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a b s t r a c t

The catalytic activity of Au/TiO2 (2 wt.% Au), Cu/TiO2 (2 wt.% Cu) and Au–Cu/TiO2 (1 wt.% Au–1 wt.% Cu)
catalysts were studied for partial oxidation of methanol (POM) to produce H2. The catalysts were charac-
terized by ICP-AES, XRD, TEM, TPR and XPS analyses. The bimetallic Au–Cu/TiO2 catalysts are more active,
stable and exhibit higher hydrogen selectively with smaller amount of CO compared to the monometallic
Au/TiO2 and Cu/TiO2 catalysts. The enhanced activity, selectivity and stability of the bimetallic catalysts
are due to Au–Cu interaction that creates smaller metal particles, which consequently stabilize the active
u–Cu bimetallic catalyst
iO2 support
artial oxidation of methanol
ydrogen
eposition–precipitation

component for POM to produce hydrogen. The activity of Au–Cu/TiO2 catalysts at different pH during
preparation, calcination temperature and reaction temperature were optimized. The Au–Cu/TiO2 catalysts
prepared at pH 7 and dried at 373 K show higher activity. The catalytic performance at various reaction
temperatures shows that the methanol conversion and hydrogen selectivity are increased with rise in
temperature. The CO selectivity is increased beyond 548 K. Other possible reactions involved during POM
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are suggested as methano
gas shift and CO oxidation

. Introduction

Fuel cells are expected to play a major role in the future for
heir high efficiency and low emission of pollutants. In particu-
ar, polymer electrolyte fuel cell (PEFC) systems using hydrogen as
n energy source have attracted much attention due to their low
perating temperature [1]. Methanol has been recommended as
he best source for hydrogen fuel among the high energy density
iquid fuels. Methanol can be converted to hydrogen by several reac-
ions, including methanol steam reforming [2,3], partial oxidation
f methanol [4–6], oxidative methanol reforming [7] and methanol
ecomposition [8]. Partial oxidation of methanol (POM) offers the
dvantages of an exothermic reaction with high reaction rates (Eq.
1)):

H3OH + (1/2)O2 → 2H2 + CO2; �H◦
298 = −192.5 kJ/mol (1)

Supported copper, palladium, platinum and gold have been
eported as catalysts for hydrogen generation from methanol by

OM. Copper containing catalysts [6,9,10] give similar results as
upported palladium catalysts [4,5]. The main disadvantage of these
atalysts is formation of considerable amount of carbon monox-
de, which deactivates the precious Pt electrode. The interests in

∗ Corresponding author. Tel.: +886 3 4227151x34202; fax: +886 3 4252296.
E-mail address: fwchang@cc.ncu.edu.tw (F.-W. Chang).
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ano-sized gold supported catalysts are extremely increased due to
heir high activity in different reactions at low temperatures [11].
he use of these catalysts for POM showed that these catalysts can
roduce CO-free hydrogen [12]. Several studies demonstrate that
ctivity and stability of the gold catalyst increased if it is supported
n, or promoted by, transition-metal oxides [13–18]. For instance,
u/Al2O3 catalyst modified by copper oxide exhibited high catalytic
ctivity in CO oxidation [13]. Lin et al. [14] studied the effect of dif-
erent oxidic additives such as Cu, Fe, Ce, Li and Ti on the activity
f Au/Al2O3 catalysts for ammonia oxidation. Of these additives,
opper showed higher activity and selectivity towards the desired
roduct. The addition of Cu or copper oxide to Au catalyst was stud-

ed for several other reactions including water gas shift (WGS) [15],
otal oxidation of methane, ethane and propane [16] and epoxida-
ion of propene [17]. In composite catalysts, two different materials
omplement each other in electronic properties, oxygen mobility
nd surface stability [18].

In the present study, the interaction of Au and Cu in Au–Cu/TiO2
imetallic catalyst was investigated. For this, the catalytic activity
f bimetallic Au–Cu/TiO2 catalyst was compared with its corre-
ponding monometallic Au/TiO2 and Cu/TiO2 catalysts for POM

o produce H2. In addition, the experimental parameters such as
H during preparation of the catalyst, calcination temperature and
eaction temperature on the activity of Au–Cu/TiO2 catalysts were
ptimized. We employed several techniques to identify the sur-
ace morphology, composition, oxidation state and crystallite size

http://www.sciencedirect.com/science/journal/13811169
mailto:fwchang@cc.ncu.edu.tw
dx.doi.org/10.1016/j.molcata.2008.06.017


r Cata

b
A
(
p

2

2

A
p
c
p
(
t
w
t
t
a
u
a
f

2

t
o
r
d

d
w
7

m
i
a
j

o
T
S
t
b

m
g
t
3
r
w
1
d
c

2

r
r
t
o
f
c
m
C
T
a
s
a
c
S

3

3

g
o
1
v
i
w
w
d

T
S

C

A
C
A
A
A
A
A
A
A
A

T.-C. Ou et al. / Journal of Molecula

y inductively coupled plasma atomic emission spectroscopy (ICP-
ES), X-ray diffraction (XRD), transmission electron microscopy

TEM), X-ray photoelectron spectroscopy (XPS) and temperature-
rogrammed reduction (TPR) analyses.

. Experimental

.1. Catalyst preparation

Au/TiO2 (2 wt.% Au), Cu/TiO2 (2 wt.% Cu) and Au–Cu/TiO2 (1 wt.%
u, 1 wt.% Cu) catalysts with a total metal loading of 2 wt.% were
repared by deposition–precipitation method [12], using tetra-
hloroauric acid (HAuCl4·3H2O, 99.99%, Alfa Aesar), copper nitrate
entahemihydrate (Cu(NO3)2·2.5H2O, Riedel-deHaën) and TiO2
Degussa P25, BET surface area 50 m2/g). Typically, an aqueous solu-
ion of HAuCl4·3H2O and/or Cu(NO3)2·2.5H2O were mixed together
ith stirring at 343 K. The pH was adjusted to the desired value by

he addition of small amounts of 0.1N NaOH. This was followed by
he addition of the TiO2 support material. The slurry was then aged
t 343 K for 2 h. The precipitates were filtered and washed carefully
ntil all chloride ions were removed. The samples were dried in air
t 373 K for 24 h and finally calcined in air at different temperatures
or 4 h.

.2. Catalyst characterization

The bulk amount of gold and copper in the catalysts were quan-
ified by ICP-AES using a Jobin Yvon JY-24 spectrometer. A portion
f 0.02 g of catalyst was dissolved by aqua regia (HNO3:HCl, in 1:3
atio) and then microwaved for 15 min. The solution was cooled
own and diluted within the detection limit of the instrument.

XRD measurement was performed using a Bruker D8A X-ray
iffractometer operated at 40 kV and 30 mA using Cu K� radiation
ith a wavelength of 1.5406 Å. The scanning angle was from 10◦ to

0◦ at a rate of 0.02◦/s.
TEM analysis was performed on a JEOL JEM-2000FX II, instru-

ent operated at 160 kV. The sample preparation was described
n detail elsewhere [19]. From each sample, about one hundred Au
nd Cu particles were measured carefully in order to determine a
ustified average particle size and size distribution.

XPS technique was performed to determine the chemical state

f surface Au and Cu in Au–Cu/TiO2 catalyst at different conditions.
he measurements were carried out on a Thermo VG Scientific
igma Probe spectrometer using monochromatized Al K� radia-
ion (1486.6 eV). The binding energies were determined utilizing
y C 1s spectrum as reference at 285 eV.

s
m
p
c
y

able 1
urface properties of Au/TiO2 (2 wt.% Au), Cu/TiO2 (2 wt.% Cu) and Au–Cu/TiO2 (1 wt.% Au

atalyst pH Calcination temperature (K) Metal

Au

u/TiO2 7 Uncalcined 1.729
u/TiO2 7 Uncalcined 0
u–Cu/TiO2 5 Uncalcined 0.892
u–Cu/TiO2 6 Uncalcined 0.896
u–Cu/TiO2 7 Uncalcined 0.980
u–Cu/TiO2 8 Uncalcined 0.693
u–Cu/TiO2 7 473 0.980
u–Cu/TiO2 7 573 0.980
u–Cu/TiO2 7 673 0.980
u–Cu/TiO2

c 7 Uncalcined 0.980

a ICP-AES method.
b Calculated from TEM data.
c After POM reaction at 523 K for 3 h.
lysis A: Chemical 293 (2008) 8–16 9

The TPR experiment was performed in a U-shaped microreactor
ade of quartz, surrounded with a furnace controlled by a pro-

ramming heating system. Prior to the TPR experiment, 40 mg of
he catalyst sample was pretreated under flowing Ar (50 ml/min) at
73 K for 45 min. After the pretreatment, the sample was cooled to
oom temperature. A reducing gas composed of 5% H2 plus 95% Ar
as employed at a flow rate of 50 ml/min, with a heating ramp of

0 K/min from 323 to 673 K. The amount of hydrogen consumed was
etermined by gas chromatography (GC) equipped with a thermal
onductivity detector (TCD).

.3. Catalytic activity measurements

Partial oxidation of methanol was carried out using an appa-
atus, which has been described in detail elsewhere [12]. The
eaction was carried out at atmospheric pressure and at tempera-
ures between 473 and 598 K, using a U-shaped microreactor made
f quartz (i.d. = 4 mm). The reactor was located in a programmable
urnace with a type K thermocouple placed in the center of the
atalyst bed. The Ar and O2 were transported by Brooks 5850E
ass flow meters with a precision controller (Protec Instrument

o. Ltd., Model: PC-540) to control the total flow rate at 60 ml/min.
he molar composition of methanol in the feed was 392 �mol/min,
nd the molar ratio of O2/CH3OH was kept at 0.3 with a gas hourly
pace velocity (GHSV) of 48,000 h−1. The reaction products were
nalyzed on-line by two gas chromatographs (GC) with thermal
onductivity detectors equipped with porapak Q and carbosieve
-II columns.

. Results and discussion

.1. Metal loading at various pH during preparation of the catalyst

Elemental analysis of the samples was determined to verify the
old and copper content at various pH values during preparation
f Au–Cu/TiO2 catalysts. With nominal loadings of 1 wt.% Au and
wt.% Cu, the fraction of these metals deposited on the support at
arious pH values during the preparation of the catalysts are listed
n Table 1. A maximum deposition of gold was observed at pH 7

ith 0.98 wt.%. At the same time, complete deposition of copper
as observed at pH values between 7 and 8. The fraction of gold
eposited on the support obviously decreased at pH 8. The depo-

ition of metals on the support is governed by the composition of
etal species in solution at various pH values and charge of the sup-

ort material at various pH values. The composition of the gold and
opper species in solution is pH dependent. The extent of hydrol-
sis of metal species increases with rise in pH. The main species

, 1 wt.% Cu) catalysts

loading (wt.%)a Average particle size of Au and Cu (nm)b

Cu

0 3.1
1.770 1.7
0.844 3.4
0.988 2.6
1.000 2.6
1.000 2.6
1.000 2.4
1.000 3.0
1.000 3.3
1.000 3.0
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f Au in solution was transformed from AuCl4− to Au(OH)nCl4−n
−

n = 1–3) above pH 6. The value of n was closed to 3 at pH 6. At
ower pH, there was less hydrolysis of the Au–Cl bond [20]. Sim-
lar phenomena have also been applicable for copper nitrate to
opper hydroxide. Furthermore, the charge on the TiO2 surface is
lso pH dependent. The isoelectric point of Degussa P25 TiO2 is
.2–6.4 [21]. Below the isoelectric point (<pH 6.2–6.4) of the sup-
ort, the surface charge was positive due to the protonation of
he surface hydroxyls; above pH 6 the charge was negative due
o the removal of protons from the surface hydroxyls. Therefore,
lectrostatic adsorptions of the gold and copper anions were pos-
ible below the IEP value [22]. The adsorption of the negatively
harged Au(OH)nCl4−n

− complex decreases rapidly above the IEP
alue. In the present study, higher gold uptake was observed at pH
. However, as the pH increased further, lower uptake of gold was
ccurred. This can be explained as the surface of the support was
egatively charged resulting in an electrostatic repulsion of gold
nions at higher pH, and this resulted in the decreased amount of
old uptake at pH 8. These results are in agreement with Moreau
nd Bond [23], Baatz and Brüße [24], Lee and Gavriilidis [25] and
hang et al. [26].

.2. XRD

Fig. 1 shows the X-ray diffraction patterns of Au/TiO2, Cu/TiO2
nd Au–Cu/TiO2 catalysts dried at 373 K. The figure reveals that
ost of the reflections are from the support TiO2 (anatase and

utile). The Au/TiO2 and Au–Cu/TiO2 catalysts showed Au2O3
iffraction peak at 2� = 49.8◦ (JCPDS 24-0462) (Fig. 1a and c), which
roves the existence of oxidic Au species in these samples. The

ntensity of the oxidic Au peak is smaller in Au–Cu/TiO2 com-
ared to Au/TiO2 sample. This is because of lesser Au loading in
he Au–Cu/TiO2 (1 wt.%) than Au/TiO2 (2 wt.%). Small intense reflec-
ions for metallic gold at 2� = 38.2◦ and 44.4◦ were observed in
hese catalysts. The low intensity of these peaks may be due to
he presence of small gold particles, which are highly dispersed
n the support. The peaks correspond to CuO were observed at
5.4◦, 38.7◦, 44.2◦ and 61.5◦ in Cu/TiO2 and Au–Cu/TiO2 cata-

ysts (Fig. 1b and c). The peak at 44.2◦ is superimposing with
he Au0 peak at 44.4◦. Peaks correspond to Cu2O and metallic Cu

ere not observed. This specifies that the particle size of Cu2O

s too small to be detectable by XRD. XPS analysis was subse-
uently adapted to examine the oxidation state of Au and Cu
pecies at different calcination temperatures and after catalytic
est.

ig. 1. XRD patterns of: (a) Au/TiO2 (2 wt.%); (b) Cu/TiO2 (2 wt.%); (c) Au–Cu/TiO2

1–1 wt.%) (uncalcined, dried at 373 K; pH, 7).
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.3. TEM

The particle size of gold and copper species in bimetallic
u–Cu/TiO2 catalyst and its corresponding monometallic Au/TiO2
nd Cu/TiO2 catalysts were examined by TEM analysis. The effect of
H during preparation and effect of calcination temperature on the
article size of Au and Cu in Au–Cu/TiO2 catalyst were also investi-
ated in detail. In addition, to understand the stability of the catalyst
uring reaction, the particle size of gold and copper in the sample
fter POM reaction were measured. The results were reported in
able 1. In Au/TiO2 catalyst, the Au particles were in a wide range of
.0–4.0 nm. The average size was estimated as 3.1 nm. In Cu/TiO2
atalyst, the diameter of copper was in the range of 1.0–2.2 nm
ith a mean diameter of 1.7 nm. For the bimetallic Au–Cu/TiO2

atalyst, since the gold and copper particles are difficult to iden-
ify separately in the TEM picture, the particle size of Au and Cu
ere measured altogether. Major fraction of gold and copper par-

icles is in the range of 1.0–4.0 nm with an average size of 2.6 nm.
he particle size of Au and Cu at different pH during preparation
f Au–Cu/TiO2 catalyst showed that there was a slight decrease in
he average size of gold and copper with increase in pH. At pH 5
he average size of Au and Cu was 3.4 nm. However as the pH is
aised, negligible agglomeration occurs, which resulted in smaller
etal particles on the support. Therefore at pH between 6 and 8,
uniform size of homogeneously dispersed particle with a mean
iameter of 2.6 nm was observed. The main reason for the large
ized Au and Cu at lower pH is due to the retention of chlorine and
itrogen in the gold and copper complex ions. For example, the
old precursor (HAuCl4) in water may yield three kinds of possible
old species. At pH 5.5–7.0 most of the Au precursor is present as
uCln(OH)4−n

−, which can dissolve in water. At pH between 7 and
, most of the Cl− ions were displaced by OH−, leading to a neutrally
harged Au(OH)3 species, which precipitates from the solution.
nder basic condition the Au(OH)3 dissolve again as Au(OH)4

−.
imilar hydrolysis has also been occurred in copper species. The
H of the precipitation solution is very important not only to deter-
ine the speciation of AuCln(OH)4−n

− and Cu(NO3)n(OH)3−n
−, but

lso influences the amount of chloride and nitrate ions adsorbed
n the support. The amount of adsorbed chloride and nitrate ions
n the support depends on the isoelectric point of the support and
ts adsorption capacity [27]. At lower pH, the chloride and nitrate
ons exist in solution and are apparently more mobile than those
t higher pH. They seem to aggregate into larger clusters during
rying, resulted in the formation of large sized gold and copper
articles. In order to understand the stability of metal particles in
he bimetallic Au–Cu/TiO2 catalyst, TEM study was performed at
arious calcination temperatures and after catalytic test. In uncal-
ined sample, average particle size was 2.6 nm. After calcination at
73 K, the mean particle size of gold and copper became smaller
han those observed in uncalcined sample. In this sample major
raction of gold and copper particles was in the range of 1.0–4.0 nm
nd exhibited an average particle size of 2.4 nm. Previous studies
n supported Au catalysts also showed similar smaller Au particles
fter calcination at 473 K [19,28]. The reduced size after calcination
as explained in terms of conversion of few large-sized oxidized

old species to metallic form. In the sample calcined at 573 K, major
raction of gold and copper particles is in the range of 1.0–5.0 nm
ith an average value of 3 nm. After calcination at 673 K, although

he particle size varied between 2 and 6 nm, most of the particles are
n the range of 2.0–5.0 nm. The average particle size was estimated

s 3.3 nm. It is noteworthy that the mean size of Au and Cu particles
ere not affected much even after calcination at 673 K. The particle

ize of Au in Au/TiO2 sample was increased from 2.9 to 4.3 nm after
alcination at 673 K in our previous study [12]. In the Au–Cu/TiO2
atalyst, presence of copper preserved the Au metal particles dur-
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ig. 2. XPS spectra of Au 4f region for Au–Cu/TiO2 (1–1 wt.%) catalysts calcined at di
OM reaction at 523 K for 3 h.

ng calcination process to a large extent. To understand the particle
orphology and particle size of gold and copper in the catalyst

ample after POM reaction, the used sample was well-mixed and
haracterized by TEM technique. It is interesting to note that there
as no obvious change in particle size after catalytic test (Table 1).

he mean diameter (3 nm) was similar for the sample before and
fter reaction. There was an increase of Au particle size from 2.9 to
.4 nm after catalytic test in our previous study on Au/TiO2 catalyst
12]. This proves that the presence of copper in Au–Cu/TiO2 cata-
ysts preserved the Au particle size during POM reaction. Therefore,
he essential factor of small Au in supported gold catalysts has been
ulfilled by the presence of copper species in the catalyst sample.

.4. XPS

To obtain information on the chemical states of the gold and
opper species in Au–Cu/TiO2 catalysts at different calcination
emperatures and after POM reaction, XPS was employed. Fig. 2

ompares the XPS spectra of Au 4f core level performed on the
u–Cu/TiO2 catalyst calcined at different temperatures and after
OM reaction at 523 K for 3 h. In the figure, each gold species shows
wo peaks due to the Au 4f7/2 and to the Au 4f5/2 transitions. The XPS
pectra of Au 4f level for all samples were deconvoluted into three

4
t
t
s
s

able 2
PS data of Au 4f and Cu 2p region for different Au–Cu/TiO2 catalysts

ample Au0 (%) Auı+ (%) A

u–Cu/TiO2 uncalcined 11.5 81.6 6
u–Cu/TiO2 calcined at 473 K 28 67.2 4
u–Cu/TiO2 calcined at 673 K 49.5 50.5 0
u–Cu/TiO2 uncalcined, after POM reaction 27.3 68.6 4
t temperatures: (a) uncalcined; (b) calcined at 473 K; (c) calcined at 673 K; (d) after

airs of peaks with Au 4f7/2 binding energy 84, 86.2 and 84.7 eV for
u0, Au3+ and Auı+ species, respectively [29,30]. The corresponding
urface distributions of gold and copper species in the catalysts are
eported in Table 2. In the uncalcined Au–Cu/TiO2 sample, there
xisted Auı+ (81.6%), Au3+ (6.9%) and Au0 (11.5%) species (Fig. 2a
nd Table 2). The peaks became sharper and shifted to lower bind-
ng energy after calcination process. This suggests that there is a
hange in the composition of different gold species in the sam-
le. The deconvoluted data in Table 2 shows that the amount of
xidized gold species decreased with consequent increase in the
mount of metallic gold species during calcination. Nevertheless,
omplete reduction of oxidized gold species to metallic gold was
ot observed as evidenced by the presence of Auı+ (50.5%) species
ven after calcination at 673 K (Fig. 2c). Previous literature con-
rmed that the oxidized gold reduced completely to metallic gold
eyond 523 K [31]. This suggests that presence of reducible copper
pecies in Au–Cu/TiO2 catalysts stabilized the ionic gold species
ven after calcination at high temperatures. Fig. 2d shows the Au

f region of the uncalcined Au–Cu/TiO2 catalyst after POM reac-
ion. In these samples, only few oxidized Au species were reduced
o metallic Au (Table 2). Nevertheless, complete reduction of Au
pecies was not observed. Fig. 3 shows the X-ray photoelectron
pectra of Cu 2p3/2 core level for Au–Cu/TiO2 samples, calcined

u3+ (%) Cu0 (%) Cu2O (%) CuO (%) Cu(OH)2 (%)

.9 0 62.1 20.3 17.6

.8 0 66.1 33.9 0
0 63.3 36.7 0

.1 13.8 57.9 28.3 0
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Gervasini and Bennici [36]. TPR profile of bimetallic Au–Cu/TiO2
sample showed a single reduction peak at 354 K (Fig. 4c), the con-
sumption of hydrogen for this catalyst is 141.3 �mol/g. This peak
was assigned to the reduction of CuO to Cu0. It is important to
note that the presence of gold leads to a considerable lowering
ig. 3. XPS spectra of Cu 2p region for Au–Cu/TiO2 (1–1 wt.%) catalysts calcined at d
OM reaction at 523 K for 3 h.

t different temperatures along with the spectra recorded for the
ample after exposure to POM reaction at 523 K for 3 h. The peaks
ere deconvoluted for different copper species in the sample. The
eaks at 932.3, 932.7, 934 and 934.8 eV were contributed by Cu2O,
u0, CuO and Cu(OH)2, respectively [29,32,33]. The composition
f different copper species were given in Table 2. The Cu 2p3/2
eak of uncalcined sample (Fig. 3a) composed of three main peaks
t 932.5, 934 and 934.8 eV, which corresponds to Cu(OH)2, CuO
nd Cu2O, respectively. The Cu(OH)2 species was completely dis-
ppeared after calcination (Fig. 3b and c). In the uncalcined sample
fter exposure to POM reaction, the Cu(OH)2 species was com-
letely disappeared and metallic Cu was formed (Fig. 3d). Therefore,
etallic Cu, Cu2O and CuO species were coexisted in the sample

fter POM reaction. Previous studies on POM over Cu/ZnO catalyst
lso illustrate the existence of oxidized and reduced copper species
n the surface of the catalysts under working conditions during
OM reaction [6].

.5. TPR

TPR technique was employed to gather information on the sur-
ace structure and interactions between the metals and the support
n Au–Cu/TiO2 catalyst. Fig. 4 displays the TPR profiles of Au/TiO2
2 wt.% Au), Cu/TiO2 (2 wt.% Cu) and Au–Cu/TiO2 (1 wt.% Au–1 wt.%
u) catalysts prepared at pH 7 and were dried in air at 373 K. In
ll TPR profiles, the reduction process was completed before 435 K.

or Au/TiO2 catalyst, there was no signal for the reduction of oxi-
ized gold species (Fig. 4a). As the oxides of gold in the catalyst are
resent in small amounts, the hydrogen consumption by the reduc-
ion of oxidic Au was less than the detection limit of TCD. The other
ossibility is that gold is the most electronegative metal and its elec-

F
(

t temperatures: (a) uncalcined; (b) calcined at 473 K; (c) calcined at 673 K; (d) after

ron affinity is greater than oxygen. Furthermore, the high value
f Au+/Au0 couple (+1.691 V) makes the auto-reduction of AuxOy

efore the TPR system getting balanced [34]. Fig. 4b shows the TPR
pectrum of Cu/TiO2 catalyst, the hydrogen consumption of this cat-
lyst is 136.9 �mol/g. The reduction peak at 415 K with a shoulder
t 425 K could be assigned to reduction peaks for Cu2O and CuO to
etallic copper, respectively [35]. It agrees with the literature from
ig. 4. TPR profiles of: (a) Au/TiO2 (2 wt.%); (b) Cu/TiO2 (2 wt.%); (c) Au–Cu/TiO2

1–1 wt.%) prepared at pH 7 (uncalcined, dried at 373 K).
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species preserved the Au particle growth (Table 1). The high activity,
ig. 5. TPR profiles of Au–Cu/TiO2 (1–1 wt.%) catalysts calcined at different temper-
tures: (a) uncalcined; (b) calcined at 473 K; (c) calcined at 573 K; (d) calcined at
73 K (pH, 7).

f the reduction temperature from the range of 415–425 to 354 K.
ne possible reason is in the catalyst, gold enhanced the disper-

ion of CuO thereby preserving smaller CuO particles [37]. Another
robable explanation is that gold in the samples could weaken the
ond strength of Cu–O and thereby enhanced the reduction of CuO

nto metallic copper [38]. It leads one to suppose that bimetal-
ic entities are present in all these bimetallic catalysts. Epron et
l. [39] observed similar results for the Pt–Cu bimetallic catalyst
upported on �-Al2O3. Furthermore, it agrees well with the pre-
ious studies on Au/CuO catalysts [16]. Fig. 5 presents the TPR
urves of Au–Cu/TiO2 catalyst sample calcined at different temper-
tures. The TPR profile of the uncalcined sample (Figs. 4c and 5a)
hows a single reduction peak centered at ca. 354 K. The sample
alcined at 473 K shows a broad reduction peak at 375 K along with
low temperature shoulder peak at 352 K (Fig. 5b), and the hydro-
en consumption of this sample is 125.3 �mol/g. The existence of
he two peaks in sample calcined at 473 K might result from the
resence of CuO in two different environments, differing in their

nteraction with the support. One was represented by small CuO
articles which were highly dispersed and reduced at lower tem-
erature [37]. Another was represented by large sized CuO particles,
hich reduced at higher temperature [40]. Fig. 5c and d shows

he TPR profiles of the Au–Cu/TiO2 catalyst calcined at 573 and
73 K, respectively. Both samples showed a single reduction peak.
he real hydrogen consumptions for these two catalysts are 67.1
nd 66.5 �mol/g, respectively. However, the position of the peak
hifted towards higher temperature as the calcination tempera-
ure increased. The reduction temperatures were 408 and 421 K
or the sample calcined at 573 and 673 K, respectively. The higher
eduction temperature indicates the presence of slightly larger CuO
rystallites [40]. Robertson et al. [41] and van der Grift et al. [42]
tudied CuO/SiO2 catalysts and found that the highly dispersed
opper oxide species was more easily reduced than the bulk CuO.
oreover, the reduction peak becomes sharper in the sample cal-

ined at 673 K than those of the sample calcined at 573 K, which
ndicates the narrower distribution of large sized CuO particles in
he sample calcined at 673 K.

.6. Catalytic activity

The catalytic activity and product distribution in the POM over

u–Cu/TiO2 catalyst were studied. The activity of Au–Cu/TiO2 cat-
lyst was compared with Au/TiO2 and Cu/TiO2 catalysts. In order
o produce highly active catalyst for POM to produce hydrogen,
he experimental parameters, such as pH during preparation of the

s
t
a
T

ig. 6. Catalytic performance of Au/TiO2, Cu/TiO2 and Au–Cu/TiO2 catalysts for
H3OH conversion, H2 selectivity and CO selectivity for POM (uncalcined, dried at
73 K; pH, 7; O2/CH3OH ratio, 0.3; reaction temperature, 523 K).

atalysts, calcination temperature and reaction temperature were
ptimized. The definitions of CH3OH conversion, O2 conversion, H2
electivity and CO selectivity were listed below:

CH3OH conversion (%) = (moles of CH3OH consumed/moles of
CH3OH fed) × 100%;
O2 conversion (%) = (moles of O2 consumed/moles of O2
fed) × 100%;
H2 selectivity (%) = (moles of H2 produced × 0.5/moles of CH3OH
consumed) × 100%;
CO selectivity (%) = (moles of CO produced/moles of CH3OH con-
sumed) × 100%.

The catalytic activity and product distribution in the POM over
u/TiO2 (2 wt.% Au), Cu/TiO2 (2 wt.% Cu) and Au–Cu/TiO2 (1 wt.%
u–1 wt.% Cu) catalysts were compared at 523 K. The product anal-
sis shows that H2 and CO2 are the major products and CO and
2O are the by-products. In addition, traces of HCHO, CH4 and
COOCH3 were detected. Fig. 6 shows the CH3OH conversion, H2

electivity and CO selectivity during POM over Au/TiO2, Cu/TiO2 and
u–Cu/TiO2 catalysts. The bimetallic Au–Cu/TiO2 catalysts showed
igher activity in terms of methanol conversion and hydrogen
electivity than the monometallic Au/TiO2 and Cu/TiO2 catalysts.
oncerning the stability of the catalysts, there was a slight decrease

n CH3OH conversion with reaction time in both monometallic cat-
lysts. It is noteworthy that the bimetallic catalysts showed stable
ethanol conversion for 12 h. The Au/TiO2 catalyst exhibited low
2 selectivity and it decreased with reaction time. The Cu/TiO2 and
u–Cu/TiO2 catalysts showed high H2 selectivity and it decreased
ith reaction time. The decrease was much higher in Cu/TiO2 cat-

lyst than Au–Cu/TiO2 catalyst. The main disadvantage of Cu/TiO2
atalyst is that the catalyst produced high CO as by-product. The
imetallic catalyst showed much lower CO selectivity through-
ut the long catalytic run. The Cu/TiO2 catalyst showed higher CO
electivity compared to Au–Cu/TiO2 catalyst. Previous studies also
howed a similar higher CO selectivity in Cu/ZnO catalysts [6,9]. In
u/TiO2 catalyst, the CO selectivity was lower at the beginning, but
significant increase was observed with reaction time. The higher
O selectivity was due to agglomeration of Au nano-particles with
eaction time, which resist the secondary favorable reaction such
s, CO oxidation and water gas shift. However, this type of Au parti-
le growth was not expected in Au–Cu/TiO2 catalyst, where copper
electivity and stability of the bimetallic catalyst, correlate closely
o the charge transfer in metal–metal species, which increase the
vailability of reactive oxygen. Recalling the experimental data of
PR in Fig. 4, the Au–Cu/TiO2 catalyst displayed lowest reduction
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of Au was not the cause for this decrease. XPS analysis shows that
ig. 7. Effect of pH on CH3OH conversion, H2 selectivity and CO selectivity for POM
ver Au–Cu/TiO2 (1–1 wt.%) catalysts (uncalcined, dried at 373 K; O2/CH3OH ratio,
.3; reaction temperature, 523 K; reaction time, 90 min).

emperature for the reduction of copper oxide compared to Cu/TiO2.
his indicates the presence of small CuO particle in the bimetallic
ystem and hence a higher dispersion of the catalyst. This suggests
arge interfacial area resulting from nano-size Cu or Au clusters
nables electronic and chemical interactions between the two met-
ls to occur to a large extent [43]. The interaction of gold with copper
acilitates the activation of sites due to change of redox and elec-
ronic properties of gold species [13]. Pestryakov et al. [44] reported
hat the dispersed particles of gold are oxidized easier than large
ggregates. In our study, XPS analysis revealed the presence of cop-
er in Au–Cu/TiO2 catalysts stabilized the ionic gold species (Auı+)
uring calcination and after catalytic run (Fig. 2 and Table 2). The

onic gold species has been suggested as an active component for
upported gold catalysts [20]. Liu [43] proposed a unified mecha-
istic model for a chemical reaction. According to this model, there
as a transfer of oxygen atom from one molecule to another in

hemical reaction. This suggests that in supported gold catalysts
ontaining copper species, small gold particles were stabilized,
hich consequently increase the ionic gold species by O2 activa-

ion. This activation is related to the ability of the copper species
n supplying the active oxygen during the catalytic reaction. The
xygen vacancy created on copper can be filled by O2 from the feed
nd again leave activated oxygen on the surface. The highly reactive
xygen further involves in the POM and produce hydrogen. These
rocesses are continuing during the reaction and facilitating stable
ctivity. Therefore, the enhanced activity, selectivity and stability
f the bimetallic catalysts are due to metal–metal interaction. This
nteraction caused by the redox properties of Cu, which stabilize
he active Auı+ species and also stabilize the Au particle size.

Fig. 7 shows the catalytic activity of Au–Cu/TiO2 catalyst pre-
ared at different pH. It reveals that the methanol conversion

ncreased with increase in pH and reached a maximum at pH 7,
hereafter it decreased. The H2 selectivity was also increased with
ncrease in pH and it dropped at pH 8. The behavior of the catalysts
repared at various pH in methanol conversion and H2 selectivity
ere explained in terms of amount of Au and Cu deposited on TiO2

nd the mean particle size of Au and Cu at various pH values. The
H of preparation has the remarkable influence on the particle size
f Au and Cu and metal loading (Table 1). The lower activity at pH
has been explained in terms of presence of large sized Au and Cu

articles and lower Au and Cu loadings on the support. The selec-
ivity towards CO was decreased with rise in pH from 5 to 6 and
eached a minimum at pH 7 and then increased continuously with
ise in pH. At pH 7, high CH3OH conversion and H2 selectivity with

t
p
p
o

ig. 8. Effect of calcination temperature on CH3OH conversion and H2 selectivity
or POM over Au–Cu/TiO2 (1–1 wt.%) catalysts (pH, 7; O2/CH3OH ratio, 0.3; reaction
emperature, 523 K; reaction time, 90 min).

esser amount of CO was observed. This is due to higher Au and Cu
oadings and smaller Au and Cu particles in these catalysts. Similar
ffects of pH on gold particle size, gold uptake and catalytic activity
as reported in the literuature [20,45]. Since the catalyst prepared

t pH 7 exhibited higher methanol conversion and hydrogen selec-
ivity with smaller CO selectivity, the catalyst samples prepared at
H 7 has been used for further study.

Fig. 8 demonstrates the effect of calcination temperature on the
atalytic activity of Au–Cu/TiO2 catalysts prepared at pH 7. With
ncreasing calcination temperature, a slight decrease in CH3OH
onversion was observed. On the other hand, there was no sig-
ificant change in hydrogen selectivity. In our previous study on
u/TiO2–Fe2O3 catalyst, a considerable decrease in H2 selectivity
ith rise in calcination temperature was observed, which was due

o the absence of Auı+ species [19]. Guzman and Gates [46] found
hat the supported gold catalysts displayed well in CO oxidation
ontained Auı+ species and they proposed these species as cat-
lytic sites in the catalysts. Concurrently, particle size of Au also
lays an important role in determining the activity of the cata-

yst, with small gold particles exhibit higher catalytic activity. In
he present study, TEM and XPS studies were undertaken for the
u–Cu/TiO2 sample calcined at different temperatures to find out
he active component in the catalyst. TEM analysis revealed that
he size of the Au and Cu particles was not affected much with
alcination temperature. This suggests that the presence of copper
articles preserves the Au particle size during calcination process to
large extent. XPS analysis illustrates that the catalyst is composed
f Au0, Au3+ and Auı+ species with varying amount at different cal-
ination temperatures. The active component for supported gold
atalyst, i.e. Auı+ species is noticeably present even in the sample
alcined at 673 K. Therefore, the presence of easily reducible copper
pecies in Au–Cu/TiO2 catalyst not only stabilized the Au particle
ize but also preserved the active component in the catalyst during
alcination process. This arises by chemical interaction between Au
nd Cu species. TPR analysis clearly proves the interaction between
u and Cu. Nevertheless, the small decrease in activity in terms
f methanol conversion with calcination temperature has to taken
nto consideration to find out the cause for this decrease in activity.
he uncalcined catalyst shows slightly larger particles compared to
he one calcined at 473 K (Table 1). This suggests that particle size
he uncalcined sample mainly composed of oxidized gold species
referably the Auı+ species, which is the active component for sup-
orted gold catalysts. With increasing calcination temperature, the
xidized gold species partially reduced to metallic Au. The sample
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ig. 9. Effect of reaction temperature on CH3OH conversion, O2 conversion, H2 selec-
ivity and CO selectivity for POM over Au–Cu/TiO2 (1–1 wt.%) catalysts (uncalcined,
ried at 373 K; pH, 7; O2/CH3OH ratio, 0.3; reaction time, 90 min).

fter calcination at 673 K is mainly composed of Au0 (49.5%) and
uı+ (50.5%) species (Table 2). Therefore, it is suggested that the
light decrease in activity with calcination temperature is caused
y the presence of comparatively lesser amount of oxidized gold
pecies (Auı+) in the catalyst sample. The active component in the
atalyst is not completely reduced to metallic Au even after calci-
ation at 673 K and these catalysts exhibited good activity for POM
eaction. Since the Au–Cu/TiO2 catalyst sample without calcination
tself showed better performance in POM to produce hydrogen, this
atalyst has been used for further studies.

Fig. 9 presents the CH3OH conversion, O2 conversion, H2 selec-
ivity and CO selectivity for POM over Au–Cu/TiO2 catalysts at
eaction temperatures between 473 and 598 K. The O2 conversion
as 95.5% at 473 K, and it increased with increasing reaction tem-
erature and reached 99.5% at 598 K. The CH3OH conversion and
2 selectivity were increased from 80.4 to 99.6 and 73.4 to 98%,

espectively when the temperature increased from 473 to 598 K.
he lower H2 selectivity at 473 K indicates that methanol combus-
ion (MC) has taken place along with POM and produce H2O and
O2 (Eq. (2)) [47]. Nevertheless, the involvement of MC was very

ess compared to POM:

H3OH + 1.5O2 → 2H2O + CO2 (2)

When the temperature increased from 498 to 523 K, significant
ncrease in H2 selectivity (82.6–90.4%) was observed. This could be
egarded as the steam reforming reaction (SRM) was occurred (Eq.
3)). The H2O formed in the MC was used by SRM reaction, thereby
ncreased H2 selectivity. The SRM can be considered as a combina-
ion of WGS reaction (Eq. (4)) and methanol decomposition (MD)
Eq. (5)) [48]:

H3OH + H2O → 3H2 + CO2 (3)

O + H2O ↔ CO2 + H2 (4)

H3OH → CO + 2H2 (5)

There was a considerable increase in CO selectivity at 548 K.
his result suggests that when the reaction temperature ≥548 K,
he unfavorable reactions such as, methanol decomposition and/or
everse water gas shift (RWGS) were occurred [10]. Previous reports
videnced the initiation of MD beyond 523 K [19,49,50]. Neverthe-

ess, the CO selectivity keeps nearly a steady value between 548
nd 598 K. This relates to the participation of CO oxidation (Eq. (6))
nd/or WGS (Eq. (4)) reactions:

O + 0.5O2 → CO2 (6)

[

[
[
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However, the presence of significant amount of CO (∼15%) at
igh temperatures implied that the reaction rate of MD is faster
han CO oxidation and WGS reactions. Thus, the overall reactions
nvolved at different reaction temperatures are suggested as MC,
OM, SRM, MD, RWGS, WGS and CO oxidation.

. Conclusions

The present study demonstrates that the bimetallic Au–Cu/TiO2
atalysts are highly active, stable and selective towards hydro-
en in comparison to its corresponding monometallic Au/TiO2 and
u/TiO2 catalysts. This could be explained in terms of metal–metal

nteraction that creates smaller metal particles and preserved
he active component in supported gold catalysts. The optimum
H for preparing the high active Au–Cu/TiO2 catalysts was pH 7.
he catalyst preparation and reaction conditions for the bimetal-
ic Au–Cu/TiO2 catalysts were optimized. There was only a slight
ecrease in activity with increase in calcination temperature. This
as due to the stabilization of small Au particles and ionic gold

pecies. The catalytic performance at various reaction tempera-
ures in the range of 473–598 K showed that at 523 K, the catalyst
xhibited higher CH3OH conversion, H2 selectivity with smaller CO
electivity.
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