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ABSTRACT: We report the photoelectrochemical (PEC) per-
formance of textured porous ZnO and CdX-coated ZnO films (X =
S, Se). Porous ZnO films were grown with a platelike morphology
on F-doped SnO2 (FTO) substrates. The growth of ZnO films
involves a two-step procedure. In the first step, we electrochemi-
cally grew simonkolleite (Zn5(OH)8Cl2·H2O) plate films. Anneal-
ing of the simonkolleite at 450 °C results in textured porous ZnO
films. The as-obtained porous ZnO electrodes were then used in
PEC studies. To increase the light-harvesting efficiency, we
sensitized these ZnO electrodes with CdS and CdSe quantum
dots, using the so-called “successive ion layer adsorption and
reaction (SILAR) method”. As expected, the photocurrent density
systematically increases when going from ZnO to ZnO/CdS to ZnO/CdSe. The highest photocurrent, ∼3.1 mA/cm2 at 1.2 V vs
RHE, was obtained in the CdSe-sensitized ZnO electrodes, because of their enhanced absorption in the visible range.
Additionally, quantum efficiency values as high as 90% were achieved with the textured porous ZnO films. These results
demonstrate that both CdS and CdSe-sensitized textured porous ZnO electrodes could be potentially useful materials in light-
harvesting applications.
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1. INTRODUCTION

In recent years, it has been demonstrated that ZnO
nanostructured electrodes are very useful in photocatalysis,1

dye-sensitized solar cells (DSSCs),2 and in photoelectrochem-
ical cell (PEC)3,4 studies. It has been shown that electro-
deposition is a convenient and fast method for the preparation
of ZnO thin films.5,6 Aligned ZnO arrays such as nanowires and
nanosheets are particularly suited for light-harvesting applica-
tions, since they exhibit the ideal morphology for providing a
path for the photogenerated carriers.7−9 In addition to charge
carrier transport, porosity is another crucial factor that greatly
influences the chemical reaction rate that occurs at the surface
of ZnO electrodes. A typical example of this can be seen in the
case of ZnO electrodes used in DSSC studies.10

Although ZnO can be used as light-harvesting material on its
own, it has limited absorption in the visible (VIS) region. One
way to extend the light harvesting ability of ZnO in the VIS-
region is to sensitize it with short-band-gap semiconductor
quantum dots (QDs) such as CdS,11,12 CdSe,13 CdS/CdSe14,15

and CdTe.16,17 QDs are a class of semiconductor nanomaterials

that shows tunable absorption due to the so-called quantum
confinement effect, and they are often used as sensitizers in
solar cells18,19 or in photocatalytic systems.20 QD sizes can be
tuned over a wide range, from 2 nm to 30 nm, depending on
the type of material from which they are composed.21,22

There are different strategies for attaching QDs on the
surface of metal oxide electrodes, and these can be classified
into two groups: assembly of presynthesized QDs and direct
growth.23,24 The use of presynthesized QDs allows one to
maintain low size distribution, high photoluminescence, and
control over the QDs morphology. For direct growth, chemical
bath deposition (CBD)25 and successive ion layer adsorption
and reaction (SILAR)26 methods are preferred, because of their
simplicity and convenience. The SILAR method has been used
to decorate ZnO electrodes with various types of QDs for use
in PEC studies.27 The most-studied ZnO-based PEC systems
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are those that contain QDs with binary compositions, such as
CdS,28,29 CdSe,30−32 CdTe,33 or ternary compositions such as
CuInS2,

34 and ZnCdS.35 The metal oxide electrode, usually n-
type semiconducting photoanodes, is often a nanostructured
porous film or nanowire array where the thickness of the films
ranges from 100 nm to 30 μm.36,37 The great interest in CdX-
sensitized ZnO electrodes (X = S, Se) arises from the fact that
these systems are applied both in photovoltaics (PV)38−41 and
for light-induced hydrogen evolution.42−44 Although there are
studies on ZnO and CdX-sensitized ZnO array electrodes, there
are no reports on the application of ZnO plates in PEC studies.
The advantage of using porous ZnO plate electrodes in PEC is
3-fold. First, the porous structure of ZnO serves as a scaffold for
efficient loading of CdX QDs; second, the ZnO plates shows
light scattering features; and third, the platelike structure allows
efficient electron transport, which was demonstrated by
illumination of the ZnO electrodes from the front and back
sides.
Here, we report the application of cadmium chalcogenide-

sensitized textured porous ZnO plate electrodes for PEC
studies in the presence of sacrificial sulfide (S2−) and sulfite
(SO3

2−) ions. The smooth Zn5(OH)8Cl2·H2O plate electrodes
are first fabricated by using electrochemical deposition,
following our previously reported procedure.45 The structural
transformation of Zn5(OH)8Cl2·H2O to ZnO was performed
by heat treatment at 450 °C. These ZnO plates were then
sensitized with CdS and CdSe QDs, using the SILAR method.
Although the experimental conditions for the growth of ZnO
plates are known from previous reports, it is highly valuable to
evaluate the potentials of this system in PEC studies with the
possibility for H2 evolution. Transmission electron microscopy
(TEM) images revealed the attachment mode of CdX on the
surface of the ZnO electrodes. As a result of the sensitization,
the onsets of absorption as well as the photocurrent are red-
shifted up to ∼660 nm for CdSe-sensitized ZnO electrodes.
Incident photon-to-current efficiency (IPCE) studies showed
that both ZnO and CdX-sensitized ZnO electrodes exhibit
IPCE values as high as 90%. These results thus confirm that
both the light harvesting and the charge separation are very
efficient, and CdS- and CdSe-sensitized ZnO nanostructured
electrodes are promising for PEC applications.

2. EXPERIMENTAL PROCEDURES
Chemicals. Zinc chloride (ZnCl2, 99%), hydrogen peroxide (H2O2,

98%), cadmium nitrate (Cd(NO3)2, 97%), selenium powder (Se,
99.9%), sodium borohydride (NaBH4, 97%), ethanol (EtOH, 99%),
sodium sulfite (Na2SO3, 99%), and sodium sulfide (Na2S, 99%) were
purchased from Sigma−Aldrich and used as-received.
Fabrication of ZnO and ZnO/CdX Electrodes. ZnO working

electrodes were prepared in a cell with a two-electrode configuration.
F-doped SnO2-coated glass substrates (Geomatec, Japan) with
dimensions of ∼6 cm × 1.4 cm were used as both the anode and
the cathode. The deposition of Zn5(OH)8Cl2·H2O plates was carried
out at 75 °C in an aqueous solution of 0.1 M ZnCl2 and 0.2 M H2O2.
By applying a DC voltage of 2.6 V for 30 min, we were able to deposit
a ∼6-μm-thick Zn5(OH)8Cl2·H2O film on the cathode. Porous ZnO
plates have been obtained by annealing the Zn5(OH)8Cl2·H2O film at
450 °C for 30 min (in air). Sensitization of ZnO electrodes with CdS
and CdSe QDs was achieved using the SILAR method. For the ZnO/
CdSe electrodes, one dipping cycle consists of immersing the ZnO
electrodes in two different ethanol solutions (0.05 M Cd(NO3)2 and
0.05 M Na2Se) for 1 min each. Preparation of 0.05 M Na2Se was
achieved by dissolving Se (0.19 g, 2.5 mmol) powder in 0.1 M NaBH4
ethanol solution (50 mL) under N2 atmosphere. Following each
immersion, the electrodes were rinsed for 1 min using ethanol to

remove any excess of precursor solution. This was repeated for five
cycles under N2 atmosphere. In the case of ZnO/CdS electrodes, 0.05
M Na2S solution was used instead of the sodium selenide solution and
the SILAR was carried out in air. Electrical contacts to the electrodes
were made using a silver wire and graphite conductive adhesive (Alfa
Aesar, U.K.).

Characterizations and Measurements. The phase composition
of the as-prepared products was determined using a PANalytical X-ray
diffractometer with Cu Kα radiation (λ = 1.54 Å). The morphology of
the structures was studied with a Supra 40 scanning electron
microscopy (SEM) system (Carl Zeiss) equipped with a field-emission
electron column (Gemini) and coupled to an energy dispersive X-ray
spectrometer (EDXS; EDAX). Transmission electron microscopy
(TEM) studies were conducted using a JEM-2100 system (JEOL)
equipped with EDXS. Diffuse reflectance spectra were recorded on a
Lambda 650 UV−vis spectrophotometer (Perkin−Elmer). PEC
measurements were done in a three-electrode configuration in an
aqueous mixture of 0.1 M Na2S and 0.1 M Na2SO3 solution (pH 13),
where the electrode area was defined to be 0.283 cm2. The potential of
the working electrode was controlled by a potentiostat (EG&G
PAR283). A coiled Pt wire and an Ag/AgCl electrode (XR300,
Radiometer Analytical) were used as the counter and reference
electrodes, respectively. Potentials vs Ag/AgCl were converted to the
reversible hydrogen electrode (RHE) scale by the Nernst equation
ERHE = EAg/AgCl + EAg/AgCl

0 + 0.059pH.46 In this equation, EAg/AgCl
0 was

0.1976 V at 25 °C, and EAg/AgCl was the measured potential against the
Ag/AgCl reference electrode. Chopped-light voltammetry measure-
ments were performed with a scan rate of 10 mV/s and a shutter
frequency of 0.1 Hz. White-light photocurrent measurements were
performed under simulated AM1.5 solar illumination (100 mW/cm2)
with a Newport Sol3A Class AAA solar simulator (type 94023A-SR3).
Monochromatic photocurrents were measured with a 300-W xenon
arc lamp (Oriel, Model 6259) coupled into a grating monochromator
(Acton SpectraPro 150i). An electronic shutter (Uniblitz LS6) was
used and a long-pass colored glass filter (Schott, 3 mm thick) was
placed between the monochromator and the sample to remove
second-order diffracted light. The shutter was actuated with a
frequency of 0.05 Hz, and the photocurrent was taken as the
difference between the current when the shutter is opened and closed
(integration time = 3 s and step size ≈ 1.5 nm). The incident photon-
to-current efficiency (IPCE) is calculated based on the formula47

λ
=

×
×

×
J

P
IPCE (%)

1240 (mA/cm )
(mW/cm ) (nm)

100
2

light
2

(1)

where J is the steady-state photocurrent density at a specific
wavelength and λ is the wavelength of the incident light. Plight is the
light intensity for wavelength λ at the film surface. The illumination
intensity from the xenon source was measured with a calibrated
photodiode (Ophir PD300-UV). Electrochemical impedance spec-
troscopy (EIS) was performed by connecting a Solartron model 1260
Frequency Response Analyzer (FRA) to the potentiostat. The
measurements were performed using a perturbation amplitude of 10
mV at open circuit potential under AM1.5 illumination.

3. RESULTS AND DISCUSSION

Preparation of Porous ZnO Plate Electrodes. The
preparation of the nanoporous ZnO plate electrodes can be
divided in two stages. The first stage involves the electro-
chemical growth of Zn5(OH)8Cl2·H2O crystals on the FTO
electrode. The second-stage includes structural transformation
of Zn5(OH)8Cl2·H2O into ZnO at elevated temperatures. The
growth mechanism of Zn5(OH)8Cl2·H2O, which takes place
during the first stage, can be represented by the following
equations that occur at the cathode surface:48,49

+ →− −H O 2e 2OH2 2 (2)
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+ + + → ·+ − −5Zn 8OH 2Cl H O Zn (OH) Cl H O2
2 5 8 2 2

(3)

Reaction 2 locally increases the pH, which causes the
precipitation of a zinc oxyhydride phase, accompanied by the
incorpora t ion of Cl− i ons to fo rm crys t a l l ine
Zn5(OH)8Cl2·H2O. Parallel to reaction 2 at the counter
electrode, the Cl− ion is oxidized to Cl2 (E0 = −1.36 V vs
normal hydrogen electrode, NHE). We reproducibly grew
Zn5(OH)8Cl2·H2O crystals from aqueous solutions at 75 °C by
modifying the experimental conditions given in ref 45. Figure 1

shows a typical XRD pattern of the Zn5(OH)8Cl2·H2O crystals
on the FTO substrate. A good match with the simonkolleite
reference pattern (Zn5(OH)8Cl2·H2O, PDF Card No. 00-007-
0155)50 was observed in terms of peak positions. However, the
same is not true for the peak intensities. The variations in the
peak intensity showed a significant preferential growth in the
crystals. The distinct change occurred in the intensity of the
(006) diffraction peak, which indicates that the crystals are
growing preferentially along the [001] direction. The [001]

direction, in our case, is along the basal plane of a single
Zn5(OH)8Cl2 ·H2O plate . Heat treatment of the
Zn5(OH)8Cl2·H2O crystals at 450 °C causes thermal
decomposition and conversion of the crystals into porous
ZnO plates. As shown in Figure 1, the XRD pattern of the ZnO
residue after heating corresponds well to the ZnO zincite
reference pattern (PDF Card No. 01-089-0511).51 The lattice
parameters, calculated with Rietveld refinement, agree with the
zincite values from the reference card (a = 3.252 nm (2), b =
5.216 nm (3)). The calculation of the crystallite size from the
diffraction peak broadening ((101) plane), using Scherrer’s
formula,52 give values of ∼20 to 30 nm and indicates that the
system consists of randomly distributed ZnO nanodomains.
The thermal decomposition of Zn5(OH)8Cl2·H2O is a
multistage process. As the temperature increases water
molecules are driven off. Above 170 °C, the anhydrous
Zn5(OH)8Cl2 further decomposes, yielding ZnO and ZnCl2
phases. The decomposition steps can be represented by the
following reactions:53

· ⎯ →⎯⎯⎯⎯ +
◦

Zn (OH) Cl H O Zn (OH) Cl H O5 8 2 2
150 C

5 8 2 2 (4)

⎯ →⎯⎯⎯⎯ + +
◦

Zn (OH) Cl 4ZnO ZnCl 4H O5 8 2
260 C

2 2 (5)

ZnCl2 is volatile at elevated temperatures and evaporates as the
temperature increases to 450 °C. However, it is also possible
that a small fraction of ZnCl2 might hydrolyze to form ZnO and
HCl.
SEM analysis shows that the as-synthesized film that

completely covers the FTO substrate is made of randomly
oriented hexagonal (or half-hexagonal) plates of
Zn5(OH)8Cl2·H2O (Figure 2). These plates exhibit smooth
surfaces and clearly defined edges. The typical width of the
plates is in the 1−6 μm range, and their thickness is ∼50−300
nm. The plates grow from the FTO substrate along their fast-
growing direction, i.e., the crystal [001] direction, as shown by
XRD. The thermal decomposition of the Zn5(OH)8Cl2·H2O

Figure 1. XRD patterns of Zn5(OH)8Cl2·H2O, SnO2, and ZnO phases.
The FTO/glass substrate is given as SnO2. In the bottom and at the
top are shown the simulated diffractograms of Zn5(OH)8Cl2·H2O and
ZnO phases that are taken from reference PDF cards.

Figure 2. SEM images of (a,b) Zn5(OH)8Cl2·H2O and (c,d) ZnO plates at different magnifications viewed from the top. (e) Cross-sectional view of
the ZnO film with (f) corresponding EDXS spectra of the substrate phases and ZnO plates. (g) Scheme showing the phase transformation of
Zn5(OH)8Cl2·H2O to ZnO at 450 °C.
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crystals is associated with a loss of over 40% of mass, which
must result in a change in the morphology. Interestingly, the
general overall shape of the plates is retained during heat
treatment, but their fine structure is changed. Figures 2c and 2d
show the resulting porosity in such newly formed ZnO plates.
The shape of pores within the ZnO network is irregular. The
typical size of the pore is <100 nm (Figure 2d). Furthermore,
EDXS analysis of ZnO plates (see Figures 2e and 2f) show that
they are composed of only Zn and O. It should be noted that
the density and orientation of ZnO plates could be greatly
affected by the current density during growth (see the
Supporting Information).
TEM images of ZnO agglomerates and a corresponding

selected area electron diffraction (SAED) patterns are shown in
Figure 3. These agglomerates are obtained after scratching the

surface of ZnO plate electrode with a spatula. The composition
of ZnO was confirmed by EDXS (Figure 3b) and its structure
was indexed according to the hexagonal structure of ZnO space
group P63mc (196) PDF Card No. 01-089-0511. TEM image
taken at higher magnifications shows a netlike structure of the
agglomerates (Figure 3c). This netlike structure consists of
individual ZnO nanoparticles and is formed from crystallites of
∼15 nm in diameter. Figure 3c shows some of the nanoparticles
exhibiting crystal lattice fringes with a separation of 0.24 and
0.28 nm, which correspond to the (101) and (100) planes of
ZnO. The corresponding SAED pattern also confirms that ZnO
nanocrystals are randomly oriented and are very small as
indicated by the presence of diffuse rings in the pattern (Figure
3d).
Preparation of CdX-Sensitized ZnO Plate Electrodes

(X = S, Se). Since the as-synthesized ZnO plates are porous
and have a wide range of pore sizes, one would expect them to
show promise in PEC studies. Our detailed SEM analysis shows
that the plates exhibit both mesopores (2−50 nm) and
macropores (>50 nm). A high degree of porosity enhances the
overall surface reaction kinetics and is likely to increase the
photocurrent. The latter is presumably limited by the large
band gap, which limits its light absorption in the VIS range. In
order to extend its response to VIS light, it can be sensitized
with either a dye molecule (e.g., N719)54 or a low-band-gap
semiconductor QDs55 that shows photoactivity under VIS light.

We chose the latter: ZnO sensitization with CdS and CdSe
QDs. Figure 4 shows the diffuse absorption spectra of bare

ZnO plates and those sensitized with CdS and CdSe QDs.
From the inset plot, we determined the band gap (Eg) of the
ZnO plates and found that Eg is 3.2 eV, much larger than the
apparent band gap values obtained for the CdX (X = S, Se)
QDs. The typical apparent band gaps of CdS and CdSe QDs
are 2.4 and 2.7 eV, respectively. We notice that the estimation
of CdX QDs band gap involves certain assumptions. First, we
extrapolate only a part of the spectrum of ZnO/CdX plates (see
inset in Figure 4) at longer wavelength assuming that this part
is due to the CdX QDs. For example, in the spectrum of ZnO/
CdSe plates, the extrapolation that yields the band gap of CdSe
QDs includes the region between 2.5 eV and 2.8 eV. The
apparent band gaps are much larger than the reported band gap
values of 1.7 and 2.4 eV for bulk CdSe and CdS.56 The increase
in the band gaps are due to the quantum confinement effect,
which is known to play a major role in small crystallites.57 As a
general trend, the pronounced absorption in the VIS region by
the CdS or CdSe-sensitized ZnO electrodes is expected to
increase the number of absorbed photons in these electrodes.
In addition, the absorption above 400 nm is an indicator that
CdS and CdSe sensitization takes place on ZnO electrodes,
because the light absorption in the VIS region arises mainly
from CdS and CdSe QDs.
Figure 5 shows TEM images of a ZnO/CdS sample. The

entity in Figure 5a is an agglomerate of ZnO nanocrystals
coated with CdS QDs. The SAED (inset in Figure 5a) of the
agglomerate can be indexed with hexagonal ZnO and CdS
structures (JCPDS File Card No. 89-2944; indices in brackets).
Figure 5b shows the TEM image of the entity in Figure 5a,
taken at a higher magnification. In the image, we observed two
types of lattice fringes that correspond to various crystallo-
graphic planes. As shown with parallel lines, those lattice fringes
are equal to 0.26 nm, which corresponds to the (002) plane of
ZnO, and the lattice spacing is equal to 0.20 nm, which
corresponds to the (110) plane of CdS. The EDXS confirms
the expected chemical composition with peaks of Zn, Cd, O,
and S. The typical sizes of CdS QDs are on the order of ∼5 nm.
Detailed SEM observations of the CdS- and CdSe-sensitized

ZnO electrodes show that the QDs effectively cover the surface
of ZnO plates (see the Supporting Information). Figures 6a and
6b show SEM images of the ZnO plates before and after
coating with CdSe QDs. The textural porosity of the ZnO
plates allows one to form a dense coating with either CdS or
CdSe QDs. The pore sizes, which are in the order of ∼100 nm,

Figure 3. (a,c) TEM images of ZnO nanoparticles; (b) EDXS
spectrum of ZnO taken from panel (a); and (d) SAED taken from
panel (c). A copper grid is used as the substrate.

Figure 4. Diffuse absorbance spectra of the pure ZnO and CdX-
sensitized ZnO plate electrodes. From the inset plot, the direct band
gaps of the semiconductor materials are determined.
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allows an efficient loading of QDs with typical sizes of ∼5 nm.
Note that, in this case, we selected an area on the ZnO plate

surface that has larger pores than the ZnO plates shown in
Figure 2. EDXS studies confirmed the presence of intense
signals for Zn and O. In the spectra, there are also weak signals
from Cd and Se, indicating that the CdSe QDs are successfully
loaded onto the porous ZnO plates (Figure 6f). The low
intensity of the metal chalcogenide elements compared with
that of Zn and O is due to the fact that the amount of CdSe is
relatively low, compared to the total mass of ZnO. The
agglomerate shown in the TEM images (Figures 6c and 6d) is
composed of nanocrystallites, as suggested from the corre-
sponding SAED pattern (Figure 6e). The diffraction rings can
be indexed with two structures: the zincite ZnO (JCPDS File
Card No. 36-1451) and the hexagonal CdSe (JCPDS File Card
No. 77-0046); the corresponding indices are given in brackets.
The coexistence of the two types of crystallite is also suggested
from Figure 6e, where the nanocrystals with lattice fringes
separated by 0.26 and 0.35 nm are shown. These spacings
correspond to the (002) crystal planes of ZnO and CdSe,
respectively.

Photoelectrochemical Properties of CdS- and CdSe-
Sensitized ZnO Electrodes. Large photoanode surface areas,
rapid electron transport paths, and high optical absorption are
significant in producing efficient ZnO-based PEC cells for
photovoltaic or photoelectrochemical applications. Since our
ZnO plate films potentially fulfill all these requirements, PEC
performance characterization was carried out. Figure 7a shows
linear sweep voltammograms (LSVs) of various electrodes
under chopped AM1.5 illumination. While pure ZnO plates
show a photocurrent density (J) of only ∼0.4 mA/cm2 at 1.2 V
(vs RHE), the electrodes composed of CdS- and CdSe-
sensitized ZnO showed much higher values (on the order of
∼2.0 and ∼3.1 mA/cm2, respectively). The higher photocurrent
for CdS- and CdSe-sensitized ZnO electrodes is consistent with
their respective IPCE values, as shown in Figure 7b. The onset
of the IPCE spectra is shifted from 420 nm for ZnO to 520 and
650 nm for CdS- and CdSe-sensitized ZnO electrodes,
respectively. This shift is also consistent with the observed
absorption edge shift in Figure 4, indicating that the
photocurrent improvements are mainly caused by the higher
absorption in the VIS region.
We should note that the photocurrents reported above are

obtained under back-side illumination, i.e., light is incident via
the transparent conducting electrode. Figure 7c compares the
photocurrent densities vs potential of ZnO/CdSe plates under
front- and back-side illumination with simulated sunlight. We
found that the ZnO/CdSe electrodes illuminated in back
configuration always show much higher photocurrents. This is
true for all wavelengths, as shown in the IPCE spectra of Figure
7d. For mesoporous thin film photoanodes, a difference
between front- and back-side illumination may indicate electron
transport limitations.58,59 For many systems, illumination from
the back side gives higher IPCE values, because of the fact that
the collection of photogenerated electrons is more efficient in
such cases.60 Upon front-side illumination of the ZnO film,
most of the charge carriers are generated relatively far from the
FTO substrate, so the electrons are subject to more
recombinations during the transport through the film, which
consequently gives lower IPCE values. Such a pronounced
difference is a clear indication that the overall photoresponse is
limited by the electron transport properties of the material. We
also checked the possibility if the light scattering could
contribute to the observed difference of IPCE spectra in

Figure 5. (a) TEM image of a ZnO/CdS sample and corresponding
SAED pattern (the indices given in brackets correspond to the CdS
while the others correspond to ZnO). (b) Magnified TEM image of
the ZnO/CdS sample shown in panel (a).

Figure 6. SEM images of ZnO plate electrodes (a) before and (b) after
sensitization with CdSe QDs. (c,d) TEM images of ZnO/CdSe at
different magnifications. (e) SAED taken from the object shown in
panel (c) (indices given in brackets correspond to CdSe, while others
correspond to ZnO). (f) EDXS taken by SEM from a CdSe-sensitized
ZnO plate.
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front and back illumination, but this can be ruled out (see the
Supporting Information).
Based on the IPCE values and solar spectrum under

standardized conditions (AM 1.5 G), the total photocurrent
that would be expected for a PEC can be estimated (see the
Supporting Information). The calculated photocurrent density
for the CdSe-sensitized ZnO electrodes is 6.5 mA/cm2. This
value is much higher than that obtained for the ZnO and ZnO/
CdS electrodes, which are 0.9 and 2.5 mA/cm2, respectively.
Comparing the experimentally determined and the integrated
photocurrent densities of the ZnO/CdSe electrode, ∼50% of
the predicted photocurrent is obtained. This difference
indicates that recombination increases at higher light intensities.
This may be due to either slow surface reaction kinetics or mass
transport limitations in the electrolyte phase within the
mesoporous structure. Further optimization of ZnO plate
density on the FTO substrate is expected to increase the
photocurrent higher than ∼3.1 mA/cm2.
Figure 8 shows a schematic of the PEC used in our studies,

combined with an energy level alignment of ZnO and CdX (X
= S, Se) systems. It is well-known that when ZnO is in contact
with CdSe, it makes a type-II band gap alignment, which means
the conduction band edge of ZnO is located between the
conduction band and the valence band of CdSe.13 In this band-
gap configuration, when electron−hole pairs are generated by
VIS light excitation in CdSe nanoparticles, the photoelectrons
(e−) can be transferred to the conduction band of the ZnO
plate, which facilitates the charge separation process of
electron−hole pairs before they recombine. The photo-
generated holes (h+), which remain in the CdSe, will react
with the species in the surrounding electrolyte. It is known that
cadmium chalcogenides (e.g., CdS, CdSe) are not stable in
aqueous solutions under irradiation due to the anodic
dissolution; such a disadvantage can be avoided in the presence

of sacrificial reagents of S2− and SO3
2−. In the present case, the

photogenerated holes reacts with the S2− and SO3
2− species.

The possible mechanisms for the reactions taking place on the
Pt cathode and ZnO/CdSe photoanode can be summarized as
follows:14,61−64

ν+ → +− +hphotocatalyst e (CB) h (VB) (6)

+ → +− −2H O 2e (CB) H 2OH2 2 (7)

+ + → +− − + −SO 2OH 2h (VB) SO H O3
2

4
2

2 (8)

+ →− + −2S 2h (VB) S2
2
2

(9)

+ →− + −2SO 2h S O3
2

2 6
2

(10)

+ → +− − − −S S S O S2
2

3
2

2 3
2 2

(11)

Figure 7. (a) I−V characteristics and (b) IPCE spectra of pure ZnO and CdX-sensitized ZnO electrodes (X = S, Se) under one sun (AM1.5, 100
mW/cm2) illumination and chopped light (illumination from back side). (c) I−V characteristics and (d) IPCE spectra of ZnO/CdSe samples
measured in front and back configurations (sample used in panels (a) and (b)). The IPCE spectra were taken with bias at 1.23 V vs RHE. The inset
in panel (d) is a scheme of an electrode illuminated from the back side.

Figure 8. (a) Scheme of ZnO/CdSe PEC. (b) Conduction band (CB)
and valence band (VB) positions for bulk semiconductor ZnO, CdS,
and CdSe.42.
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The photogenerated holes in the valence band oxidize SO3
2−

and S2− to form SO4
2− and S2

2−. The production of S2
2− is

efficiently suppressed by its reaction with SO3
2−. Moreover, the

presence of excess S2− ions in the reaction solution can stabilize
the photocatalyst (e.g., CdS) surface because the formation of
surface defects could be suppressed. Since S2O3

2− could also be
oxidized to SO3

2− and subsequently to SO4
2− by the

photogenerated holes, it has also been used as a sacrificial
agent.65,66 We can expect that the generated photocurrent by
the PEC will be stable as long as there are enough species of
S2− and SO3

2−. After the consumption of these species,
photodissolution may take place in the QDs, which eventually
may result in a decrease in current. Since we did not purge the
electrolyte solution with inert gas, some side reactions with
dissolved oxygen gas may occur (see the Supporting
Information). However, since the amount of dissolved oxygen
is much smaller than the concentration of S2 and SO3

2−, we
believe this plays a minor role.
Electrochemical Impedance Spectroscopy (EIS) Stud-

ies of ZnO and ZnO/CdSe Electrodes. EIS is a powerful
technique utilized to investigate the processes that occur at an
electrode/liquid interface.67,68 To analyze the characteristics of
charge transfer in PECs, EIS studies were conducted at 0.51 V
(vs RHE) under AM1.5 illumination in the frequency range of
1−104 Hz. Figure 9 presents typical Nyquist plots of ZnO and

ZnO/CdSe electrodes. As can be seen from this plot, there is a
distinct difference in the electrochemical behavior between the
ZnO and ZnO/CdSe samples. The arc with its maximum in the
low-frequency region is due to the contribution from electron
transport resistance (R1) in ZnO or ZnO/CdSe electrodes. A
smaller arc is obtained for the ZnO/CdSe electrode. To
determine the reason for this disparity, we fitted the EIS data by
using the simple circuit-element shown in Figure 9. The results
are presented in Table 1. The R1 value of the ZnO/CdSe cell is
∼4000 Ω, which is much lower than that for the ZnO cell (13

000 Ω), which represents faster hole transfer kinetics for the
ZnO/CdSe cells. This, we believe, is also an additional factor
contributing to higher photocurrents observed in the CdSe/
ZnO electrode.

Stability of CdSe-sensitized ZnO Plate Electrodes. The
stability issues associated with QDs are one of the obstacles in
realizing PECs based on II−VI semiconductors such as CdS,
CdSe, PbS, etc. We try to address this issue, by illumination of
PEC system for prolonged duration. By recording the
photocurrent density (J) as a function of illumination time,
we were able to get an idea of the stability of our photoanode
electrodes. Figure 10 shows the change in J versus time upon

illumination of the ZnO/CdSe electrode. We studied the
stability of this electrode in the presence and absence of a
sacrificial electron donor (SED). When we used a SED (0.1 M
Na2S/0.1 M Na2SO3) as an electrolyte for these PEC studies,
we found that the solution was basic (pH 13). In order to
reproduce the same conditions (but without the SED), we also
measured the stability in an aqueous NaOH solution (pH 13).
As shown in Figure 10, the photocurrent density of the ZnO/
CdSe electrodes drastically decreased in the NaOH solution,
whereas significant stability was observed in the presence of a
SED. The degradation of the material in the NaOH solution is
due to photoanodic dissolution of the CdSe.69 The addition of
a SED prevents this through efficient regeneration of the
oxidized CdSe (h+) QDs. The presence of SED almost
completely prevents decomposition of CdSe QDs (Figure
10). To further improve the stability of the ZnO/CdSe
electrodes, surface passivation with ultrathin protective coat-
ings70 or the deposition of co-catalyst71 on the CdSe particles
seems a promising strategy for the development of stable
cadmium chalcogenide-based photoelectrodes.

4. CONCLUSIONS
In summary, by employing a facile electrochemical method, we
have prepared porous ZnO films with a platelike morphology.
We used these porous ZnO electrodes in photoelectrochemical
(PEC) studies. Because of the limited absorption of ZnO in the

Figure 9. Nyquist plot of impedance spectra measured at a bias of 0.51
V vs RHE under AM1.5 G (100 mW/cm2) illumination. Frequency
range = 1−104 Hz. Inset shows the equivalent circuit used to model
the EIS data.

Table 1. Equivalent-Circuit Fitting Parameters

system series resistance, Rs (Ω) resistance in ZnO or ZnO/CdX, R1 (Ω) CPE1T (× 10−6)a CPE1P
a frequency, fmax (Hz) C1

b (× 10−6 F)

ZnO 153.1 12920 9.982 0.93 1.41 8.6
ZnO/CdSe 93.6 4005 22.76 0.93 2.26 19

aCPE = constant phase element. bC1 = CPE1T × (2πfmax)
(CPE1P−1).

Figure 10. Photocurrent performance at 1.23 V (vs NHE) of CdSe-
sensitized porous ZnO electrodes in a mixture of 0.1 M Na2S/0.1 M
Na2SO3 (black) and 0.1 M NaOH (red) solutions using periodic
illumination intervals. The cell is illuminated in back configuration.
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visible (VIS) range, we used CdX (X = S, Se) QDs to sensitize
the ZnO films. As a result of this sensitization we obtained
visible-light photoactive electrodes. Detailed PEC studies
confirmed that the CdSe-sensitized ZnO electrode shows the
highest photocurrent, because of the superior light-harvesting
efficiency of this material. While the photocurrent of our system
is currently still smaller than other reports on CdX-sensitized
ZnO nanostructures (see refs 28−32, 39, 40, 42, and 43), the
preparation of ZnO films with platelike morphology provides
an alternative way of texturing ZnO and for the development of
visible-light responsive photoelectrodes for photoelectrochem-
ical and photovoltaic applications.
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