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Abstract We investigated Au catalysts supported on

TiO2, Fe2O3, and ZnO for their preferential oxidation of

CO in a H2-rich atmosphere. Both full conversion and

selectivity were achieved over Au/Fe2O3 and Au/ZnO

around room temperature, but at higher temperatures the

CO conversion was suppressed due to competition between

CO and H2.

Keywords Au catalyst � CO oxidation � PROX �
Au loading amount � Support effect � Low temperature

1 Introduction

Hydrogen has attracted much interest as an energy source

for electric vehicles and residential power generators.

During hydrogen generation by steam reforming or partial

oxidation of hydrocarbon fuels, such as methanol or gas-

oline [1, 2], approximately 1 vol.% CO is simultaneously

generated [3]. A CO content higher than 10 ppm is con-

sidered detrimental to the metal electrodes used in fuel

cells, especially Pt, because these metals can be poisoned

by CO adsorption. Preferential oxidation of CO (referred to

herein as PROX) is an effective method for removing trace

amounts of CO from H2. In a H2-rich atmosphere, H2

competes with CO to react with O2, leading to decreased

hydrogen generation. To effectively remove CO from a H2-

rich atmosphere, a high amount of CO conversion with

high selectivity at low temperatures is required. Ideally, a

100% CO conversion with 100% selectivity to CO2 below

473 K is desired.

Au catalysts could be effective candidates for PROX,

since well-dispersed Au nanoparticles on metal oxides

exhibit high activity toward CO oxidation at low temper-

atures [4–6]. The activity of the Au catalysts toward CO

oxidation is strongly affected by factors such as the catalyst

preparation method [7, 8], the size of the Au particles [4],

and the contact structure between the Au particles and the

metal-oxide support [9, 10]. Some researchers have sug-

gested that the high activity observed for Au catalysts

supported on reducible metal oxides results from syner-

gistic effects between the Au and the support material [5,

11, 12]; in particular, Au/TiO2 and Au/Fe2O3 catalyst/

support systems have been extensively investigated for

simple CO oxidation [4, 13–17]. In addition to the activity

toward CO oxidation, selectivity toward CO2 and long-

term stability are key features of the catalysts used for

PROX.

CO oxidation over supported Au nanoparticle catalysts

is intrinsically predominant over H2 oxidation [6, 18, 19],

and this behavior contrasts with that observed for CO

oxidation over other noble-metal catalysts, such as Pt or

Pd. In fact, Au catalysts supported on MnOx, TiO2, CeO2,

and Fe2O3, have been suggested as suitable candidates for

PROX at low temperatures [18, 20–35]. For example, CO

conversion higher than 90% was obtained with Au/Fe2O3,

even in the presence of H2 [34]. In most cases in the
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literature, the molecular ratio of O2 to CO in the reactant

gas exceeds 1.0, which is twice the stoichiometric ratio for

complete CO oxidation, and this imbalance might result in

the combustion of H2. Furthermore, inert gases, such as He

and N2, have been used to dilute H2. More recently, the

PROX reaction has been attempted over Au/MnOx/Al2O3,

Au/MgO/Al2O3, and Au/ZrO2 around room temperature

[36–38]. However, full (100%) conversion with 100%

selectivity has not been accomplished yet in H2-rich

atmospheres.

In this study, we carried out the PROX reaction over

three catalysts, Au/TiO2, Au/Fe2O3, and Au/ZnO, under

severe conditions, i.e., only H2 was added to the stoichi-

ometric mixture of O2 and CO, and the results were

compared with those obtained from the oxidation of CO or

H2 individually in air. The effects of the support materials

and the Au loading amount on the catalysts for CO oxi-

dation in a H2-rich atmosphere are presented and discussed.

In addition, the effect of H2 on both CO conversion and

selectivity of the catalysts are also discussed. Since Au

catalysts are known to undergo rapid deactivation during

CO oxidation [13, 39–41], we also investigated the long-

term stability of Au catalysts during the PROX reaction.

2 Experimental

We deposited gold nanoparticles on titanium dioxide (P-25,

Nippon Aerosil Co., Ltd) by the deposition–precipitation

(DP) method using HAuCl4 � 4H2O [9]. Au/a-Fe2O3 and

Au/ZnO catalysts were prepared from FeNO3 and

Zn(NO3)2 precursors, respectively, by the coprecipitation

(CP) method as described elsewhere [5]. All of the samples

were calcined at 673 K for 4 h in air. The actual loading

amounts of Au in the catalyst samples were analyzed by

inductively coupled plasma spectroscopy. We analyzed all

the samples by X-ray diffraction (Miniflex, Rigaku) with

Cu Ka radiation and estimated the Au particle size with the

Scherrer equation. The results of this characterization are

listed in Table 1.

Catalytic activity was measured in a fixed-bed flow reactor

under atmospheric pressure. The catalyst sample sieved with

70–120 mesh (212–125 lm) was placed in a quartz-tube and

pretreated at 523 K for 30 min in an air stream, after which

the reactant gas was passed through the catalytic bed at a flow

rate of 33 mL/min (SV = 20,000 h-1 mL/g-catalyst). For

the separate CO and H2 oxidation reactions we used 1 vol.%

of each gas in air, and for the selective oxidation of CO in

excess H2 we used a reactant gas mixture of 1 vol.% CO,

0.5 vol.% O2, and 98.5 vol.% H2. The catalyst temperature

was monitored with a thermocouple covered by a quartz-tube

sheath in contact with the inlet of the catalyst bed. The

effluent gas was analyzed by on-line gas chromatography

with a thermal conductivity detector (GC-8A and GC-14B,

Shimadzu) for H2, O2, and CO. The selectivity toward CO2

for the selective oxidation of CO was determined from the

consumption of CO and O2 according to the following

formula:

Selectivity ð%Þ ¼ fð½CO�0 � ½CO�Þ=ð½O2�0 � ½O2�Þg
� 100;

where [CO] and [O2] are the CO and O2 concentrations

(vol.%), respectively, and the subscript ‘0’ denotes the

initial concentration in the reactant gas.

3 Results and Discussion

Table 1 summarizes the catalytic properties of the three

catalysts for the separate oxidation of CO or H2 in terms of

Table 1 Au loading amounts, particle sizes and catalytic activities for CO and H2 oxidation of the Au catalyst samples

Support Preparation method Au loadingc Au particle

sized (nm)

T1/2 (H2) (K) T1/2 (CO) (K) DT1/2 (H2-CO) (K)

(wt.%) (mol.%)

TiO2 DPa 0.5 0.20 4.1 329 261 68

0.7 0.29 4.2 329 248 81

1.0 0.41 5.5 318 236 82

1.3 0.53 5.7 315 \230 [85

Fe2O3 CPb 3.4 2.77 3.4 325 248 77

10.1 8.35 3.8 306 234 72

ZnO CPb 0.5 0.21 3.0 378 334 44

4.9 2.1 3.0 309 202 107

a Deposition–precipitation
b Co-precipitation
c Determined by ICP measurements
d Estimated with Scherrer equation
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the temperature at which 50% conversion (T1/2) was

achieved for each gas. All the catalysts had a higher

activity (lower T1/2 values) for CO oxidation than for H2

oxidation. As the amount of Au increased, the T1/2 values

for both oxidation reactions decreased, and the difference

between the T1/2 values for CO and H2 oxidations [DT1/2

(H2 - CO)] over Au/TiO2 increases. Among the tested

catalysts, Au/TiO2 was the most active toward CO oxida-

tion, and this finding is consistent with previous reports

[4, 5]. Complete CO oxidation in air was accomplished for

Au/TiO2 and Au/Fe2O3 even at 273 K, but the activity of

Au/ZnO was relatively low.

The plots of CO conversion and selectivity toward CO2

versus. temperature over Au/TiO2 exhibited maxima

(Fig. 1). The highest CO conversion (85% with a selec-

tivity of 90%) was observed over 1.3 wt.% Au/TiO2 at

295 K (Fig. 1a). CO conversion increased at lower tem-

peratures with increasing Au loading, but at higher

temperatures it appeared independent of Au loading. A

similar tendency was observed for the selectivity toward

CO2. Notably, both conversion and selectivity were almost

independent of the extent of Au loading at higher tem-

peratures, and both decreased with increasing temperature.

Compared to the condition of excess O2 (Table 1), the

oxidation of CO was suppressed in the PROX conditions

and CO conversion did not reach 100% even at room

temperature. When the H2 balance in the reactant gas was

substituted with Ar, the T1/2 value for CO oxidation over

0.7 wt.% Au/TiO2 increased from 248 to 287 K. However,

CO conversion finally reached 100% at 303 K even under

low partial pressure of O2 (data not shown). CO conversion

over supported Au catalysts has been reported to decrease

when H2 is introduced into the reaction mixture, due to

competition between H2 and CO for adsorption on the Au

particles and reaction with oxygen [36, 37, 42]. These

results suggest that CO oxidation at low temperatures is

mainly influenced by the difference in partial pressure

between O2 and CO, whereas competition between CO and

H2 is more prevalent at higher temperatures.

Similar to the results for Au/TiO2, the extent of CO

conversion over Au/Fe2O3 and Au/ZnO under the PROX

conditions depended on the amount of Au loading, but the

selectivity was less affected by this parameter (Figs. 2, 3).

Notably, around room temperature the selectivity over Au/

Fe2O3 and Au/ZnO catalysts reached 100%, and 100%

conversion was also achieved over 10.1 wt.% Au/Fe2O3

and 4.9 wt.% Au/ZnO. At higher temperatures both con-

version and selectivity decreased over all catalysts due to

competition between CO and H2, as also seen over Au/

TiO2 (Fig. 1). In contrast with the behavior observed for

CO oxidation, the oxidation rate of H2 over Au catalysts is

almost independent of the support material, and the activity

is primarily related to the exposed surface area of gold [8].

This behavior is consistent with the trends of conversion

and selectivity observed here. The differences in activity

for CO oxidation are attributed to the different abilities of

the support materials to supply reactive oxygen species

[4, 5, 21, 43]. For example, the reducible metal oxides used

here, namely TiO2 and Fe2O3, are well known for their

ability to store and supply oxygen for the oxidation reac-

tion, and this property has been demonstrated for the

PROX reaction over Au/Fe2O3 [44]. In the present study,

however, we did not notice a substantial catalyst support

effect. Notably, the competition between CO and H2 was

observed beginning at *300 K and was substantially

independent of the support oxide composition or loading

amount of Au, whereas the CO conversion depended on the

Au amount such that the best catalytic performance was

obtained with a higher loading amount.

Fig. 1 (a) CO conversion and (b) selectivity toward CO2 for CO

oxidation in a H2-rich atmosphere over Au/TiO2 as a function of the

reaction temperature for a reaction mixture containing 1 vol.% CO,

0.5 vol.% O2, and balance H2; SV = 20,000 h-1 mL/g-catalyst. (s)

0.5 wt.%, (9) 0.7 wt.%, (D) 1.0 wt.%, and (j) 1.3 wt.%
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The dissociation of O2 is generally believed to occur not

directly on the Au particles, but at the periphery of the

particle surface [10, 11, 45]. In addition, the activated

oxygen reacts with CO adsorbed on Au particles to form an

intermediate, which is immediately transformed to CO2

[46]. Therefore, CO conversion might be governed by the

number of specific sites available for CO oxidation at the

interface between the Au nanoparticles and the support

surface; the length of this interface depends on the Au

particle size. However, H2 also adsorbs on the surface of

the Au particles to dissociate and react with molecular

oxygen [47]. In fact, many highly reactive intermediates,

such as H2O2, are involved in the reaction between H2 and

O2 over Au catalysts [48]. Neutron experiments by Siva-

dinarayana et al. [49] provide evidence for the formation of

H2O2 and hydroperoxo radicals (HOO�) from the reaction

between H2 and O2 over supported Au nanoclusters. Thus,

the reaction rate of H2 oxidation may reflect the surface

area of Au. Although different active sites are being con-

sidered for the separate oxidation of CO and H2, a reaction

mechanism model for CO oxidation was proposed by Bond

and Thompson [11] in which H2 is involved in forming

intermediates such as hydroxy carbonyl (CO–Au–OH) or

hydroperoxy carbonyl (CO–Au–OOH) at the particle-sup-

port interfaces. To further understand the reaction

mechanisms, spectroscopic studies performed under the

actual operating conditions of the reaction would be

required.

The best performance for the PROX reaction was

obtained with 4.9 wt.% Au/ZnO, and we examined this

catalyst’s stability under the PROX condition. We note that

full conversion and selectivity were maintained for more

than 400 min and also when the reaction was repeated four

times. The deactivation of Au catalysts has been reported

to occur in the PROX atmosphere due to the formation of

Fig. 2 (a) CO conversion and (b) selectivity to CO2 for the CO

oxidation in a H2-rich atmosphere over Au/Fe2O3 as a function of

reaction temperature; gas composition are the same as in Fig. 1. (s)

3.4 wt.% and (j) 10.1 wt.%

Fig. 3 (a) CO conversion and (b) selectivity toward CO2 for CO

oxidation in a H2-rich atmosphere over Au/ZnO as a function of the

reaction temperature; gas composition are the same as in Fig. 1. (s)

0.5 wt.% and (j) 4.9 wt.%
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carbonates on Au particles, blocking the special sites for

CO oxidation, but without decrease in the selectivity to

CO2 [50]. In this work, no deactivation of the catalytic

activity was observed, and this behavior might be due to

decomposition of the carbonate species by H2O or hydro-

xyl species formed through the reaction between H2 and O2

on Au particles [51].

4 Conclusions

This work deals with the preferential oxidation of CO in a

H2-rich atmosphere over Au catalysts supported by TiO2,

Fe2O3, and ZnO, which exhibited a higher activity for

oxidation of CO than of H2. We prepared the samples by

DP or CP methods and investigated the PROX reaction by

using the reactant gas containing stoichiometric mixture of

CO and O2 balanced with H2. At low temperatures, the

conversion of CO in the PROX reaction was mainly

dependent on the Au loading amount. In contrast, at high

temperatures, the CO conversion was suppressed by the

competition between CO and H2 for adsorption and sub-

sequent reaction with O2 on the surface of Au particles,

which was almost independent of the support materials or

Au loading amount. The selectivity toward CO2 at low

temperatures reached 100% over Au/Fe2O3 and Au/ZnO

catalysts, regardless of the Au loading amount. A combi-

nation of full conversion and selectivity was achieved

around room temperature for 10.1 wt.% Au/Fe2O3 and

4.9 wt.% Au/ZnO. The Au/ZnO catalyst retained full

conversion and selectivity for long-term PROX reactions

and for repetitions of the PROX reaction. Finally, we

concluded that the Au loading amount was an important

parameter for obtaining a highly active gold catalyst for the

PROX reaction under the present conditions.
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