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Abstract

The activity of Au/Al2O3 and Au/MOx /Al2O3 (M = Cr, Mn, Fe, Co, Ni, Cu, and Zn) in low temperature CO oxidation and
the oxidation of CH4 was studied. Generally, addition of MOx to Au/Al2O3 stabilizes small Au particles initially present on the
support in heat treatments up to 700◦C. All multi-component catalysts show a remarkable enhancement in low temperature CO
oxidation compared to the mono-component catalysts. The observed activities are directly related to the average Au particle
size, whereas the identity of MOx is less important. The CH4 oxidation activity of Au/Al2O3 is improved upon addition of
MnOx , FeOx , CoOx , and to a lesser extent NiOx . Measured activities in CH4 oxidation over Au/MOx /Al2O3 decrease in
the following order: CuOx > MnOx > CrOx > FeOx > CoOx > NiOx > ZnOx . The high activity observed for CuOx
and CrOx containing catalysts is assigned to the intrinsically high CH4 oxidation capability of these oxides themselves. For
Au/MnOx /Al2O3 a lower apparent activation energy was found than for Au/Al2O3 and MnOx /Al2O3, which might point to
a promoting effect of MnOx on Au in the oxidation of CH4. The results presented support a similar model for both CO and
CH4 oxidation. In this model the reaction takes place at the Au/MOx perimeter, which is defined as the boundary between
Au, MOx and the gas phase. The reductant, CO or CH4, is adsorbed on Au, and MOx is the supplier of O. © 2001 Elsevier
Science B.V. All rights reserved.

Keywords:CO; CH4; Oxidation; Gold; Metal oxides; Alumina; Promoter effect; Catalyst stability

1. Introduction

Over the past few years supported gold catalysts
gained in interest because of a surprisingly high cat-
alytic activity in various reactions [1]. Amongst them,
the one that most catches the eye is low temperature
CO oxidation [2–19]. Au/TiO2 [2–11] and Au/Fe2O3
[2,12–15] were found capable of oxidizing CO al-
ready at room temperature. Although it is generally
accepted that the high catalytic activity of supported
gold catalysts in low temperature CO oxidation can be
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accredited to the presence of small gold crystallites,
which are stabilized by the support [2,4,10–13,16,17],
the nature of the active species remains under discus-
sion. While some authors believe ionic gold provides
the active sites for CO oxidation [15,18,19], others
claim metallic gold to be the active species [2,10–12].
However, according to many papers the gold/support
interface plays an important role [3,6,8,10,16,20].

The good performance of gold-based catalysts in
CO oxidation inspired scientists to test these catalysts
in other oxidation reactions, such as the epoxidation of
alkenes [21–23], oxidative destruction of hydrochlo-
rides [24], and oxidation of CH4 [25,26].

Waters et al. [26] examined coprecipitated Au on
several metal oxides for CH4 oxidation. The observed
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order in activity was Au/Co3O4 > Au/NiOx >

Au/MnOx > Au/Fe2O3 > Au/CeOx . CH4 conver-
sion was found over the most active catalyst, viz.
Au/Co3O4, already at 250◦C. It was suggested that
oxidized Au species were needed to obtain CH4
oxidation at low temperatures, whereas the support
contributed to the measured activity at higher temper-
atures. However, no attention was given to a possible
correlation between the average gold particle size and
the observed activities. Recent results obtained in our
laboratory, however, clearly indicate the existence of
such a relation [27].

It is generally known that addition of metal oxides
can change the catalytic properties of a platinum group
metal catalyst, altering the catalyst’s activity, selectiv-
ity, or stability. For example, the oxidation of CO over
noble metal catalysts can be improved by addition of
MnOx [28,29], CoOx [28–31], LaOx [31], and CeOx
[32]. MnOx was also reported to enhance the reduc-
tion of NO by CO over Pt/SiO2 [29], Pd/SiO2 [33] and
reduction of NO with propene over Au/Al2O3 [34].
Addition of metal oxides was also reported to alter the
catalytic activity in hydrocarbon oxidation. For exam-
ple, the hydrocarbon oxidation activity of Pd/Al2O3
can be improved by addition of alkaline earth metals,
such as Mg, Ca, Sr, and Ba, whereas addition of alka-
line metals (Na, K) was found to have a negative effect
on the catalyst performance [35]. Furthermore, CH4
oxidation over Pd/Al2O3 was found to proceed more
swiftly when CrOx [36] or MnOx [37] was added.

The work presented in this paper deals with a com-
parative study of the oxidation of CO and CH4 over
gold supported on alumina. The influence of addition
of first row transition metal oxides on the average gold
crystallite size and the oxidation activity is studied.
Possible models for CO and CH4 oxidation over Au
based catalysts are discussed.

2. Experimental

2.1. Catalyst preparation

Generally, the catalytic activity of Au based cata-
lysts strongly depends on the presence of small Au
clusters. In order to obtain similar Au loading and
dispersion on all catalysts first a standard 5 wt.%
Au/Al2O3 was prepared by homogeneous deposi-

tion precipitation (HDP) using urea as precipitating
agent [38]. For that purpose, the accurate amount of
HAuCl4 (Aldrich, 99.999%) was dissolved in dem-
ineralized water and added tog-Al2O3 (Engelhard,
code: Al-4172 P). The pH of the solution was about
4. Excess urea (Acros, p.a.) was added. The suspen-
sion was vigorously stirred and heated to 70–75◦C in
order to decompose the urea. This temperature was
maintained until the pH of the solution reached 8.
The suspension was then cooled down and filtered.
The resulting Au/Al2O3 was dried overnight at 80◦C
in air and subsequently reduced in a flow of H2 up
to 300◦C (heating rate, 5◦C min−1). The catalyst was
kept at 300◦C for 30 min (standard Au/Al2O3), cooled
down and stored under ambient conditions. Part of
the standard catalyst was calcined in a flow of O2 at
400◦C with a heating rate of 5◦C min−1 and kept at
this temperature for 30 min (calcined Au/Al2O3).

A selection of transition metal oxides (MOx) were
applied to the standard catalyst by the same method
with an intended Au:M atomic ratio of 1 (M= Cr, Mn,
Fe, Co, Ni, Zn). The samples were dried at 80◦C in air
for at least 16 h followed by calcination in a flow of
O2 at 400◦C (heating rate, 5◦C min−1). The catalysts
were kept at 400◦C for 30 min. For a proper mutual
comparison of the ‘promoted’ Au catalysts also the
corresponding MOx /Al2O3 catalysts were prepared as
described above.

2.2. Characterization methods

X-ray diffraction (XRD) measurements were per-
formed using a Philips Goniometer PW 1050/25
diffractometer equipped with a PW Cu 2103/00 X-ray
tube operating at 50 kV and 40 mA. From the observed
XRD line broadening the average Au crystallite size
was calculated by using the simple Scherrer equation
[39].

The effect of calcination on the average Au par-
ticle size and particle size distribution of Au/Al2O3
and Au/MnOx /Al2O3 was examined in more detail
with transmission electron microscopy (TEM). TEM
experiments were performed using a Philips CM 30
T microscope. The energy of the used electrons was
300 kV. Samples were mounted on a micro-grid car-
bon polymer supported on a copper grid by placing
a few droplets of a suspension of ground sample in
ethanol on the grid, followed by drying at ambient
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conditions. Elemental analysis was performed using
a LINK EDX system. From each catalyst about 300
Au particles were measured in order to obtain a good
statistical particle size distribution.

The Au loading was determined by atomic absorp-
tion spectroscopy (AAS) using a Perkin Elmer 3100
with an air/acetylene flame. For that purpose, the cat-
alysts were dissolved in hot aqua regia. Then the solu-
tion was cooled down and diluted with demineralized
water before performing analysis.

2.3. Activity measurements

The oxidation reactions were carried out in a
lab-scale fixed-bed reactor. Prior to measurement,
the catalysts were reduced in 4 vol.% H2 balanced in
He at 300◦C (heating rate, 10◦C min−1) and kept at
300◦C for 30 min. The reactor was cooled down under
a flow of He before introducing the reactant flow. The
reactant flow (30 ml min−1) consisted of 2.0 vol.%
CO and 2.0 vol.% O2 in He for CO oxidation, and
0.8 vol.% CH4 and 3.2 vol.% O2 in He for CH4 oxi-
dation experiments. After stabilization at room tem-
perature for 30 min two reaction cycles of one heating
and one cooling curve were recorded consecutively
to monitor possible hysteresis and catalyst deacti-
vation. On-line gas analysis was performed using a
VG quadruple MS (model 560), and a Chrompack

Fig. 1. XRD patterns of standard Au/Al2O3 (Au-std), Au/Al2O3 after calcination at 400◦C (Au-cal), and Au/MOx /Al2O3 after calcination
at 400◦C (M = Cr, Mn, Fe, Co, Ni, Cu, and Zn).

CP9001 gas chromatograph equipped with a Hayesep
N column and flame ionization detector.

To diminish effects of variations in CO or CH4 ox-
idation activity during reaction due to sintering, mor-
phology changes, or changes in oxidation state of the
applied MOx , the second heating curve was used for
mutual comparison of the different catalysts.

3. Results

3.1. Catalyst characterization

Fresh Au/Al2O3, before and after calcination, was
characterized by XRD, TEM, and AAS. The Au load-
ing was found to be 5.1 wt.%, which indicates a com-
plete deposition of Au onto the support. This is not
always the case when using different deposition meth-
ods [19,27]. Characterization by XRD and TEM in-
dicated the presence of Au particles with an average
diameter of 3.6 ± 1.4 nm for the uncalcined catalyst
and 9.2 ± 3.4 nm for the catalyst calcined in O2 at
400◦C. Elemental analysis of both these catalysts did
not indicate the presence of any residual Cl− or other
contaminants.

Fig. 1 shows the XRD patterns of fresh Au/Al2O3
and Au/MOx /Al2O3 after background subtraction
for the support. It is clear that addition of MOx to
Au/Al2O3 followed by calcination at 400◦C caused



72 R.J.H. Grisel, B.E. Nieuwenhuys / Catalysis Today 64 (2001) 69–81

Table 1
Average Au particle sizes (nm) of Au/MOx /Al2O3 from XRD line broadening

Addition Au/Al2O3
a Standard catalystb Cr Mn Fe Co Ni Cu Zn

Fresh catalyst 2.7 9.8 9.6 3.7 6.7 6.0 4.0 18.2 5.3
After CO oxidation 3.9 9.0 9.1 3.9 6.9 6.2 4.3 18.7 5.2
After CH4 oxidation 11.0 12.0 10.6 4.3 6.8 6.3 4.8 19.5 5.7

a After reduction in pure H2 for 30 min at 300◦C (Au-std).
b After calcination in O2 for 30 min at 400◦C (Au-cal).

sintering of the Au particles. The sintering behav-
ior was found to depend strongly on the identity of
the added MOx , where as addition of MnOx did not
change the average particle size much (3.7 nm), ad-
dition of CuOx resulted in huge Au agglomerates
(18.2 nm). No diffraction peaks of MOx were ob-
served. The average Au particle sizes, as determined
from XRD line broadening, are given in Table 1.

The Au crystallites on the standard catalyst were
found to sinter at a calcination temperature of 400◦C.
This is in agreement with literature, where sinter-
ing of supported Au particles was reported in both
oxidative and reductive environment at temperatures
above 400◦C [6,9,19]. Low temperature CO oxidation
(300◦C) did not change the average Au crystallite size
significantly. However, the high temperatures needed
for CH4 oxidation (700◦C) did induce a clear Au par-
ticle growth.

Generally, addition of MOx to Au/Al2O3 seemed to
stabilize the initially small average Au particles during
calcination at 400◦C to a certain extent. Only for the
CrOx and CuOx containing catalysts a considerable
larger Au particle size was observed (Table 1). This
behavior was confirmed with TEM experiments on
Au/MnOx /Al2O3. Small Au particles initially present
on the standard catalyst (Fig. 2a) sintered considerably
during the calcination procedure, whereas addition of
MnOx inhibited Au particle growth to a large extent
(Fig. 2b). For MnOx itself a rather homogeneous dis-
persion was found. Under the relatively mild reaction
conditions for CO oxidation no further sintering was
observed. Surprisingly, however, was the perception
that added MOx also inhibited Au particle growth at
the high temperatures needed for CH4 oxidation.

3.2. CO oxidation

MOx /Al2O3 catalysts were found not to be par-
ticularly active in low temperature CO oxidation.

No significant CO conversion was detected below
150◦C for all these catalysts, and full conversion
was only reached over CoOx /Al2O3 in the tempera-
ture range studied (up to 350◦C). CO oxidation over
standard Au/Al2O3 proceeded smoothly, as can be
expected from literature data [40]. Full conversion
over Au/Al2O3 was already reached at 160◦C. After
calcination at 400◦C, Au/Al2O3 was found to have
lost some of its activity. Since small Au particles
(1–6 nm) are beneficial for low temperature CO oxi-
dation [1,4,6,10,13], the observed decrease in activity
is probably due to sintering of the Au crystallites as
noted in Table 1.

Addition of MOx to Au/Al2O3 generally increased
the activity of the catalyst. Fig. 3 gives an example
of the enhancement in activity induced by addi-
tion of MOx . Shown are the second heating curves
for CO oxidation over standard Au/Al2O3 (Au-std),
calcined Au/Al2O3 (Au-cal), MnOx /Al2O3, and
Au/MnOx /Al2O3. It was found that addition of MnOx
enhanced the catalyst performance in low tempera-
ture CO oxidation enormously. Next to MnOx , also
addition of NiOx and ZnOx , and to a lesser extent
FeOx and CoOx , were found to enhance the catalytic
oxidation of CO over Au/Al2O3 (Table 2). The ac-
tivity in CO oxidation over Au/MOx /Al2O3 drops
in the following order: MnOx > NiOx > ZnOx >

FeOx > CoOx > CrOx > CuOx . After the first heat-
ing curve a slight decrease in activity was found for
all Au/MOx /Al2O3. No clear indication of hysteresis
was found.

3.3. CH4 oxidation

Two consecutive reaction cycles of CH4 oxidation
activity over standard Au/Al2O3 (Au-std) are shown
in Fig. 4. After the first heating curve the catalyst
was found to deactivate to a certain extent. This de-
activation was probably due to sintering of the Au



R.J.H. Grisel, B.E. Nieuwenhuys / Catalysis Today 64 (2001) 69–81 73

Fig. 2. Size distribution of Au particles supported on Al2O3: (a) before calcination; (b) after calcination in O2 at 400◦C for 30 min, with
Mn (light bars) and without Mn (dark bars) addition.

particles during the first heating stage of the reac-
tion (Table 1). Consecutive cooling and heating curves
did not result in any further significant deactivation
of the catalyst. To minimize variations in CH4 oxi-
dation activity due to catalyst deactivation, the sec-
ond heating curve was used to compare the different
catalysts.

The data were fit to a sigmoidal function of the
following form:

α = b[1 − exp{−(k(T − c))d}] (1)

in which α is the fraction of CH4 consumed,T the
temperature (◦C), andb, k, c, andd are constants. The
constants were varied until the best fit was found. The
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Fig. 3. CO conversion versus temperature (CO:O2 = 1:1) over standard Au/Al2O3 (j), Au/Al2O3 calcined at 400◦C (r ), MnOx /Al2O3

(m), and Au/MnOx /Al2O3 (d).

derivative of (1), dα/dT, corresponds to the change in
conversion over a temperature interval dT, and thus is
characteristic of the maximum rate of reaction. The
temperature of the maximum of dα/dT provides a
good parameter to express the catalyst activity. There-
fore it was chosen to facilitate mutual comparison of
CH4 oxidation activities of the different catalysts, and
will further be denoted as (dα/dT)max. The values for
(dα/dT)max are summarized in Table 3.

(dα/dT)max values indicate that from the studied
MOx /Al2O3 only CrOx /Al2O3, and CuOx /Al2O3

Table 2
The CO oxidation activity of Au/Al2O3 and Au/MOx /Al2O3

Catalyst MOx /Al2O3 Conversionα (300◦C) Catalyst Au/MOx /Al2O3 Conversionα (25◦C) T99% (◦C)

Au/Al2O3
a 0.11 151

Al2O3 <0.01 Au/Al2O3
b 0.15 213

CrOx /Al2O3 0.04 CrOx /Au/Al2O3 0.12 191
MnOx /Al2O3 0.19 MnOx /Au/Al2O3 1.00 <25
FeOx /Al2O3 0.43 FeOx /Au/Al2O3 0.50 100
CoOx /Al2O3 0.62 CoOx /Au/Al2O3 0.40 114
NiOx /Al2O3 0.12 NiOx /Au/Al2O3 0.41 77
CuOx /Al2O3 0.35 CuOx /Au/Al2O3 0.18 144
ZnOx /Al2O3 0.01 ZnOx /Au/Al2O3 0.29 88

a Au/Al2O3 after reduction in pure H2 for 30 min at 300◦C (Au-std).
b Standard catalyst after calcination in O2 for 30 min at 400◦C (Au-cal).

were more than moderately active, pointing out the
good hydrocarbon oxidation capability of these ox-
ides [41–43]. NiOx /Al2O3 and ZnOx /Al2O3 were
the least active in CH4 oxidation. Instead, detectable
amounts of CO were observed in the high tempera-
ture region (>500◦C), which indicates a non-complete
oxidation of CH4 over these catalysts. The CH4 oxi-
dation activities of MOx /Al2O3 fall in the following
order: CuOx > CrOx > FeOx > MnOx > CoOx >

NiOx > ZnOx . Au/Al2O3 was found to be slightly
more active than FeOx /Al2O3, but considerably
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Fig. 4. CH4 oxidation activity over standard Au/Al2O3 (CH4:O2 = 1:4). First heating stage (j), first cooling stage (r), second heating
stage (m), and second cooling stage (d). Sigmoidal fits (· · · ), derivative of second heating stage (—).

less active than CuOx /Al2O3 and CrOx /Al2O3.
MOx /Al2O3 were found to be rather stable under the
reaction conditions used, i.e. no significant deactiva-
tion was observed after the first heating curve.

Fig. 5 illustrates the change in CH4 oxidation
activity of Au/Al2O3 upon MOx addition. Adding
NiOx and ZnOx to Au/Al2O3 did not change the
activity much. However, similar to CH4 oxidation
over NiOx /Al2O3 and ZnOx /Al2O3 some CO was

Table 3
Catalytic oxidation of CH4 over Au/Al2O3 and Au/MOx /Al2O3

Catalyst Mox /Al2O3 Ea (kJ mol−1) (dα/dT)max (◦C) Catalyst MOx /Au/Al2O3 Ea (kJ mol−1) (dα/dT)max (◦C)

Au/Al2O3
a 71 597

Al2O3
b 140 –c Au/Al2O3

d 71 601
CrOx /Al2O3 131 558 CrOx /Au/Al2O3 96 550
MnOx /Al2O3 103 610 MnOx /Au/Al2O3 63 520
FeOx /Al2O3 108 604 FeOx /Au/Al2O3 70 562
CoOx /Al2O3 116 657 CoOx /Au/Al2O3 73 577
NiOx /Al2O3

b 116 674 NiOx /Au/Al2O3
b 73 584

CuOx /Al2O3 95 512 CuOx /Au/Al2O3 103 504
ZnOx /Al2O3

b 135 695 ZnOx /Au/Al2O3
b 70 600

a Au/Al2O3 after reduction in pure H2 for 30 min at 300◦C (Au-std).
b Detectable amounts of CO observed (see text).
c Conversion stays below 0.50 in the temperature range studied.
d Standard catalyst after calcination in O2 for 30 min at 400◦C (Au-cal).

detected in the high temperature range (>500◦C), in-
dicating incomplete oxidation of CH4 also over these
catalysts. CoOx addition only slightly improved the
catalyst’s performance, whereas addition of CrOx ,
MnOx , FeOx , and CuOx resulted in catalysts with a
significantly higher CH4 oxidation activity. Albeit the
large catalyst improvement due to addition of CrOx

and CuOx can easily be understood by assuming high
activity in CH4 oxidation of the applied MOx itself
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Fig. 5. CH4 conversion versus temperature (◦C) over Au/Al2O3 calcined at 400◦C (Au-cal) and Au/MOx /Al2O3 (M = Cr, Mn, Fe, Co,
Ni, Cu, and Zn); sigmoidal fits (· · · ).

[41–43], the improvement due to MnOx and FeOx
addition is less obvious. The CH4 oxidation activities
over Au-containing Au/MOx /Al2O3 was found to
obey the following order: CuOx > MnOx > CrOx >

FeOx > CoOx > NiOx > ZnOx . An interesting

Fig. 6. Arrhenius plots for CH4 oxidation versus the reciprocal temperature (K) over Au/Al2O3 calcined at 400◦C (Au-cal) and
Au/MOx /Al2O3 (M = Cr, Mn, Fe, Co, Ni, Cu, and Zn).

and important feature was that, unlike Au/Al2O3,
Au/MOx /Al2O3 were found stable with regard to
deactivation under the severe reaction conditions.

The apparent activation energies for CH4 oxidation
were calculated from the temperature dependency of



R.J.H. Grisel, B.E. Nieuwenhuys / Catalysis Today 64 (2001) 69–81 77

the reaction rate at low conversions (0.05 < α <

0.20). The Arrhenius plots of CH4 oxidation over
Au/Al2O3 and Au/MOx /Al2O3 are shown in Fig. 6.
The apparent activation energies (Ea) are summa-
rized in Table 3. Considering the values obtained for
Ea, Au/MOx /Al2O3 catalysts can roughly be divided
into two groups. A large group with similarEa as
Au/Al2O3 (M = Mn, Fe, Co, Ni, and Zn), and a
smaller group with significantly higherEa (M = Cr
and Cu).

4. Discussion

It is generally accepted that small Au particles
are beneficial for both low temperature CO oxi-
dation [1,4,6,10,13] and CH4 oxidation [27]. This
is attributed to either the presence of a large total
Au/support interface [3,6,8,10,16,20] or the presence
of special sites such as coordinately unsaturated Au
surface atoms [7,44], a special electronic structure
of very small Au particles [45], or ionic Au species
[15,18,19,26] particularly present on small Au parti-
cles. Both a large interface and the possible presence
of special sites are relatively more abundant when
dealing with small Au particles, leaving it very diffi-
cult to specify the actual active Au species.

When assuming that the Au particles are hemispher-
ical, uniform in size, and no Au atoms migrate into the
oxide lattice of the support during reaction or disap-
pear otherwise, the total Au surface area can be writ-
ten as follows:

Atot = 6Vtot

dAu
(2)

in which Atot represents the total Au surface area,Vtot
the total volume of the Au particles, which is constant
in this consideration, anddAu the Au particle size. In
like manner, the total Au/MOx perimeter,Ptot, can be
written as follows:

Ptot = 12Vtot

d2
Au

(3)

The Au/MOx perimeter is defined as boundary be-
tween Au, MOx (including support), and the gas
phase. Eq. (3) implies that the total perimeter de-
creases exponentially with an increase of the particle

diameter. Therefore, small particles suffer dispro-
portionately from sintering than large particles. For
instance, the total perimeter accompanied by a change
in particle size from 1 to 2 nm decreases with the
same factor as a change in particle size from 10 to
20 nm. Thus, when comparing supported Au catalysts
it is very important to consider slight discrepancies in
particle size, especially when dealing with particles
smaller than 5 nm. Unfortunately, the preparation of
Au/MOx /Al2O3 out of a standard Au/Al2O3 catalyst
with a well-defined particle size and particle size
distribution did not result in catalysts with similar
Au particle sizes. Therefore, the results presented
above should be considered with care. The alteration
in particle size may originate from redistribution of
Au in solution during MOx deposition, or during
calcination.

Small Au particles tend to sinter during heat treat-
ments above 400◦C [6,9,19]. This is also illustrated
in this paper. After calcination of Au/Al2O3 the
average Au particle size increased by a factor 3.5
(Table 1). Sintering of small Au particles can be in-
hibited upon addition of MOx , even at temperatures
as high as 700◦C, which were used in CH4 oxidation
reactions. Although the background of this stabilizing
effect is still unclear, it was found to depend strongly
on the identity of the applied MOx . Kang and Wan
[46] already noticed such a stabilizing effect for
Au/zeolite-Y upon addition of FeOx .

Apparently, addition of transition metal oxides to
Au/Al2O3 can improve the catalytic activity in both
low temperature CO oxidation and to a lesser extent
CH4 oxidation. However, the origin of this improve-
ment seems to be different for both reactions. Fig. 7a
shows theT99% and (dα/dT)max values for, respec-
tively, CO and CH4 oxidation as function of the av-
erage Au particle diameter as determined from XRD
line broadening. For low temperature CO oxidation
over Au/MOx /Al2O3 there is clearly a relationship be-
tween activity and average Au particle size. Outside of
experimental errors, the deviation of these points from
the drawn line can probably be related to the assump-
tions made about the particles themselves. As seen in
TEM the particles do have a definite size distribution
(Fig. 2a and b) and it is also not apparent that all par-
ticles are hemispherical. Moreover, although incorpo-
ration of Au into the oxide lattice is not very probable,
parts of Au may be covered by MOx patches, reduc-
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Fig. 7. T99% for CO oxidation over Au/Al2O3 (m) and Au/MOx /Al2O3 (r): (a) versus the average Au particle size, right axis: (dα/dT)max

for CH4 oxidation over Au/Al2O3 (4) and Au/MOx /Al2O3 (s) versus the average Au particle size; (b) versus the total calculated Au
surface area, right axis: (dα/dT)max for CH4 oxidation over Au/Al2O3 (4) and Au/MOx /Al2O3 (s); (c) versus the total calculated Au/MOx

perimeter, right axis: (dα/dT)max for CH4 oxidation over Au/Al2O3 (4) and Au/MOx /Al2O3 (s).

ing the amount of surface Au active in low tempera-
ture CO oxidation. Adding MOx did improve the CO
oxidation activity more than can be expected from the
presence of stable small Au particles alone, however,
the nature of MOx did not seem to be very important
(Table 2). In contrast with CO oxidation, no direct cor-
relation is observed between the CH4 oxidation activ-
ity and average Au particle size. The observed activity
varies with the nature of the applied oxide (Table 3).
However, since previous results [27] show that the Au
particle size does in fact influence the CH4 oxidation
activity considerably, one can conclude that the CH4

oxidation activity over Au/MOx /Al2O3 both depends
on the Au particle size and the identity of the added
oxide.

In order to determine the true identity of the ac-
tive Au species theT99% and (dα/dT)max values are
also plotted as function of the calculated total Au sur-
face area (Fig. 7b) and the total Au/MOx perimeter
(Fig. 7c). Unfortunately, on the basis of our present
results no real distinction between the importance of
a large Au surface area and a large Au/MOx perime-
ter can be made. A more detailed study on the Au
particle size, particle size distribution and shape of the
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particles might lead to a better understanding of this
problem.

4.1. Model for CO oxidation over Au/MOx /Al2O3

The CO oxidation activity of the studied catalysts
were compared at high conversion. Under these con-
ditions the presence of mass and heat transfer lim-
itations is evident. Because of the high activity of
Au-containing catalysts already at room temperature
(Table 2), no kinetic data could be collected under
differential conditions. Therefore, nothing can be said
about the intrinsic catalytic activity, and thus the true
kinetic behavior of these catalysts in low tempera-
ture CO oxidation. However, it is clear that the rate
of low temperature CO oxidation over Au/Al2O3 can
be enhanced by addition of suitable MOx . Since none
of the selected MOx was found to be active in the
low temperature region (<150◦C), the enhancement
is probably due to either changes in the Au phase or
synergistic effects between Au and the applied MOx .
Mergler et al. [30] discussed a number of models,
which could account for the observed improvement
in CO oxidation activity over Pt/SiO2 upon addition
of CoOx . Some models imply that the CO inhibition,
which is typical of Pt-only catalysts at low tempera-
tures [20,47], is diminished because of a lower heat
of CO adsorption on Pt in the presence of CoOx , by
a ‘promoting’ effect of CoOx or by Co–Pt alloy for-
mation. Since CO only weakly adsorbs on Au and no
CO inhibition is expected, these models are not con-
sidered any further. Another model is based on the as-
sumption that Co cations can promote the dissociative
adsorption of O2 on Pt by an increased back-donation
of electrons into the antibonding orbitals of O2 ad-
sorbed on Pt. Au, however, is not known to be an ef-
fective metal for dissociative adsorption in general. It
might be that special Au sites, in particular present
on small Au particles, are able to dissociate O2. For
example, Boccuzzi et al. [18] reported an apparent
scrambling reaction between CO and O2 which oc-
curred over Au/ZnO already at room temperature, sug-
gesting that both molecules are activated on Au sites.
A recent paper by Liu et al. [48], however, indicated
that O2 does not dissociate on Au/Fe(OH)3, and that
oxygen vacancies at the oxide surface adjacent to the
Au particles are necessary to obtain any reactivity in

low temperature CO oxidation. Actually, AuOx can be
formed from Au and O2 and the first step must be the
dissociative adsorption of O2. However, in view of the
low sticking probability of O2, accompanied by very
low oxidation reaction rates on Au, this model is not
very likely. Two other models ascribe the improved
activity to a reaction between activated O supplied by
CoOx and CO adsorbed at the Pt/CoOx interface or
on Pt.

From the results obtained for low temperature
CO oxidation over Au/MOx /Al2O3 (Table 2) it is
clear that addition of MOx generally enhances the
activity. The observed activity is directly correlated
with the average Au particle size (Fig. 7a). Since
addition of MOx stabilizes the average Au particle
size, close contact between Au and MOx is expected.
Therefore, we propose that the reaction takes place
between CO adsorbed on Au or at the Au/MOx

perimeter and O donated by MOx . When CO is
adsorbed at or near the Au/MOx perimeter, no mi-
gration of O and CO is necessary. This makes the
perimeter an extremely suited spot for reaction to take
place.

It was noted that the Au/MOx /Al2O3 deactivates
to some extent during the first heating curve. Dur-
ing the start of the first heating curve, the applied
MOx is still partially reduced due to the reductive
pretreatment prior to measurement. The oxygen va-
cancies present on MOx can be filled with O2 from
the feed already at room temperature leaving ac-
tivated O on the surface. This highly reactive O
immediately reacts with adsorbed CO giving CO2,
which leaves the surface. However, this O-removal
can be slower than O2 supply. When all oxygen
vacancies are filled, i.e. when MOx is completely
reoxidized, another mechanism should account for
the supply of active O. One possible model is that
CO at the Au/MOx perimeter reacts with O from the
oxide lattice, leaving an oxygen vacancy. O2 from
the feed fills up the oxygen vacancy as described
above. This so-called Mars–van Krevelen mechanism
is well known for transition metal oxides in redox
reactions [49,50]. Subtraction of O out of the lat-
tice requires a certainEa, and therefore will occur
only at slightly elevated temperatures. This could
account for the slight deactivation observed after the
first heating curve for CO oxidation over prereduced
Au/MOx /Al2O3.
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4.2. Model for CH4 oxidation over Au/MOx /Al2O3

Generally, the difficult step in CH4 oxidation is con-
sidered to be C–H bond activation. Bare Al2O3 has
little activity in CH4 oxidation. TheEa was measured
to be about 140 kJ mol−1 (Table 3). Upon deposition
of Au the Ea decreased by a factor 2. Regarding the
large decrease inEa after addition of Au, the role of
Au is probably activation of CH4. Active O, needed
for reaction, might originate from dissociative adsorp-
tion of O2 near the Au/Al2O3 perimeter or dehydrox-
ylation of the Al2O3 surface [51,52]. The activity of
Au/Al2O3 was found to depend on the average Au
particle size [27]. This is consistent with a model in
which CH4 is dissociatively adsorbed on Au or the
Au/Al2O3 perimeter and reacts with O also present
at the perimeter due to surface reactions on Al2O3 at
elevated temperatures.

Upon addition of MOx the measured activity did not
correlate with the average Au particle size, as is the
case for low temperature CO oxidation (Fig. 7a). The
nature of MOx was found to be important. Generally,
MOx with higher intrinsic activity (M= Cu, Cr, Fe,
Mn, Co) improved the catalyst more than less active
oxides (M= Ni, Zn). The observedEa (Table 3) could
roughly be divided into three groups. Adding FeOx ,
CoOx , NiOx , and ZnOx to Au/Al2O3 did not change
Ea, indicating a similar reaction mechanism over these
catalysts. The improved activity measured for FeOx ,
CoOx , and NiOx can be understood when assuming
that addition of these oxides creates more sites, which
are capable of supplying active O, via, e.g. a Mars–van
Krevelen mechanism [49,50].

Au/MnOx /Al2O3 was found to have a slightly lower
Ea. Assuming C–H bond activation is still the rate
determining step, it must be concluded that MnOx

can modify the Au particles in such a way that CH4
activation is facilitated. The role of MnOx may be
twofold. On the one hand it facilitates activation of
CH4 on Au, and on the other hand it is also the supplier
of active O. CH4 activation on MnOx itself is not likely
to be very important regarding the highEa for CH4
oxidation over MnOx /Al2O3 (Table 3).

The Ea found for Au/CuOx /Al2O3 and Au/CrOx /
Al2O3 was considerably larger than that of the other
multi-component catalysts. TheEa of Au/CuOx /Al2O3
was similar to that of CuOx /Al2O3. This might indi-
cate that Au is inactive in this catalyst at low conver-

sions, and that the measured activity is from CuOx

alone. At higher temperatures a dual-site character as
proposed by Waters et al. [26] may be considered. For
Au/CrOx /Al2O3 a dual-site character is more evident.
TheEa of this catalyst seems merely to be an average
of those of Au/Al2O3 and CrOx /Al2O3, where asEa
does vary, (dα/dT)max of Au containing CrOx /Al2O3
does not change considerably. The existence of this
dual-site character may well be explained by a lack of
interaction between Au and CrOx . However, a more
detailed study about the interaction of Au and MOx ,
in general, is necessary.

5. Conclusions

Apparently, the addition of transition metal oxides
to Au/Al2O3 can improve the catalytic activity in both
low temperature CO oxidation and to a lesser extent
CH4 oxidation. However, the origin of this improve-
ment seems to be different for both reactions. Whereas
the catalytic activity of Au/MOx /Al2O3 in low temper-
ature CO oxidation merely seems to be correlated with
the average Au particle size and the presence of any
oxide, the activity in CH4 oxidation appears to depend
on both the Au particle size and the identity of the ap-
plied oxide. The measured oxidation activity of CH4
over Au/MOx /Al2O3 decreases in the order: CuOx >

MnOx > CrOx > FeOx > CoOx > NiOx > ZnOx .
Au/MnOx /Al2O3 is found to be by far the best cat-

alyst for CO oxidation. For CH4 oxidation the highest
activity is observed for CuOx /Al2O3 immediately fol-
lowed by Au/MnOx /Al2O3. Regarding the obtained
apparent activation energies for CH4 oxidation over
these catalysts, the active phase of Au/CuOx /Al2O3
is more probable to be CuOx than Au, whereas in
Au/MnOx /Al2O3 the Au and MnOx seem to cooper-
ate more closely together.

In case of most of the examined Au/MOx /Al2O3
catalysts (M= Mn, Fe, Co, Ni, Zn), the results plead
for a single model for both low temperature CO ox-
idation and CH4 oxidation over Au-based catalysts.
In this model the reaction solely takes place at the
Au/MOx perimeter with the reductant adsorbed on Au
and MOx the supplier of O. When the applied MOx

is more than moderately active in oxidation reactions
(M = Cr, Cu) the reaction also partly (CrOx) or pre-
dominantly (CuOx) takes place on MOx itself.
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