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Photoelectrochemical electrodes have been prepared by sequential deposition of quantum sized PbS, CdS and

ZnS particles on TiO2 nanocrystalline films. Their photoelectrochemical properties have been studied in a two-

electrode system which conforms more closely to practical conditions. The results show that the ternary sulfide

PbS/CdS/ZnS co-sensitized TiO2 electrode generates incident photon-to-current conversion efficiency (IPCE) as

high as nearly 100% under irradiation with 400 nm light; moreover its photostability is strongly improved, and

this is the first report of this so far. The highest photoelectrical conversion efficiency is obtained for the TiO2/

PbS/CdS/ZnS electrode, and is about twice as much as that of TiO2/PbS.

1 Introduction

Inorganic1–10 and organic11–27 materials have been extensively
investigated in the sensitization of nanocrystalline semicon-
ductor thin films for developing highly efficient photoelec-
trochemical cells28,29 since Grätzel and his coworkers reported
a solar cell based on a ruthenium complex adsorbed on highly
porous nanocrystalline TiO2 film.1

Sulfides of some metal ions, such as PbS, CdS, Bi2S3, Ag2S
etc., can be promising candidates as sensitizers for wide
bandgap semiconductors. The sulfide particles, fabricated on
the surface of nanoporous TiO2 by chemical deposition, are
generally nanometres large. They demonstrate an obvious size
quantization effect and their bandgaps are adjustable by a
change in their particle sizes.30 As a result, they are usually
called quantum sized particles, abbreviated as Q-sulfides. On
the other hand these sulfides are generally narrow bandgap
semiconductors and absorb light efficiently. Compared with
other sulfides, the advantage of PbS as a sensitizer lies in its
high efficiency of light to electricity conversion. An incident
photon-to-current conversion efficiency (IPCE) as high as
70% was reported for a TiO2 electrode coated with Q-PbS, but
the electrode experienced quick decay of photocurrent under
irradiation.30 It was found that the particle size of colloidal
Q-PbS was increased upon illumination.31 The formation of
electrons and holes upon illumination seems to be accompanied
by photochemical corrosion:

(PbS)n A (PbS)n 2 1 1 Pb21 1 S22

The released Pb21 and S22 ions subsequently deposit on larger
particles. Consequently the edge of the conduction band of
Q-PbS went down even below that of TiO2 and the charge
carriers could not be transferred from Q-PbS to TiO2

efficiently. We have found that the sizes of Q-PbS particles
on TiO2 film also increase under illumination and the photo-
stability of Q-PbS particles can be enhanced to some extent
after modification with thiols.32 So the enhancement of
photostability is an attractive subject in this area.
In this paper, nanocrystalline TiO2 electrodes were fabricated

and then subsequently modified with quantum sized PbS, CdS
and ZnS particles by chemical deposition, and characterized
with absorption spectra and AFM. Their photoelectrochemical
properties were studied in a two-electrode system which
conforms more closely to practical conditions than a three-
electrode system. High photostability and high quantum yield
of coupled electrodes were obtained.

2 Experimental

2.1 Materials and solutions

Water (R #18 MV) from an Easy Pure RF System is used in
the preparation of all solutions. All chemicals are reagent grade
and used as received. 0.5 M Na2S–0.1 M Na2SO3 aqueous
solution is the supporting electrolyte in photoelectrochemical
measurements.

2.2 Preparation of nanoporous TiO2 thin film electrode

TiO2 colloidal solution was prepared using a similar procedure
to that described in ref. 1. In this work, the suspension of
colloidal TiO2 with a concentration of 120 g dm23 is dispersed
ultrasonically before use. Four drops, ca. 0.2 cm3, of the
suspension are applied onto a piece of transparent conducting
glass (10 cm 6 2.0 cm, fluorine-doped SnO2, 30 V sq21) and
spread uniformly. The sample was dried in air, then sintered at
450 uC for 30 min, and finally cooled to room temperature. The
TiO2 thin film is dipped in 0.2 mol dm23 TiCl4 aqueous
solution for over 24 h and again sintered at 450 uC for 30 min.
The thickness of electrode films was about 5 mm, measured with
Tencor Alpha-Step Profiler.

2.3 Fabrication of electrodes co-sensitized with capped sulfides

The titanium dioxide thin film electrode was dipped into a
saturated Pb(NO3)2 solution for 1 min, washed with water
thoroughly, followed by dipping into 0.1 M Na2S solution for
2 min and washing with water at least 3 times. This coating
procedure with PbS was repeated up to several times as needed.
Quantum sized CdS and ZnS are subsequently deposited onto
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the Q-PbS modified TiO2 electrode with the same procedure
using saturated Cd(NO3)2 or Cd(NO3)2 and Zn(NO3)2 solution
instead of Pb(NO3)2 to form electrodes TiO2/PbS/CdS or TiO2/
PbS/CdS/ZnS, respectively.

2.4 Apparatus

Absorption spectra are recorded on a UV-3100 spectro-
photometer (Shimadzu, Japan). AFM images are taken with
a commercial AFM setup (Seiko SPA 3700N) under ambient
conditions. All the images shown here are obtained in constant
height mode, while precise height information is obtained from
simultaneous constant force mode images. A triangular-shaped
Si3N4 cantilever with a spring constant of 0.02 N m21 is
used to acquire images in contact mode. The applied force
is typically 0.1 nN. Photoelectrochemical measurements are
completed in a two electrode system. The modified TiO2 thin
films are used as working electrodes and a conductive glass with
a layer of 200 nm thick platinum is used as the counter
electrode. The source of excitation is a 500 W Xenon lamp. In
order to get a given bandpass of light, the light beam is passed
through a group of filters (Schott Co. USA). A KG4 filter
(Schott) is set in the light beam to protect the electrodes from
heating, and both WG360 and GG420 cut-off filters (Schott)
to prevent the TiO2 film from being excited by light with
wavelength less than 420 nm. The light intensity is calibrated
with a Light Gauge Radiometer/Photometer (Coherent, USA).
The effective area for illumination is 0.2 cm2.

3 Results and discussion

3.1 Construction of thin film modified electrodes

Fig. 1 shows the absorption spectra of a TiO2 electrode after
different numbers of coatings with Q-PbS and CdS. The
general increase of absorption is clearly seen as well as the shifts
of the absorption edges towards longer wavelengths with
Q-PbS coating from one to three times. The shift to longer
wavelength is explained by the size quantization effect. It
was shown that the particle formation on the surface of the
nanocrystalline TiO2 film depends upon the interplay of the
lattice energy of the particles and the adsorption of the metal
ions at the surface, and the small particles formed during the
first coating act as nucleation centers for the materials that are
introduced in the next coating process.9,33 The particle sizes of
Q-PbS are estimated to be about 2.9, 4.0 and 4.8 nm for one,
two and three coatings, respectively.32 The curves labeled 4, 5,
6, 7 and 8 in Fig. 1 are ascribed to the absorption of CdS
deposited on the PbS particles.
Once the TiO2 thin film is modified with Q-PbS three times,

another five coatings of CdS are deposited onto PbS. Our

previous work indicated that electrodes with three layers of PbS
are able to generate the highest quantum yield,32 so three layers
of PbS are chosen in the present electrode fabrication, denoted
as electrode TiO2/PbS. On the other hand five layers of CdS are
adopted to form capped electrodes because these electrodes are
relatively efficient in both light absorption and photon-to-
current conversion. Fig. 2 gives a comparison of the IPCE
under different wavelengths for 3, 5 and 8 layers of CdS on
TiO2/PbS electrodes. The data show that the IPCE of the
electrode with five-layer CdS is much better than that of the
electrode with three-layer CdS and the IPCE changes little on
modification from the five-layer up to eight-layer CdS. In order
to keep the thickness suitable for electron transfer, the five layer
CdS coating is selected in this work, denoted as electrode
TiO2/PbS/CdS. Finally three layers of ZnS are coated to form
an outer layer to protect the PbS and CdS particles from
photocorrosion, denoted as electrode TiO2/PbS/CdS/ZnS. For
comparison the electrode TiO2/CdS is also prepared, which is
constructed by coating five layers of CdS on TiO2 film directly.
Fig. 3 shows the AFM images of the electrodes of the TiO2

and TiO2/PbS/CdS/ZnS thin films. It is clearly seen that the
surface of the TiO2 electrode is rather rough while that of the
electrode TiO2/PbS/CdS/ZnS appears relatively smooth. The
mean grain sizes are measured with a computer to be 31.7 and
31.9 nm, and the mean roughness (RMS) 0.708 and 0.57 for
the electrodes TiO2 and TiO2/PbS/CdS/ZnS respectively. These
results can be understood by the fact that as the surface of
nanoporous TiO2 film is capped with sulfides the nanoporous
holes are partly filled with the sulfide formed in situ, resulting in
a decrease of the RMS.

3.2 Incident photo-to-current conversion efficiency

Short-circuit photocurrents are measured at various excitation
wavelengths for several electrodes, and the IPCE is determined
from the following expression

IPCE(%)~
1240|Jsc=(mA|cm{2)

l=nm|Iinc=(W|m{2)
(1)

where Iinc is the light flux incident on the electrode, Jsc is the
short-circuit current and l is the excitation wavelength.m
The action spectra (Fig. 4) represent the IPCE vs. the various

incident lights of different wavelength. In the case of TiO2/CdS
electrode, the highest IPCE is about 45% under irradiation with
400 nm light with 0.4 mW cm22, but it decreases to zero below
500 nm. On the other hand the highest IPCE of TiO2/PbS
electrode is about 45% under irradiation with 400 nm light, the

Fig. 1 Absorption spectra of a TiO2 electrode after various numbers of
coatings with Q-PbS and CdS.

Fig. 2 Photocurrent action spectra of (&) TiO2/three-layer CdS; ($)
TiO2/five-layer CdS; (r) TiO2/eight-layer CdS electrodes. The electro-
lyte is 0.5 M Na2S and 0.1 M Na2SO3 aqueous solution, pH ~ 12.
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same as that of TiO2/CdS electrode, however the IPCE is still
about 10% even under irradiation with 800 nm light. When the
TiO2/PbS electrode is modified with CdS and ZnS, the IPCE of
electrode TiO2/PbS/CdS/ZnS at 400 nm nearly reaches 100
percent, which demonstrates that charge carriers are separated
most efficiently with it.
The band positions of bulk PbS, CdS and TiO2 are

summarized in Scheme 1. The edge of the conduction band
of bulk PbS lies below that of TiO2, but as the size of PbS
particles changes into the nanometre range, its conduction
band would stand above that of TiO2.

9 The edge of the
conduction band of CdS is higher than that of TiO2 and PbS. So
the energetic differences between the conduction bands of the
semiconductors bring about a driving force which facilitates
the charge carrier transfer from the conduction bands of CdS
and PbS then to that of TiO2. The IPCE measurements,
presented in Fig. 4, clearly demonstrate an increase in the
photoresponse of two co-sensitized electrodes TiO2/PbS/CdS
and TiO2/PbS/CdS/ZnS, proving a better charge separation, as
a result of quick cascading of electrons from CdS to PbS, then
to TiO2.

3.3 Effect of light intensity

The photoelectrochemical behaviors of the electrodes are
further evaluated by measuring short-circuit photocurrent and
open-circuit photovoltage at various incident light intensities.
The experimental results are presented in Fig. 5 and 6,
respectively. It can be seen from the plot of Jsc vs. Iinc that
the values of Jsc increase rapidly at lower incident intensities,
then level off at higher incident intensities.
In Fig. 6 Voc varies logarithmically with Jsc. This behavior

reminds us of the photoelectrochemical cells employing crystal
or polycrystalline electrodes operating on the Schottky barrier
principle, where the space charge layer is present at the semi-
conductor/electrolyte interface and is responsible for charge
separation. The relationship between Voc and Jsc in such cells
can be expressed by the following equation34

Voc ~ (nkT/q)ln [(Jsc/I0) 1 1] (2)

where k, T, q and n are the Boltzmann constant, the
thermodynamic temperature, the electronic charge, and the

Fig. 3 The AFM images of electrodes: (a) TiO2 and (b) TiO2/PbS/CdS/ZnS showing surface morphology with the corresponding vertical height–
distance profile bellow.

Fig. 4 Photocurrent action spectra of (+) TiO2/PbS; (&) TiO2/CdS;
($) TiO2/PbS/CdS; (,) TiO2/PbS/CdS/ZnS electrodes. The electrolyte
is 0.5 M Na2S and 0.1 M Na2SO3 aqueous solution, pH ~ 12.

Scheme 1 Conduction band and valence band positions (vs. NHE,
pH ~ 7) of TiO2, CdS, PbS.
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diode quality factor, respectively. I0 is the reverse saturation
current which results from the charge recombination and is a
major disadvantage factor for Voc. The dependence of Voc on
ln Jsc shows that eqn. (2) can be used to characterize the
photoelectrochemical parameters of the electrodes. The values
of n calculated from Fig. 4 are 3.17, 6.84 and 6.26, and the I0
values 4.35, 28.5 and 25.9 mA cm22 for the electrodes TiO2/PbS,
TiO2/PbS/CdS, and TiO2/PbS/CdS/ZnS respectively. The high
values of reverse saturation current further highlight the
problem of rectifying the flow of charge carriers in such sulfide-
sensitized thin semiconductor films.

3.4 Photostability and photoelectrical conversion efficiency

Fig. 7 presents the photocurrent for three differently pre-
pared electrodes versus illumination time (l ~ 460 nm,
0.89 mW cm22).
It is seen that the photocurrent of the TiO2/PbS electrode

monotonically decreases from about 72.3 mA cm22 in the
beginning to 56.4 mA cm22 after 4 hours’ illumination, while
the photostability is clearly improved for the TiO2/PbS/CdS
and TiO2/PbS/CdS/ZnS electrodes. Their photocurrents stay
unchanged at 171 and 182.4 mA cm22 during 4 hours’

illumination, respectively. It is known that the Q-CdS particles
on TiO2 show relatively high photostability and the photo-
current drops to half of the original value under illumination
within weeks or months depending on preparation.34 In our
TiO2/PbS electrode this occurs after a few hours. Once the
TiO2/PbS electrode is coated with CdS and ZnS which prevent
the particle growth of Q-PbS, so its photostability is apparently
enhanced and also its photocurrent greatly increases.
Fig. 8 shows the photocurrent versus photovoltage diagrams

of the three electrodes under illumination with 660 nm
(Table 1). The short circuit photocurrent and open circuit
photovoltage are increased after the modification of TiO2/PbS
electrodes with CdS or CdS and ZnS. For dye sensitized TiO2

Fig. 5 Variation of short-circuit photocurrent Jsc as a function of
incident light intensity Iinc. (+) TiO2/PbS; ($) TiO2/PbS/CdS; (,)
TiO2/PbS/CdS/ZnS electrodes. The electrolyte is 0.5 MNa2S and 0.1 M
Na2SO3 aqueous solution, pH ~ 12.

Fig. 6 Dependence of open-circuit photovoltage Voc on incident light
intensity. (+) TiO2/PbS; ($) TiO2/PbS/CdS; (,) TiO2/PbS/CdS/ZnS.
The electrolyte is 0.5 M Na2S and 0.1 M Na2SO3 aqueous solution,
pH ~ 12.

Fig. 8 The photocurrent–photovoltage diagrams of three electrodes
under illumination with l ~ 660 nm, Iinc ~ 1 mW cm22. (+) TiO2/
PbS; ($) TiO2/PbS/CdS; (,) TiO2/PbS/CdS/ZnS electrodes. The
electrolyte is 0.5 M Na2S and 0.1 M Na2SO3 aqueous solution,
pH ~ 12.

Table 1 Photoelectrochemical parameters of sulfide-sensitized TiO2

nanoporous solar cellsa

Electrode
Jsc/
mA cm22

Voc/
V

Pmax/
mW cm22 ffb g(%)

TiO2/PbS 128.5 0.23 29.6 0.29 0.8
TiO2/PbS/CdS 145.3 0.25 36.3 0.34 1.3
TiO2/PbS/CdS/ZnS 146.4 0.31 45.4 0.35 1.6
aMeasurements were carried out under irradiation with 660 nm inci-
dent with an illumination power of 1 mW cm22. bFill factor.

Fig. 7 Photocurrent for differently treated TiO2 electrodes as
a function of the illumination time with l ~ 460 nm and Iinc ~
0.89 mW cm22. (a) TiO2/PbS; (b) TiO2/PbS/CdS; (c) TiO2/PbS/CdS/
ZnS electrodes. The electrolyte is 0.5 M Na2S and 0.1 M Na2SO3

aqueous solution, pH ~ 12.
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cells the open circuit photovoltage is dynamically determined
by the charge recombination at electrodes and electrolyte
interface.35,36 In our cases the values of Voc increase in the
order of TiO2/PbS, TiO2/PbS/CdS and TiO2/PbS/CdS/ZnS
electrodes, indicating that the charge recombination is largely
suppressed in the case of the latter two electrodes.

4 Conclusion

In nanoporous semiconductor films, a rather unusual feature
is the lack of a space charge layer.37,38 As a result the charge
recombination between electrons injected in the conduction
band of the semiconductor and the oxidized sensitizer is one of
the major limiting factors to the photoelectrical conversion
efficiency. So the suppression of the charge recombination is a
very important and challenging topic in this field. Our primary
objective to envelop TiO2 with PbS, CdS and ZnS is to exploit
the beneficial role of the coupled arrangement in improving the
process of charge separation in nanoporous semiconductor
thin film electrodes as well as their photostability. The rationale
behind this is that, in view of the conduction band of TiO2

being at lower energy than that of PbS and the conduction
band of PbS being at lower energy than that of CdS, the
photogenerated electrons in CdS and PbS will be quickly
transferred to TiO2 while the holes remain in the valence bands,
thus helping photogenerated electrons to escape recombination
with holes and thereby improving the charge separation
efficiency. The IPCE measurements in Fig. 4 clearly demon-
strate an increase in the photoresponse of two co-sensitized
electrodes TiO2/PbS/CdS and TiO2/PbS/CdS/ZnS, showing a
better charge separation, as a result of quick cascading of
electrons from CdS to PbS then to TiO2. The higher photo-
voltages in co-sensitized electrodes are also the result of the
improved charge separation in these systems.
As mentioned in the introduction, the other important

objective of this work is to improve the photostability of
quantum sized PbS on TiO2 films. Photocorrosion is a major
obstacle to its potential use in practical solar cells, and is mainly
caused by the change of the particle sizes of PbS. For colloidal
CdS particles it is known that coating the particles with thin
layers of wide bandgap materials could lead to dramatic
enhancement of the photostability.39 The ZnS should be a
proper candidate in modifying PbS and CdS. On one hand ZnS
is a wide bandgap semiconductor (Eg ~ 3.6 eV) and stable
under irradiation. On the other hand ZnS is similar in property
to other sulfides and they can co-exist stably. So the ZnS layer
is adopted to prevent the PbS and CdS from photocorrosion
and to improve photostability. It is obviously seen from the
photoelectrical results that the IPCE of the ZnS capped
electrode TiO2/PbS/CdS/ZnS reaches as high as nearly 100
percent under irradiation with light of 400 nm, and its energy
conversion efficiency at a light of 660 nm is 1.8%, two times
as much as that of the TiO2/PbS electrode. Furthermore, its
photocurrent stays almost unchanged during illumination.
From our results, the photocorrosion and the electron

transport processes of the sulfide-sensitised cells are two of
the important factors in the investigation of such materials
for potential application. With the surface modification, the
photostability and higher photoelectrical conversion efficiency
of these electrodes are achieved. A major goal in further work
will be the modification of surface states in order to optimize
photon to electron conversion efficiency.
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