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Au–MxOy (M_Ag, Cu, Ni) nanoparticles supported on TiO2–P25 were prepared by the deposition–precipitation
method and were evaluated for the photocatalytic water splitting reaction for hydrogen production, using a
mixture of water–methanol (1:1). The combinations of Au–Cu2O/TiO2 and Au–NiO/TiO2 effectively increased
the hydrogen production (2064 and 1636 μmol·h−1·g−1) obtained by Au/TiO2 (1204 μmol·h−1·g−1). The
higher photoactivities achieved by Au–Cu2O and Au–NiO nanoparticles deposited on TiO2 were attributed to
an enhancement of the electron charge transfer from TiO2 to the Au–MxOy systems and the effect of surface plas-
mon resonance of gold nanoparticles.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The need to develop new alternatives for sustainable energy has
drawn the attention to emergent clean renewable technologies, since
they proceed from natural and lasting sources like solar light, wind
and geothermal energy [1]. The alternative method of photocatalytic
water splitting is promising since it involves the absorption of light to
produce hydrogen by irradiating oxide semiconductors. Photocatalytic
systems for water splitting may contain sacrificial reagents, as metha-
nol, commonly used in the photocatalytic evolution of H2 from water,
since its hydroxy group captures photogenerated holes and minimizes
the probability of e−/h+ recombination [2]. The incorporation of metals
or metal oxide nanoparticles on the surface of semiconductors as co-
catalysts has proved to enhance the photoactivity for thewater splitting
reaction [3,4]. These photocatalysts must be efficient, stable, harmless,
abundant and inexpensive. In thatway,metal oxides have been recently
reported as efficient catalysts for photoreforming of alcohol solutions
[5,6]. On the other hand, Au/TiO2 has been reported as an effective
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monometallic photocatalyst for hydrogen production from an aqueous
solution in the presence of methanol as hole scavenger [7–10]. In addi-
tion, it is known that the physical and chemical properties of supported
bimetallic catalysts, or Au/MxOy/TiO2 systems, are usually different from
their single metal counterparts and they significantly vary as a function
of the composition and particle size. Catalytic activity and selectivity of
bimetallic systems can be found to be superior to either of the corre-
sponding monometallic catalysts [11–13]. Moreover the presence of a
second metal or metal oxide can induce geometric modifications of
the surface of the gold particles [14,15]. In this work, the photocatalytic
production of hydrogen bywater splitting usingAu–MxOy nanoparticles
deposited on TiO2–P25 is reported and compared to the hydrogen pro-
duction of the corresponding Au and MxOy nanoparticles on TiO2 to
evaluate the effect of combining Au with Ag2O, Cu2O, or NiO as co-
catalysts on TiO2. The photocatalysts were characterized by UV–vis dif-
fuse reflectance, TEM, ICP, EDS and XPS. The photocatalytic reactions
were carried out by using a water–metanol mixture, 50–50% vol., and
a low-energy mercury lamp (2.2 mW/cm2).

2. Experimental

2.1. Preparation of Au/TiO2 and MxOy/TiO2 photocatalysts

Titania Degussa P25 was used as support (55 m2·g−1, nonporous,
70% anatase and 30% rutile, purity N99.5%). HAuCl4∙3H2O, AgNO3,
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Cu(NO3)2·2.5H2O and Ni(NO3)2·6H2O, all from Aldrich, were used as
metal precursors. The preparation of Au/TiO2–P25, Cu2O/TiO2–P25,
and NiO/TiO2–P25 was performed by deposition–precipitation using
urea (DPU), following the previously reported procedure [16]. Briefly,
the metal precursor (4.2 × 10−3 M) and urea (0.42 M for Au and
0.21 M for Cu and Ni) were dissolved in distilled water; then, 3 g of ti-
tania was added to this solution at 80 °C and kept constant for 16 h
under stirring.

The Ag2O/TiO2–P25 photocatalyst was prepared by deposition–
precipitation using NaOH, for that 3 g of TiO2 was added to an aqueous
solution containing AgNO3 (4.2·10−3 M). The solution was heated at
80 °C, and the initial pH was ~3; then, it was adjusted to 9 by drop-
wise addition of NaOH (0.5 M). The suspension was vigorously stirred
for 2 h at 80 °C.

After the deposition–precipitation procedure, all samples were cen-
trifuged, washed with 300 mL of distilled water at 50 °C, centrifuged
four times, and dried under vacuum for 2 h at 80 °C. After drying, the
samples were stored at room temperature in a desiccator under vacu-
um, away from light in order to prevent any alteration.

2.2. Preparation of Au–MxOy/TiO2 photocatalysts

For these samples, the gold nominal loading was fixed at 0.5 wt.%,
the optimal gold loading previously obtained for the production of hy-
drogen using Au/TiO2 photocatalysts [10], whereas for Ag, Cu or Ni
was fixed to synthesize Au–MxOy/TiO2 catalysts with theoretical atomic
ratio Au:M of 1:1. A sequential deposition of the methods previously
mentioned in Section 2.1 was used to prepare the Au–MxOy/TiO2 mate-
rials [14,15]. The thermal treatment of the monometallic and bimetallic
samples was made with a heating rate of 2 °C/min up to 300 °C for 2 h
under air flow of 1 mL/mg of catalyst.

2.3. Characterization

To estimate the band-gap energy of the photocatalysts (Eg), a Cary
100 Scan spectrophotometer by Varian equipped with an integrating
sphere (Labsphere DRA-CA-30I) was used. The chemical analysis of
the catalysts was determined by ICP on a Perkin Elmer Optical Emission
Spectrometer Optima 4300 DV and by electron dispersion spectroscopy
(EDS) using a Scanning Electron Microscope JEOL 5900-LV with micro-
analysis on an EDS Oxford ISIS. The determination of the metallic parti-
cle sizewas performed by transmission electronmicroscopy (TEM) on a
JEOL JEM 2010 operated at 200 keV. Particle size distributions and aver-
age particle size were determined by measuring about 300 particles
from each sample. X-ray photoelectron spectroscopy (XPS) analyses
were performed on a multi-technique (SPECS) equipment with a dual
X-ray Mg/Al source and an hemispheric analyzer PHOIBOS 150. The
spectra were obtained using pass energy of 30 eV, and the Al–KαX-
ray source was operated at 100 W. The working pressure in the analyz-
ing chamber was less than 2 × 10−8 mbar. The binding energies (BE)
were referenced to the C (1s) peak fixed at 284.6 eV.
Table 1
Metal loading of the Au, MxOy or Au–MxOy on TiO2 photocatalysts evaluated for hydrogen pro

Photocatalyst Eg
(eV)

Au loading
(wt. %)

M loading
(wt. %)

TiO2–P25 3.1 – –

Au/TiO2–P25 3.0 0.48 –

Ag2O/TiO2–P25 3.0 – 0.49
Cu2O/TiO2–P25 3.1 – 0.47
NiO/TiO2-P25 3.0 – 0.45
Au–Ag2O/TiO2–P25 2.9 0.47 0.22
Au–Cu2O/TiO2–P25 3.0 0.46 0.15
Au–NiO/TiO2–P25 2.9 0.46 0.16
2.4. Evaluation of the photocatalytic activity for hydrogen production

The photocatalytic activity of the monometallic Au/TiO2, Ag2O/TiO2,
Cu2O/TiO2, and NiO/TiO2 as well as the Au–Ag2O/TiO2, Au–Cu2O/TiO2,
and Au–NiO/TiO2 catalysts were studied in a homemade photoreactor
containing 100 mg of catalyst in a volume of 200 mL of a water–
methanol mixture (1:1 M ratio). The irradiation source was an UV–PC
mercury lamp with primary emission at 254 nm with an intensity
of 2.2 mW/cm2; the determinations of hydrogen were made in a
Shimadzu G-08 gas chromatograph with a thermal conductivity detec-
tor (TCD) using a ShinCarbon packed column (2 m length, 1 mm ID
and 25 mmOD). The reactionwasmonitored for 10 h. To assure the ho-
mogenization of the system, themixture reactionwas stirred in the dark
for 30 min and degassed by bubbling nitrogen prior to the photochem-
ical reaction.

3. Results and discussion

3.1. Elemental analysis

Table 1 compares the nominal and the measured metal loadings in
wt. % and the Au:M atomic ratios for the Au–MxOy samples. As expected
from former studies on gold catalysts [16,17], the actual gold loadings
are very close to the theoretical value (0.5 wt.%), whether the catalyst
is mono or bimetallic. In the case of copper, silver, and nickel oxide
nanoparticles, the metal loadings showed good agreement with the
nominal values as reported in Table 1, confirming that metal oxide
nanoparticles of Cu, Ag, and Ni were not leached during Au deposition.

3.2. Oxidation state of the metals in the photocatalysts

Fig. 1 presents theXPS spectra collected from the samples previously
calcined at 300 °C under air flow. For all samples, the Ti 2p spectrum
showed two components at binding energies (BE) 2p3/2 457.8 eV and
2p1/2 463.2 eV characteristic of Ti4+. XPS peaks in the gold 4f region
were fitted with Doniach–Sunjic type curves [18]. The position of the
Au 4f peaks, both in monometallic and bimetallic photocatalysts,
showed that for each case the characteristic signal 4f7/2 is in the range
of 82.8 and 83.2 eV (Fig. 1A). The position of that signal is slightly
lower than bulk gold, and it is usually assigned to small gold particles
in metallic state on reducible oxides, such as TiO2 [18–20]. It has been
reported that gold precursor after DPU synthesis decomposes upon
thermal treatment, either in oxidant or reductant atmosphere, due to
the instability of gold oxide [18].

The XPS spectra of Ag/TiO2 and Au–Ag/TiO2 catalysts present peaks
of Ag 3d3/2 and 3d5/2 at 373.0 and 367.1 eV, at 373.4 and 367.4 eV, re-
spectively. The position of these signals are close to those attributed to
silver oxides, AgO (367.05 eV) and Ag2O (367.6 eV), but not to metallic
silver (368.3 eV) [21]. See Fig. 1B. Moreover, in order to assess the oxi-
dation state of silver in these catalysts, the Auger parameter was calcu-
lated as: α = BE (Ag 3d5/2) + KE (Ag M4VV). The obtained values are
duction.

Au, MxOy or Au–MxOy particle size
(nm)

Hydrogen production
(μmol·h−1·g of catalyst−1)

– 17
2.0 ± 0.3 1204
1.8 ± 0.3 202
2.1 ± 0.2 842
1.8 ± 0.2 680
2.6 ± 0.1 980
2.5 ± 0.1 2064
2.5 ± 0.2 1636



Fig. 1. XPS spectra of the different catalysts evaluated for hydrogen production: A) Au/TiO2, B) Au–Ag2O/TiO2, C) Au–Cu2O/TiO2 and D) Au–NiO/TiO2.
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closer to those reported for Ag1+ [6,22,23] with α = 724. 3 eV, being
then Ag2O the main silver species.

The XPS spectrum of the bimetallic Au–Cu2O/TiO2 catalyst is pre-
sented in Fig. 1C; it shows typical doublet at 951.6 and 932.1 eV in the
Cu 2p region. The position and splitting (ΔBE = 20 eV) of these peaks
point to the presence of Cu1+, as Cu2O, but because of the low signal-
to-noise ratio, we cannot rule out a minor amount of metallic copper
[24]. The presence of Cu2+ can be excluded because of the absence of
the characteristic shake-up satellite lines of CuO [25].

Themonometallic sample of NiO/TiO2 presented signals in the 2d re-
gion corresponding to Ni 2p3/2 and Ni 2p1/2, at 854.9 and 872.7 eV, re-
spectively, along with the corresponding satellite peaks at 860.9 and
Fig. 2. UV–vis absorption spectra of the photocatalysts: A) Au and MxOy at 0.5
878.7 eV [21]. See Fig. 1D. These signals can be ascribed to the presence
of NiO and/or Ni(OH)2, and presented a good agreement with literature
[21,26].

3.3. Optical properties of photocatalysts

The UV–vis diffuse reflectance spectra for the photocatalysts con-
taining monometallic nanoparticles supported on titania are presented
in Fig. 2A. The photocatalyst containing gold nanoparticles in metallic
form (Au/TiO2) presents a typical absorption band in the visible region
from 500 to 600 nmwith amaximum at 550 nm. This signal is generat-
ed by the plasmonic resonance of light on the surface of the metallic
wt.% of metal loading B) Au–MxOy particles with atomic ratio Au:M 1:1.

image of Fig.�2
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nanoparticles of gold [28]. The samples containing metal oxides of Ag,
Cu, and Ni did not exhibit this intense absorption for the same metal
loading since they appeared in oxidized state after the thermal treat-
ment process, as confirmed by the XPS analysis.

Fig. 2B shows the UV–vis diffuse reflectance spectra for the TiO2

photocatalysts containing Au–MxOy nanoparticles. In all cases, an ab-
sorption band in the visible region is observed, with maximum absorp-
tions located at 542, 550 and 547 nm for the Au–Ag2O, Au–Cu2O, and
Au–NiO samples, respectively. These bands are attributed to metallic
gold nanoparticles since, as observed from the metal oxide samples,
Ag, Cu, and Ni in oxidized state do not present a plasmonic absorption
[15]. The band-gap energies were calculated by the Kubelka-Munk
(KM)method using the theory of optical absorption for indirect allowed
transitions [27] and are summarized in Table 1. It is observed that the
band-gap energy for the TiO2 samples containing metal or metal oxide
nanoparticles presents a slight displacement to lower energy values.

3.4. Particle size distribution

The particle size distribution and standard deviation were deter-
mined by measuring about 300 particles from each catalyst. Fig. 3
shows the particle size distribution for the Au and MxOy nanoparticles;
Fig. 4 shows the particle size distribution for the Au–MxOy catalysts; the
average particle size and standard deviations are reported in Table 1.
The average particle size for Au and MxOy samples is close to 2 nm,
whereas it is about 2.5 nm in the case of Au–MxOy/TiO2 samples.
These results indicate that the sequential deposition precipitation
method allows a good control of the formation of nanoparticles. More-
over, the textural properties of the photocatalysts, determined by the
BET method, were not altered by the metal incorporation; in all the
cases, the BET surface area was about 55 m2/g.

3.5. Hydrogen production of Au/TiO2 and MxOy/TiO2 nanoparticles
supported on TiO2

For comparative purposes, themetal loadingwas 0.5 wt. % for the Au/
TiO2 andMxOy/TiO2materials, this loadwas previously optimized for the
photocatalytic hydrogen production in Au/TiO2 catalysts [10]. The cata-
lystswere evaluated under the same reaction conditions; themost active
photocatalyst was Au/TiO2 which produced about 1200 μmol/h·g after
10 h of reaction; and in decreasing order it was followed by Cu2O/TiO2

(838 μmol/h·g), NiO/TiO2 (636 μmol/h·g), and, finally, the lowest activ-
ity for water splitting was obtained by the Ag2O/TiO2 photocatalyst
(200 μmol/h·g). See Fig. 5A. The outstanding activity of Au0 nanoparti-
cles reported here is in agreement with previous reports [3,7] showing
that gold nanoparticles are very efficient metallic co-catalysts for
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Fig. 3. Particle size distributions and HAADF images for photocatal
the water splitting reaction [8,9]. As determined by XPS, gold is present
in the metallic form, whereas silver, copper, and nickel are deposited
on TiO2 in different oxidized states.

The different activities obtained by thesematerials could be related to
thework functions of the nanoparticles used as co-catalysts, as proposed
by other authors, who found a correlation between the work function of
the nanoparticles and their resulting photoactivity [29,30]. The electron
transfer is facilitated from a material with a lower work function to an-
other with a higher value of work function, where this last material
acts as an efficient trap for the photogenerated electrons preventing
the e−/h+ recombination and as consequence, improving the photocata-
lytic activity [31,32]. Thework function values of TiO2(−4.0 eV) allow an
efficient electron transfer from TiO2 to Au nanoparticles (−5.1 eV) [33].
Cu2O(4.84 eV) [34] and NiO (5.2 eV) [35] present lower activity than
Au nanoparticles, also enhancing the photoactivity of bare TiO2. The
lowest activity of the metal oxides evaluated as co-catalysts for water
splitting was obtained by Ag2O possessing the lowest value of work
function (−4.7 eV) [33] (Fig. 5A).
A B

C D

ysts: a) Au/TiO2, b)Ag2O/TiO2, c) Cu2O/TiO2, and d) NiO/TiO2.
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On the other hand, it is known that surface plasmon resonance (SPR)
of gold nanoparticles can generate enhanced localized electric fields,
whichmay concentrate the light energy incident on the surface of com-
posite and generate more photo-excited electrons nearby [36–38], that
could also explain the highest photoactivity on the surface of Au/TiO2.
This enhancement has been previously observed and has been attribut-
ed to the strong electric fields created by the SPR of the Au nanopar-
ticles, which excite electron–hole pairs locally in the TiO2 at a rate
several orders of magnitude higher than the normal incident light
[37,38].

3.6. Hydrogen production using Au–MxOy/TiO2 photocatalysts

The hydrogen production profiles of Au–MxOy/TiO2 photocatalysts
were evaluated and compared to the most active monometallic
photocatalyst (Au/TiO2); the results are shown in Fig. 5B. The combina-
tion of bimetallic catalysts of Au–Cu2O and Au–NiO at 1:1 Au:M atomic
ratio improved the production of hydrogen obtained by the most ac-
tive catalyst Au/TiO2 0.5 wt. %. The presence of gold and metal oxides
like Cu2O or NiO as co-catalysts on TiO2 surface increased significantly
the production of hydrogen by avoiding the recombination of the
hole–electron pair and achieving the highest production of hydrogen.
The Au–Ag2O system had a detrimental effect compared to the Au/
TiO2 photocatalyst, inhibiting hydrogen production, probably because
of a lower electron transfer charge from TiO2 to the Au–Ag2O system.
Moreover Fig. 2B shows that SPR of Au is modified by the addition of
metal oxides to the Au/TiO2 system. It is well known that SPR is influ-
enced, among other factors, by the surrounding environment of gold
nanoparticles [36–38]. Modification of gold-SPR by the addition of
metal oxides to the Au/TiO2 catalyst may also explain the increased
photoactivity of Au–Cu2O/TiO2 and Au–NiO/TiO2 systems however a
deeper study about this topic is necessary to reach solid conclusions.

4. Conclusions

The Au–Cu2O and Au–NiO systems used as metal–metal oxide com-
posite catalysts supported on TiO2 increased effectively the production
of hydrogen obtained by monometallic gold nanoparticles. The deposi-
tion of these metals on the surface of the semiconductor by sequential
deposition produced well-dispersed and homogeneous metal oxide
nanoparticles, showing a good activity for photocatalytic water
splitting. The most active photocatalysts were Au–Cu2O/TiO2 and
Au–NiO/TiO2 with gold loadings of 0.5% and Au–MxOy atomic ratio
Au:M of 1:1. The enhanced photoactivity was a result of the Au pos-
itive effect on the semiconductors surface for the electron transfer
from TiO2 to Au–metal oxide nanoparticles.
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