|

Visible light
e

1= = CdS

! Zn0O
=2 r pr— Conduction Band
€ ol— —
g
© 2.4eV
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§ i 3.26 eV
g

2 Valence Band

™ v h+
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Figure 6. Schematic of band structures of CdS-ZnO composites 3

As ZnO and CdS possess optical band gap of 3.2 and 2.4 eV,
respectively, as measured in Tauc analyses, an energy diagram
of the CdS-ZnO composite is constructed accordingly in Figure
6. Visible light-excited CdS has a pool of electrons that
thermodynamically tend to be transferred to ZnO thus
minimizing charge recombination within CdS. The transfer of
electrons from CdS to ZnO is also supported by the
observation of the slight positive shift in the onset potential

J. Name., 2013, 00, 1-3 | 5
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for photocurrent generation (Figure S6 in Supporting
Information).38 With the high electron mobility characteristic
of ZnO, these electrons are further shuttled to FTO and
extracted away to generate photocurrent. Although the
principle is similar with the sensitization of ZnO, this study
proves that the photoactivities of non-supported CdS were
doubled because of the introduction of 1D-nanostructured
scaffold. Larger CdS-ZnO interface area facilitated by 1D ZnO
nanorods together with the finely dispersed thin layer of CdS
contributed to the enhancement observed in CdS-ZnO against
bare CdS thin film.

Conclusions

In conclusion, ZnO nanorods arrays vertically aligned on
conducting substrate can be used as a suitable large area
scaffold to support CdS for improved Vvisible light
photoelectrochemical performances. The high quality thin
layer coating of CdS is effectively achieved by introducing an
optimized pulse frequency during the electrodeposition. The
enlarged interface area between CdS and ZnO, the thin layer of
CdS which consists of fine nanoparticles and the perfect
wrapping of ZnO by CdS are responsible for the 100%
enhancement in the photoelectrochemical performances of
the pulsed-electrodeposited CdS-ZnO. This work is therefore
providing alternative strategy to improve photoelectrode
performance through interface engineering.
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