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Cu-loaded  SrTiO3 nanoparticles  (Cu–SrTiO3) were  prepared  using  a  simple  in  situ  photo-deposition
method  and  their  photocatalytic  activity  for  hydrogen  evolution  from  methanol  aqueous  solution  was
evaluated.  The  results  characterized  with  XRD,  TEM,  XPS  and  EDX  indicated  that  the  as-synthesized
sample  was  composed  of metallic  Cu  and  cubic  SrTiO3, and  the  metallic  Cu  was  homogeneously  loaded
on the  surface  of  SrTiO3 nanoparticles.  Under  UV  light  irradiation,  Cu–SrTiO3 displayed  much  higher
photocatalytic  activity  for  hydrogen  evolution  and  excellent  stability  in  comparison  with  pure  SrTiO3
u co-catalyst
rTiO3 nanoparticles
hotocatalysis
ydrogen

nanoparticles.  The  results  further  confirmed  that the  efficient  separation  of  photogenerated  electron/hole
pairs  was  critical  for  the  enhanced  photocatalytic  activity  of  Cu–SrTiO3. Moreover,  the  rate  of hydrogen
evolution  of  0.5  wt.%  Cu–SrTiO3 is  comparable  with  that  of  0.5  wt.%  Pt–SrTiO3 photocatalyst  under  opti-
mum conditions,  implying  that the  metallic  Cu  is  an  efficient  alternative  to  Pt  as  a  co-catalyst  on  SrTiO3.
The  high  photocatalytic  activity,  low  cost  and  chemical  stability  mean  that the Cu-loaded  SrTiO3 is  a
potential  catalyst  for the  photocatalytic  hydrogen  evolution  from  methanol  aqueous  solution.
. Introduction

Photocatalytic hydrogen evolution from water splitting has
eceived much attention in recent years due to its potential appli-
ation in providing hydrogen as a clean and renewable energy
esource even on a large scale [1–4]. To enhance the efficiency of
ydrogen evolution, considerable effort has been exerted to find
n efficient photocatalyst. Important points in these photocata-
ysts are the width of band gap (Eg) and the levels of conduction
nd valence bands, which strongly determine whether a water-
plitting reaction occurs or not [5–7]. As one of the most promising
hotocatalysts, perovskite-type SrTiO3 has been widely studied to
roduce hydrogen by splitting water in which its band structure
uits the water redox potential levels to facilitate the formation
f hydrogen and oxygen [8–11]. However, the photocatalytic effi-
iency of pure SrTiO3 for hydrogen evolution is very low due to the
ast recombination of photogenerated electrons and holes, which
ampers the extensive application of SrTiO3 in photocatalysis.
There are two basic strategies to improve the efficiency of pho-
osplitting water over SrTiO3. The first one is that the addition of
acrificial reagents such as alcohols or other organic compounds

∗ Corresponding author. Tel.: +86 21 60873061; fax: +86 21 60873567.
E-mail address: mujin@sit.edu.cn (J. Mu).

169-4332/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
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© 2013 Elsevier B.V. All rights reserved.

could increase the rate of hydrogen evolution. The results described
by Yi et al. show that methanol is one of the best capture reagents
for the photogenerated holes of TiO2 photocatalyst [12]. The second
one is to load a metal or metal oxide co-catalyst onto the surface of
SrTiO3, which increases the charge transfer, reduces the recombi-
nation rate of photogenerated electrons and holes, and acts as an
active site for hydrogen evolution [13–19]. It is reported that the
photocatalytic activity of La-doped SrTiO3 could be enhanced when
NiO or CoO is used as a co-catalyst [20].

Compared with metal oxide co-catalysts, metals, especially
noble metals such as Pt and Au, could more efficiently reduce the
recombination of photo-generated electrons and holes due to the
high Schottky barrier between the metal co-catalyst and the semi-
conductor photocatalyst. Thus, the metal co-catalyst may  be more
desirable than the metal oxide co-catalyst for practical applications.
Additionally, the metal co-catalyst could be easily loaded on the
surface of SrTiO3 by a simple and mild reaction [21,22]. Because
the noble metals, such as Pt and Au, are expensive and rare, it is
worthwhile to find a Pt-free and low cost metal co-catalyst. It is
known that the addition of Cu could significantly promote the pho-
tocatalytic hydrogen evolution of TiO2 under UV light irradiation

[23–25]. The Cu-loaded mesoporous TiO2 photocatalyst shows two
fold higher hydrogen evolution activity than the Ni-loaded one [26].
Moreover, oxidizing of metallic copper could enhance the hydro-
gen evolution activity of TiO2 [27]. Accordingly, it is inferred that

dx.doi.org/10.1016/j.apsusc.2013.03.054
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u could also be an efficient co-catalyst of SrTiO3 for photocat-
lytic hydrogen evolution because the band-gap of SrTiO3 is close
o that of TiO2. This paper aims to prove this inference. The Cu
o-catalyst is loaded on the SrTiO3 nanoparticles by using an in situ
hoto-deposition method. The photocatalytic activity of Cu–SrTiO3
or hydrogen evolution is investigated using methanol as a sacrifi-
ial reagent. In addition, the reaction conditions including loading
mount of Cu, reaction temperature, initial methanol concentration
s well as dosage of photocatalyst are also discussed.

. Experimental

.1. Preparation of Cu-loaded SrTiO3 nanoparticles

Strontium nitrate, citric acid and tetra-butyl titanate were used
s starting materials for the synthesis of SrTiO3. All materials were
ommercially available and used as received.

The SrTiO3 nanoparticles were prepared by using a sol–gel
ethod [28]. A typical experimental procedure was described as

ollows. A mixture of strontium nitrate (2.12 g) and citric acid
2.10 g) was added into deionized water (40 mL). Then, the pH value
f the solution was adjusted to about 8 using aqueous ammonia.
he solution obtained was denoted as solution A. An appropriate
mount of tetra-butyl titanate (3.40 g) was dissolved into anhy-
rous ethanol (20 mL)  under stirring, and the solution was  denoted
s solution B. Afterwards, solution B was slowly dropped into solu-
ion A under vigorous stirring. Then, the mixed solution obtained
as vigorously stirred at 70 ◦C until it turned into a yellow gluti-
ous sol. After the solvent was evaporated, the gel obtained was
ried at 80 ◦C for 12 h to obtain a xerogel. Finally, the xerogel was
alcined at 900 ◦C for 4 h with a heating rate of 5 ◦C/min, and then
rinded to powder.

The SrTiO3 nanoparticles loaded with various amounts of Cu
0.1, 0.25, 0.5, 1 and 1.5 wt.%) were prepared using a photo-
eposition method. A typical experimental procedure of 0.5 wt.%
u-loaded SrTiO3 was described as follows. 120 mg  of the as-
repared SrTiO3 nanoparticles were dispersed into 60 mL  of
queous methanol solution (60 vol.%). Then, 0.95 mL  of 0.01 M
u(NO3)2 solution was added into the suspension. After bubbled
ith highly pure nitrogen (about 15 mL/min) for 30 min  to remove

he dissolved oxygen, the suspension was stirred and irradiated
or 30 min  by a 300 W high-pressure mercury lamp. The other Cu-
oaded SrTiO3 samples were prepared in similar procedures, and
he obtained products are denoted as x% Cu–SrTiO3 (x is the per-
entage of Cu loading).

For comparison, the Pt-loaded SrTiO3 nanoparticles were pre-
ared in a procedure similar to that of the Cu-loaded SrTiO3
anoparticles. Chloroplatinic acid (H2PtCl6·6H2O) was used as the
t precursor.

.2. Characterization

The powder X-ray diffraction (XRD) analysis was made on a
igaku D/max 2550 VB/PC X-ray diffractometer (Japan) using Cu
1 radiation (wavelength = 0.154056 nm). The morphology of the
amples was analyzed on a JEOL JEM-200CX transmission elec-
ron microscope (TEM) with 200 kV accelerating voltage (Japan).
he X-ray photoelectron spectroscopy (XPS) was  recorded with a
HI 5000 Versaprobe spectrometer (Japan). The diffuse reflectance
ltraviolet–visible absorption spectra (DRS) were recorded on

 Shimadzu UV-3101PC UV–vis–NIR spectrophotometer (Japan).

he N2 adsorption and desorption isotherms were measured
n a Micromeritics ASAP-2020 nitrogen adsorption apparatus
USA). The photoluminescence spectra (PL) were recorded with

 Shimadzu RF-5301PC fluorescence spectrometer (Japan). The
Fig. 1. XRD patterns of (a) pure SrTiO3 and (b) 0.5% Cu–SrTiO3.

energy-dispersive X-ray spectroscopy (EDX) was taken with a JEOL
JSM-6360LV electron microscopy (Japan).

2.3. Photocatalytic hydrogen evolution

The photocatalytic reaction was  carried out in a gas-closed sys-
tem with a quartz reactor. A 300 W high-pressure mercury lamp
was  used as UV light radiation source. In order to remove infrared
light, the lamp was equipped with a water jacket. The distance
between the lamp and the reactor was maintained to be 20 cm. The
Cu–SrTiO3 prepared by in situ photo-reduction was directly used in
photocatalytic hydrogen evolution without further separation. The
amount of hydrogen evolution was analyzed with a gas chromato-
graph (GC-112A, molecular sieve 5A, TCD, China) using nitrogen as
carrier gas.

3. Results and discussion

3.1. Structure and composition of Cu–SrTiO3

The XRD patterns of pure SrTiO3 and 0.5% Cu–SrTiO3 are shown
in Fig. 1. It is clearly found that there exist six peaks at 32.4◦, 39.9◦,
46.4◦, 57.8◦, 67.8◦ and 77.2◦ in both of XRD patterns, corresponding
to the (1 1 0), (1 1 1), (2 0 0), (2 1 1), (2 2 0) and (3 1 0) planes of cubic
SrTiO3 (JCPDS card no. 35-0734), respectively. Thus, the Cu–SrTiO3
obtained possesses the cubic crystal phase. As shown in Fig. 1b,
the diffraction peaks of Cu are not observed obviously in the XRD
pattern of 0.5% Cu–SrTiO3. A possible explanation is that the load-
ing amount of Cu is few, or the Cu particles are too small to give
well-defined diffraction peaks. Besides, the diffraction peaks of 0.5%
Cu–SrTiO3 do not shift in comparison with those of pure SrTiO3.
In situ photocatalytic reduction of Cu salt favors the formation of
metallic Cu [25]. Therefore, it can be deduced that Cu atoms are not
incorporated into the SrTiO3 lattice [22].

The morphologies of pure SrTiO3 and 0.5% Cu–SrTiO3 were char-
acterized with TEM. As shown in Fig. 2b, the introduction of Cu
does not obviously change the morphology of SrTiO3 nanoparti-
cles compared with the TEM image of pure SrTiO3 (Fig. 2a). The
mean diameter of the Cu-loaded SrTiO3 nanoparticles is approx-
imately 30 nm,  and their surfaces are fairly smooth. In addition,

the composition of 0.5% Cu–SrTiO3 was obtained by EDX analysis
(not shown here) and XPS analysis (Fig. 3). The result of EDX shows
that the product is composed of the elements Sr, Ti, O and Cu. The
XPS analysis also confirmed that there exist elements Sr, Ti, O and

Winxpsp3VTT
HighLight
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Fig. 2. TEM images of (a) pu

u on the surface of 0.5% Cu–SrTiO3 (Fig. 3A). Furthermore, high-
esolution XPS of Cu 2p (Fig. 3B) shows that there exist two  peaks
t 932.62 eV and 952.5 eV, corresponding to Cu-2p3/2 and Cu-2p1/2
f metallic Cu, respectively, suggesting that metallic Cu is present
n the surface of SrTiO3 nanoparticles. Based on above results, the
omponent of the as-synthesized sample could be defined as Cu
nd SrTiO3. Moreover, when the EDX measurement was  made on

he various regions of the same sample, the amount of element Cu
as constant within an error of ±5%, indicating that the metallic Cu
as homogeneously loaded on the surface of SrTiO3 nanoparticles.

ig. 3. (A) Survey XPS of 0.5% Cu–SrTiO3 and (B) high-resolution XPS of Cu 2p.
iO3 and (b) 0.5% Cu–SrTiO3.

3.2. Photocatalytic hydrogen evolution over 0.5% Cu–SrTiO3

Fig. 4 displays the irradiation time courses of hydrogen evolution
catalyzed by 0.5% Cu–SrTiO3 and pure SrTiO3. Under UV light irra-
diation for 48 h, the total amount of hydrogen evolution over 0.5%
Cu–SrTiO3 could be up to 14.3 mmol. Whereas, the total amount of
hydrogen evolution over pure SrTiO3 is only 0.08 mmol. Addition-
ally, 0.5% Cu–SrTiO3 could still keep highly photocatalytic activity
after 48 h irradiation. These results indicate that Cu–SrTiO3 is an
efficient and stable photocatalyst under UV light irradiation.

The Brunauer–Emmett–Teller (BET) measurement shows that
the specific surface areas of 0.5% Cu–SrTiO3 and pure SrTiO3 are
12.3 and 16.2 m2 g−1, respectively. Also, the morphology of 0.5%
Cu–SrTiO3 is similar to that of pure SrTiO3 (Fig. 2). Based on these
results, the enhanced photocatalytic activity of 0.5% Cu–SrTiO3
ought to be ascribed to the efficient separation of photogenerated
electron/hole pairs.

For comparison, the photocatalytic hydrogen evolution over the
Pt–SrTiO3 nanoparticles was  measured under the identical con-
ditions. As can be seen from Table 1, after irradiation for 2 h, the
maximum amount of hydrogen evolution (1065 �mol) is obtained

over 2.0% Pt–SrTiO3, and the amount of hydrogen evolution over
0.5% Pt–SrTiO3 is 797 �mol. Surprisingly, the amount of hydrogen
evolution over 0.5% Cu–SrTiO3 is 790 �mol, which is comparable

Fig. 4. Irradiation time dependence of amount of hydrogen evolution over (a) 0.5%
Cu–SrTiO3 and (b) pure SrTiO3 at 45 ◦C (dosage of catalyst: 120 mg; methanol solu-
tion: 60 mL,  60 vol.%). The inset is magnified one of curve b.
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Table 1
Photocatalytic hydrogen evolution over various photocatalysts (catalyst: 120 mg;
methanol solution: 60 mL,  60 vol.%; temperature: 45 ◦C; irradiation time: 2 h).

Photocatalyst Amount of hydrogen evolution (�mol)

pure SrTiO3 4.13
0.5% Cu–SrTiO3 790
0.5% Pt–SrTiO3 797
1.0% Pt–SrTiO3 857
1.5% Pt–SrTiO3 968
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tion sites of the photogenerated electrons and holes [35], leading to
a decrease in the amount of hydrogen evolution. Thus, the optimum
loading amount of Cu for SrTiO3 is found to be 0.5 wt.%.
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2.0% Pt–SrTiO3 1065
2.5% Pt–SrTiO3 926
3.0% Pt–SrTiO3 858

ith that of 0.5% Pt–SrTiO3. We  thus believe that the metallic Cu
ould be an efficient alternative to Pt as a co-catalyst on SrTiO3.

Based on the above results, a possible mechanism is displayed
n Scheme 1 [24,29,30]. Under UV light irradiation, the electrons
n the valence bands of SrTiO3 nanoparticles are excited and trans-
erred to their conduction bands. Then, Cu2+ ions are in situ reduced
y the photogenerated electrons to form Cu particles on the sur-
ace of SrTiO3 nanoparticles. When all Cu2+ ions are reduced, the
hotogenerated electrons begin to move to the Cu particles due to
he Schottky barrier formed at the interface of Cu and SrTiO3 [31].
onsequently, H+ ions or water molecules are reduced into hydro-
en by the photogenerated electrons on the surface of Cu particles,
nd the holes are consumed irreversibly through the reaction with
ethanol or water molecules. Herein, the loaded Cu particles act

s charge transferring sites and/or active sites in the photocatalytic
rocess. Thus, the recombination of the photogenerated electrons
nd holes is depressed, and the photocatalytic activity of SrTiO3 is
nhanced.

In order to further confirm the proposed mechanism, the DRS
nd the PL spectra of pure SrTiO3 and 0.5% Cu–SrTiO3 were inves-
igated. As shown in Fig. 5A, the DRS of 0.5% Cu–SrTiO3 is almost
ame as that of pure SrTiO3, which all exhibit an absorption edge
round 384 nm corresponding to band-gap of 3.22 eV calculated
rom the formula Eg = 1240/�  [32]. The result indicates that load-
ng of Cu does not change the band-gap of SrTiO3 nanoparticles.
t can be seen form Fig. 5B that the PL intensity of 0.5% Cu–SrTiO3
s lower than that of pure SrTiO3. This result demonstrates that
here exists a transfer of photogenerated electrons from SrTiO3 to
u in 0.5% Cu–SrTiO3 due to the Schottky barrier, which efficiently
epresses the recombination of the photogenerated electrons and
oles [33,34].

.3. Effect of loading amount of Cu on the photocatalytic activity
f SrTiO3

The effect of loading amount of Cu on the photocatalytic hydro-
en evolution over SrTiO3 is shown in Fig. 6. It is observed that the

mount of hydrogen evolution gradually increases from 158 �mol
o 290 �mol  with increasing the loading amount of Cu from 0.1
o 0.5 wt.% during the first 2 h irradiation. However, the amount
f hydrogen evolution decreases dramatically when the loading

cheme 1. Diagrams for the loading of Cu on the SrTiO3 nanoparticles and the pho-
ocatalytic H2 evolution over the Cu–SrTiO3 nanoparticles under UV light irradiation.
Fig. 5. A: DRS of (a) pure SrTiO3 and (b) 0.5% Cu–SrTiO3; B: PL spectra of pure SrTiO3

and 0.5% Cu–SrTiO3 (�ex = 339 nm).

amount of Cu further increases. One possible explanation is that the
Cu particles on SrTiO3 could act as the active sites of hydrogen evo-
lution when the content of Cu is less than 0.5 wt.%. If the content of
Cu is beyond 0.5 wt.%, the excess Cu would become the recombina-
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Fig. 6. Effect of loading amount of Cu on the photocatalytic hydrogen evolution of
SrTiO3 during the first 2 h irradiation (dosage of catalyst: 60 mg;  methanol solution:
60  mL,  60 vol.%; reaction temperature: 25 ◦C).
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Fig. 7. Effect of methanol concentration on the photocatalytic hydrogen evolution of
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Fig. 8. Effect of reaction temperature on the photocatalytic hydrogen evolution
of  0.5% Cu–SrTiO3 (dosage of catalyst: 60 mg; methanol solution: 60 mL, 60 vol.%;
irradiation time: 2 h).
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.5% Cu–SrTiO3 during the first 2 h irradiation (dosage of catalyst: 60 mg;  methanol
olume: 60 mL;  reaction temperature: 45 ◦C).

.4. Effect of methanol concentration on the photocatalytic
ctivity of 0.5% Cu–SrTiO3

Fig. 7 shows the effect of methanol concentration on the pho-
ocatalytic hydrogen evolution of 0.5% Cu–SrTiO3. Obviously, the
mount of hydrogen evolution enhances significantly with increas-
ng the initial concentration of methanol from 20 vol.% to 60 vol.%
uring the first 2 h irradiation. However, the amount of hydro-
en evolution is almost constant when the initial concentration
f methanol is more than 60 vol.%. The possible reason is that
he free methanol molecules in the solution are firstly adsorbed
n the surface of the photocatalyst. Then, the adsorbed methanol
olecules react with the photogenerated holes. When the concen-

ration of methanol is low, the rate of adsorption is slower than
hat of photocatalytic reaction, and thus the amount of hydrogen
volution increases with increasing the concentration of methanol.
f the concentration of methanol is higher than 60 vol.%, the rate
f adsorption is relatively faster than that of photocatalytic reac-
ion, which leads to almost constant amount of hydrogen evolution.
herefore, the optimum methanol concentration for the present
hotocatalytic system is 60 vol.%.

.5. Effect of reaction temperature on the photocatalytic activity
f 0.5% Cu–SrTiO3

The effect of reaction temperature on the photocatalytic hydro-
en evolution of 0.5% Cu–SrTiO3 was studied. As shown in Fig. 8,
he amount of hydrogen evolution over 0.5% Cu–SrTiO3 enhances

onotonously as the reaction temperature increases. The amount
f hydrogen evolution at 45 ◦C (523 �mol) is about two times of
hat at 25 ◦C (292 �mol). This result demonstrates that the reaction
emperature is a significant factor for the photocatalytic hydrogen
volution over Cu–SrTiO3. Korzhak and co-workers have reported
hat the quantum yield of the photocatalytic hydrogen production
f Cu-loaded TiO2 nanoparticles increases with elevating temper-
ture [23]. They ascribe the phenomenon to the thermal activation
f the oxidized electron donor desorption and adsorption of donor.
n addition, similar phenomena are reported by other researchers
11,36]. Therefore, it could be deduced that the influence of reac-

ion temperature maybe originate from the faster adsorption of

ethanol molecules and the faster desorption of the oxidation
roducts of methanol and hydrogen evolved. Because more than
5 ◦C of the reaction temperature will lead to rapid evaporating of
ater, the optimum reaction temperature is selected to be 45 ◦C.
Fig. 9. Effect of dosage of photocatalyst on the photocatalytic activity of 0.5%
Cu–SrTiO3 at 45 ◦C (methanol solution: 60 mL,  60 vol.%; irradiation time: 2 h).

3.6. Effect of dosage of catalyst on the photocatalytic activity of
0.5% Cu–SrTiO3

Fig. 9 shows the effect of dosage of photocatalyst on the
photocatalytic hydrogen evolution of 0.5% Cu–SrTiO3. Obviously,
the amount of hydrogen evolution increases significantly from
411 �mol  to 790 �mol  when the dosage of 0.5% Cu–SrTiO3
increases from 40 mg  to 120 mg.  Whereas, the amount of hydrogen
evolution decreases gradually from 790 �mol  to 683 �mol when
the dosage of 0.5% Cu–SrTiO3 is more than 120 mg. One  possible
explanation is that the available active sites increase with increas-
ing the dosage of 0.5% Cu–SrTiO3. If the dosage of 0.5% Cu–SrTiO3 is
excess, the UV light through the reaction system is greatly scattered
by the suspended photocatalysts, and the effective light absorption
of the system will reduce. Consequently, the amount of hydrogen
evolution decreases [30]. Therefore, the optimum dosage of the
photocatalyst is selected to be 120 mg.

4. Conclusions

In summary, the metallic Cu can be homogeneously loaded on

the surface of SrTiO3 nanoparticles using a simple in situ photo-
deposition method. The results show that the Cu–SrTiO3 is a highly
active, cheap and stable photocatalyst for the hydrogen evolution
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