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bstract

A series of AuPt/A zeolite and Pt/A zeolite catalysts prepared by incipient wetness impregnation are investigated for the preferential oxidation
PROX) of carbon monoxide in the presence of hydrogen over the temperature range of 50–310 ◦C under atmospheric pressure. The results indicate
hat when a small amount of gold is added to the Pt/A zeolite catalyst, the CO selectivity is improved at low temperatures, and 1% AuPt/A zeolite

at a weight ratio of Au:Pt = 1:2) gives the best performance, which provides a high CO conversion in combination with a high CO selectivity.
n more realistic simulated reformate gases containing 10% CO2 and 10% H2O, there is not much difference between those in the presence and
he absence of CO2 and H2O. Transmission electron microscopic and X-ray diffraction studies show that the two metals, Au and Pt, appear to be
everely phase separated, which is confirmed by energy dispersive investigations.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Minor concentrations of CO can cause Pt-based catalysts to
eactivate by strongly binding to the Pt surface. This results
n dramatic losses in the efficiency of proton-exchange mem-
rane fuel cells (PEMFCs). Therefore, the content of CO in
he H2 stream must be reduced to the ppm level, which is the
cceptable limit of CO in the H2-rich stream obtained from the
eforming of hydrocarbons. One of the most effective methods
or removing CO from reformate is preferential catalytic oxida-
ion (PROX). The catalysts used for this process usually consist
f a noble metal [1–4] and active oxygen [5,6]. Among the cata-
ysts studied, gold is generally regarded as being the least useful
f the noble metals for catalytic purposes. Nevertheless, Haruta
t al. [7] have reported that suitable catalyst are highly dispersed

anosized Au particles supported on transition metal oxides that
an catalyze the oxidation of CO to CO2 at temperatures as
ow as −70 ◦C. Thus, Au may catalyze a wide variety of reac-

∗ Corresponding author. Tel.: +66 2 218 4148; fax: +66 2 215 4459.
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ions under comparatively mild conditions. Several gold-based
atalysts have been investigated for the selective CO oxidation
eaction, e.g., Au/Fe2O3 [8,9], Au/Al2O3 [10], Au/ZrO2 and
u/TiO2 [11]. Other studies have investigated the influence of
2O and CO2 [12], as well as of particle size, on the activity and

electivity [13,14] of the PROX reaction over supported Au cata-
ysts. Research in our laboratories has shown that supported Au
atalysts, prepared via a co-precipitation technique and using
ifferent supports, exhibit a similar or even higher activity at
omparatively low temperatures [15,16]. Recently, bimetallic
atalysts have been used extensively in many important indus-
rial processes and are often preferred to their mono-metallic
ounterparts in terms of catalytic activity and/or selectivity
ecause of their unique catalytic properties. For example, Pt-
d/CeO2 [17] and Pt-Au/CeO2 [18] catalysts have been studied
or the PROX reaction and found to give better performance than
ono-metallic catalysts. Therefore, the previous results can be

elated to differences in the activity of the Au crystallite sizes in

he final catalysts.

Metal oxides have been mainly used as a support for the
ROX reaction, whereas zeolite has not been widely investi-
ated. The supported A zeolite catalyst has been shown [19] to

mailto:apanee.l@chula.ac.th
dx.doi.org/10.1016/j.jpowsour.2006.12.033
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Hydrogen temperature programmed reduction (TPR) is an
effective technique to provide information on the character of
the above interactions. The TPR profiles of the different samples
are given in Fig. 2. All samples exhibit one reduction peak with
54 P. Naknam et al. / Journal of P

ive higher selectivity for CO oxidation than supported mor-
enite, X-zeolite and alumina catalysts [19]. Our preliminary
esults showed that a Pt/zeolite catalyst can be used to oxidize
O with high activity in the H2-rich stream around 200 ◦C, but
ives quite low selectivity [20].

The main purpose of this study is to present results for the
ROX of CO when using bimetallic Au-Pt supported on A zeo-

ite. The catalytic activities are presented in the terms of CO
onversion and CO selectivity as a function of temperature in
rder to find a catalyst that is able to convert CO completely to
O2 over a relatively low temperature range for application in
n on-board H2 generator for fuel cell operation. Many effects
n the catalytic activity are presented, namely, the effect of Au
n the Pt/A zeolite performance, sequential metal loading and
etal-loading ratio. Additionally, the performance of the best

atalyst is investigated under a realistic reformate containing
O2 and H2O.

. Experimental

.1. Catalyst preparation

Mono-metallic Pt/A zeolite (designated as Pt/A) with a
t loading of 1 wt.% was prepared by incipient wetness

mpregnation of the NaA zeolite with an aqueous solution of
2PtCl6·xH2O. Additionally, bimetallics containing Pt and Au
ith a total metal loading of 1 wt.% were prepared by incip-

ent wetness impregnation. The appropriate concentrations of
he HAuCl4·3H2O and H2PtCl6·xH2O precursor aqueous solu-
ions were impregnated on to a NaA zeolite support. Both
o-impregnation and sequential impregnation were used for cat-
lyst preparation. If Au is firstly loaded on the A zeolite, followed
y Pt loading, it will be denoted as Pt-Au/A. On the other hand,
f Pt is first loaded on the A zeolite, followed by Au loading,
t will be denoted as Au-Pt/A. For co-impregnation, the nota-
ion of AuPt/A will be used. All catalysts were dried in an oven
t 110 ◦C overnight and subsequently calcined in air for 5 h at
00 ◦C.

.2. Catalytic characterization

The crystallite size of Au and Pt on the surface and the crys-
alline structure of the A zeolite support were analyzed by means
f a Rigaku X-ray diffractometer system (RINT-2200) with a Cu
ube for generating Cu K� radiation (1.5406 Å). Hydrogen pulse
hemisorption analysis determined the percent metal dispersion
y applying measured pulses of H2 gas to the prepared catalysts.

transmission electron microscope (TEM) was employed to
dentify the microstructure of the prepared catalysts. The instru-

ent was a JEM 2010 unit operating at an accelerating voltage
f 200 kV.

.3. Catalytic activity
The PROX reaction was conducted in a fixed-bed, U-tube,
icro-reactor by packing with 100 mg of the catalyst. The activ-

ty was investigated at various temperatures over the range of
F
A
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0–310 ◦C under gas mixture conditions of 1% CO, 1% O2 and
0% H2 balanced in He with a total flow rate of 50 ml min−1.
he effluent gas from the reactor was analyzed both qualita-

ively and quantitatively by auto-sampling in an on-line gas
hromatograph equipped with a packed carbosphere column,
0/100 mesh, 10 ft × 1/8 in. and a thermal conductivity detector
TCD). Calculation of the CO conversion was based on the for-
ation of carbon dioxide. The selectivity of CO oxidation was

efined as the oxygen consumption for CO oxidation divided by
he total consumption of oxygen.

. Results and discussion

.1. Catalyst characterization

The XRD patterns of AuPt/A catalysts prepared by the incip-
ent wetness impregnation method at different Au:Pt ratios are
iven in Fig. 1, together with that for A zeolite. The Au and
t peaks indicate the metals in the prepared catalysts and the
rystallite size of the metals was calculated by use of the Scher-
er equation. The Au and Pt peaks observed at 2θ values of
8.5◦ and 39.8◦ correspond to Au(1 1 1) and Pt(1 1 1) for Cu K�
1.5406 Å) radiation, respectively. This result indicates that the
etal particles of Au and Pt are not mixed to alloy form. For

he AuPt catalysts, the substitution of Au by Pt is observed to
ncrease the intensity of the Pt(1 1 1) peak. The substitution of
u by Pt tends to decrease the Au(1 1 1) diffraction peak inten-

ity due to the dilution of Au by Pt. In addition, the total metal
oadings of all catalysts are almost the same, as confirmed by
CP results.
ig. 1. X-ray diffraction patterns of unloaded A zeolite and AuPt supported on
zeolite with different Au:Pt ratios.
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ig. 2. Temperature programmed profiles of unloaded A zeolite, Pt/A, Au/A
nd AuPt/A catalysts.

maximum temperature at ∼50–150 ◦C. The reduction peak at
70 ◦C can be ascribed to the reduction of gold ions in the Au/A

atalyst. It is interesting to note that the corresponding hydro-
en consumption peak around the reduction of gold species of
uPt/A almost overlaps those for the Au/A and Pt/A catalysts,

nd the reduced amount of adsorbed H2 on AuPt/A is possibly
possible reason for the higher activity.

.2. Activity of AuPt/A and Pt/A catalysts

The preferential oxidation of CO versus temperature curves
btained over Pt/A and AuPt (1:2)/A catalysts are shown in
ig. 3(a and b). Carbon monoxide conversions of 100% are
btained over both catalysts, but the catalytic activity of Pt/A is
mproved slightly in the presence of Au. The temperature at the

aximum CO conversion of AuPt/A is shifted approximately
0 ◦C to a lower temperature (∼170 ◦C), which suggests that
O adsorption on Au is much weaker than that on Pt [21,22].
arbon monoxide can be weakly adsorbed on Au and is there-

ore easily desorbed off the surface. Moreover, adsorbed CO
s generally observed only at low temperatures. The fact is that
u has fully occupied d-orbitals and exhibits weak coordination

bility toward CO. As a result of this adsorption, the tempera-
ure for the maximum conversion of CO on a AuPt/A catalyst is
hifted to a lower value. The bimetallic sample displays slightly
ifferent activity to mono-metallic Pt, which suggests that the
ddition of Au by co-impregnation yields large Au particles that
re unable to oxidize CO in the presence of H2. This conclusion
s consistent with the Au crystallite sizes determined from XRD
ata. Similarly, at high temperature, both catalysts exhibit sim-
lar selectivity in the range of ∼40–50%. At low temperatures,
owever, the AuPt/A catalyst provided 35% higher CO selectiv-
ty than the Pt/A catalyst. This shows that a small amount of Au

dded to the Pt/A catalyst causes the particle size of the Pt metal
o decrease (from ∼59.9 to 51.1 nm) and results in the higher dis-
ersion of AuPt/A on the catalyst support (∼27%), as compared
ith the Pt/A catalyst (∼21%). Higher dispersion values equate

m
i
A
o

ig. 3. Catalytic activity of Pt/A zeolite (�) and AuPt (1:2)/A zeolite (©) cat-
lysts. Gas composition: 1% CO, 1% O2, 40% H2 and He as balance: (a) CO
onversion; (b) CO selectivity.

o more efficient metal atom usage for the catalytic reaction
hich provides an optimal CO conversion and CO selectivity

t relatively low temperatures. The mono-metallic Au/A cata-
yst displays almost no activity towards CO oxidation at this
emperature range.

.3. Effect of sequential metal loading

The sequential order of metal loading does not have a sig-
ificant effect on CO conversion, as shown in Fig. 4. Maximum
O conversion takes place at a temperature around 190 ◦C. By
ontrast, the sequential order of metal loading has a significant
ffect on CO selectivity at low temperatures (lower than 170 ◦C).
t can be seen that a higher CO selectivity is obtained at low tem-
eratures for all tested catalysts. These results can be explained
y the fact that the average metal crystallite sizes do not dif-
er greatly among the prepared catalysts (∼71 nm). The same

etal crystallite sizes lead to the same metal dispersion, result-

ng in similar catalytic activities among all samples (Pt-Au/A,
u-Pt/A and AuPt/A catalysts). This suggests that if either Au
r Pt is initially loaded in the sequential metal loading or if co-
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ig. 4. Catalytic activities of Pt-Au (�), AuPt (©) and Au-Pt (�) supported on
zeolite catalysts with a Au/Pt ratio of 1. Gas composition: 1% CO, 1% O2,

0% H2 and He as balance: (a) CO conversion; (b) CO selectivity.

mpregnation is used, there is no effect on the metal coverage
n each metal.

.4. Effect of metal-loading ratio

To improve the catalytic activity of the AuPt/A catalyst, the
ffect of the addition of Au to the Pt/A was investigated. The
uPt/A catalysts were prepared by co-impregnation. The Au:Pt

atios were 1:1, 1:1.5 and 1:2. As shown in Fig. 5, the presence
f Au on the Pt/A catalyst improves both the CO conversion and
electivity. The results indicate that although both a Au and Pt
re present in the samples, the ratio of Pt and Au exerts an effect
n the catalytic activity. The AuPt/A catalyst containing a Au
o Pt ratio of 1:2 gives the highest CO conversion (100%) and
electivity. Moreover, the temperature at maximum CO con-
ersion is also shifted to a lower temperature compared with
ther Au/Pt ratios. This behavior can be attributed to the crys-

allite size of Au in the samples because the presence of small
rystallites of Au enhances CO oxidation, as shown in Fig. 1.
onsequently a ratio of Pt:Au = 1:1, gives the lowest activity.
he catalyst performance depends on many variables, however,

1
e
g
w

ig. 5. Catalytic activity of AuPt/A zeolite at various Au:Pt ratios, 1:1 (�), 1:1.5
�) and 1:2 (©) supported on A zeolite catalysts. Gas composition: 1% CO, 1%

2, 40% H2 and He as balance: (a) CO conversion; (b) CO selectivity.

uch as the support, the actual total metal loading and the metal
ispersion of the metal. Therefore, additional studies are needed
o quantify these results. In addition, the metal particles of Au
nd Pt are not mixed to form an alloy because TEM observa-
ions of AuPt/A (not shown here) suggest that the two metals
ppear to be severely phase separated, as confirmed by the EDS
echnique. This result is in a good agreement with that reported
y Chandler et al. [23], who showed that the co-impregnation
f Au with Pt from chloride salts yielded catalysts with little or
o interaction between the two metals.

.5. Effect of water vapour on catalytic performance

The effect of the water vapour in the feed stream on the
atalytic performance of the 1% (1:2) AuPt/A catalyst was inves-
igated. In practice, a reformate stream usually contains up to

0–15% H2O. Therefore, it is essential to investigate the influ-
nce of water vapour on the PROX reaction while maintaining
as conditions. The catalytic activities of the catalyst were tested
ith a reactant gas composition of 10% H2O, 1% CO, 1% O2
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Fig. 6. Effect of H O on catalytic activities of 1% (1:2) AuPt/A zeolite catalyst.
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more realistic conditions. From the CO conversion profiles in
Fig. 7(a), the presence of CO2 and H2O in the feed stream has a
slightly negative effect on the CO conversion profile of the 1%
(1:2) AuPt/A catalyst. The maximum CO conversion is shifted
2

as composition: 1% CO, 1% O2, 40% H2, 0–10% H2O and He as balance: (�)
% H2O and (©) 10% H2O—(a) CO conversion; (b) CO selectivity.

nd 40% H2 balanced in He. As shown in Fig. 6(a and b), the
resence of water vapours does not have a significant effect on
O conversion, but has a positive effect on CO selectivity at
igh temperatures. The CO selectivity increases from 50 to 55%
t 190 ◦C. Schubert et al. [21] examined the influence of CO2
nd H2O on selective CO oxidation over Au/�-Fe2O3. It was
oncluded that the addition of H2O exerts a positive effect of the
electivity by suppressing the competing H2 oxidation reaction
nd promoting the water–gas shift reaction. As a result, more CO
s converted to CO2 at high temperatures and causes an increase
n CO selectivity. Additionally, the presence of H2O increases
he formation of hydroxyl groups on the catalyst support, which

akes water a better oxidant than oxygen and increases the oxi-
ation rate of CO and H2. This result can be confirmed by the
eduction of O2 consumption. On the other hand, Calla et al. [24]
ound that the presence of H O in a feed stream significantly
2
ncreased the rate of CO oxidation over Au/Al2O3 because the
ctivation energy CO oxidation was reduced. By contrast, we
ound that the presence of H2O vapour had a negative effect on

F
c
a
C
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he performance of the Pt/A catalyst. Based on these findings,
t can be concluded that when a small amount of Au is added to
Pt/A catalyst, the activity of 1% (1:2) AuPt/A does not show
uch difference in the presence or absence of H2O vapour in

he feed stream.

.6. Effect of combination of CO2 and H2O on catalytic
erformance

The effect of the presence of CO2 and H2O in the feed stream
n the catalytic performance of the 1% (1:2) AuPt/A catalyst was
lso examined because reformate typically contains up to 25%
O2 and 10–15% H2O. It is essential, therefore, to investigate

he influence of both CO2 and H2O on the preferential oxidation
f CO in order to evaluate whether the high activity and selectiv-
ty observed in simulated reformate are still maintained under
ig. 7. Effect of CO2 and H2O on catalytic activity of 1% (1:2) AuPt/A zeolite
atalyst. Gas composition: 1% CO, 1% O2, 40% H2, 0–10% CO2, 0–10% H2O
nd He as balance: (�) 0% CO2 + 0% H2O and (©) 10% CO2 + 10% H2O—(a)
O conversion; (b) CO selectivity.
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o a higher temperature by approximately 10 ◦C. The CO selec-
ivity of the catalyst is not significantly changed by the presence
f CO2 and H2O in the feed stream. Avgouropoulos et al. [9]
nvestigated the influence of CO2 and H2O on catalyst activity
or the preferential oxidation of CO over a Au/�-Fe2O3 cata-
yst. They reported that the presence of CO2 and H2O further
educed CO conversion, but increased CO selectivity. In addi-
ion, the Pt/�-Al2O3 catalyst is more resistant than Au/�-Fe2O3
nd CuO-CeO2 catalysts towards deactivation. Based on these
esults, it can be concluded that the presence of Au in the Pt/A
atalyst can slightly reduce the influence of CO2 and H2O.

. Conclusions

A bimetallic catalyst prepared by incipient wetness impreg-
ation, which is a conventional synthesis, results in catalysts
ontaining segregated Pt and Au particles. When a small amount
f Au is added to the Pt/A catalyst, CO selectivity is improved
t low temperatures. Additionally, the temperature at maximum
O conversion on AuPt (1:2)/A is shifted by 50 ◦C to a lower

emperature. These differences are the result of the presence of
u in the Au-Pt bimetallic particles. The sequential order of
etal loading has no significant effect on the catalytic activity.
he AuPt/A catalyst containing a Au to Pt ratio of 1:2 pro-
ides the best performance; it completely removes CO from
he H2-rich stream and achieves a high selectivity. Moreover,
he temperature of maximum CO conversion is also shifted to
ower temperatures. Under practical conditions, the presence of
O2 and H2O in the feed stream has a negative effect on CO
onversion and slightly effects CO selectivity.

cknowledgements
Financial supports from the New Researchers Grants
MRG4880004), The Thailand Research Fund (TRF) and
atchadapisake Sompote Fund, Chulalongkorn University, are
ratefully acknowledged.

[

[

[

Sources 165 (2007) 353–358

eferences

[1] M. Kotobuki, A. Watanabe, H. Uchida, H. Yamashita, M. Watanabe, Appl.
Catal. A 307 (2006) 275.

[2] B. Atalik, D. Uner, J. Catal. 241 (2006) 268.
[3] S.H. Oh, R.M. Sinkevitch, J. Catal. 42 (1993) 254.
[4] I. Rosso, C. Galletti, G. Saracco, E. Garrone, V. Specchia, Appl. Catal. B

48 (2004) 195.
[5] F. Mariño, C. Descorme, D. Duprez, Appl. Catal. B 54 (2004) 59.
[6] M. Shou, K. Tanaka, K. Yoshioka, Y. Moro-oka, S. Nagano, Catal. Today

90 (2004) 255.
[7] M. Haruta, S. Tsubota, T. Kobayashi, H. Kageyama, M.J. Genet, B. Del-

mon, J. Catal. 144 (1993) 175.
[8] M.J. Kahlich, H.A. Gasteiger, R.J. Behm, J. Catal. 182 (1999) 430.
[9] G. Avgouropoulos, T. Ioannides, Ch. Papadopoulou, J. Batista, S. Hocevar,

H.K. Matralis, Catal. Today 75 (2002) 157.
10] S.S. Pansare, A. Sirijaruphan, J.G. Goodwin Jr., J. Catal. 234 (2005)

151.
11] C. Rossignol, S. Arrii, F. Morfin, L. Piccolo, V. Caps, J. Rousset, J. Catal.

203 (2005) 476.
12] M.M. Schubert, A. Venugopal, M.J. Kahlich, V. Plzak, R.J. Behm, J. Catal.

222 (2004) 32.
13] H.-S. Oh, J.H. Yang, C.K. Costello, Y.M. Wang, S.R. Bare, H.H. Kung,

M.C. Kung, J. Catal. 210 (2002) 375.
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