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A comparative study of the catalytic performance and long-term stability of various metal oxide supported gold catalysts during prefer-
ential CO oxidation at 80◦C in a H2-containing atmosphere (PROX) reveals significant support effects. Compared to Au/γ -Al2O3, where
the support is believed to behave neutrally in the reaction process, catalysts supported on reducible transition metal oxides, such as Fe2O3,
CeO2, or TiO2, exhibit a CO oxidation activity of up to one magnitude higher at comparable gold particle sizes. The selectivity is also
found to strongly depend on the employed metal oxide, amounting,e.g., up to 75% for Au/Co3O4 and down to 35% over Au/SnO2. The
deactivation, which is observed for all samples with increasing time on stream, except for Au/γ -Al2O3, is related to the build-up of surface
carbonate species. The long-term stability of the investigated catalysts in simulated methanol reformate depends crucially on the ability to
form such by-products, with magnesia and Co3O4 supported catalysts being most negatively affected. Overall, Au/CeO2 and, in particular,
Au/α-Fe2O3 represent the best compromise under the applied reaction conditions, especially due to the superior activity and the easily
reversible deactivation of the latter catalyst.

KEY WORDS: selective CO oxidation; PROX; gold catalysts; preparation of Au/MeOx ; support effects; long-term stability; deactivation;
formation of carbonates; thermogravimetric measurements

1. Introduction

Oxide supported Au catalysts (Au/MeOx) have been
shown to exhibit an outstanding activity already at low tem-
peratures for several hydrogenation and oxidation reactions,
in particular for CO oxidation (see,e.g. [1,2] and references
therein). Consequently, gold catalysts, such as Au/MnOx [3]
or Au/α-Fe2O3 [4,5], were also suggested as suitable can-
didates for the selective (preferential) CO oxidation in H2-
rich gases (PROX) at low temperatures. The latter reac-
tion is employed for the purification of feed gas streams for
PEM (polymer electrolyte membrane) fuel cells produced
via methanol steam reforming, the so-called reformate gas
(e.g. [6]).

In previous comparative studies it was shown that the ac-
tivity of Au/MeOx catalysts depends sensitively on the sup-
port material [7–11]. It was suggested that the high activity
observed on Au/MeOx catalysts with easily reducible oxide
supports results from cooperative effects of the support ma-
terial, i.e., its propensity for facile adsorption and storage of
oxygen (e.g. [7,9,12–14]), which would result in a Mars–van
Krevelen type reaction mechanism. So far, however, sys-
tematic, comparative studies on the influence of the support
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material for different Au/MeOx catalysts and under identi-
cal conditions, exist only for the pure CO oxidation reaction
(e.g.[8–11]). For the envisaged employment as PROX cata-
lysts, not only the CO oxidation activity, but also the selec-
tivity S (S = rCO/[rCO+ rH2], with rX being the rates for
CO and H2 oxidation, respectively) and the long-term stabil-
ity (approximately 5000 h lifetime are commonly assumed
for mobile applications) are important key features.

Here we present results of a comparative study on the
catalytic properties of various supported gold catalysts for
the PROX reaction in simulated methanol reformate. Cat-
alysts include Au/α-Fe2O3, Au/TiO2, Au/CoOx , Au/NiOx ,
Au/Mg(OH)2, Au/CeO2, Au/SnO2, Au/MnOx , and Au/γ -
Al2O3. The first two represent the most frequently investi-
gated systems for pure CO oxidation (see,e.g. [9,15–19]);
Au/CoOx , Au/NiOx , and Au/Mg(OH)2 were proposed as
highly active systems for the same reaction in preceding
studies [2,20]. CeO2 and SnO2 are well established as ac-
tive supports for CO oxidation over platinum metals (see,
e.g. [21,22]), and therefore may also be expected to enhance
the activity of attached gold particles. Au/MnOx was specif-
ically suggested as a potential catalyst for the PROX reaction
in H2-rich gas [3]. Finally, Au/γ -Al2O3 is included as a ref-
erence material, since the latter support can be considered
as inert at the low reaction temperature of 80◦C which is
employed here. Specifically, it is not expected to enhance
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the CO oxidation ratevia support related oxygen storage or
dissociation processes.

The Au/MeOx catalysts were prepared along individual,
optimized routes (i.e., most samples are representative of a
larger group of similar Au/MeOx catalysts) and tested for
their CO oxidation rate, selectivity, and long-term stability
under identical conditions in simulated reformate. The cat-
alytic measurements will demonstrate that the support ma-
terial significantly affects both the activity as well as the se-
lectivity of a catalyst, and also its long-term stability, with
the Au/CeO2, and in particular the Au/Fe2O3 systems repre-
senting the best compromise under the applied reaction con-
ditions.

A brief description of the catalyst preparation and pre-
treatment procedures and the experimental set-up is given in
section 2. Conversion measurements determining the activ-
ity and selectivity as a function of time (over 1000 min) are
presented in section 3.1, followed by the gravimetric exper-
iments on the deactivation process and a discussion of the
combined deactivation results in section 3.2. Finally, the re-
sulting conclusions are summarized.

2. Experimental

2.1. Preparation and pretreatment of catalysts

The Au/MeOx catalysts were generally preparedvia stan-
dard methods, namely coprecipitation, deposition–precipita-
tion or impregnation, which were optimized for the respec-
tive systems by varying the preparation parameters. The pro-
cedures are briefly summarized below. Further experimen-
tal parameters and characteristics such as precursor phases,
pH values for precipitation, or precipitation temperature are
given in table 1. The reproducibility of rates which was de-
termined for samples prepared on identical routes was found
to be±30% for Au/α-Fe2O3 and much better for most other
samples.

2.1.1. Coprecipitation (Au/α-Fe2O3, Au/Ni2O3,
Au/Mg(OH)2, and Au/MgO)
These catalysts (CP catalysts) were prepared in close

accordance to the procedure described in [23]: aque-
ous solutions (each 1 M) of the respective metal nitrates
(Fe(NO3)2·9H2O, Ni(NO3)2·6H2O, Mg(NO3)2·6H2O; all
Fluka, p.a.) containing HAuCl4·3H2O (Merck, p.a.) and
of Na2CO3 (Fluka, p.a.) or NaOH (Merck, p.a.) for the Mg-
containing supports, respectively, were added over 30 min to
ca.300 ml water at 60◦C and at a constant pH value. Stirring
was continued for 30 min before the suspension was cooled
to room temperature. The resulting precipitate was filtered
and then washed and redispersed in water (ca.40◦C) several
times in order to eliminate chlorine and sodium residuals.
Finally, the samples were dried in air at 80◦C and pulver-
ized in an electric mill (only Au/α-Fe2O3).

2.1.2. Deposition–precipitation (Au/α-Fe2O3, Au/CeO2,
and Au/MnO2)
For Au/α-Fe2O3, the support component was first precip-

itated in the same way as for the CP catalysts, but without ad-
dition of HAuCl4, similar to the route described in [24]. Sub-
sequently, the Au-containing solution (0.15 M) was added,
together with a Na2CO3 buffer solution; within 5 min X-ray
diffraction (XRD) and thermogravimetric (TGA) measure-
ments showed that different from [24], none of the precur-
sors for Au/α-Fe2O3 contained goethite. For Au/CeO2, the
(Ce3+-free) support precursor was prepared by precipitation
of CeO2 from a 1 M aqueous solution of Ce(NH3)2(NO3)6

(Fluka, p.a.) with 1 M Na2CO3. Before adding the Au-
containing solution (see above), residual NH3 was removed
by repeated filtration, redispersion and heating to 80◦C. For
the preparation of Au/MnO2, first NaMnO4·H2O (Fluka, pu-
rum) was reduced to MnO2 by conc. HCl [25]. Subsequent
treatment with 1 M HNO3 yielded the HxMnO2−y precursor,
which was impregnated with a solution of HAuCl4 (0.1 M)
at 60◦C and a pH value of 2 (buffered by LiOH).

Table 1
Preparation/characterization of Au/MeOx catalysts.

Au ona Meth. Precursor Tprecip pHprecip Aub BETa

(◦C) (at%) (m2/g)

α-Fe2O3 (I) DP Fe5HO8·4H2O+ α-Fe2O3 80/60 7.8–8.2/8.3–8.1 0.94 63
α-Fe2O3 (II) CP Fe5HO8·4H2O 60 8.5 1.10 55
Ni2O3

c CP NiCO3·Ni(OH)2 60 8.5 1.72 67
Co3O4 IMP Co3O4 60 7.1–7.8 0.44 49
Mg(OH)2 CP Mg(OH)2 60 8.5 0.96 74
MgO CP Mg(OH)2 60 8.5 0.96 105
CeO2 DP CeO2 60 6.5–7.0 2.24 105
MnO2

d DP MnO1.97·1.3H2O 60 1.9–2.2 0.92 134
TiO2 IMP Degussa P25 60 5.0–5.5 1.77 56
γ -Al2O3 IMP Degussa 213 60 7.5–8.0 1.72 107
SnO2 IMP SnO2 60 5.3–5.9 0.39 8

aAfter calcination at 400◦C (300◦C for Mg(OH)2).
b With reference to the oxide’s metal.
c Ni2O3 surface composition found by XPS; XRD indicates NiO for bulk.
d Containing 6.3 at% Li.
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Table 2
Particle sizes after calcination, rate and selectivity (after 2 h) for the selective CO oxidation in idealized reformate (1 kPa
CO, 1 kPa O2, 75 kPa H2, balance N2), and bulk phases, determined by XRD after 3 days in “more realistic” reformate

(48.3 kPa H2, 13.8 kPa CO2, and 18.1 kPa H2O, balance N2) at 80◦C.

Au ona dOx
a,b dAu

a,b,c,d De r S Bulk transf.
(nm) (nm) (%) ×104(molCO/(gAu s)) (%) (XRD)

α-Fe2O3 (I) 16.5 2.3± 0.8 42 61 64 Fe3O4 + FeCO3
α-Fe2O3 (II) 15.4 3.1± 0.8 33 46 63 Fe3O4 + FeCO3
Ni2O3 9.0 3.2± 1.0 30 20 56 –
Co3O4 17.0 3.4± 1.4 24 22 75 –
Mg(OH)2 9.3–18.5 <4 13 67 –
MgO 5.3 5.8± 2.6 14 3.8 64 –
CeO2 5.1 2.2± 0.6 47 45 58 –
MnO2 7.4 3.3± 1.3 26 1.4 ∼70 MnCO3
TiO2 21f 2.4± 0.7 42 33 48 –
TiO2

g 51 53 –
γ -Al2O3 5.3–11.5 4.4 33h 6.0 59 –
SnO2 38.4 4.2± 1.6 22 14 32 –

aAfter calcination at 400◦C (300◦C for Mg(OH)2).
b XRD (via the Scherrer equation).
c Al2O3: Au(311).
d Average particle size, determined by TEM.
eVia number-averaged particle size.
f 92% anatase; 8% rutile (d = 26 nm).
g After additional pretreatment in H2 at 250◦C (20 Nml/min; 30 min).
h (Hemi-)spherical particles assumed [35].

All three samples were further stirred for 30 min, filtered,
and dried, as described above.

2.1.3. Impregnation (Au/Co3O4, Au/TiO2, Au/γ -Al2O3, and
Au/SnO2)
For Au/Co3O4, the oxidic support was prepared by ther-

mal treatment of CoOOH in air at 400◦C. Previously,
CoOOH was obtained by oxidation of Co(OH)2 at 90◦C
with air, according to [26]; Co(OH)2 by precipitation from
an aqueous solution of Co(NO3)2·6H2O (Fluka, p.a.) with
NaOH. For the Au/SnO2 catalyst, SnO2 was prepared by ox-
idation of Sn (Heraeus, 99.999%) with concentrated HNO3

and subsequent calcination of the resulting oxide at 910◦C
(2 h). Finally, for Au/TiO2 and Au/Al2O3, commercially
available support materials (Degussa P25 and Degussa 213,
respectively) were employed.

The pulverized oxides were suspended in 200 ml water
(60◦C) and a solution of HAuCl4 was added (withinca.
5 min), together with a Na2CO3 buffer solution. The fur-
ther processing of all samples (stirring, filtering and wash-
ing) was identical to that described above.

After preparation, the samples were stored in closed ves-
sels at ambient conditions. All bright colored catalyst sam-
ples (e.g., Au/Al2O3 or Au/TiO2) were stored in darkness in
order to prevent light-induced reduction of the gold precur-
sor, which, based on XRD measurements, leads to larger Au
crystallites.

Prior to the experiments, the catalysts were calcined
for 30 min in synthetic air for gravimetric measurements
(110 Nml/min) or in 10 kPa O2 in N2 (20 Nml/min) at 400◦C
for conversion measurements. This pretreatment, which re-
duces the Au to its metallic state, was found to produce the

most active and selective gold catalysts for PROX [27]. For
the Au/Mg(OH)2 sample a lower calcination temperature of
300◦C had to be used, since pretreatment at 400◦C yielded
the corresponding Au/MgO sample. BET areas and the sup-
port phases after calcination as determined by XRD and
X-ray photoelectron spectroscopy (XPS) are listed in table 1.
The resulting average crystallite/particle sizes of the metal
oxide support and of the gold particles after calcination, re-
spectively, are included in table 2. It should be noted that no
significant changes in the size distribution of the metal parti-
cles were observed on the time-scale of the thermogravimet-
ric experiments in a simulated PROX atmosphere which are
presented in the following.

Particle sizes were determined by TEM, except for Au/
Mg(OH)2 and Au/γ -Al2O3. For the latter they were cal-
culated from XRD, using the Au(311) line. Since the gold
particles on Au/Mg(OH)2 were too small to be resolved by
TEM or XRD, a dispersion of 50% was assumed for a rough
estimate of the TOF (the latter may be considered as an up-
per limit).

2.2. Experimental arrangement

Activity measurements were carried out in a tubular
quartz reactor (ID 4 mm) which contained approximately
100 mg of catalyst powder, fixed by quartz wool plugs. In
order to guarantee differential conditions, the catalysts were
diluted withα-Al2O3. The gas mixture leaving the reactor
tube was analyzed by a GC (Chrompack CP9001), equipped
with wide-bore capillary columns (Poraplot U and Molsieve
5 Å; Chrompack) and thermal conductivity detectors. The
mass-normalized rates (mol/(gAu s)) and the metal surface-
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Figure 1. Rates (top) and selectivities (bottom) over different Au/MeOx catalysts during selective CO oxidation in idealized reformate as a function of
time on stream (1 kPa CO, 75 kPa H2, balance nitrogen) and 1 kPa O2 at 80◦C. Left side: Au/α-Fe2O3 (I) ( ), Au/α-Fe2O3 (II) ( ), Au/Co3O4 (d),
Au/Ni2O3 (F), Au/Mg(OH)2 (�), Au/MgO ( ); right side: Au/TiO2 ( ) and after additional reductive pretreatment at 250◦C Au/TiO2 (E),

Au/CeO2 (a), Au/SnO2 ( ), Au/γ -Al2O3 ( ), Au/MnO2 ( ).

normalized turnover frequencies (TOF (s−1)) were deter-
mined in an atmosphere containing 1 kPa CO, 75 kPa H2,
and balance N2 (denoted as “idealized reformate” in the fol-
lowing) at ambient pressures. 1 kPa O2 was added for ox-
idation (λ = 2). Preceding measurements showed that the
data acquired in such a simplified atmosphere which enables
a facile gas analysis by GC (and/or FTIR) are fairly well
representative of the activity/selectivity in more realistic ref-
ormate gas feeds, which additionally contain large quantities
of CO2 and water [4,7,27].

The gravimetric long-term stability measurements were
performed in a thermogravimetric micro balance appara-
tus (Shimadzu TA-50), equipped with a heated four-port
valve which allowed for fast switching between the different
gases. Since realistic reformate contains significant amounts
of CO2 and H2O, typically around 20–25% and 10–15%,
respectively, a mixture of 48.3 kPa H2, 13.8 kPa CO2 and
18.1 kPa water, balance N2 was employed (110 Nml/min)
for these experiments, which will be denoted as “more real-
istic” reformate in the following. (Unfortunately, CO could
not be included due to security restrictions. The latter, how-
ever, is expected to exhibit only minor effects on the gravi-
metric results.)

The X-ray diffraction (XRD) measurements were per-
formed on a Siemens D5000 spectrometer using the Cu
Kα line. For peak fitting, pseudo-Voigt functions were ap-
plied. Au and support crystallite sizes were determined by
the Scherrer equation. Transmission electron microscopy
(TEM) images were acquired on a Philips CM 20 micro-

scope. The gold dispersions were calculated via the number-
averaged particle size, evaluating typically several hundred
particles.

3. Results and discussion

3.1. Comparison of the catalytic activity/selectivity

The activity/selectivity of the different Au/MeOx cata-
lysts for the PROX reaction in idealized reformate and its
evolution with time on stream (1000 min) is shown in fig-
ure 1. The CO oxidation rate (rCO) is displayed in the up-
per windows, the corresponding selectivity is shown below.
The rates and selectivities, with the rates being normalized
to the metal mass in the catalyst and the data taken after 2 h
on stream, are also included in table 2. In order to rule out
effects from a different metal dispersion in the different cat-
alysts, due to varying particle sizes, the corresponding TOFs
were determined as well, both at the beginning of the reac-
tion, i.e., after 15 min, and after 1000 min on stream. These
are shown in figure 2.

Based on their TOFs, three different groups of catalysts
can be distinguished. The group with the highest activ-
ity (i.e., a TOF larger than 1 s−1) includes Au/α-Fe2O3,
Au/Co3O4, Au/CeO2, Au/SnO2, Au/TiO2, and, having the
lowest activity within that group, Au/Ni2O3. For Au/α-
Fe2O3, which exhibits the highest activities, both prepa-
ration methods (CP and DP) yielded samples of similar
particle sizes/particle size distributions and of comparable
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Figure 2. Turnover frequencies over different Au/MeOx catalysts in ideal-
ized reformate (1 kPa CO, 75 kPa H2, balance N2) and 1 kPa O2 at 80◦C
after 15 min and 1000 min on stream (∗ rate after 15 min for Au/CeO2 and
rates after 1000 min for Au/TiO2, Au/SnO2, and Au/MnO2, respectively,

were estimated by extrapolation of the data in figure 1).

activity and selectivity. Based on the initial activity, the
Au/Co3O4 catalyst is closest to Au/α-Fe2O3, but it deac-
tivates much faster. On the other hand, Au/Ni2O3, which
is initially less active, was much more stable against de-
activation. As was expected from previous studies of CO
oxidation on platinum metal catalysts, the SnO2 and CeO2
supports, which are known to be effective oxygen suppli-
ers (e.g. [21,22,28,29]), yielded highly active samples as
well. The Au/TiO2 catalyst turned out to be especially active
when additionally prereduced at 250◦C in flowing hydrogen
(20 Nml/min, 30 min) after calcination, which was previ-
ously suggested as an effective pretreatment procedure for
this catalyst [30,31]. The positive effect of the prereduction
step is most likely related to an extensive formation of OH
groups on the support surface, which is supported also by a
distinct weight increase during reduction found in gravimet-
ric experiments. This hydroxylation is apparently beneficial
for the CO oxidation reaction. Other effects, such as a par-
tial reduction of the support material may further contribute
to the observed activity enhancement, however. The addi-
tional activation effect, however, diminishes with increasing
time on stream so that the PROX rate slowly approaches the
level of the unreduced sample.

The next group comprises Au/Mg(OH)2 and Au/MgO.
These two catalysts are clearly less active than the first
group (initial TOFs around 1 s−1), but still significantly
more active as compared to the Au/γ -Al2O3 reference cat-
alyst. The apparent difference between the Au/Mg(OH)2
and Au/MgO catalysts in figure 1, indicated by the much
lower mass-normalized activity of the latter one (about 30%
of that on Au/Mg(OH)2), mainly results from the very dif-
ferent particles sizes of these two catalysts. While most of
the Au/MeOx catalysts exhibit particle sizes around 3 nm,

these two systems deviate significantly with much larger
(Au/MgO 5.8 nm average particle size) and much smaller
(Au/Mg(OH)2 amorphous in XRD and TEM) Au particle
sizes. Based on TOFs, their activities are rather similar. The
two MgO-based catalyst are also similar with respect to their
rapid deactivation, which was so pronounced that at the end
of the 1000 min runs their activity was significantly less (in
TOFs) than that of the Au/γ -Al2O3 reference sample. Pos-
sible effects underlying the rapid deactivation are discussed
below.

The last group includes catalysts whose TOFs were
clearly below 1 s−1. These are the Au/γ -Al2O3 reference
sample and Au/MnO2, which showed by far the lowest ac-
tivity in this study. The latter was surprising, since MnO2 is
a further representative of a reducible transition metal oxide
support, and therefore was expected to show a performance
similar to the samples in the most active group. Several other
preparation routes and different pretreatment procedures
were tested, but no better Au/MnOx catalyst could be ob-
tained. The measured rates, however, are in good agreement
with the activity determined by Torres Sanchezet al. [3].

The sequence of relative activities for the PROX reaction
found in our experiments agrees fairly well with the trend
reported by Harutaet al. for the temperature of half conver-
sion for pure CO oxidation, however, in absence of hydro-
gen [8,9]. The only exception is Au/Mg(OH)2, which was
identified as one of the most active catalysts in the latter stud-
ies. A probable explanation for this apparent discrepancy are
the extremely small gold particles of the Au/Mg(OH)2 sam-
ples being used in those studies (around 1.2 nm [20]). Such
small particles feature numerous undercoordinated edge and
kink sites which were suggested to favor the direct oxygen
dissociation on the metal [32]. This would increase the rate
and TOF if the support is not or only barely involved in
the oxygen supply for the CO oxidation reaction. Our re-
sults are also consistent with a study by Yuanet al. on a
series of supported gold catalysts, prepared by impregnation
of the corresponding hydroxides with phosphine-stabilized
Au-complexes, where,e.g., the CO oxidation started at much
lower temperatures on samples like Fe(OH)3, Ni(OH)2, and
Co(OH)2 than on a Au/Al(OH)3 sample (also hydrogen-free
atmosphere [10]).

The observed activity differences were suggested to arise
largely from the different abilities of the various support
materials to supply the oxygen for the CO oxidation reac-
tion [7,9,12,13]. The most active support materials, all of
which are easily reducible metal oxides, are well known for
their ability to adsorb and store oxygen and this way supply
the oxygen required for the oxidation reactionvia a second
path, independent of direct (dissociative) oxygen adsorption
on the Au particles. In a preceding study, this reaction path
was exemplary demonstrated for the PROX reaction over a
Au/α-Fe2O3 catalyst [7]. In contrast, “inert” support mate-
rials such as MgO or, in particular, Al2O3, where this ad-
ditional oxygen supply is not possible, are much lower in
the activity scale. The variations within the latter group are
possibly due to different Au particle shapes growing on the
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Figure 3. Mass evolution of selected Au/MeOx catalyst samples during reaction in “more realistic” reformate (48.3 kPa H2, 13.8 kPa CO2, and 18.1 kPa
H2O, balance N2) at 80◦C, followed by gravimetric analysis.

different support materials (leading to an altered number of
exposed, undercoordinated sites).

The good agreement of the activity and activity order, de-
termined here for selective CO oxidation in idealized refor-
mate, with that obtained for pure CO oxidation in a nitrogen
background underlines that the presence of hydrogen has lit-
tle effect on the CO oxidation reaction over such catalysts,
similar to our findings in previous mechanistic studies of the
PROX reaction over Au/α-Fe2O3 [4,5].

If we now consider the selectivities of the different
Au/MeOx catalysts in idealized reformate, distinct differ-
ences exist as well (figure 1, lower windows). The high-
est selectivities were observed for Au/α-Fe2O3 (60–65%),
Au/MgO, and Mg(OH)2, with 65–70%, respectively, and,
in particular, for Au/Co3O4 (75–80%). A second group,
comprising Au/Ni2O3, Au/γ -Al2O3, and Au/CeO2, exhibits
selectivities of roughly 55–60%. Over Au/TiO2 (45–50%),
and especially over Au/SnO2 (30–35%), the selectivities are
significantly smaller. A possible explanation may be an
additional, direct catalysis of the competing H2 + O2 re-
action on these support materialsvia a redox mechanism.
This hypothesis is corroborated by the even lower selectiv-
ity (ca. 20%) observed for a Au/CeO2 sample which addi-
tionally contained vanadia, which is well known for readily
changing its oxidation state [27]. Nevertheless, a convincing
and general explanation for the different selectivities does
not yet exist. Note that the selectivity for Au/MnO2 should
be compared with reservation due to the exceptionally low
reaction rate, causing large experimental errors ofca.±15%.

Our results prove that the support material critically influ-
ences the selectivity. According to their (decreasing) selec-
tivity in the PROX reaction under the present reaction con-
ditions the different oxide support materials can be ordered
in the following sequence:

Co3O4 > Mg(OH)2,MgO, α-Fe2O3

> γ -Al2O3,CeO2,Ni2O3 > TiO2 > SnO2.

Unfortunately, those Au/MeOx catalysts which exhibit the
highest selectivity are also those that show the strongest de-

activation in figure 1, though a direct correlation between
both phenomena is not obvious. The difference in deacti-
vation is the subject of the next section, where we followed
the long-term evolution of the composition of some selected
catalyst samples by gravimetric measurements.

3.2. Long-term stability (gravimetric experiments)

In detailed, previous DRIFTS (diffuse reflectance FTIR)
studies on the PROX reaction over Au/α-Fe2O3 catalysts
it was shown that increasing amounts of (surface) carbon-
ate (CO2−

3 ) and carboxylate (CO−2 ) species evolve with pro-
gressing time on stream, which were made responsible for
the decreasing activity [27]. The gravimetric measurements
in the “more realistic” reformate at 80◦C performed here,
support these conclusions, as evidenced by the weight evo-
lution of the Au/α-Fe2O3 (I) sample with progressing time
on stream (figure 3). After a first, rapid increase due to
the adsorption of water and/or CO2 on the surface, in a
second stage the weight decreases slightly, which based
on XRD measurements is attributed to the transformation
of the α-Fe2O3 support into Fe3O4 (the latter represents
the stable steady state of this support under PROX condi-
tions). Subsequently, afterca. 2 h, a steady increase of
the mass sets in again, which is now related to the pro-
gressing transformation of the support oxide into carbonate
species. Correspondingly, XRD measurements performed
after this treatment revealed strong reflexes of a siderite
phase (FeCO3). Interestingly, the formation of the siderite
phase was suppressed in the presence of small amounts of
oxygen (0.3 kPa), as present in the PROX reaction, while
DRIFTS experiments still showed the formation of surface
carbonates. Hence, it is the latter species which are deci-
sive for the deactivation during the PROX reaction/CO ox-
idation reaction. Consistently, for the Au/Ni2O3 catalyst,
which shows very little deactivation, only a very slow weight
increase is recognized during time on stream, equivalent to
a less pronounced tendency for carbonate formation. For the
Au/α-Fe2O3 sample the deactivation was shown to be eas-
ily reversible by flushing the catalyst bed with pure nitrogen
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Figure 4. Activity (upper window) and selectivity (bottom) of Au/α-Fe2O3
(I) at 80◦C in idealized reformate before and after intermediate purging
with 135 Nml/min of pure N2 for 60 min after approximately 1200 min
(dashed line). The lower initial activity of this run which was recorded
several months after the measurement in figure 1 is mainly related to a
slowly progressing coarsening of the Au particles during storage, as shown

by XRD [27].

at the reaction temperature of 80◦C (figure 4; here, 1 h of
flushing – 15 min, however, were also sufficient in other ex-
periments). In parallel DRIFTS measurements it was shown
that this procedure is accompanied by a significant decrease
of previously accumulated surface carbonate species, cor-
roborating the above proposed model [27].

A temporal evolution of the catalyst weight very simi-
lar to that of the Au/α-Fe2O3 catalyst is observed also for
Au/MnO2. Following the initial H2O and CO2 uptake, the
subsequent weight loss indicates the reduction to Mn3O4,
coinciding with an increase of activity in figure 1. Obvi-
ously, the latter phase supports the CO oxidation better than
the initially prepared MnO2 phase. In the following pe-
riod, however, the oxide is rapidly transformed into MnCO3
(strong increase of mass in figure 3), coinciding with the ac-
tivity decrease occurring afterca. 200 min (figure 1). Note
that for the latter sample the formation of bulk carbonates
could not be suppressed by the addition of oxygen to the
CO-free reformate, reflecting the higher thermodynamic sta-
bility of MnCO3. This fast formation of carbonates, which
in severe cases even physically covered the Au particles, as
evidenced by a strongly decreasing DRIFTS signal of COad
adsorbed on the gold particles during reaction for some sam-
ples [27], is mainly held responsible for the surprisingly poor
PROX performance of the Au/MnO2 sample.

For the strongly deactivating Au/Mg(OH)2 sample (the
Au/MgO catalyst is not included in the figure, but exhibits
a qualitatively similar behavior), we noticed a rapid increase
of mass at the very beginning, followed by a further steady
increase. This type of mass increase is predominantly at-
tributed to the physisorption of water and CO2, similar to
the assignment for the first stage on Au/γ -Fe2O3. Despite
the known tendency of MgO to readily form carbonates in

a CO2-containing atmosphere (see,e.g. [33]), this interpre-
tation seemed to be ruled out by subsequent XRD measure-
ments, which showed no carbonate related reflexes. How-
ever, this apparent contradiction can be resolved if the car-
bonate is formed in a rather thin, compact layer only, which
protects the bulk from further transformation and does not
show up in XRD, but nevertheless impairs the CO oxida-
tion reaction significantly. The formation of surface car-
bonates was also observed in recent DRIFTS measurements
during CO oxidation on Au/MgO in idealized reformate,
where large absorption bands in the region between 1200
and 1700 cm−1 were rapidly growing [34]. An analogous
explanation, formation of a thin surface layer of carbonates,
is also assumed for Au/Co3O4, where only a small weight
increase (compared to,e.g., Au/α-Fe2O3) was observed in
the “more realistic” reformate, contrasting the very strong
deactivation (figure 1). Since MgO belongs most likely to
the group of “inert” support materials which are not directly
involved into the CO oxidation reaction, the strong negative
impact of carbonate formation must be solely attributed to
the physical covering of the Au particles by the produced
carbonate layer.

As a consequence, the long-term stability of a Au/MeOx

catalyst for the selective CO oxidation seems to be governed
by its tendency to form surface carbonates under reaction
conditions as well as by the stability of these layers. The
formation of XRD detectable bulk carbonates by progress-
ing transformation of the support oxide material is not re-
quired for the deactivation and is only a secondary effect.
From this point of view, Au/TiO2 and Au/γ -Al2O3, where
surface carbonates form only very slowly – for the latter,
virtually no bands between 1200 and 1700 cm−1 were ob-
served in DRIFTS measurements during selective CO oxi-
dation in idealized reformate – would be the best candidates
for long-term stable catalysts, if the activity and selectivity
were considered only secondary.

For all catalysts investigated, the selectivity does not
change with time on stream, in contrast to the CO oxidation
activity. Consequently, under present reaction conditions the
two competing reactions, CO oxidation and H2 oxidation,
are affected to a similar extent by the carbonate formation.
This also supports a mechanistic interpretation according
to which carbonate formation restricts the oxygen supply,
which is equally required for both reactions. For catalysts
supported on “inert” oxides, where oxygen supply from the
support plays no role, one would correspondingly expect no
or little carbonate induced deactivation, in accord with find-
ings for Au/γ -Al2O3, except if carbonate formation occurs
to an extent that the gold particles are physically blocked.

4. Conclusions

The different Au/MeOx catalysts investigated exhibit sig-
nificant differences in the CO oxidation activity in ideal ref-
ormate gas, with about one order of magnitude between the
most active sample, Au/α-Fe2O3, and the reference sample,
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Au/γ -Al2O3. Since the gold particle sizes on the various
samples are rather similar, particle size effects cannot be
held responsible for these effects. Consequently, the differ-
ences are related to the different support materials, with eas-
ily reducible metal oxides, such as Fe2O3, CeO2, or TiO2,
yielding the most active samples.

The PROX selectivity is strongly affected by the choice
of the support material as well. It ranges between 35% for
Au/SnO2 and 75% for Au/Co3O4 under the applied condi-
tions. Consequently, the individual CO and H2 oxidation
reactions are affected to a different extent by the choice of
the support oxide. The origin of those differences, however,
is still unclear and requires further investigations.

The variations in long-term stability are related to the dif-
ferent tendencies of the various support oxides to form sur-
face carbonates, which impairs both the CO and H2 oxida-
tion reactions, in a similar way. This is in agreement with
a mechanistic interpretation according to which surface car-
bonate formation reduces the supply of oxygen required for
both reactions. In particular the magnesia and Co3O4 sup-
ported samples are strongly affected.

With respect to their suitability as long-term stable cat-
alyst for the PROX reaction in (simulated) methanol refor-
mate, Au/α-Fe2O3 represents the best compromise, due to
its high activity in combination with a high selectivity. The
still significant deactivation admittedly represents a draw-
back, since it requires loading the reactor with an initial ex-
cess of catalyst. However, even after 1000 min on stream
Au/α-Fe2O3 is still the most active catalyst. Moreover, the
complete reversibility of the deactivation over Au/α-Fe2O3
after a simple flushing of the catalyst bed with an inert gas
suggests the use of regeneration cycles for practical appli-
cations. Au/CeO2 comes closest to Au/α-Fe2O3 in its per-
formance under the current reaction conditions and there-
fore represents an interesting alternative; especially, since it
allows for a much simpler preparation of formed catalysts,
e.g., pellets.

Finally, it should be noted that not only the proper choice
of the support oxide is important in order to prepare a highly
active gold catalyst. Recent results on various Au/CeO2 and
Au/SnO2 catalysts suggest that the ratio between Au and ox-
ide support particle size,dAu : dMeOx , may affect the perfor-
mance as well [27]. This is currently under investigation.
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