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Abstract

Au/MgO/Al2O3 is able to oxidize CO selectively in hydrogen-rich gases (∼70 vol.%) at the temperatures relevant to
hydrogen fuel cell applications (70–100◦C). The presence of MgO enables the preparation of small, stable Au particles on
�-Al2O3 with high surface area and, in this way, improves both low-temperature CO and H2 oxidation by O2 compared to
Au/Al2O3. Addition of MnOx and FeOx to Au/MgO/Al2O3 further enhances low-temperature CO oxidation with improved
CO2 selectivity. The increase in CO oxidation activity is attributed to the implementation of new routes for supplying active
oxygen, e.g., via lattice oxygen. The better CO2 selectivity also probably results from suppression of H2 oxidation at low
temperatures. The results support a model in which CO is adsorbed onto metallic Au or at the Au/MOx perimeter interface
and reacts with oxygen also present at the Au/MOx perimeter interface. A focus on decreasing the H2 oxidation activity is
recommended for further catalyst improvement. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

With the knowledge that supported Au catalysts
have high activity in low-temperature CO oxidation
[1,2], new studies were focused on the activity of
supported Au in various other oxidation reactions
[3,4]. Although the nature of the active sites remains
unclear, it is generally accepted that the presence
of small Au particles highly dispersed on a suitable
metal oxide (MOx) is required to obtain high catalytic
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activity [1–5]. The high activity is attributed to (i)
specific sites present on small metallic particles, such
as coordinatively unsaturated Au surface atoms [6],
(ii) small metallic particles with an altered electronic
structure [7] and (iii) the presence of ionic/oxidic
Au [8]. The role of MOx is also still under discus-
sion. While MOx prevents small Au particles from
sintering under mild conditions [9], it has been put
forward that the Au/MOx perimeter, defined as the
boundary between Au, MOx , and the gas phase, may
be crucial for O2 activation [10,11]. It has also been
suggested that the reaction solely takes place on the
Au/MOx perimeter with CO adsorbed on Au and
oxygen originating from MOx [9,12].

0920-5861/02/$ – see front matter © 2002 Elsevier Science B.V. All rights reserved.
PII: S0920-5861(01)00486-2



124 R.J.H. Grisel et al. / Catalysis Today 72 (2002) 123–132

In contrast to unsupported Au [13], supported Au
is more active in CO oxidation than in the oxidation
of H2 [1,5,14]. This quite unique ability is employed
in the present study in order to put together a highly
reactive and selective catalyst for CO oxidation in
the presence of H2. The catalysts used include Au on
MgO/Al2O3 and Au–MOx on MgO/Al2O3 (M = Mn,
Fe). We tried to elucidate the role of Au and MOx

in CO selective oxidation. The effects of the Au
particle size and the presence of MOx on the acti-
vity and the selectivity will be discussed. On the
basis of our results we propose a formulation of a
novel catalyst for the selective oxidation of CO. In
addition, a mechanism is proposed for the relevant
processes.

2. Experimental

2.1. Catalyst preparation

The catalytic activity of Au-based catalysts depends
on the presence of small Au clusters. Earlier studies
indicated that deposition of Au on MgO/�-Al2O3
(5 wt.%, Au:Mg= 1:5) via homogeneous deposition
precipitation resulted in a catalyst with a high sur-
face area (∼200 m2 g−1) and very small Au particles,
which was extremely active in CO (selective) oxida-
tion [15]. Generally, the CO oxidation activity can be
improved by adding MOx [9,16]. Amongst the most
effective additives are MnOx and FeOx . MOx was
applied onto 5 wt.% Au on MgO/Al2O3, yielding cat-
alysts with an Au:Mg:M atomic ratio of 1:5:5. Details
of the preparation are given elsewhere [15].

2.2. Catalyst characterization

The catalysts were examined in detail with high-
resolution transmission electron microscopy (HRTEM)
using a Philips CM30T electron microscope. The
energy of the electrons used was 300 kV (resolution:
∼0.5 nm at 500 k magnification). Elemental analysis
was possible by means of a built-in LINK EDX sys-
tem. From each catalyst about 300 Au particles were
measured in order to obtain a statistically justified
particle size distribution.

To gather information on the chemical state of Au
present on Au/MgO/Al2O3 and Au/MnOx /MgO/Al2O3

catalysts, X-ray photoelectron spectroscopy (XPS)
measurements were performed. The powdered sam-
ples were pressed onto a special sample holder, which
was then placed in a vacuum chamber (base pressure
<10−7 mbar). A VG X-ray source with an aluminium
crystal, operating at 10–15 kV anode voltage, 5 A fil-
ament current and 40 mA emission current, was used
to generate the required Al K� radiation (resolution:
∼0.8 eV).

197Au-Mössbauer effect spectroscopy (MES) was
applied to examine the electronic structure of Au
in Au/MgO/Al2O3 and Au/MnOx /MgO/Al2O3. The
results were compared to Au/Al2O3 with similar Au
particle size. The spectra were obtained using197Pt
in a Pt source prepared by thermal neutron (n) bom-
bardment of196Pt enriched Pt powder for 24 h, which
resulted in a 200 MBq Mössbauer source. The trans-
mitted 197Au �-rays were detected with a high purity
Ge detector. During measurement the absorbers and
source were kept at 4.2 K. All spectra have been
analysed using as few subspectra as possible.

2.3. Activity measurements

The oxidations were carried out in a lab-scale flow
reactor. Before measurement, the catalysts were re-
duced in situ in an atmosphere of 4 vol.% H2 (balance
He) at 300◦C (heating rate 10◦C min−1) and kept at
300◦C for 30 min. The reactor was cooled to room
temperature (RT) before introducing the reactant
flow (40 ml min−1, GHSV ∼2500 h−1). Reactions
were performed in a mixture of H2 (∼70 vol.%), He
(∼29 vol.%) and O2 + CO (1.2 vol.%) with varying
O2:CO molar ratio(λ = 1, 2, 4). The parameterλ
is defined as the amount of O2 present divided by
the amount of O2 needed to completely oxidize all
the CO in the feed [17]. After stabilization at RT for
30 min, three cycles of heating and cooling curves
were recorded consecutively to monitor possible
hysteresis and catalyst (de)activation. After the last
cooling stage, the catalyst was kept at RT for an ex-
tended period of time (∼9 h) to evaluate the activity
and selectivity in time on stream. On-line gas analysis
was performed by a Balzers QMG-064 mass spec-
trometer and a Chrompack CP 2002 gas chromato-
graph equipped with a Molsieve 5 Å column for CO
and O2 detection and a Hayesep A column for CO2
detection.
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Table 1
Catalyst characterization (HRTEM, XPS,197Au-MES)

Catalyst HRTEM XPS MES (non-bulk)

Au diameter (nm) 4f7/2 (eV) 4f5/2 (eV) IS (mm s−1) QS (mm s−1)

Au/Al2O3 3.6 ± 1.4 83.7 87.3 −0.63 1.45
Au/MgO/Al2O3 2.6 ± 1.0 83.8 87.4 −1.15 4.10

−0.98 1.41
Au/MnOx /Al2O3 4.2 ± 1.1 83.7 87.3 −0.84 2.18
Au/MnOx /MgO/Al2O3 dried at 80◦C, >16 h – – – 2.67 3.92

3.70 4.59
Au/MnOx /MgO/Al2O3 calcined at 300◦C, 2 h 2.5± 1.2 83.5 87.3 −1.45 3.27

0.29 5.16
Au/FeOx /MgO/Al2O3 3.2 ± 1.4 – – – –

3. Results

3.1. Catalyst characterization

The average Au particle sizes of the catalysts are
summarized in Table 1. Au/Al2O3 is given as refer-
ence. HRTEM–EDX studies indicate that the MgO
and FeOx phases are most probably well-dispersed,
whereas MnOx is less homogeneously dispersed.
No traces of Cl− or other contaminants were found.
Lattice spacings, occasionally observed for small
Au particles, indicate the presence of metallic Au
(d = 2.355 Å). Nonetheless, based on these results
only it cannot be concluded a priori that no oxidic Au
is present.

XPS spectra of Au/Al2O3 (reference), Au/MgO/
Al2O3 and Au/MnOx /MgO/Al2O3 are given in Fig. 1.
All spectra could be fitted satisfactorily with peak
maxima at 87.3 and 83.7 eV binding energy, which are
characteristic of metallic Au. No Auδ+ was detected.
It must be noted, however, that the apparatus used has
a low response and is probably not sensitive to the
presence of very small amounts of oxidic Au.

Fig. 2A shows MES spectra of the same catalysts.
All 197Au spectra consist of a clear bulk Au peak and
a small surface contribution. The isomer shift (IS) of
metallic Au was constrained to−1.22 mm s−1. The
surface contributions were best fitted with doublets;
the quadrupole splitting (QS) values depending on
the symmetry of the local coordination of the surface
atoms. Because of the slight asymmetry in the spectra
for Au/MgO/Al2O3 and Au/MnOx /MgO/Al2O3 more
doublets were needed to fit the data satisfactorily.

The 197Au spectra of HAuCl4·3H2O and uncalcined
Au/MnOx /MgO/Al2O3 are shown in Fig. 2B. After
washing and drying the catalyst at 80◦C no evidence
of starting material was found. A high intensity dou-
blet with a large positive IS indicates that besides
metallic Au another Au species, possibly Au(OH)3,
is present on the catalyst. After calcination in O2 at
100◦C for 30 min (not shown) no changes have been
observed. Catalyst pretreatment at higher temperatures
did alter the chemical properties of the Au phase. After
calcination at 300◦C (Fig. 2A, curve c) a negative IS
was observed. The results are summarized in Table 1.
Mössbauer measurements on different Au compounds
have led to the identification of IS/QS combinations

Fig. 1. The 4f7/2 and 4f5/2 electron binding energies of Au in
Au/Al2O3 (a), Au/MgO/Al2O3 (b) and Au/MnOx /MgO/Al2O3 (c).
The O 1s peak (constrained to binding energy= 531.0 eV) was
used as internal reference.
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Fig. 2. Top: Mössbauer spectra for Au/Al2O3 (a), Au/MgO/Al2O3

(b) and Au/MnOx /MgO/Al2O3 (c) calcined at 300◦C for 2 h.
Bottom: Mössbauer spectra for HAuCl4·3H2O (a) and Au/MnOx /
MgO/Al2O3 dried at 80◦C for >16 h (b). Spectra relative to
absolute velocity.

which are typical of Au0, AuI , AuIII and AuV [18].
In order to identify the second Au species present on
the catalysts studied, the IS values are plotted versus
the QS in Fig. 3. For comparison spectra obtained for
HAuCl4·3H2O, Au(OH)3, Au/Al2O3 and Au/MnOx

are shown also.
After reaction the catalysts were examined with

XRD and HRTEM. Oxidation experiments did not
influence the Au particle size (distribution) nor the
catalyst morphology significantly.

Fig. 3. IS vs. QS of non-bulk Au species extracted from Mössbauer
spectra of the catalysts under study. Also shown are bulk (metallic)
Au, HAuCl4·3H2O, Au(OH)3 and Au/MnOx /Al2O3.

3.2. Activity measurements

The results of CO oxidation on Au/MgO/Al2O3
are presented in Fig. 4. The left-hand side of the
figure depicts the CO conversion during three con-
secutive reaction cycles as a function of temperature.
The right-hand side shows the same data for CO
conversion, as well as O2 conversion and the calcu-
lated selectivity, but here as a function of the total
reaction time. In all cases almost all of the O2 in the
flow was consumed. Therefore, the CO2 selectivity is
practically similar to the CO conversion divided byλ.
At high O2:CO ratio (λ = 4) the system was not in
quasi-steady state; the CO conversion (and selectivity)
increased upon subsequent reaction cycles (Fig. 4a
and b). However, during the first 3 h in time on stream
at RT (t = 7–10 h) the CO conversion, and to a lesser
extent the O2 conversion, decreased, lowering the se-
lectivity to CO2, after which it reached steady state.
Moreover, a large hysteresis was observed, in which
the CO conversion in the cooling branches exceeded
those of the heating branches at low temperatures
(Fig. 4a). In addition, a maximum in CO conversion
was found at 140–160◦C during the heating stages.
Upon lowering the O2:CO ratio (λ = 2, 1) the cat-
alytic behaviour was similar throughout all reaction
cycles. It was noted that differences in CO conversion
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Fig. 4. Catalytic activity of Au/MgO/Al2O3. Left: heating (closed symbols) and cooling (open symbols) curves of CO conversion vs.
temperature (◦C); first (�), second (�) and third (�) reaction cycle. Right: conversion of CO (	) and O2 (�), and the selectivity towards
CO2 (�) vs. reaction time (h) forλ = 4 (a and b), 2 (c and d) and 1 (e and f).

during the heating and cooling stages decreased with
lower λ-values. Although forλ = 2 and 1 initially
a slight increase (Fig. 4d), respectively decrease
(Fig. 4f) in CO conversion was observed, the CO2 se-
lectivity in time on stream at RT was stable for∼9 h.

Results of CO selective oxidation after adding
MnOx and FeOx to Au/MgO/Al2O3 are shown in

Figs. 5 and 6, respectively. Whereas MnOx addition
improved CO oxidation activity over the entire tempe-
rature range studied for allλ (Fig. 5), the effect of
FeOx is most pronounced at low temperatures (Fig. 6).
The presence of MOx typically reduced the hysteresis
effect, especially for FeOx at low λ. Similar to Au/
MgO/Al2O3 for λ = 4 the O2 conversion dropped at
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Fig. 5. Catalytic activity of Au/MnOx /MgO/Al2O3. Left: heating (closed symbols) and cooling (open symbols) curves of CO conversion
vs. temperature (◦C); first (�), second (�) and third (�) reaction cycle. Right: conversion of CO (	) and O2 (�), and the selectivity
towards CO2 (�) vs. reaction time (h) forλ = 4 (a and b), 2 (c and d) and 1 (e and f).

RT in time on stream for both Au/MnOx /MgO/Al2O3
(Fig. 5b) and Au/FeOx /MgO/Al2O3 (Fig. 6b). How-
ever, since the CO conversion was unaffected on
MnOx and decreased less than the O2 conversion on
FeOx comprising catalysts, the selectivity towards
CO2 increased, this in contrast with Au/MgO/Al2O3.
The results are summarized in Table 2.

4. Discussion

4.1. Chemical state and role of Au

It is generally accepted that the low-temperature
CO oxidation activity depends on the Au particle
size [1–5]. Other studies also indicate a particle size
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Fig. 6. Catalytic activity of Au/FeOx /MgO/Al2O3. Left: heating (closed symbols) and cooling (open symbols) curves of CO conversion
vs. temperature (◦C); first (�), second (�) and third (�) reaction cycle. Right: conversion of CO (	) and O2 (�), and the selectivity
towards CO2 (�) vs. reaction time (h) forλ = 4 (a and b), 2 (c and d) and 1 (e and f).

effect for CH4 oxidation on Au/Al2O3, in which small
Au particles are beneficial for high activity [19]. It
was concluded that small, most probably metallic,
Au particles are capable of C–H bond activation.
Exploratory studies on CO oxidation in the presence
of H2 also show the necessity of the presence of small
Au particles [15].

No direct evidence for oxidic/ionic Au species was
found. From the literature [20] and extrapolation of

MES data in this study one might argue about the
existence of AuI species in Mg comprising Au-based
catalysts (Fig. 3). However, since the data were fit-
ted with as few subspectra as possible while we did
not know the actual number of different surface Au
species, these results have no real physical meaning.
More extensive investigations are necessary to draw
firm conclusions from these measurements. In ad-
dition, no clear correlation was found between the
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Table 2
CO conversion and selectivity to CO2 during 3rd reaction cycle at 70◦C

Catalyst CO conversion CO2 selectivity

λ = 4 λ = 2 λ = 1 λ = 4 λ = 2 λ = 1

Heating
Au/MgO/Al2O3 0.40 0.60 0.32 0.10 0.30 0.32
Au/MnOx /MgO/Al2O3 0.94 0.82 0.61 0.24 0.41 0.61
Au/FeOx /MgO/Al2O3 0.87 0.75 0.54 0.22 0.37 0.54

Cooling
Au/MgO/Al2O3 0.77 0.81 0.45 0.19 0.40 0.45
Au/MnOx /MgO/Al2O3 0.99 0.95 0.72 0.25 0.47 0.72
Au/FeOx /MgO/Al2O3 0.91 0.74 0.54 0.23 0.37 0.54

possible presence of such Au species and the catalytic
activity. Previous activity measurements and FTIR
studies indicate that reduced Au-based catalysts are
superior to oxidized ones in low-temperature CO ox-
idation [15,16]. Moreover, the CH4 oxidation activity
observed for Au-based catalysts at temperatures well
above the decomposition temperature of AuOx does
not plead for the presence of oxidic Au [19], at least
at these temperatures. Therefore, we suggest that AuI

species, if present, are not necessary to obtain high
catalytic activity. The primary role of Au is thought
to be the adsorption of CO, but it may also assist
oxygen activation at the Au/MOx perimeter interface
via surface OH groups [21] or via O-vacancies in the
MOx lattice [9,15,16].

4.2. Effect of MOx

Previous studies indicated that the effect of MOx

may be twofold. On the one hand, it may prevent
small Au particles on Al2O3 from sintering to a certain
extent even up to temperatures above 700◦C [9,15],
probably due to encapsulation of the Au particles. Of
the MOx studied, MgO was found to have the largest
stabilizing effect on the Au particle size. In addition
to the effect on the Au particle size the presence of
MOx can have a direct impact on the catalytic activity
[9,15,16]. An improved activity was found for types
of M that can easily change their valency (M= Mn,
Fe and Co).

Our results show that addition of MnOx and FeOx
to Au/MgO/Al2O3 leads to improved CO oxidation
activity in H2 rich gas (70 vol.%), but does not percep-

tibly affect the chemical and physical state of the Au
phase. Also, large differences in CO2 selectivity were
found. This is directly related to the overall changes
in the CO and H2 oxidation activity. It is thought
that lattice oxygen [15,16] and surface OH groups
on MOx [21] may be crucial to obtain high catalytic
activity. Introduction of MnOx and FeOx thus enables
an extra route for the supply of active oxygen, but
it may also partially block sites on Au/MgO/Al2O3
which are highly reactive towards H2 oxidation, both
leading to improved CO2 selectivity.

4.3. Model for CO selective oxidation over
Au/MOx /MgO/Al2O3

Lower λ-values decrease the low-temperature CO
oxidation activity. On the other hand, the selectivity
to CO2 increases since the fraction of O2 used to
oxidize H2 also decreases. Moreover, differences in
CO conversion during the heating and cooling stages
become smaller. This hysteresis in rate is typical of
H2 oxidation on highly active Au catalysts [15]. It was
suggested that H2O accumulation on the catalyst at
low temperature is responsible for the lower activity
observed during the heating stage. The hysteresis be-
comes smaller upon CO addition (H2:CO:O2 = 4:2:1).
A possible explanation is that CO can block sites
needed for H2 activation at low temperatures, thus
preventing the formation of large amounts of H2O.
With excess of H2 (70 vol.%) a certain fraction of H2
will be oxidized, resulting in built-up of water and,
accordingly, hysteresis (Section 3.2). In this view
a lower λ would result in less H2O formation and,
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hence, in a smaller difference in CO conversion dur-
ing heating and cooling stages, as was observed in
our experiments. Addition of MnOx (Fig. 5) and es-
pecially FeOx (Fig. 6) was found to reduce hysteresis
in CO conversion for all O2:CO ratios studied. The
addition of MnOx to Au/MgO/Al2O3 increases the
CO oxidation and reduces the H2 oxidation activity
[15]. The same may hold for FeOx .

Based on the results described in this paper as well
as those obtained from previous studies [9,15,16], we
propose the following mechanism for the oxidation
of CO in a hydrogen atmosphere. CO is adsorbed
on small, mainly metallic, Au particles and at the
Au/MOx perimeter. H2 adsorption is partly blocked
at low temperature (<100◦C) because of CO interfer-
ence. At higher temperatures the CO desorption rate
increases allowing more H2 to reach the surface and
react, resulting in a decrease in selectivity. An increase
in λ, i.e. upon lowering the CO partial pressure, may
induce a similar effect. Active oxygen may originate
from the lattice of MOx or from activated oxygen at the
Au/MOx perimeter interface or at surface OH groups
[21] in the vicinity of small Au particles. The reaction
most likely occurs at the Au/MOx perimeter interface.

Regarding possible applications in PEFC technol-
ogy both a high CO conversion and a high selectivity
towards CO2 (at 70–100◦C) are crucial. However, due
to the poisoning effect of CO a near 100% conversion
is desirable. Within these restrictions the best results
were found for Au/MnOx /MgO/Al2O3 (λ = 2, 4)

and Au/FeOx /MgO/Al2O3 (λ = 4). Excess of O2 is
needed to obtain high CO conversion in the relevant
temperature range, at the expense of CO2 selectivity.
Since Au/MOx /Al2O3 (M = Mg, Mn, Fe, Ni and Zn)
are able to oxidize CO completely under the working
conditions of hydrogen-based fuel cells [9,15], the
emphasis should now be laid on increasing the CO2
selectivity, i.e. lowering the H2 oxidation activity.
Therefore, MgO may not be the most ideal Au par-
ticle size stabilizer, since Au/MgO/Al2O3 is the most
active catalyst in H2 oxidation [15].

5. Conclusions

Au/Al2O3 is able to oxidize CO in hydrogen-rich
gases (∼70 vol.%), provided that small Au particles
are present. MgO addition enables the preparation of

a reproducible, highly dispersed and thermally stable
Au particles on Al2O3. Addition of MnOx and FeOx
results in an increase in CO conversion, especially
at low temperatures. In addition, the CO2 selectivity
benefits considerably from the presence of both oxides
in the entire temperature range studied. Increasing the
O2:CO atomic ratio generally leads to a higher CO
conversion, but a decrease in CO2 selectivity.

The results fit a model in which CO and H2 com-
pete for adsorption sites on metallic Au or at the
Au/MOx perimeter, and oxygen originates from the
lattice of the transition metal oxide in the vicinity of
small Au particles or from activated oxygen at the
Au/MOx perimeter. At low temperatures (<100◦C)
the relatively high abundance of adsorbed CO leads
to high CO2 selectivity. Higher temperatures and
O2 partial pressures decrease CO2 selectivity due to
higher H2 oxidation rates.

Regarding possible application in hydrogen fuel
cells, the best results were obtained for Au/MnOx /
MgO/Al2O3. Further research should focus on inhi-
bition of the H2 oxidation reaction rather than
improving the CO oxidation activity.
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