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Abstract

A semiconductor composite of CdS particles embedded in a TiO gel after heat treatment at 2508C in air is revealed to2

show catalytic H evolution from an EDTA aqueous solution with light of l0450 nm, in contrast to bare CdS which is2

stoichiometrically photocorroded. A significant improvement in the activity even with considerable losses of CdS in the gel
during the heat treatment suggests that the TiO gel crystallized into anatase can prevent photocorrosion of CdS embedded2

therein, and serve as a semiconducting matrix to facilitate charge transfer from the embedded CdS to Pt at the surfaces of the
gel. q 1998 Elsevier Science B.V.
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1. Introduction

Semiconductor photocatalytic systems have
widely been investigated in terms of efficient
utilization of solar energy. A variety of ap-
proaches has been reported for efficient charge
separation of photoexcited electron–hole pairs
in order to improve the activity of the photocat-

w xalysts 1 . One of such interesting approaches is
a combination of two different semiconductors
with different energy levels. Oxide semiconduc-
tors with a sufficiently negative conduction
band, such as TiO , generally have too large2
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band gap energies to utilize the main mass of
w xsolar energy 2 . Photosensitization of TiO by2

narrow gap semiconductors such as CdS has
been investigated in the forms of composite
particles and surface-modified electrodes, and
reported to be effective for separation and trans-

w xfer of the photoexcited charge carriers 1,3,4 .
Although many of sulfide and selenide semicon-
ductors absorb a large proportion of sunlight,
they often severely decompose when illumi-

w xnated in water 5 . This phenomenon is known
as photocorrosion, and is regarded to be the
most serious disadvantage of semiconductor
photoelectrodes. It is hence very attractive to
encapsulate a non-oxide semiconductor, which
has sufficient absorption of visible light, into a
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stable transparent oxide matrix with appropriate
band structure and electric charge conduction.
In this study, we have embedded CdS fine
particles into a TiO gel matrix, and investi-2

gated their photocatalytic activity to examine
applicability of TiO as a stable transparent2

semiconducting matrix.

2. Experimental

2.1. Preparation of CdS embedded in TiO gel2

Commercially purchased cadmium sulfide
was ground into fine particles of an average
diameter of ;1 mm, and added into an ethanol

Ž .solution of titanium IV tetraisopropoxide under
N atmosphere. A solid obtained after hydroly-2

sis and gelation by adding H O was slowly2

dried in ambient air for three weeks. Nominal
molar ratio of Cd:Ti was 1:100. The resulting
TiO gel incorporating the CdS fine particles is2

hereafter referred to as CdS–TiO . Heat treat-2

ment of the gel, if necessary, was carried out at
various temperatures for 1 h. The gel particles
broken down into 2–3 mm in size during the
drying process and the subsequent heat treat-
ment were used as catalyst without further

Ž .grinding. Powder X-ray diffraction XRD pat-
terns were collected on a Rigaku RINT 1400
diffractometer using Cu K a radiation. UV–VIS
absorption spectra were obtained from diffuse
reflectance spectra by using the Kubelca-Munk

Ž .transform. Inductively coupled plasma ICP
emission spectroscopy was carried out on a
Seiko Instruments SPS 1500 V spectrometer for
the samples dissolved in hot hydrosulfic acid.

2.2. InÕestigation of photocatalytic actiÕity

Photocatalytic activity of CdS–TiO was in-2

vestigated for photoassisted hydrogen evolution
from water in the presence of EDTA as a
sacrificial donor. Into 20 ml of distilled water in

Ža Pyrex reactor, K PtCl 0.1 mol% on the2 4
.basis of TiO and 1 mmol of EDTA were2

dissolved, and 0.1 g of the dried gel was added
as a photocatalyst. The mixture was deaerated,
and Ar gas was introduced into the reactor at
the atmospheric pressure. Prior to the reaction,
the mixture was irradiated for 1 h with a 500 W
xenon lamp without any optical filter for in situ
photodeposition of platinum onto the surface of

Ž .the catalyst, which is referred to as Ptr catalyst .
After re-purging the reactor by Ar, the mixture
was irradiated by using an appropriate optical
filter. The amount of H evolved was quantified2

by gas chromatography.

3. Results and discussion

3.1. Characterization of CdS–TiO2

Fig. 1 shows UV–VIS absorption spectra of
the CdS fine particles, the TiO gel, and CdS–2

TiO treated at 2508C in air. The band gap2

absorption of CdS and TiO were observed2

around 520 and 420 nm, respectively. The shape
of the spectrum of CdS–TiO treated at 2508C2

in air was a combination of those for CdS and
TiO , showing the absorption edges also around2

420 and 520 nm. Accordingly, the CdS–TiO2

treated at 2508C in air was yellow in color,
which the CdS fine particles embedded in the
TiO gel should be responsible for.2

Fig. 1. UV–VIS absorption spectra of CdS, TiO , and CdS–TiO .2 2

TiO and CdS–TiO were as-prepared samples.2 2



( )H. Fujii et al.rJournal of Molecular Catalysis A: Chemical 129 1998 61–68 63

Fig. 2. XRD patterns of CdS–TiO treated at various temperatures2
Ž . Ž . Ž . Ž . Ž .in air. a As-prepared, b 2508C, c 5008C, d 6008C, e

8008C. e: CdS, `: anatase, ^: rutile.

A series of XRD patterns for CdS–TiO2

treated at various temperatures in air are shown
in Fig. 2. For the as-prepared sample, several
small peaks and a background halo pattern at-
tributed to crystalline CdS and amorphous TiO ,2

respectively, were observed. It confirms that the
CdS fine particles coexist with an amorphous
TiO gel. The peak intensity of CdS decreased2

with increasing temperature of the heat treat-
ment, and the peaks disappeared after heated at
5008C. On the other hand, sharp peaks at-
tributed to crystalline TiO appeared via the2

heat treatment, with increasing intensity for
higher heating temperature. TiO completely2

crystallized into anatase by heating at 5008C,
and then began to transform into rutile at higher
temperatures. BET surface areas of these sam-
ples are shown in Table 1. CdS–TiO retained a2

rather large surface area of 129 m2rg after
being treated at 3508C in air. However, CdS–
TiO significantly lost its surface area at higher2

temperature, and the sample treated at 8008C

Table 1
BET surface area of CdS–TiO treated at various temperatures in2

air
2 y1Ž . Ž .Heating temperature 8C Surface area m g

250 155.6
300 136.4
350 129.3
400 73.4
500 67.0
600 35.8
800 1.6

had only 1.6 m2rg. Apparently, the phase trans-
form from anatase to rutile is considered to have
a dominant contribution to the decrease in the
surface area compared to the progress in the
crystallization in anatase.

The yellow color of as-prepared CdS–TiO2

became lighter with higher heating temperature,
and the gel was completely decolorized by heat-
ing at 5008C. UV–VIS absorption spectra of the
CdS–TiO treated at various temperatures in air2

are shown in Fig. 3. The absorption around 500
nm due to CdS decreased with increasing tem-
perature of the heat treatment, and disappeared
after being heated at 5008C. These results
strongly suggest that the amount of CdS de-
creased by the heat treatment. However, CdrTi
molar ratios of these samples determined by
ICP emission spectroscopy are almost the same
as the nominal CdrTi molar ratio of 0.01, as

Fig. 3. UV–VIS absorption spectra of CdS–TiO treated at2

various temperatures in air.
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Table 2
CdrTi molar ratios determined by ICP spectrometry for CdS–TiO2

treated at various temperatures in air
aŽ .Heating temperature 8C CdrTi molar ratio

As-prepared 0.00899
250 0.00922
500 0.00925
800 0.00946

a Nominal CdrTi molar ratio is 0.01.

shown in Table 2. An XRD study for bare CdS
confirmed that CdS is stable in air up to 5008C,
but is partially oxidized to sulfate at higher
temperatures. Oxidization of CdS to CdO oc-
curred at temperatures higher than 8008C. How-
ever, the loss of CdS was observed even at
2508C for CdS–TiO . A discrete dispersion of2

the very small CdS particles in the TiO matrix2

might make it possible to partially oxidize CdS
to sulfate or oxide at lower temperature. CdO is
an oxide semiconductor having a band gap en-
ergy of 2.1 eV. The band gap absorption of
CdO should therefore be observed around 590
nm in Fig. 3, if CdS is oxidized to CdO. Since
there is no absorption around that wavelength,
the formation of CdO is unlikely. Moreover,
impurity doping by Cd which may lead to visi-
ble light sensitization of TiO is also unlikely,2

because the absorption edge of TiO stayed at2

the same wavelength even after the heat treat-
ments as shown in Fig. 3. Even if CdS was
converted into CdO, CdO should make no con-
tribution to the H evolution, because the posi-2

tion of the conduction band of CdO is much
more positive than the redox potential of
HqrH O. Although we have tried to clarify the2

chemical environment of Cd atoms in CdS–TiO2

by XRD, XPS, and 113Cd MAS-NMR studies, it
was unsuccessful to obtain structural or chemi-
cal information competent to conclude the status
of Cd in the heat-treated CdS–TiO , suffering2

from the very low concentration of Cd in the
samples. Nonetheless, FT-IR spectra of CdS–
TiO treated at 250–5008C showed a character-2

istic absorption at 1120 cmy1 ascribed to the
S5O vibration of the sulfate group. Partial oxi-

dation of CdS to CdSO during the heat treat-4

ment would be therefore most probable as a
reason of the decrease in optical absorption of
CdS with the unchanged amount of Cd.

3.2. Catalytic actiÕity of CdS–TiO2

Figs. 2 and 3 indicate that the catalyst treated
at 2508C in air consists of a TiO matrix rather2

well crystallized into anatase, and has a substan-
tial absorption of visible light owing to the CdS
embedded therein.

UV–VIS absorption spectra of various opti-
cal filters are shown in the inset of Fig. 4 in
comparison with those of the CdS fine particles
and TiO treated at 2508C in air. Whereas TiO2 2

can absorb the light through a 36U or 39U
filter, a 45Y filter completely shades the band
gap absorption of TiO . On the other hand, CdS2

can absorb the light irradiated through any opti-
cal filters used in this study.

Photocatalytic activity of PtrTiO treated at2

2508C in air is shown in Fig. 4 with changing
the cutoff wavelength of the light irradiation.
With a Pyrex reactor, which transmits the light
of l0300 nm, H evolved at a rate of 272

Fig. 4. Time course of photoassisted H evolution from water in2

the presence of EDTA with changing the wavelength of the light
irradiation on PtrTiO treated at 2508C in air. The arrows indi-2

cate purging of the gas phase by Ar.
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mmolrh by irradiation with no optical filter.
The H evolution rate decreased with changing2

the optical filters toward the longer cut-off
wavelengths. Finally, no H evolution was ob-2

served on visible light irradiation of l0450
nm through the 45Y filter. After removal of the
45Y filter and re-purging of the reactor, H 2

evolved again at a rate of 26 mmolrh. It indi-
cates that the 45Y filter completely shades the
fundamental absorption of TiO and enables us2

to observe the H evolution attributed only to2

the visible light absorption of the embedded
CdS fine particles.

The time course of the H evolution with the2
Žirradiation through the 45Y filter for Ptr CdS–

.TiO before heat treatment is shown in Fig. 52

in comparison with that for PtrCdS. The amount
of CdS in PtrCdS is 12.3 mmol, the same as

Ž .the nominal CdS content of Ptr CdS–TiO .2

The initial H evolution rate for PtrCdS was2

0.38 mmolrh. The evolution rate gradually de-
creased with time, and the activity practically
disappeared after 7000 min of the irradiation.
The total amount of H evolved was 11.1 mmol,2

approaching to the initial amount of CdS in the
catalyst. On irradiation of CdS in water with
light of hn larger than its band gap energy,

Fig. 5. Time courses of photoassisted H evolution from water in2

the presence of EDTA with light irradiation of l0450 nm by
Ž . Ž . Ž .` PtrCdS and ^ Ptr CdS–TiO without heat treatment.2

The arrows indicate purging of the gas phase by Ar.

anodic photocorrosion of CdS would occur as
w xfollows in the absence of oxygen 6 .

CdSq2H O™H qCd2qqSq2OHy 1Ž .2 2

After the H evolution experiment for2

PtrCdS, the amount of Cd dissolved into the
liquid phase was determined by ICP emission
spectroscopy as 13.2 mmol. This result suggests
that complete dissolution of CdS by photocorro-
sion caused the disappearance of the activity of
PtrCdS. It is therefore most probable that the
H evolution observed for PtrCdS is not cat-2

alytic but stoichiometric, accompanying to self-
photocorrosion of CdS.

ŽThe initial H evolution rate of Ptr CdS–2
.TiO as prepared was 0.037 mmolrh as seen in2

Fig. 5, being much lower than that of PtrCdS.
Moreover, the catalyst lost its activity more
quickly than PtrCdS. Concerning the situation
of the embedded CdS particles, two types of the
CdS particles would be found in the TiO gel;2

one is partially covered with the TiO gel, here2

we call them CdS 1, and the other is completely
encapsulated in the gel, CdS 2. H evolution2

occurred on CdS 1 and should be accompanied
with photocorrosion of CdS, the same as that
observed for PtrCdS. By contrast, CdS 2 would
be protected against photocorrosion by a stable
TiO matrix. However, the dried TiO gel as2 2

prepared by the sol–gel method is amorphous as
revealed in Fig. 2. The semiconducting proper-
ties of the as-prepared TiO should be inferior2

to crystalline TiO , since there are a lot of2

dangling bonds serving as electron trap sites in
amorphous TiO . The electrons photogenerated2

in CdS 2 should therefore hardly reach the Pt
particles loaded on the surface of amorphous
TiO . Viewed from this model, a much lower2

reaction rate and shorter lifetime of the H 2
Ž .evolution observed for Ptr CdS–TiO as pre-2

pared would be a consequence of stoichiometric
photocorrosion of CdS 1, which exists only near
the surfaces of the catalyst and thus its popula-
tion should be small, while CdS 2, which should
be much larger in population, would make al-
most no contribution to the reaction owing to
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very poor conductivity of the matrix surround-
ing them.

Since crystallinity of the TiO gel can be2

improved by the heat treatment, an improve-
ment in the electron transfer would be expected

Ž .for heat-treated Ptr CdS–TiO . The time2

courses of the H evolution with the irradiation2
Ž .through the 45Y filter for Ptr CdS–TiO2

treated at various temperatures in air are shown
in Fig. 6. The photocatalytic activity was re-
markably improved by the heat treatment at
2508C. However, the activity decreased on heat-
ing at higher temperatures, and was lost for the
catalysts treated at 400 and 5008C having no
optical absorption due to CdS, in spite of im-
proved crystallinity of the TiO gel in these2

samples. The order of the H evolution rate for2

these catalysts corresponds well to that of ab-
sorption intensity of the embedded CdS pre-
sented in Fig. 3. In addition, no H evolution2

was observed under the same conditions for
PtrTiO after the heat treatment at 2508C as2

shown in Fig. 4, confirming that the presence of
CdS is necessary for the reaction. Visible light
sensitization of TiO by impurity doping of Cd2

remained in the samples would be excluded,
because the sample treated at 4008C, which
retained a rather large surface area, showed
negligible activity despite the almost intact

Fig. 6. Time courses of photoassisted H evolution from water in2

the presence of EDTA with light irradiation of l0450 nm by
Ž .Ptr CdS–TiO treated at various temperatures in air.2

Fig. 7. Time courses of photoassisted H evolution from water in2

the presence of EDTA with light irradiation of l0450 nm by
Ž . Ž . Ž .v Ptr CdS–TiO treated at 2508C in air and ` PtrCdS.2

The arrows indicate purging of the gas phase by Ar.

amount of Cd atoms in the sample. These re-
sults lead to a conclusion that the photocatalytic
activity of the heat-treated catalysts on irradia-
tion of l0450 nm should be attributed to the
optical absorption of the embedded CdS fine
particles.

The prolonged H evolution experiment was2
Ž .carried out for Ptr CdS–TiO treated at 2508C2

in air, which exhibited the highest activity in
Fig. 6. The result is presented in Fig. 7 in
comparison with that for PtrCdS. Although the

Ž .actual amount of CdS in Ptr CdS–TiO after2

the heat treatment should be considerably
smaller than the nominal amount as seen in Fig.
3, the initial H evolution rate of the heat-treated2

Ž .Ptr CdS–TiO was 0.84 mmolrh, reaching2

almost twice as large as that of PtrCdS. En-
hancement of the activity by residual organic
species remained in the TiO gel can be ruled2

out by the fact that even if the as-prepared TiO2

gel containing a substantial amount of organic
moieties coexists, no H evolution was ob-2

served at all in the absence of EDTA. More-
over, the catalyst retained its activity even after
7000 min of irradiation, and the total amount of
H evolved was 89.7 mmol, reaching more than2

7 times of the nominal amount of CdS embed-
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ded in TiO . These results indicate that the H2 2
Ževolution reaction is catalytic for Ptr CdS–

.TiO treated at 2508C in air, and that the2

improvement in the crystallinity of TiO en-2

hances the activity as far as a substantial amount
of CdS remains. It is therefore most plausible
that the TiO gel serves as a stable oxide matrix2

to protect the embedded CdS particles from
photocorrosion, and crystallization of the gel
would facilitate transfer of electrons photogen-
erated in CdS through the TiO matrix to Pt2

loaded on the surfaces of the gel.

3.3. Estimation of quantum efficiency for CdS–
TiO2

Quantum efficiency of a photocatalyst indi-
cating the efficiency of a photocatalytic reaction
process is determined as

qe % s100=f rf 2Ž . Ž .e a

where qe is the quantum efficiency, f is thee

number of photons consumed by a specific pho-
tocatalytic reaction to yield a product, and f isa

the number of photons absorbed by a photocata-
lyst.

It is generally easy to evaluate the number of
photons absorbed in homogeneous systems,
since the difference between the incident and
transmitted photon fluxes can be regarded di-
rectly as the absorbed one. However, the exact
evaluation of photons absorbed by a solid pho-
tocatalyst is difficult for heterogeneous systems
as in the case of the present study, in which a
substantial proportion of the incident flux is
scattered, neither transmitting nor contributing
to the photocatalytic reaction.

In this section, the quantum efficiency of the
present catalytic reaction will be calculated with
estimation of photons scattered at the photocata-
lyst surfaces.

The balance of the photon flux getting through
the reactor can be expressed as follows:

f sf qf qf 3Ž .i a r t

where f is the number of photons entering thei

reactor, f is for those absorbed by the photo-a

catalyst, f is for those scattered at the surfacesr

of the catalyst, and f is for those transmittedt

through the reactor.
Ž .A chemical actinometer using Fe III tri-

w xoxarate 7 was employed to evaluate the inci-
dent and transmitted photon fluxes. While visi-
ble light of l0450 nm was irradiated for 3.5
min on the reactor containing 0.1 g of

Ž .Ptr CdS–TiO treated at 2508C and 20 ml of a2

0.05 M EDTA solution, f was measured di-t

rectly by the actinometer set behind the reactor.
f was also measured directly by using thei

reactor containing only the EDTA solution. By
using these two parameters, the number of pho-
tons apparently absorbed by the photocatalyst,
f

X , was calculated as followsa

f
X sf yf 4Ž .a i t

giving a value of f
X s9.62=10y7 einsteinsa

per 3.5 min, where the following also holds:

f
X sf qf 5Ž .a a r

The number of photons transmitted through
the reactor containing 0.1 g of TiO and the2

EDTA solution, f
X, was also measured. Undert

the present experimental conditions, the visible
light of l0450 nm entering the reactor was
not absorbed by TiO as shown in Fig. 4. The2

photons apparently absorbed here can therefore
be regarded as the photons scattered at the
surfaces of the catalyst particles. Following these
considerations, f can be calculated asr

f sf yf
X 6Ž .r i t

giving a value of f s2.22=10y7 einsteinsr

per 3.5 min. The value of f can be therebya
Ž . y7calculated by Eq. 5 as 7.40=10 einsteins

per 3.5 min. These results reveal that 23.1% of
X Žf was scattered at the surfaces of Ptr CdS–a

.TiO .2

f was evaluated from the amount of He 2

evolved during the photocatalytic reaction,
where two photogenerated electrons are needed
to generate a H molecule. Since 0.0496 mmol2

of H was evolved during 3.5 min of the irradi-2
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ation, f is estimated as 9.92=10y8 einsteins.e

Consequently, net quantum efficiency for
Ž .Ptr CdS–TiO treated at 2508C in air is calcu-2

Ž .lated by Eq. 2 as 13.4%. Although this value
appears to be lower than that reported previ-
ously for the photocatalytic systems employing
TiO or CdS, it seems to be reasonable with2

taking into account inevitable carrier recombina-
tion at the CdSrTiO interfaces.2

4. Conclusions

A semiconductor composite, CdS–TiO , was2

prepared by embedding CdS particles in the
TiO gel matrix. The TiO gel was revealed to2 2

serve as a stable oxide matrix to protect the
encapsulated CdS fine particles from photocor-
rosion, and thus catalytic evolution of H was2

observed. Crystallization of the TiO gel signif-2

icantly improved the photocatalytic activity of

CdS–TiO , implying that the improved semi-2

conducting properties of the matrix would facili-
tate transfer of electrons photogenerated in CdS.
As a result, visible light sensitization of TiO2

by the embedded CdS was successful, yielding
an estimated net quantum efficiency of 13.4%.
Further study will be needed to clarify effects of
microstructures and the detailed mechanism of
the charge transfer.
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