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ABSTRACT

Partial oxidation of methanol (POM) to produce H, was investigated over Au-Cu/TiO, and
Au-Cu/TiO,-Fe; 03 catalysts. The catalysts were prepared by deposition-precipitation method and
characterized by XRD, TEM, HRTEM, ICP-AES, TPR, NH3-TPD and XPS analyses. Detail study on the
Au-Cu/TiO,-Fe, 05 catalysts was performed to optimize Ti/Fe ratio, pH during preparation of the cat-
alyst, calcination temperature and reaction temperature. The Au-Cu/TiO,-Fe, 05 catalyst with Ti/Fe=9/1
atomic ratio is more active and exhibits higher methanol conversion compared to the Au-Cu/TiO, cata-
lyst. The higher activity of Fe-containing catalyst was attributed to the ability to supply reactive oxygen,
thereby stabilize active gold species (Au®*) in the catalyst. Studies on the optimization of pH during prepa-
ration of the Au-Cu/TiO,-Fe, 03 catalyst and calcination temperature showed that the catalyst prepared
at pH 7 and dried at 373 K (uncalcined) exhibited higher activity. The catalytic performance at various
reaction temperatures shows that both methanol conversion and hydrogen selectivity are increased with
increasing the temperature. A small increase in CO selectivity was observed beyond 523 K, which is due

to the decomposition of methanol and reverse water gas shift at high temperatures.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Fuel cells have recently attracted much attention as a poten-
tial device for energy transformation. Hydrogen is an excellent
fuel for fuel cell application, because it is intrinsically clean and
high thermal efficiencies [1]. Methanol has been recommended as
the best source for hydrogen fuel among the high energy density
liquid fuels, due to the high H/C ratio having a lower propensity
for soot formation than other hydrocarbons, relatively low boil-
ing point, easy storing and it reduce the risk of catalyst coking
by the absence of C-C bonds [2]. Hydrogen can be obtained from
methanol by several routes, such as steam reforming of methanol
(SRM) [3,4], partial oxidation of methanol reaction (POM) [5-8],
methanol decomposition (MD) [9,10] and oxidative steam reform-
ing of methanol (OSRM) [11]. Partial oxidation of methanol is one of
the suitable methods. The main advantage of POM is it exhibits an
exothermic reaction with high reaction rates. In the literature, Cu-
and Pd-based catalysts were commonly tested for POM [5-7,12,13].
The most important drawback of these catalysts is the formation
of significant amount CO, which poisons the platinum electrode in
the fuel cells. In recent years, supported gold nanoparticles have
received much attention because of their unique catalytic prop-
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erties for various oxidation and reduction reactions under mild
conditions [14]. In our previous study we found that these cat-
alysts are active for POM to produce hydrogen [15,16]. Catalytic
properties of these gold nanoparticles depend on particle size, oxi-
dation state of gold, the nature of the oxide support material and
the interaction between gold nanoparticles and supports. Compos-
ite oxide supports have been successfully applied to stabilize small
metal particles. Active supports can provide oxygen atoms and thus
enhance activity; moreover, they are also capable of enhancing the
stability of small gold particles. Addition of transition-metal oxides
insupported gold catalysts increased the activity and stability of the
catalysts for different reactions [17-21]. For example, the activity
of Au/Al,03 catalysts was improved by the addition of oxides of
Ti, Cu, Ce, Fe and Li. In these metal oxide additives, copper showed
higher activity and selectivity towards the desired product [17].
Furthermore, the increased activity of supported gold catalysts by
the addition of Fe is reported in the literatures. The addition of Fe
species in Au/MgO catalysts enhanced activity of the catalyst for
CO oxidation, which was attributed to the ability to supply reactive
oxygen [19]. Liu et al. [22] studied the Fe oxide-promoted Pt/y-
Al, 05 catalyst applied for the selective catalytic oxidation of CO in
H,. The Fe oxide is in intimate contact with the Pt to progress high
CO activity. It interacts with Pt species and changes the electronic
prosperities of the Pt particles. A dual site non-competitive mecha-
nism for CO oxidation is created by providing oxygen from Fe oxide
to the CO adsorbed on Pt. Golubina et al. [23] investigated the addi-
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tion of Fe to Pd/C catalyst, which shows considerable increase of
catalytic activity in hydrodechlorination (HDC) of hexachloroben-
zene. In these catalysts, two different materials complement each
other in surface stability, oxygen mobility and electronic properties
to enhance the activity in the composite catalysts [18]. In addi-
tion, the existence of an oxygen reservoir on the support reduces
the dependence of the activity on the metal particle size. Therefore
the essential factor of controlling particle of Au is achieved by the
addition of metal oxide additives. In our recent study, Au-Cu/TiO,
catalyst was tested for POM to produce hydrogen and found that
this catalyst was active for the formation of hydrogen [16]. As Fe
addition can improve activity and stability of the catalyst, it is inter-
esting to test the effect of addition of Fe in Au-Cu/TiO; catalyst.

In the present study, effect of addition of Fe species in
Au-Cu/TiO, catalyst has been investigated for partial oxida-
tion of methanol to produce hydrogen. The catalytic activity of
Au-Cu/TiO,-Fe, 03 catalyst was compared with Au-Cu/TiO, cat-
alyst. The reaction parameters such as the pH during preparation
of the catalyst, calcination temperature and reaction temperature
on the activity of Au-Cu/TiO,-Fe,03 catalysts were optimized.
To identify the surface morphology, composition, oxidation state
and crystallite size, we employed several techniques such as
transmission electron microscopy (TEM), high resolution trans-
mission electron microscopy (HRTEM), inductively coupled plasma
atomic emission spectroscopy (ICP-AES), X-ray diffraction (XRD),
temperature-programmed reduction (TPR), NH3; temperature-
programmed desorption (NH3-TPD) and X-ray photoelectron
spectroscopy (XPS).

2. Experimental
2.1. Catalyst preparation

Preparation of Au-Cu/TiO,-Fe,03 catalyst involves two steps.
In the first step, the binary support, TiO,-Fe;03 was prepared by
impregnation method. The Ti:Fe molar ratio were chosen as 10:0,
9:1, 8:2 and 7:3. The required amount of Fe(NO3)3-9H,0 solu-
tion was added into TiO, powder (Degussa P-25), the slurry was
stirred at 303K for 2 h. The support slurry was dried in air at 373 K
overnight and then calcined at 673 K for 4 h.

In the second step, Au-Cu/TiO-Fe;03 (1wt.% Au, 1wt.% Cu)
catalysts with a total metal loading of 2wt.% were prepared
by deposition—-precipitation method [24], using tetrachloroauric
acid (HAuCly-3H,0, 99.99%, Alfa Aesar), copper nitrate penta-
hemihydrate (Cu(NOs3),-2.5H;0, Riedel-deHaén) and TiO,-Fe;03
binary support. Typically, an aqueous solution of HAuCl4-3H,0 and
Cu(NO3),-2.5H,0 were mixed with stirring at 343 K. The pH was
adjusted to the desired value by 0.1N NaOH solution. This was
followed by the addition of the TiO,-Fe;03 binary support. The
slurry was then aged at 343K for 2 h. The precipitates were fil-
tered and washed carefully until all chlorine ions were removed.
The precursors were dried at 373 K for 24 h and calcined at different
temperatures for 4 h.

2.2. Catalyst characterization

The gold and copper content in the catalysts were measured by
inductively coupled plasma atomic emission spectroscopy (Jobin
Yvon JY-38S spectrometer). About 0.02 g of catalyst was dissolved
by aqua regia (HNO5:HCl in 1:3 ratio) and then microwaved for
15 min. The solution was cooled down and diluted within the detec-
tion limit of the instrument.

X-ray diffraction (XRD) measurement was performed using a
Bruker D8A X-day diffractometer operated at 40kV and 30 mA
using Cu Ko radiation with a wavelength of 1.5406 A. The scanning
angle was from 10° to 80° at a rate of 0.05°/s.

Transmission electron microscopy (TEM) analysis was per-
formed on a JEOL JEM-2000FX II, the operating voltage was at
160KkV. The preparation of specimen was described in detail
elsewhere [20]. From each sample, the metal particles size was
measured carefully in order to determine a justified average parti-
cle size and size distribution.

High resolution transmission electron microscopy (HRTEM)
analysis was executed by Tecnai G2 HRTEM, the operating voltage
was set at 200kV. The lattice image and Fourier-transform pat-
tern were acquired to identify the species and morphology in the
catalysts.

The temperature-programmed reduction (TPR) experiment was
performed by a U-shaped quartz micro-reactor, surrounded with
a furnace controlled by a programmable controller. About 40 mg
of the catalyst was pretreated under flowing Ar (50 ml/min) at
373 K for 45 min. The sample was cooled to room temperature after
the pretreatment. A reducing gas composed of 5% H, and 95% Ar
was employed at a flow rate of 50 ml/min, with a heating ramp
of 10K/min from 323 to 900 K. The consumption of hydrogen was
determined by gas chromatography (GC) equipped with a thermal
conductivity detector (TCD).

X-ray photoelectron spectroscopy (XPS) technique was
employed to obtain the information of chemical states of Au
and Cu in Au-Cu/TiO,-Fe,03 catalyst. The measurements were
performed by a Thermo VG Scientific Sigma Probe spectrometer
equipped the monochromatized Al Ko radiation (1486.6 eV). The
binding energies were determined utilizing C 1s spectrum as
reference at 285.0eV.

The NH3-TPD (ammonia TPD) was performed by a U-shaped
quartz micro-reactor, surrounded with a furnace controlled by a
programmable controller. About 100 mg of the catalyst was pre-
treated under flowing Ar (50 ml/min) at 373 K for 1 h. The sample
was cooled to room temperature after the pretreatment. A pure
NH3 was induced at a flow rate of 30 ml/min and adsorbed at room
temperature for 1 h. The purge gas Ar at a flow rate of 30 ml/min was
used to remove the excess NH3 for 1 h. Then rise the temperature
with a heating ramp of 10 K/min from 323 to 1048 K. The desorbed
NH3 was determined by gas chromatography (GC) equipped with
a thermal conductivity detector (TCD).

2.3. Catalytic activity measurements

Partial oxidation of methanol (POM) was performed using an
apparatus, which has been described in detail elsewhere [24]. The
reaction was carried out at 1 atm and at temperatures between 448
and 573 K, using a U-shaped quartz micro-reactor (i.d. =4 mm). The
micro-reactor was located in a programmable furnace with a type
K thermocouple placed in the center of the catalyst bed. The carrier
gas Ar and reactant O, were carried by two Brooks 5850E mass
flow meters separately controlled by a mass flow controller (Protec
Instrument Co. Ltd. Model: PC-540) to regulate the total flow rate
at 60 ml/min. The molar ratio of O,/CH30H was kept at 0.3 with a
gas hourly space velocity (GHSV) of 48,000 h—!. The products were
analyzed by two on line gas chromatographs (GC) with thermal
conductivity detector equipped with porapak Q and carbosieve S-II
columns.

3. Results and discussion

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

Elemental analysis of the catalysts was performed to verify the
Au, Cu contents in Au-Cu/TiO,-Fe, 03 catalysts at various pH values
during its preparation. The catalysts were prepared at different pH
valuesin the range of 5-9 with a nominal Au and Cu loadings each of
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Table 1
Surface properties of Au-Cu/TiO,-Fe,03 (1 wt.% Au, 1 wt.% Cu) catalysts.

Catalyst Ti/Fe atomic ratio pH Calcination temperature (K) Metal loading (wt.%)? Average particle size
U of Au-Cu (nm)P
Au Cu
Au-Cu/TiO,-Fe, 03 9/1 5 Uncalcined 0.94 0.67 3.3
Au-Cu/TiO,-Fe,03 9/1 6 Uncalcined 0.83 0.85 3.2
Au-Cu/TiO,-Fe,03 9/1 7 Uncalcined 0.84 0.83 29
Au-Cu/TiO,-Fe,03 9/1 8 Uncalcined 0.60 0.94 2.7
Au-Cu/TiO,-Fe,03 9/1 9 Uncalcined 0.34 0.90 2.4
Au-Cu/TiO, 10/0 7 Uncalcined 0.98 1.00 2.6
Au-Cu/TiO,-Fe,03 8/2 7 Uncalcined 0.88 0.86 3.4
Au-Cu/TiO,-Fe,03 7/3 7 Uncalcined 0.98 0.89 3.6
Au-Cu/TiO,-Fe,03 9/1 7 473 - - 3.5
Au-Cu/TiO,-Fe,03 9/1 7 573 - - 3.7
Au-Cu/TiO,-Fe,03 9/1 7 673 - - 39
Au-Cu/TiO,-Fe,05¢ 9/1 7 Uncalcined 0.84 0.83 3.5

2 ICP-AES method.
b Calculated from TEM data.
¢ After POM reaction at 523K for 3 h.

1 wt.%. Table 1 shows the fraction of Au and Cu species incorporated
at different pH during preparation of Au-Cu/TiO,-Fe,03 catalysts
(Ti/Fe=9/1). The amount of deposition of Au was decreased with
rise in pH value and the decrease became more prominent at pH
beyond 8. However, reverse behavior was observed in Cu deposi-
tion. The deposition of metals on the support is controlled by the
composition of metal species in solution and charge of the support
material at various pH values. The charge on the TiO,-Fe; 03 sup-
port is pH dependent. The isoelectric point (IEP) value for TiO, and
Fe,03 is 6.2 and 8.5, respectively [25]. The compositions of the Au
and Cu species in solution are pH dependent. The extent of hydrol-
ysis of metal species increases with pH. The main species of Au in
solution was transformed from AuCl;~ to Au(OH),Cly_,~ (n=1-3)
at pH > 6. The value of n was closed to 3 at pH > 6. Below the IEP value
of the support, the surface was positive due to protonation of the
surface hydroxyls; above IEP value of the support, the charge was
negative due to removal of protons from the surface hydroxyls. This
means that below the I[EP value, electrostatic adsorption of the gold
and copper anions were possible, as it was direct anion exchange
[26]; the adsorption of the negatively charged Au(OH), Cl4_,,~ com-
plex decreases rapidly above the IEP value. With increasing pH, the
gold uptake from the solution decreased. At higher pH the surface
was negatively charged resulting in an electrostatic repulsion of
gold containing anions; this probably accounts for the fall in the
gold contents higher than pH 8. These results are in agreement with
previous literature [27-29]. The reverse behavior of copper may
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Fig.1. XRD patterns of: (a) Au-Cu/TiO, (1-1 wt.%); (b) Au-Cu/TiO,-Fe; 03 (1-1 wt.%,

Ti/Fe=9/1); (c) Au-Cu/TiO,-Fe;03 (1-1wt.%, Ti/Fe=8/2); (d) Au-Cu/TiO,-Fe;03
(1-1wt.%, Ti/Fe =7/3) (uncalcined, dried at 373 K; pH 7).

be due to the formation of precipitate of Cu compound, malachite
Cu,(CO3)(OH),, which was significantly formed as a contaminant
at pH 7 compared with pH 5 [29].

3.2. XRD

Fig. 1 shows the X-ray diffraction patterns of Au-Cu/TiO, and
Au-Cu/TiO,-Fe, 03 with different Ti/Fe ratio dried at 373 K. In all
the catalyst samples, titania shows peaks that corresponds to a
mixture of anatase and rutile phase with the anatase phase domi-
nating over the rutile phase. The crystallinity of TiO, was lowered
with raising Fe contents in the support. In Au-Cu/TiO,-Fe,03, Fe
is existed as Fe, O3 and Fe304. Diffraction peaks which contributed
from Fe; 03 were found at 20=33.2°, 35.6°, 49.5° and 66.8°. With
increasing Fe content in the binary support, the intensity of these
peaks became stronger. In addition to Fe; 03, a small peak for Fe30y4
was observed at 260 =36.8° (JCPDS 26-1136). The different phases of
Fe oxide combined with TiO, contain more defects on the surface
of the support; this should also strengthen metal-support inter-
actions, and therefore, prevent metal agglomerating into larger
particles. In all the samples, small intense diffraction peaks for

Vs
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AuCu (11 1)
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Fig. 2. HRTEM and Fourier transform images of Au-Cu/TiO,-Fe;03 (1-1wt.%,
Ti/Fe=9/1) catalyst (uncalcined, dried at 373 K; pH 7).
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metallic Au at 26 = 38.2° and 44.4° were detected. The low intensity
of these peaks may be due to the presence of small gold particles
which are highly dispersed on the support. As the diffraction peak at
20 =49.8° for Au,;03 (JCPDS 24-0462) is merged with Fe, O diffrac-
tion peak at 49.4°, the presence of Au;03 could not be confirmed
by XRD analysis. The peaks correspond to CuO was observed at
20=35.4° and 44.2°. However, the peak at 44.2° is superimposing
with the Au® peak at 44.4°. Other copper species such as Cu,0 and
metallic Cu were not detected by XRD analysis. XPS analysis was
subsequently adapted to identify the chemical state of Au and Cu
species and was reported in Section 3.5.

3.3. TEM and HRTEM

The detail morphology of the Au-Cu/TiO,-Fe,03 catalyst was
examined by high resolution transmission electron microscopy
(HRTEM). The Fourier transform technique was also employed to
confirm the metal oxide species in the catalyst. The Au-Cu par-
ticle was detected by the lattice space from the lattice fringe and
Fourier transform images in Fig. 2. The lattice space of Au-Cu(111)
particles is 2.19 A, which is consistent with the results reported by
Llorca et al. [30]. The higher electron affinity of Au is compared
with that of Cu led to an electron transfer from the Cu to Au. This

3

interaction of Au and Cu may increase in catalytic activity for the
Au-Cu/TiO,-Fe, 03 catalysts. Other species, such as Fe;03 (112)
(2.36 A, JCPDS 47-1409), Fe304 (111) (4.67 A, JCPDS 26-1136) and
TiO, (110) (3.25A, JCPDS 34-0180) were also observed in Fig. 2.
The XRD analysis failed to identify the Au-Cu crystalline due to
the overlap of Au-Cu (26 =48.2°) with the TiO, diffraction peak at
20=48.1°. The lattice fringe of the TiO,-Fe,03 binary support is
also observed in the image. The Au-Cu particle and the support
thus appeared in tight contact exhibiting specific crystal orienta-
tion. In addition to Fe,0s, Fe304 also exists in the binary support.
It is well understood that the Fe304 exists in the support even after
calcination at 673 K for 4 h during the binary support preparation.
The HRTEM image shows that the Au-Cu particles are embedded
on the binary support.

The particle size of Au-Cu in bimetallic Au-Cu/TiO;-Fe;03
catalysts with different Ti/Fe ratio was analyzed by TEM tech-
nique. Fig. 3 demonstrates that Au-Cu particles were deposited
on the support homogeneously. Detail data of average particle
size of Au-Cu are summarized in Table 1. The average size of
Au-Cu particle increased slightly with increasing Fe contents in the
Au-Cu/TiO,-Fe, 05 catalysts. The average particle size of Au-Cu is
2.9, 3.4 and 3.6 nm corresponding to the Ti/Fe composition at 9/1,
8/2 and 7/3, respectively. Increase in particle size of metal by the

Fig.3. TEM images of: (a) Au-Cu/TiO, (1-1 wt.%); (b) Au-Cu/TiO,-Fe; 03 (1-1 wt.%, Ti/Fe = 9/1); (c) Au-Cu/TiO,-Fe; 03 (1-1 wt.%, Ti/Fe = 8/2); (d) Au-Cu/TiO,-Fe, 03 (1-1 wt.%,

Ti/Fe=7/3) catalyst (uncalcined, dried at 373 K; pH 7).
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addition of metal oxide additives is also evidenced in the litera-
ture. For example, Chang et al. [31] reported that the addition of
MnO, in Au/TiO; slightly enlarged the particle size of Au. Schubert
et al. [19] found that in Au/Fe,03-MgO catalyst with increasing Fe
content, the average particle diameter of Au was increased. It also
agrees with our previous work on Au/TiO,—-Fe, 03 catalyst [20]. The
influence of calcination temperature on the particle size of Au-Cu in
Au-Cu/TiO,-Fe, 05 catalysts was also studied in detail. The results
were summarized in Table 1. In uncalcined sample, average par-
ticle size of Au-Cu is 2.9 nm. Major fraction of Au-Cu particles
is in the range of 1.3-5nm, very few particles have the diameter
between 5 and 10 nm. After calcination at 473 K, the mean particle
size of Au-Cu became slightly larger than the uncalcined sample.
In this sample, major fraction of Au-Cu particles is in the range of
1.3-5.3nm and exhibited an average particle size of 3.5 nm. Pre-
vious studies on supported Au catalysts also showed similar larger
Au particles with increasing calcination temperature [32,33]. Rising
calcination temperature to 573 K, major fraction of Au-Cu particles
is in the range of 1.5-5.5 nm with an average value of 3.7 nm. After
calcination at 673 K, most particles varied between 2.7 and 7.3 nm,
the average particle size is estimated as 3.9 nm. It is important to
note that the mean size of Au-Cu particles is not affected much even
after calcination at 673 K. In our previous study we observed that
the particle size of Au in Au/TiO, sample was increased from 2.9 to
4.3 nm after calcination at 673 K [24]. Hua et al. [34] reported that
increasing calcination temperature from 573 to 623K, the mean
diameter of Au particles in Au/Fe;03 was increased from 5.8 to
7.7nm. In the present study, the presence of binary support in
Au-Cu/TiO,-Fe, 03 catalyst preserved the Au metal particles dur-
ing calcination process to a large extent. To understand the stability
of the catalyst during reaction, the particle size of Au-Cu in the
catalyst after catalytic test was determined. It is noteworthy that
there was only a slight increase in metal particles after catalytic test
at 523K for 3 h. The metal particle size was increased from 2.9 to
3.5 nm. In our previous study the Au particle size in Au/TiO; catalyst
was increased from 2.9 to 7.4 nm after the catalytic test at 523 K for
2 h [24]. This result confirmed that the presence of binary support
in Au-Cu/TiO,-Fe,03 catalysts preserved the metal particle size
during POM reaction. Therefore, the essential factor of small metal
particle in supported catalysts has been fulfilled by the presence of
binary support in the catalyst sample.

3.4. TPR

TPR profiles of Au—-Cu/TiO; catalyst and Au-Cu/TiO,-Fe, 05 cat-
alyst at different Ti/Fe ratio are shown in Fig. 4. The Au-Cu/TiO,
sample (Fig. 4a) showed a reduction peak at 349K with a small
shoulder at 371 K. The peak at 349K is attributed to the reduction
of CuO and oxidic Au to Cu,0 and metallic Au, respectively. Reduc-
tion of both species is coexisted at this temperature. The shoulder
peak at 371 K was due to the reduction of Cu,0 to metallic copper.
When Fe is introduced in Au-Cu/TiO,, the reduction peaks for Au
and Cu oxides shifted to higher temperature (Fig. 4b-d). In addition,
the intensity of low temperature reduction peak is increased. The
increased reduction temperature indicated that the addition of iron
led to an increase in the interaction between gold, copper and TiO,
species. The reduction peak of Au and Cu content was combined
with the reduction of Fe species associated with them. With the
increase of Fe amount, more Fe species reduced at low temperature
which overlaps with Au and Cu. The reduction peaks for Fe;03 in
Au-Cu/TiO,-Fe, 05 catalysts are consisted of one low temperature
peak between 502 and 547K and a broad peak between 686 and
832 K. The low temperature peak corresponds to the reduction of
Fe, 03 to Fe304. The broad features of the reduction peak between
686 and 832K correspond to two stage subsequent reduction of
Fe304 to FeO and FeO to Fe. Nevertheless the two stage reduction
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Fig. 4. TPR profiles of: (a) Au-Cu/TiO, (1-1 wt.%); (b) Au-Cu/TiO,-Fe, 03 (1-1 wt.%,
Ti/Fe=9/1); (c) Au-Cu/TiO,-Fe,03 (1-1wt.%, Ti/Fe=8/2); (d) Au-Cu/TiO,-Fe,05
(1-1wt.%, Ti/Fe =7/3) (uncalcined, dried at 373 K; pH 7).

peaks can be clearly seen at higher amount of Fe. The specific reduc-
tion peaks for Fe;O03 to Fe304 and Fe304 to FeO shifted towards
lower temperature for all Au—-Cu/TiO,-Fe,03 catalysts compared
to bulk Fe,03. The enhanced reducibility of Fe,03 is due to the
effect of the hydrogen spillover from the metallic phase to the sup-
port [35]. On the other hand, at higher addition of Fe species, these
peaks were shifted to higher temperature. This is due to excess Fe
may not involve in interaction with Au and Cu species. The amount
of H, consumed was dependent on the Fe contents in reduction
region of the iron oxide. It is reasonable that more Fe in the catalysts
consume more H, during TPR process as seen in Fig. 4b-d.

The TPR profile of Au-Cu/TiO,-Fe,03 catalyst calcined at dif-
ferent temperatures are presented in Fig. 5. The samples showed
three reduction peaks along with a broad peak at high temper-
ature. These peaks are assigned to the reduction of Au, Cu and Fe
oxides toits corresponding metallic species. The uncalcined sample
(Fig. 5a) shows a reduction peak centered at 349K, which corre-
sponds to the combination of reduction of AuxOy to Au® and highly
dispersed small CuO particles to Cu;0. The peak located at 421K
revealed the reduction of Cu,0 to Cu®. With increasing calcination
temperature, both peaks shifted to higher temperature. The higher
reduction temperature indicates the increased crystallite size of
CuO with increasing calcination temperature. It was reported that
larger CuO crystallites reduced at high temperature [36]. The reduc-
tion peaks at 502 and 686 K are ascribed to the reduction of Fe;03

H, Consumption (a.u.)

L) L) 1 T L) L) L) L) 1 T L)
350 400 450 500 550 600 650 700 750 800 850 900
Temperature (K)

Fig.5. TPR profiles of Au-Cu/TiO,-Fe, 03 (1-1 wt.%, Ti/Fe = 9/1) catalysts calcined at
different temperatures: (a) uncalcined; (b) calcined at 473 K; (c) calcined at 573K;
(d) calcined at 673K (pH 7).
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Fig. 6. XPS spectra of Au 4f region for Au-Cu/TiO,-Fe, 03 (1-1 wt.%, Ti/Fe =9/1) catalysts calcined at different temperatures: (a) uncalcined; (b) calcined at 473 K; (c) calcined

at 573 K; (d) after POM reaction at 523K for 3 h.

to Fe30,4 and Fe304 to FeO, respectively. There is no obvious differ-
ence of the reduction temperature for these species with increasing
calcination temperature.

3.5. XPS

X-ray photoelectron spectroscopy (XPS) technique was
employed to get information on the chemical states of Au, Cu
species in Au-Cu/TiO,-Fe,;03 catalysts at different calcination
temperatures and after POM reaction. XPS spectra of Au 4f level
for Au-Cu/TiO,-Fe; 03 catalysts calcined at different temperatures
and after POM reaction at 523 K are presented in Fig. 6. Each Au
species shows two peaks correspond to the Au 4f7;, and the Au 4f5,
transitions. The XPS spectra of Au 4f;, level were deconvoluted
with binding energy of 84, 84.7 and 86.2 eV for Au®, Au®* and Au3*,
respectively [37,38]. The corresponding surface distributions of Au
and Cu species in the Au-Cu/TiO,-Fe, 05 catalysts are presented in
Table 2. There existed Au® (14.1%), Au®* (67.1%) and Au3* (18.8%)
species in the uncalcined Au-Cu/TiO,-Fe;03 sample (Fig. 6a and

Table 2
XPS data of Au 4f7, and Cu 2p3), region for different Au-Cu/TiO,-Fe,Os catalysts.

Table 2). After calcination the intensity of the peaks shifted to
lower binding energy. This shows that the composition of different
gold species was changed in the sample. Small fractions of cationic
Au species are converted to metallic Au species after calcination
process. Nevertheless, complete reduction of cationic gold species
to metallic gold was not observed by the existence of Au’* (47.4%)
species after calcination at 673 K for 4 h (Fig. 6¢). In the previous
study it was reported that in Au/Fe,03 catalyst the cationic gold
was completely reduced to metallic gold after calcination at
673K [34]. This suggests that the existence of reducible copper
and iron species in Au-Cu/TiO,-Fe,03 catalysts stabilized the
cationic gold species even after calcination at 673 K. Fig. 6d shows
the Au 4f region of the uncalcined Au-Cu/TiO,-Fe,03 catalyst
after POM reaction. About 21.4% of the oxidized Au species were
reduced to metallic Au (Table 2). It is important to note that the
Au species was not reduced to metallic form completely. Fig. 7
shows the X-ray photoelectron spectra of Cu 2p3), core level for
Au-Cu/TiO,-Fe,03 catalysts calcined at different temperatures
and after exposure to POM reaction at 523 K. The Cu 2p3, regions

Sample Au® (%) Au’* (%) Au3* (%) Cu® (%) Cuy0 (%) CuO (%) Cu(OH); (%)
Au-Cu/TiO,-Fe, 03 uncalcined 14.1 67.1 18.8 0 76.1 22.0 1.9
Au-Cu/TiO, -Fe, 05 calcined at 473 K 25.1 74.9 0 0 39.7 60.3 0
Au-Cu/TiO, -Fe, 03 calcined at 573 K 38.7 61.3 0 0 39.1 60.9 0
Au-Cu/TiO; -Fe, 03 calcined at 673 K 52.6 47.4 0 0 32.8 67.2 0
Au-Cu/TiO,-Fe, 03 uncalcined, after POM reaction 35.5 64.5 0 0 52.9 471 0
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Fig. 7. XPS spectra of Cu 2p region for Au—-Cu/TiO,-Fe, 03 (1-1 wt.%, Ti/Fe = 9/1) catalysts calcined at different temperatures: (a) uncalcined; (b) calcined at 473 K; (c) calcined

at 573 K; (d) after POM reaction at 523 K for 3 h.

were deconvoluted into different copper species in the catalysts.
The peaks at 932.3, 934 and 934.8 eV were contributed by Cu,0,
CuO and Cu(OH);, respectively [37,39,40]. The compositions of
different copper species in Au-Cu/TiO,-Fe, 03 catalysts calcined at
different temperatures and after exposure to POM reaction at 523 K
were listed in Table 2. In the uncalcined sample and the sample
after calcination, copper is existed as CuO and Cu,0 species. The
quantity of Cu,O species was increased after exposure to POM
reaction at 523 K (Fig. 7d). This might be resulted through part of
CuO reduced to Cu,0 by H, produced by POM reaction. Therefore,
the Cu,0 and CuO species were coexisted in the catalyst after
POM reaction. This is confirmed by Cu LMM XPS peaks observed at
916.6eV (Cuy0) [41].

3.6. NH3-TPD

The NH;3-TPD technique was employed to determine the acidic
sites in the Au-Cu/TiO,-Fe,03 catalysts with various Ti/Fe ratios
in support. The results of NH3-TPD analysis of the catalysts were
performed in the temperature range of 323-1048 K are shown in
Fig. 8. As defined in the literature, the amount of NH3 desorbed
below 473K is a measure of weak acidic sites; 473-623 K range
corresponds to intermediate acidic sites, and above 623K repre-
sents strong acidic sites [42]. It showed two distinctive desorption
regions where as the high temperature peak represents the NH3
desorbed from the stronger acidic sites and the medium-low tem-
perature peak represents the NH; desorbed from the intermediate
and weak acidic sites. The quantities of NH; desorption are given
in Table 3 which is stated that the addition of Fe species into

the support increases the strong acidic sites. On the other hand,
the total acidic sites decreased with the increasing amount of Fe.
Also, the temperatures of the strongly adsorbed state for different
samples were different. The high-temperature is peak presented
at higher temperature on the Au-Cu/TiO, catalyst, indicating a
higher desorption activation energy [43]. The desorption of strong
acidic sites from 946 K shifts to relative low temperature at 871K
for the Ti/Fe=9/1 sample compared to the Ti/Fe=10/0 sample. By
increasing more Fe species, the temperature of the strong desorp-

393
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Fig. 8. NH3-TPD profiles of: (a) Au-Cu/TiO, (1-1wt.%); (b) Au-Cu/TiO,-Fe;03
(1-1wt.%, Ti/[Fe=9/1); (c) Au-Cu/TiO,-Fe,03 (1-1wt%, Ti/Fe=8/2); (d)
Au-Cu/TiO,-Fe,03 (1-1wt.%, Ti/Fe =7/3); (e) TiO,—Fe, 03 bare support (Ti/Fe=9/1)
(uncalcined, dried at 373 K; pH 7).
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Table 3
Results of NH;-TPD measurement of Au-Cu/TiO,-Fe, 03 catalysts.

Catalyst NH3 desorbed at intermediate and low NH; desorbed at high Total NH3 desorbed
temperature region (umol/g) temperature region (pmol/g) (pmol/g)

Au-Cu/TiO; (Ti/Fe=10/0) 26.66 2.25 28.91

Au-Cu/TiO,-Fe,05(Ti/Fe=9/1) 25.52 3.16 28.68

Au-Cu/TiO,-Fe,03(Ti/Fe=8/2) 22.50 4.13 26.63

Au-Cu/TiO,-Fe,05(Ti/Fe=7/3) 20.68 4.77 25.45

TiO,-Fe,03 bare support (Ti/Fe=9/1) 26.38 0.87 27.25

tion temperature shifts to 890 and 880K for Ti/Fe =8/2 sample and
Ti/Fe=7/3 sample, respectively. This shows that the specific ratio
of the Fe increased the strength of strong acidic sites. In the crys-
talline phase of ZnMnOs, the presence of and Mn*" and Zn%*cations
with a different charge/radii ratio leads to the formation of acidic
sites of varying strengths [44]. We can explain the similar results
by comparing the surface acidity of Au-Cu/TiO,-Fe,03 catalysts
with different Ti/Fe ratios. The valence electrons for Ti** and Fe3*
are different and the net negative charge must be stabilized by a
nearby proton or cation. The TiO,-Fe, 03 mixed oxide typically ter-
minates at the surface in the form of hydroxyl groups and structures
in which oxygen is linked between Ti and Fe. The several types of
Bronsted acidic sites and Lewis acidic sites can form because the
variety of configurations can exist [45].

3.7. Catalytic activity

The catalytic activities of Au-Cu/TiO,-Fe;03 and Au-Cu/TiO,
catalysts were compared for partial oxidation of methanol (POM) to
produce Hj. The activities of Au-Cu/TiO,-Fe, 03 catalysts with dif-
ferent Ti/Fe ratio, pH during preparation of the catalysts, calcination
temperature and reaction temperature were also investigated. The
product analysis shows that H, and CO, were the major products.
H,0 and CO were formed as by-products. In addition, negligible
amount of CH4 and HCOOCH3 were also detected. The CH30H
conversion, O, conversion, H, selectivity and CO selectivity were
defined below:

CH30H conversion (%) = (mol;so(;iscssg)lig(;_r[l?:crlned) x 100%
0, conversion (%) = (molrensotiigéfc(c))?;;ned) x 100%
sttty 1) SO 031 1y

CO selectivity (%) = (mcﬁgzié’;igﬁrcoodn“sfie d) « 100%

The catalytic activity and product distribution in the partial oxi-
dation of methanol (POM) over Au-Cu/TiO,-Fe,03 catalysts with
different Ti/Fe ratio in the binary support were compared at 523 K.
Fig. 9 shows the CH30H conversion and H; selectivity during POM
over Au-Cu/TiO,-Fe, 03 catalysts with different Ti/Fe ratios. It can
be seen that by the addition of specific amount of Fe (Ti/Fe=9/1),
the methanol conversion was increased. However, at higher Fe con-
tent in the catalyst, the CH30H conversion was decreased. There
is no obvious difference in H, selectivity with the increasing Fe
amount. In general the activity of supported gold catalysts has been
explained in terms of particle size Au, oxidation state of Au and
metal-support interaction. Since the average particle size of Au-Cu
did not altered much by the addition of Fe, the other factors should
be taken into account. The increased activity by the addition of
small amount of Fe could be explained in terms of higher disper-
sion of gold and copper thereby enhance the interaction between

gold, copper and TiO,, which increased the availability of surface
oxygen [19]. The TPR results in Fig. 4 showed that the presence of
Fe,0s3 in the bimetallic system increased the reduction tempera-
ture of Au-Cu particles in the catalyst. This suggests that presence
of Fe has increased the interaction between Au and Cu species.
The interaction of Au with Cu eased the activation of sites due to
change of redox and electronic properties of gold species [46]. This
enhanced interaction increased the existence of more oxidized Au
and Cu species in the catalyst as evidenced by the increased inten-
sity of the reduction peak of oxides of Au and Cu species (Fig. 4b-d).
In addition, the ease of oxygen availability was increased by the
addition of small amount of Fe as evidenced by the lower reduc-
tion temperature for Fe;03 to Fe304 and Fe304 to FeO compared
to the reduction of bulk Fe,;03 in the work of Chang et al. [15]. This
favorable condition was provided by a specific interaction between
Au-Cu and Fe species. However, at higher addition of Fe species, the
interaction of Fe species with Au and Cu species was minimized as
evidenced by reduction of Fe species at higher temperature (Fig. 4c).
Therefore, addition of small amount of Fe species has increased the
catalytic activity of Au-Cu/TiO, catalyst. Several evidences were
available in the literature for the increased activity of supported
Au catalysts by the addition of metal oxide additives. For instance,
Gluhoi et al. [47] found that Au catalysts containing reducible tran-
sition metal oxides such as CeOy, CoOx, MnOy and FeOy showed
better activity, which was attributed to the ability of the transi-
tion metal oxides to provide reactive oxygen and was explained in
terms of Mars and van Krevelen mechanism. In this, for most oxi-
dation catalysts can be interpreted within the framework of this
mechanism and reactive oxygen can be replaced by O, from the
feed stream [45,48]. The influence of acidity at POM reaction can
be illustrated by Table 3. The Au-Cu/TiO,-Fe; 03 catalyst with the
Ti/Fe=9/1 sample is showed higher intermediate and weak acidic
sites than the Ti/Fe = 8/2 and 7/3 catalyst samples. It is also showed
more total acidic sites in this sample for the Au-Cu/TiO,-Fe;03
catalysts. That means the higher amount of weaker (intermediate
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Fig. 9. Effect of Ti/Fe atomic ratio on CH30H conversion and H, selectivity for

POM over Au-Cu/TiO,-Fe;03 (1-1wt.%) catalysts (uncalcined, dried at 373 K; pH
7; 02/CH30H ratio, 0.3; reaction temperature, 523 K).
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Fig. 10. Effect of pH on CH30H conversion and H, selectivity for POM over
Au-Cu/TiO,-Fe,03 (1-1wt.%, Ti/[Fe=9/1) catalysts (uncalcined, dried at 373K;
0,/CH30H ratio, 0.3; reaction temperature, 523 K; reaction time, 90 min).

and weak) acidic sites and total acidic sites works as the synergis-
tic effect to increase the CH3OH conversion in POM reaction over
Au-Cu/TiO,-Fe, 05 catalysts (Ti/Fe =9/1). The decreased methanol
conversion at higher amount of Fe is also due to increase in the
particle size of metal particles. Since Au-Cu/TiO,-Fe,03 catalysts
with Ti/Fe =9/1 showed higher activity, this catalyst has been used
for further study.

Fig. 10 shows the catalytic activity of Au-Cu/TiO,-Fe, O3 catalyst
prepared at different pH values. It reveals that methanol conver-
sion increased with increase in pH and attained maximum at pH
7, and then it decreased with further increase in pH. The H, selec-
tivity was also increased with increase in pH and it dropped at pH
7. The behavior of the catalysts prepared at various pH values in
methanol conversion and H, selectivity were explained in terms
of amount of Au and Cu deposited on TiO,-Fe, 03 binary support
and the mean particle size at various pH values. The pH during
preparation showed significant influence on the particle size and
metal loading (Table 1). The lower activities at pH 5 and 6 have
been explained in terms of presence of large sized metal particles
on the support. Even though the catalysts prepared at high pH val-
ues (pH 8 and 9) possess small metal particles, the slightly lower
activity of these catalysts might be due to lower deposition of Au on
the surface of the support. Analogous effects of pH on Au particle
size, gold uptake and catalytic activity was reported in the litera-
ture [49]. Since the Au-Cu/TiO,-Fe,05 catalysts prepared at pH 7
exhibited higher CH3OH conversion and H; selectivity, this catalyst
has been used for further study.

Fig. 11 shows the effect of calcination temperature on the cat-
alytic activity of Au-Cu/TiO,—-Fe, O3 catalysts. Methanol conversion
was decreased when the sample was calcined at 473 K. But there
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Fig. 11. Effect of calcination temperature on CH3OH conversion, H, selectivity and
CO selectivity for POM over Au-Cu/TiO,-Fe;03 (1-1 wt.%, Ti/Fe =9/1) catalysts (pH
7; O2/CH30H ratio, 0.3; reaction temperature, 523 K; reaction time, 90 min).

was no further change in the conversion observed at higher calci-
nation temperatures. On the other hand, the hydrogen selectivity
was decreased smoothly with increase in calcination temperature.
There was an obvious increase in CO selectivity when the sample
calcined at 573 K and above. These complex behaviors of the cat-
alysts were explained by analyzing structure and morphology of
the catalysts calcined at different temperatures obtained from TEM,
TPR and XPS analyses. TEM analysis revealed that there is a small
increase in the size of the Au-Cu particles beyond 473 K. Neverthe-
less, presence of copper preserves the Au-Cu particle size during
calcination process to a large extent. XPS analysis illustrates that
the catalyst is composed of Au®, Au* and Au®* species with vary-
ing amount at different calcination temperatures. In uncalcined
sample major portion of Au is in Au®* species. After calcinations,
Au3* species was completely eliminated in the sample. In addi-
tion, with increasing calcination temperature, a fraction of Au®* was
converted to metallic Au. In our previous work on Au/TiO,-Fe;03
catalyst, we have identified the active species for POM in supported
Au catalyst was Au’* [20]. Pestryakov and Lunin [50] also reported
that in supported gold catalysts, Au’* is the active site for alco-
hol partial oxidation reaction. The present study also confirmed
that the active species in supported gold catalyst is Au®* species.
The catalyst calcined beyond 573 K showed increased CO selectiv-
ity and decreased H selectivity. This is due to the combination of
two factors, such as increased particle size and decreased amount
of Au®* species (Tables 1 and 2). TPR analysis also evidenced the
increase in particle size of Au-Cu and decrease in the amount of
oxidized Au and Cu species with calcination temperatures (Fig. 5).
Since the Au-Cu/TiO,-Fe;03 catalyst sample without calcination
itself exhibited better performance in CH30H conversion and H
selectivity, this catalyst has been used to study the effect of reaction
temperature on the catalytic activity of the catalyst.

Fig. 12 shows the CH30H conversion, O, conversion, H, selec-
tivity and CO selectivity for POM over Au-Cu/TiO,-Fe; 03 catalysts
at temperatures between 448 and 573 K. Throughout the temper-
ature studied O, consumption was virtually 100%. With increase
in reaction temperature, CH30H conversion, H, selectivity and
CO selectivity are increased. Methanol conversion increased from
81.8% to 96.4% and H, selectivity increased from 78.2% to 92.3%
when the temperature increased from 448 to 573 K. There is a slow
and smooth increase in CO selectivity with reaction temperature is
observed. The CO selectivity is increased from 1.9% to 9.3%, when
the temperature increases from 448 to 573 K. In addition, negligible
amount of methane was also observed. The increase in H, selec-
tivity is in three stages, which explains H, formation occurred by
different reaction pathways. At 448 and 473 K, the H, selectivity is
around 80% with 20% H, O selectivity was observed. This means that
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Fig. 12. Effect of reaction temperature on CH3OH conversion, O, conversion, H;
selectivity and CO selectivity for POM over Au-Cu/TiO,-Fe, 03 (1-1 wt.%, Ti/Fe =9/1)
catalysts (uncalcined, dried at 373K; pH 7; 0/CH3OH ratio, 0.3; reaction time,
90 min).



64 F.-W. Chang et al. / Journal of Molecular Catalysis A: Chemical 313 (2009) 55-64

the highly exothermic methanol combustion (MC) (Eq. (1)) reaction
had occurred parallel with POM (Eq. (2)). There is a sudden increase
in Hy selectivity was observed at 498 K with a value of 86.4%. There
is further increase in H, selectivity when the reaction temperature
increased from 498 to 523 K. The high H, selectivity at tempera-
tures between 498 and 548 K implies that the steam reforming of
methanol (SRM) (Eq. (3)) has involved in the reaction system. In
this case, H,0 formed during MC was utilized for SRM.

CH30H + 1.50, — 2H,0 + CO, (1)
CH30H + 0.50 — 2H, + CO, 2)
CH30H + H,0 — 3H, +CO, 3)

At 573K, there is a considerable increase in CO selectivity was
observed. This tendency is due to the methanol decomposition
(MD) (Eq. (4)) and reverse water gas shift (RWGS) (Eq. (5)) were
taken place.

CH30H — CO + 2H, (4)
CO, +Hy < CO + Hy0 (5)

The Au-Cu/TiO,-Fe, 03 catalysts show higher activity (82-85%
CH3O0H conversion; 78-80% H, selectivity) at low reaction temper-
ature region (448-473 K) compared to the Au/TiO,-Fe, O3 catalysts
(75-80% CH30H conversion; 45-59% H, selectivity) in our pre-
vious study [20]. It demonstrated that the Au-Cu/TiO,-Fe;03
catalysts initiate the POM reaction at lower temperature. The
significant importance of this present study demonstrates that
Au-Cu/TiO,-Fe, 05 catalyst can be effectively applied in hydrogen
production for fuel cell application at low temperature compared
to previous study on POM over various supported Au, Cu and Pd
catalysts [5-7,14-16,51].

4. Conclusions

The present study demonstrates that the Au-Cu/TiO,-Fe;03
catalysts are highly active compared to Au-Cu/TiO, catalysts.
The higher activity of the Fe containing catalyst was attributed
to the ability to supply reactive oxygen, thereby stabilize
active gold species (Au®*) in the catalyst. The optimization of
Au-Cu/TiO,-Fe, 05 catalysts preparation condition such as pH dur-
ing preparation of the catalyst shows that the catalyst prepared at
pH 7 showed high activity as this catalyst possess small metal par-
ticles and high Au loadings. The calcination process changes the
chemical state and particle size of Au-Cu. There was a consider-
able decrease in CH30H conversion, H; selectivity and increase in
CO selectivity with increasing calcination temperature. This result
reveals that the uncalcined sample is active catalyst for selective
formation of H, as it possesses more active Au species (Au®*) in the
catalysts. The catalytic activity at various reaction temperatures
in the range of 448-573 K showed that both methanol conversion
and hydrogen selectivity are increased with increasing the temper-
ature. An apparent increase in CO selectivity was observed beyond
523 K. These results reveal that during POM other reaction mecha-
nisms, such as methanol combustion, steam reforming of methanol
and reverse water gas shift were occurred.
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