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a  b  s  t  r  a  c  t

A  series  of Cu-doped  Cd0.1Zn0.9S solid  solution  with  various  amounts  of  Cu  dopant  was successfully  pre-
pared by  hydrothermal  method.  The  properties  and  the photocatalytic  activity  of  the  prepared  samples  for
hydrogen  production  under  visible  light  irradiation  were  compared  to  those  prepared  by co-precipitation
method.  The  Cu-doped  Cd0.1Zn0.9S samples  prepared  by  hydrothermal  method  showed  both  improved
crystallinity  and  photoabsorption  ability  as compared  to the  undoped  sample.  On  the  other  hand,  even
though Cu-doped  Cd0.1Zn0.9S prepared  by  co-precipitation  method  also  showed  improved  photoabsorp-
eywords:
u-doped Cd0.1Zn0.9S
ydrothermal
o-precipitation

tion  ability  in  the visible  light  region,  the samples  showed  poor  crystallinity  compared  to  the  undoped  one.
With  the  same  amount  of Cu dopant,  all samples  prepared  by  hydrothermal  method  were  found  to  exhibit
higher photocatalytic  activity  for hydrogen  production  than  the  samples  prepared  by  co-precipitation
method.  It  was  revealed  that  the amount  of Cu dopant,  crystallinity  and  narrow  band  gap  energy  are

in  hig
isible light
ydrogen production

important  factors  to  obta

. Introduction

Semiconductor photochemistry is one research field that plays
mportant role in various photocatalytic applications. As example,
hotocatalytic hydrogen production from water on a semiconduc-
or has been a great interesting challenge for researchers to convert
olar energy into clean and renewable hydrogen energy. In order to
tilize solar energy efficiently, development of visible light active
emiconductor is crucial. For such reason, photochemistry of the
emiconductor such as band structure must be controlled. Proper
onduction band position is important to provide high potential
nergy for reduction of water to hydrogen. Two  possible methods
hich are most commonly used to control band structure are dop-

ng with foreign elements and forming solid solution between wide
nd narrow band gap semiconductors [1–9].

One of the most extensively studied sulfides solid solutions is
dxZn1−xS due to its controllable band structure and excellent per-
ormance under visible light irradiation [1–5]. Although CdxZn1−xS
as successful to overcome shortcomings of photocorrosion from
dS and wide band gap energy of ZnS, the band gap energy of this
olid solution was still large, thus limited the utilization of pho-

on energy for hydrogen evolution under visible light irradiation.
ecently, doping of CdxZn1−xS solid solution with various metal

ons have been reported, such as Cu [10–13] and Ni [14,15] to

∗ Corresponding author. Tel.: +60 7 5536272; fax: +60 7 5536080.
E-mail address: leny@ibnusina.utm.my (L. Yuliati).
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hly  active  and  stable  photocatalysts.
© 2012 Elsevier B.V. All rights reserved.

further improve the efficiency of CdxZn1−xS. It was  reported that
Cu2+ and Ni2+ can contribute to the enhancement in the visible light
response of the CdxZn1−xS photocatalyst by reducing the band gap
energy [10–15].

In addition to the band gap engineering, the method to prepare
a photocatalyst itself is very significant since it can affect the prop-
erties, thus affect the photocatalytic activity. Some studies revealed
that different preparation methods lead to different photocatalytic
activity due to the differences in the physical chemical proper-
ties [16,17]. Even though prepared by the same co-precipitation
method, Cd1−xZnxS annealed at different temperatures showed
different photocatalytic activities for hydrogen evolution [16].
Recently, we found that Cd0.1SnxZn0.9−xS photocatalysts prepared
by hydrothermal method showed higher photocatalytic activity
and stability compared to the ones prepared by co-precipitation
method [17].

On the other hand, some research groups have reported the
preparation of Cu-doped Cd0.1Zn0.9S series by co-precipitation
method [10–13].  However, other method to prepare Cu-doped
Cd0.1Zn0.9S series has never been reported yet. Therefore, there
are lack of alternative preparation methods as well as compar-
ison studies on properties and photocatalytic performance of
the photocatalysts prepared by different methods. In the present
paper, we  demonstrate that Cu-doped Cd0.1Zn0.9S can be pre-

pared by hydrothermal method for the first time, and the prepared
samples have much higher activity than those prepared by co-
precipitation method for hydrogen production under visible light
irradiation. Based on the comparison study between properties

dx.doi.org/10.1016/j.jphotochem.2012.01.004
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:leny@ibnusina.utm.my
dx.doi.org/10.1016/j.jphotochem.2012.01.004
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present synthesis condition. As the amount of Cu dopant increased
from 0.01 to 0.05 mol, the peak intensity increased. This result indi-
cates that there is an increase in the crystallinity of the samples,
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nd photocatalytic activity of Cu-doped Cd0.1Zn0.9S series prepared
y hydrothermal and co-precipitation methods, important factors
ontributing to the high photocatalytic activity and stability of Cu-
oped Cd0.1Zn0.9S series are revealed.

. Experimental

.1. Synthesis of photocatalysts

Cu-doped Cd0.1Zn0.9S samples were prepared by two methods,
.e., hydrothermal and co-precipitation methods. The samples were
abeled to as Cu(x)-doped Cd0.1Zn0.9S, with x showed the doping
mount of Cu. For hydrothermal method, a series of Cu-doped
d0.1Zn0.9S samples was prepared in a similar way to the previ-
us literatures [14,17]. In a typical synthesis for Cu(0.01)-doped
d0.1Zn0.9S, 0.2 mmol  of Cu(NO3)2·3H2O (Fluka, 98%), 2 mmol of
d(NO3)2·4H2O (Aldrich, 98%), 18 mmol  of Zn(CH3COO)2·2H2O
GCE chemicals, 98%) and 20 mmol  of CH3CSNH2 (Merck, 99%) were
issolved in 50 mL  of distilled water. The solution was added into
n autoclave that was sealed and heated in an oven at 433 K for 8 h.
fter natural cooling to room temperature, the precipitates were
ashed with distilled water for several times and dried in vacuum

t room temperature.
For co-precipitation method, the series of Cu-doped Cd0.1Zn0.9S

as prepared similarly to the previous studies [11–13,17].  Typ-
cally, to synthesize Cu(0.01)-doped Cd0.1Zn0.9S, 50 mL  of 2 mol
a2S·xH2O (Q Rëc, 98%) was added drop wise to a mixture
ontaining 0.01 mol  of Cu(NO3)2·3H2O (Fluka, 98%), 0.1 mol  of
d(NO3)2·4H2O (Aldrich, 98%) and 0.9 mol  of Zn(CH3COO)2·2H2O
GCE chemicals, 98%) dissolved in 50 mL  distilled water. The mixed
olution was stirred for 12 h at room temperature. The result-
ng precipitate was filtered and washed several times by distilled

ater. The product then was dried in air at 343 K for 12 h.

.2. Characterizations of photocatalysts

The diffraction patterns of the prepared samples were
nvestigated by X-ray powder diffraction (XRD) using Bruker
dvance D8 Siemens 5000 diffractometer, with Cu K� radiation

� = 0.15418 nm,  40 kV, 40 mA). The diffuse reflectance UV–visible
DR UV–vis) spectra were recorded on a Perkin Elmer Ultraviolet-
isible Spectrometer Lambda 900. Barium sulfate (BaSO4) was
sed as the reference. The morphologies and nanocrystal sizes of
he samples were observed with field emission scanning electron

icroscopy (FESEM) using JEOL JSM 6701F with platinum coating
2 kV, 10 mA).

.3. Photocatalytic activity evaluation

Photocatalytic hydrogen evolution was performed in a closed-
ide irradiated-Pyrex cell equipped with a water condenser to
aintain the temperature constant during the reaction [17]. A

00 W halogen lamp was used as the visible light source. Hydrogen
as evolved was identified by an online system with thermal con-
uctivity detector (TCD) gas chromatography (GC, Agilent 7890A)
sing Supelco 13X molecular sieves and argon carrier gas, which
mount was measured by volumetric method. In all experiments,
he powder sample (0.2 g) was dispersed by magnetic stirring in
n aqueous solution (50 mL)  containing 0.25 M Na2SO3 and 0.35 M
a2S [18] as sacrificial agents. Nitrogen gas was purged through
he reaction cell for 30 min  before reaction to remove air. In order
o check the photocatalytic stability, the sample was reused with-
ut washing or drying. Before another 5 h-irradiation in the second
un, the reactor containing the tested sample was  purged with
Fig. 1. XRD patterns of (a) Cd0.1Zn0.9S, (b) Cu(0.01)-doped Cd0.1Zn0.9S, (c) Cu(0.03)-
doped Cd0.1Zn0.9S, and (d) Cu(0.05)-doped Cd0.1Zn0.9S prepared by hydrothermal
method.

nitrogen gas for 30 min  to ensure that there was  no hydrogen prod-
uct remained in the reactor.

3. Results and discussion

3.1. Crystal structure and morphology

The XRD patterns of Cd0.1Zn0.9S and Cu-doped Cd0.1Zn0.9S
prepared by hydrothermal method are depicted in Fig. 1. All sam-
ples exhibit major diffraction peaks at 2� of 28.6, 32.5, 47.6 and
56.3, corresponding to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes
respectively, which is a typical pattern of cubic zinc blende phase
[10–15,19,20]. There was  a very small peak observed at 2� = 27
which corresponded to CdS (JCPDS 241126). It can be suggested
that a mixture of cubic Cd0.1Zn0.9S solid solution and CdS may  exist
in the samples. The diffraction peaks of all samples prepared by
hydrothermal method are intense, suggesting that the obtained
products, Cu-doped Cd0.1Zn0.9S, are well crystallized under the
2θ (degree) 

Fig. 2. XRD patterns of (a) Cd0.1Zn0.9S, (b) Cu(0.01)-doped Cd0.1Zn0.9S, (c) Cu(0.03)-
doped Cd0.1Zn0.9S, and (d) Cu(0.05)-doped Cd0.1Zn0.9S prepared by co-precipitation
method.
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Table  1
Properties of Cd0.1Zn0.9S and Cu-doped Cd0.1Zn0.9S samples.

Entry Samples d1 1 1 valuec (Å) Lattice constant, ad (Å) Crystallite size, de (nm) Band gap (eV)f

1a Cd0.1Zn0.9S 3.1281 5.4181 6.87 3.11
2a Cu(0.01)-doped Cd0.1Zn0.9S 3.1281 5.4181 10.35 2.85
3a Cu(0.03)-doped Cd0.1Zn0.9S 3.1281 5.4181 11.29 2.84
4a Cu(0.05)-doped Cd0.1Zn0.9S 3.1281 5.4181 13.05 2.78
5b Cd0.1Zn0.9S 3.1167 5.3982 5.04 2.94
6b Cu(0.01)-doped Cd0.1Zn0.9S – – 3.23 2.79
7b Cu(0.03)-doped Cd0.1Zn0.9S – – 3.17 2.75
8b Cu(0.05)-doped Cd0.1Zn0.9S – – 2.93 2.63

a Samples were prepared by hydrothermal method.
b Samples were prepared by co-precipitation method.
c The value was  calculated from 2d1 1 1 sin � = n�, not applicable for Entries 6–8, see the text.
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d The value was  calculated from a = d1 1 1
√3, not applicable for Entries 6–8, see the

e The value was  calculated from Scherrer equation.
f The value was  obtained from Tauc Plot.

uggesting that the addition of Cu might promote the growth of
he crystals. The increase in the crystallinity was also observed for
u [21] and other metal [22] doped compounds due to the metal-

nduced crystallization effect. There is no peak shifting when Cu
as doped into Cd0.1Zn0.9S, indicating that Cu was successfully
oped into the Cd0.1Zn0.9S lattice without causing crystal distor-
ion since Cu2+ (0.72 Å) and Zn2+ (0.74 Å) have similar ionic radii.

2+ 2+
he substitution of Zn by Cu is also favorable in terms of charge
alance.

The crystal properties of the samples prepared by hydrothermal
ethod are shown in Table 1 (Entries 1–4). The lattice constants

ig. 3. FESEM images of (a) Cd0.1Zn0.9S, (b) Cu(0.01)-doped Cd0.1Zn0.9S, (c) Cu(0.03)-doped
(a) of the samples were calculated by determining d-spacing of
(1 1 1) peak using Bragg’s law (see Table 1, captions c and d for
the details). The lattice constant of Cd0.1Zn0.9S was higher than
that of cubic ZnS prepared with the same method (a = 5.3852), sug-
gesting the successful insertion of Cd ions into the ZnS lattice to
form the Cd0.1Zn0.9S solid solution. On the other hand, the values
of lattice parameter and d-spacing of Cd0.1Zn0.9S were not changed

when Cu was doped into Cd0.1Zn0.9S. The crystallite size were esti-
mated using the most intense (1 1 1) peak by Scherrer equation. As
the amount of Cu dopant increased, the crystallite size increased.
These results confirmed that Cu dopant promoted the growth of

 Cd0.1Zn0.9S, and (d) Cu(0.05)-doped Cd0.1Zn0.9S prepared by hydrothermal method.
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ig. 4. FESEM images of (a) Cd0.1Zn0.9S, (b) Cu(0.01)-doped Cd0.1Zn0.9S, (c) Cu(0.0
ethod.

d0.1Zn0.9S crystal when the samples were prepared by hydrother-
al  method.
Fig. 2 shows the XRD patterns of Cd0.1Zn0.9S and Cu-doped

d0.1Zn0.9S prepared by co-precipitation method. The XRD patterns
ere similar to those of the samples prepared by hydrothermal
ethod. For Cd0.1Zn0.9S and Cu(0.01)-doped Cd0.1Zn0.9S samples,

here are three major diffraction peaks at 2� of 28.6, 47.6 and 56.3,
orresponding to the (1 1 1), (2 2 0) and (3 1 1) planes of cubic zinc
lende phase. However, when the amount of Cu dopant increased,
he diffraction peak of (1 1 1) plane was broadened and additional
eaks at 2� of 23–33 were observed, that would be due to the pres-
nce of hexagonal phase. It is well known that CdxZn1−xS can exist
n both hexagonal and cubic phases [19,20,23].  It was revealed that
exagonal phase was observed when the amount of Zn in CdxZn1−xS
as small [19,23]. In the present study, we also obtained that the
exagonal phase was formed when the amount of Zn decreased
ue to the increase of Cu dopant amount. This result is different
rom the case of hydrothermal method; it seems that addition of
u dopant by co-precipitation method affected the formation of
rystal phase in the samples.

Fig. 2 also shows that as the amount of Cu dopant increased, the
eak at (1 1 1) seemed to be shifted to higher 2�. This was due to the
ormation of hexagonal phase as mentioned above. Since the cubic

1 1 1) and the hexagonal (0 0 2) lines coincide, it is very difficult to
ifferentiate the cubic from the hexagonal structure [20]. However,

t is clear that the XRD peaks were broadened as the amount of Cu
opant increased. Based on the calculation by Scherrer equation,
ped Cd0.1Zn0.9S, and (d) Cu(0.05)-doped Cd0.1Zn0.9S prepared by co-precipitation

crystallite size decreased as the amount of Cu dopant increased
(Table 1, Entries 5–8). Different from hydrothermal method, the
effect of metal induced crystallization was  not observed when using
co-precipitation method, which might be due to low temperature
used in the synthesis.

Fig. 3 shows FESEM images of Cd0.1Zn0.9S and Cu-doped
Cd0.1Zn0.9S prepared by hydrothermal method. It can be observed
that all these samples consisted of nanospheres in the range of
20–120 nm,  which agglomerated with no uniform size. The sur-
face composition of the samples were analyzed by EDS and it was
confirmed that Cu was present in all samples. However, the addi-
tion of Cu did not change the morphology of Cd0.1Zn0.9S. FESEM
images of samples prepared by co-precipitation method are shown
in Fig. 4. Similar to the samples prepared by hydrothermal method,
there was no obvious change in morphology structure when Cu was
added into Cd0.1Zn0.9S. The samples showed non uniform sphere
shape with the size of ca. 10–50 nm which was slightly smaller than
the average size of the samples prepared by hydrothermal method.
This result agrees well with the results from XRD patterns.

3.2. Optical properties

Fig. 5 displays DR UV–vis absorption spectra of the samples

prepared by hydrothermal method. All of these samples possess
absorption edges in the visible light region. The Cd0.1Zn0.9S sam-
ple showed a visible light absorption band with a shoulder peak
around 400–500 nm.  The similar feature of unsmooth absorption
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ig. 5. DR UV–vis spectra of (a) Cd0.1Zn0.9S, (b) Cu(0.01)-doped Cd0.1Zn0.9S,
c)  Cu(0.03)-doped Cd0.1Zn0.9S, and (d) Cu(0.05)-doped Cd0.1Zn0.9S prepared by
ydrothermal method.

pectrum for Cd0.1Zn0.9S sample has also been observed in the lit-
ratures [10,18,24].  In good agreement with XRD pattern, this result
gain suggested that the formation of solid solution between CdS
nd ZnS was not very straight forward, as also previously men-
ioned in the literature [10]. The addition of Cu dopant extended
he visible light absorption of Cd0.1Zn0.9S to longer wavelength.
s shown in Fig. 5, with increasing amount of Cu dopant, red
hift of absorption edge was continuously observed; the absorption
dge of Cu(0.01)-doped Cd0.1Zn0.9S was around 550 nm,  followed
y Cu(0.03)-doped Cd0.1Zn0.9S at around 600 nm and Cu(0.05)-
oped Cd0.1Zn0.9S at around 650 nm.  However, large absorption
ail around 600–800 nm was also clearly observed on Cu(0.03)-
oped Cd0.1Zn0.9S and Cu(0.05)-doped Cd0.1Zn0.9S samples, which

ncreased along with the increase of Cu dopant amount. It was
roposed that the absorption at 600–800 nm could be assigned to
he Cu2+ d–d transition [25]. Similar results have been reported for
ther Cu-doped CdS–ZnS solid solution [10–13] and in the case of
u-doped ZnS samples [6,26].
The diffuse reflectance spectra of samples prepared by co-
recipitation method are shown in Fig. 6. The absorption edge
f Cd0.1Zn0.9S was about 470 nm;  this value was  similar to
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ig. 6. DR UV–vis spectra of (a) Cd0.1Zn0.9S, (b) Cu(0.01)-doped Cd0.1Zn0.9S, (c)
u(0.03)-doped Cd0.1Zn0.9S, and (d) Cu(0.05)-doped Cd0.1Zn0.9S prepared by co-
recipitation method.
Fig. 7. DR UV–vis spectra of (a) Cu(0.05)-doped Cd0.1Zn0.9S prepared by hydrother-
mal  method and (b) Cu(0.05)-doped Cd0.1Zn0.9S prepared by co-precipitation
method.

the one reported by other group [13]. When the amount of
added Cu increased, the absorption edge shifted to longer wave-
length in visible light region. Similar to the samples prepared by
hydrothermal method, Cu(0.03)-doped Cd0.1Zn0.9S and Cu(0.05)-
doped Cd0.1Zn0.9S showed a large absorption tail at 600–800 nm
which might be due to the presence of Cu2+ d–d transition [25].

For Cu doping, different preparation method has been reported
to give different absorption spectrum in the region of Cu2+ d–d
transition [27]. As also found in our case, the difference was
more obvious when the amount of Cu doping was  high. Even
though the same amount of Cu dopant was introduced, a higher
absorption at 600–800 nm was observed on samples prepared
by co-precipitation method. For comparison, representatively the
absorption spectra of Cu(0.05)-doped Cd0.1Zn0.9S samples prepared
by hydrothermal and co-precipitation method is shown in Fig. 7. It
has been reported that during Cu doping process, Cu might exist as
Cu2+ and Cu+ [28–30].  In addition to d–d transition, Cu2+ also has
absorption at 440 nm,  while Cu+ does not have d–d transition, but
has absorption range from UV up to 320 nm [31]. It can be suggested
from the spectra that the Cu(0.05)-doped Cd0.1Zn0.9S sample pre-
pared by hydrothermal method has higher absorption of Cu+ but
lower absorption of Cu2+ than sample prepared by co-precipitation
method. Therefore, it can be proposed that the difference in the
absorption spectrum at range of 600–800 nm would be due to dif-
ference in the amount of Cu2+ species after Cu doping. However, at
present, the mechanism for this phenomenon is still unclear.

A plot of (F(R)h�)2 vs h�, known as Tauc Plot, was  used in order
to determine band gap energy of the samples from the absorption
spectra, as shown in Figs. 8 and 9. The band gap energy can be deter-
mined from the intercept of linear extrapolation with the abscissa
axis. The calculated values of the band gap energies for all samples
prepared by hydrothermal and co-precipitation methods are listed
in Table 1. The values of the band gap energy for Cd0.1Zn0.9S sam-
ples determined by the Tauc plot are in good agreement with the
value reported in other literature [4].  It was  obtained that the band
gap energy decreased as the amount of Cu dopant increased. The
band gap energy of Cu-doped Cd0.1Zn0.9S samples was smaller than
that of the undoped Cd0.1Zn0.9S, indicating that Cu-doped samples
can utilize a wider spectral region of visible light than the undoped
sample.
Cd0.1Zn0.9S sample prepared by hydrothermal method has a
lower band gap compared to Cd0.1Zn0.9S sample prepared by
co-precipitation method. However, when Cu was doped onto
Cd0.1Zn0.9S, all of Cu-doped Cd0.1Zn0.9S prepared by hydrothermal
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Fig. 10. Photocatalytic hydrogen evolution on Cd0.1Zn0.9S (�), Cu(0.01)-doped Cd0.1Zn0.9S
by  hydrothermal method under visible light irradiation.
otobiology A: Chemistry 230 (2012) 15– 22

method showed higher band gap energies compared to Cu-doped
Cd0.1Zn0.9S prepared by co-precipitation method. The difference
in the band gap energy would be originated from the difference
in the crystal structure. From this result, it is clear that different
preparation method gave different properties on the samples.

3.3. Photocatalytic activity

Even though CdS might be present in the samples prepared
by hydrothermal method, the photocatalytic activity will not be
greatly influenced. As also shown in the reported paper [11],
unmodified CdS almost did not show activity for hydrogen pro-
duction. Therefore, we can ignore the effect of CdS impurity in the
photocatalytic activity.

The photocatalytic activity of the samples prepared by
hydrothermal method was  examined for hydrogen production as
shown in the first run of Fig. 10.  The Cd0.1Zn0.9S and Cu-doped
Cd0.1Zn0.9S samples are active to produce hydrogen under visible
light irradiation. The Cd0.1Zn0.9S sample produced hydrogen with
rate of 2.49 mmol/h. It is worthy noted that all Cu-doped Cd0.1Zn0.9S
samples showed higher activity than the undoped sample. As the
amount of Cu dopant increased, the photocatalytic activity for
hydrogen evolution was also increased. The highest hydrogen pro-
duction rate was  4.37 mmol/h that was obtained on Cu(0.05)-doped
Cd0.1Zn0.9S sample. The observed enhanced activity would be due
to the higher crystallinity and improved photoabsorption property
of the doped samples than the undoped one. Higher crystallinity
could lead to fewer defects that act as recombination site, thus,
improve the charge separation that resulted in the improvement
of photocatalytic activity. On the other hand, the improved pho-
toabsorption was  due to the Cu 3d level that formed donor level
above the valence band [12,13,28,32,33]. Electrons can be excited
from this Cu 3d level to the conduction band, which lowers the
band gap energy making it easier for electrons to be excited to the
conduction band. This would increase the amount of electrons since
more electrons could be generated on the photocatalyst after being
irradiated with light and more electrons could participate in the
photocatalytic reactions, thus, increase the photocatalytic activity.

In order to check the stability of the samples, the samples
were reused as photocatalyst and the photocatalytic activities were

shown as second run in Fig. 10.  It is clear that the Cd0.1Zn0.9S
sample showed much lower activity than that observed in the
first run, suggesting the poor stability of the undoped sample. On
the other hand, Cu(0.01)-doped Cd0.1Zn0.9S and Cu(0.03)-doped
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ig. 11. DR UV–vis spectra of Cu(0.05)-doped Cd0.1Zn0.9S prepared by hydrothermal
ethod (a) before and (b) after reaction.

d0.1Zn0.9S still showed high photocatalytic activities that were in
he similar level to those obtained in the first run. Unfortunately,
u(0.05)-doped Cd0.1Zn0.9S showed a significant decrease in the
hotocatalytic activity. These results suggested that the doping of
u in a small amount could improve the stability of Cd0.1Zn0.9S,
hile the stability of the sample became poor as the amount of Cu
opant increased.

The poor stability of the Cu(0.05)-doped Cd0.1Zn0.9S sample was
lso clearly observed from the change of the color from green to
rey after the photocatalytic reaction. The DR UV–vis spectra of the
ample before and after the second run of reaction are shown in
ig. 11.  It was obtained that there were an increase in the absorp-
ion more than 600 nm due to the formation of Cu2+ species after the
eaction and a decrease in the absorption of UV up to 320 nm due
o the decrease of Cu+. It can be suggested that the photocorrosion

ight occur in this sample. Even though the gradual decrease was
ot clearly observed in the first run, it could be clearly observed in
he second run; the activity in the first hour of second run showed

imilar level to those obtained in the first run, however, grad-
al decrease started after 1 h-reaction and pronouncedly observed
fter 3.5 h. From first and second runs, it was confirmed that among
he samples, the Cu(0.03)-doped Cd0.1Zn0.9S sample showed the
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ig. 12. Photocatalytic hydrogen evolution on Cd0.1Zn0.9S (�), Cu(0.01)-doped Cd0.1Zn0.9S
y  co-precipitation method under visible light irradiation.
otobiology A: Chemistry 230 (2012) 15– 22 21

highest photocatalytic activity with hydrogen production rate of
3.86 mmol/h, which was 1.7 times fold of the undoped Cd0.1Zn0.9S.
The Cu(0.03)-doped Cd0.1Zn0.9S sample also showed high stability
for hydrogen production under visible light irradiation.

The photocatalytic activity for hydrogen production on the
samples prepared by co-precipitation method was evaluated, as
can be seen as first run in Fig. 12.  Similar to the results on
the samples prepared by hydrothermal method, the addition of
Cu into Cd0.1Zn0.9S prepared by co-precipitation method also
improved the photocatalytic activity of the sample. The photo-
catalytic activity of Cu(0.01)-Cd0.1Zn0.9S increased slightly from
the undoped Cd0.1Zn0.9S. The highest photocatalytic activity was
observed on the Cu(0.03)-Cd0.1Zn0.9S with hydrogen production
rate of 2.31 mmol/h. The photocatalytic activity decreased slightly
when the amount of Cu-doped was  0.05. The lower photocatalytic
activity observed here may  be due to the lower crystallinity of the
samples. The lower crystallinity might lead to more defect sites that
act as recombination centres.

For the second run, all of the Cu-doped samples still showed
higher photocatalytic activity than Cd0.1Zn0.9S. However, the grad-
ual decrease was observed on the Cu(0.01)-Cd0.1Zn0.9S prepared
by co-precipitation method as compared to sample prepared by
hydrothermal method with the same amount of Cu dopant. The
Cu(0.01)-Cd0.1Zn0.9S prepared by co-precipitation method showed
almost similar level activity to that of the undoped Cd0.1Zn0.9S
in the second run, suggesting that the dopant amount was too
low in this case. On the other hand, the photocatalytic activity of
Cu(0.03)-Cd0.1Zn0.9S was  maintained steady for both runs, while
the Cu(0.05)-doped Cd0.1Zn0.9S showed as slightly decrease in the
second run. These results suggested that there was an optimum
amount for the dopant. It has been reported that both increasing
and decreasing of Cu dopant amount gave a great effect on the pho-
tocatalytic performance [11]. From the comparison of activity and
stability of samples prepared by hydrothermal and co-precipitation
methods it can be proposed here that regardless the preparation
methods, the sample with optimum amount of dopant will give
both high photocatalytic activity and stability.

Comparison to the previously reported Cd0.1SnxZn0.9−2xS solid
solutions [17], the present Cu-doped Cd0.1Zn0.9S solid solutions
showed slightly higher photocatalytic activity of ca. 10% under
the same reaction condition at optimum amount of dopant. It

might be due to the fact that the Cu-doped Cd0.1Zn0.9S solid solu-
tions have better absorption in the visible light region than the
Cd0.1SnxZn0.9−2xS solid solution. This study again clearly shows that
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he addition of third metal ion is an effective way to improve the
hotocatalytic activity and stability of the Cd0.1Zn0.9S solid solu-
ions. The possibility to use other metal ions is currently under
nvestigation.

. Conclusions

Highly active and stable Cu-doped Cd0.1Zn0.9S sample for hydro-
en production under visible light irradiation can be prepared by
ydrothermal method. It was obvious that preparation methods
ignificantly influenced the properties and photocatalytic perfor-
ance of photocatalyst. Compared to co-precipitation method,

ydrothermal method is a better way to prepare efficient and sta-
le Cu-doped Cd0.1Zn0.9S photocatalysts under mild temperature.
he highest photocatalytic activity with high stability was observed
n the Cu(0.03)-doped Cd0.1Zn0.9S sample with hydrogen rate of
.86 mmol/h, which was 1.7 times higher than the undoped sam-
le. It was suggested that the high activity and stability was  due to
ptimum amount of Cu dopant, the high crystallinity, as well as the
arrow band gap energy.
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