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The stability of Au supported catalysts for the water–gas shift reaction was studied. Two types of continuous flow experiments

were performed, i.e. temperature-programmed and long-term isothermal stability test. The highest initial rate was obtained for

catalysts used without any calcination or other high-temperature treatment. The continuous flow experiments showed that all Au/

Fe2O3 catalysts deactivated under water–gas shift conditions. The deactivation trend occurred independently on the Au loading, the

method of preparation, calcination or high-temperature treatment.

The various causes on the deactivation, i.e. the formation of carbon-containing species, the change of Au particles or changes of

the support were investigated in terms of DRIFTS coupled with MS, TGA, TEM, N2 physisorption, ICP, and XRD. Even though

stable carbonate and carbonyl surface species were found on the spent catalysts, the quantity of these species indicated that they are

not the main cause of the deactivation. Furthermore, the agglomeration of the Au particles was not severe and was not observed for

all Au catalysts. The deactivation of Au/Fe2O3 was mainly caused by the change of the support. A significant reduction of the

surface area of the support is taking place during the water–gas shift reaction as a function of time on stream. This decrease of the

surface area can almost solely explain the decrease on the catalytic activity.
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1. Introduction

The water–gas shift (WGS) reaction is a key reaction
in the production for hydrogen for a number of pro-
cesses in refineries as well as in chemical synthesis.
Moreover, the WGS reaction plays a key role in novel
applications such as the partial removal of CO in
hydrogen feedstock for fuel cell (PEM) applications [1].
The reactions are industrially carried out using two
types of catalysts: Fe–Cr and Cu–Zn operating between
350–500 and 180–250 �C, respectively [2]. These cata-
lysts are pyrophoric and are not suitable for use in res-
idential or automotive fuel processors. A great interest
is, therefore, nowadays in finding alternative catalysts
that are not pyrophoric and exhibit a good performance,
including a high stability [3,4].

Recently, it has been reported that Au supported
catalysts are interesting candidates for novel WGS
applications [4–12]. High activity of Au/CeO2 has been
observed by Andreeva et al. [5] and Fu et al. [6].
Increasing the Au loading causes higher CO conversion
although no large difference has been observed at high
temperatures [5]. High CO conversion, above 95%, has
been also reported for Au/Fe2O3 and Au/ZrO2 by
Tabakova et al. [7]. The catalytic activity decreases
when gold is deposited on amorphous [7] or not
well-crystallized supports [6,7]. Furthermore, the cata-
lytic performance for the WGS has been improved by

addition of Ru to Au supported on hydroxyapatite [8,9]
or by addition of ZrO2 to Au/Fe2O3 [10].

Catalyst deactivation, the loss of catalytic activity
and/or selectivity over time, is of crucial importance in
the industrial application. There are several causes for
deactivation and they generally can be classified into
main three categories: chemical (e.g. poisoning), thermal
(e.g. thermal degradation, sintering), and mechanical
(e.g. fouling, carbon deposition) [13–15].

It has been shown that most of the Au supported
catalysts deactivate under WGS conditions
[6,7,10,12,16]. This will affect the commercial aspects of
gold catalysis [17]. One of the main reasons of deacti-
vation mentioned in the recent studies is the formation
of carbonyl or carbonate-like species leading to block-
age of the active surface sites [6,12]. In Au–CeO2 cata-
lytic systems, stability problems have been assigned to
the formation of cerium oxide-hydroxycarbonate [6]. It
is reported that the activation of the Au catalysts con-
taminated by carbonates can be fully restored after
heating the deactivated catalysts in air at elevated tem-
peratures [12].

Some of the studies have considered sintering of Au
particles as a reason for the deactivation [6,9,10,16].
Change of Au particle size from 4 to 5.5 nm has been
taken as a significant change influencing the catalytic
performance [16].

In studies of Tabakova et al. a substantial reduction
of the pore volume has been postulated as a reason for
the lower catalytic activity and fast deactivation of the
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Au supported catalyst in the WGS reaction [7].
Similarly, Fu et al. have reported that the initial loss of
activity observed under reaction conditions could be
correlated to the loss of ceria surface [6].

In the present work, temperature-programmed and
long-term stability tests of Au/Fe2O3 catalysts for the
water–gas shift reactions were performed. The various
causes of deactivation were investigated in detail by
applying the different characterization techniques (e.g.
DRIFTS, MS, TGA, TEM, BET, XRD) to as-received
and spent catalysts at different times on stream. For-
mation of carbonate and carbonyl species, sintering,
loss of Au and change of Fe2O3 support will be
discussed.

2. Experimental

2.1. Catalyst preparation

Au/Fe2O3 catalysts were supplied by Cardiff Uni-
versity, Salford University, and World Gold Council
(WGC) via the European network Auricat. Fe2O3 was
prepared and supplied by Cardiff University. The
preparation method used for similar samples supplied
by Cardiff University is described in detail elsewhere
[18,19]. Details about the estimation of gold loadings
and BET area of these samples were reported previously
[20]. The preparation method used for similar samples
supplied by Salford University was described elsewhere
[21]. The catalyst supplied by World Gold Council is
referred as a reference Au catalyst [22]. The Cu-based
commercial catalyst was supplied by (former ICI)
Johnson Matthey. All the samples were pressed, cru-
shed, and sieved to give a particle size of 212–355 lm.
The loading of Au was determined by ICP. In case of the
reference WGC catalyst, the samples had already been
calcined at 400 �C. All samples were used either as
received, i.e. non-calcined, or were high-temperature
treated (HTT) at 300 �C or 400 �C in a He flow for
30 min. The heating rate for HTT was set to 10 �C/min.
The preparation method, Au loading, HTT temperature
and BET of all catalyst are given in Table 1.

2.2. Catalytic testing

The steady-state WGS experiments were performed
in the six-flow reactor setup. The setup allows testing of
six samples simultaneously under the same reaction
conditions. A detailed description of this setup was
described elsewhere [23]. The samples (50 mg) were
placed in the middle of the quartz reactors (i.d. 4.0 mm)
and held by a sintered glass and two quartz wool plugs.
The reactor furnace was controlled with a Eurotherm
2604. The pressure in each reactor was set to 1 bar. The
gases, He (100%) and CO (100%) were used without
further purification and were fed from independent
Bronkhorst F-201C mass flow controllers. Distilled H2O

was fed via the liquid mass flow controller and was
introduced to the CO/He flow before entering the indi-
vidual reactors. Gas compositions of the reaction mix-
ture were typically 0.5% CO, 1.5% H2O vapour and
98% He. A typical flow of reaction mixture in each
reactor was 55 mL/min. The effluent mixtures, typically
consisting of CO, H2O, CO2, and H2, were analysed
with a gas chromatograph (Chrompack CP 9001)
equipped with a thermal conductivity detector, with the
use of a Poraplot Q column and a Molsieve 5 A column.
Two types of the catalytic testing protocols were fol-
lowed, viz. temperature-programmed and longer-term
isothermal conditions.

2.2.1. Temperature-programmed test
During the temperature-programmed test, the reac-

tors were heated (10 �C/min) in He flow to 100 �C. At
this temperature, the reaction mixture was introduced
and after a certain stabilization time, effluents of each
reactor were analysed in succession. Once the analyses
at 100 �C were finished, the furnace temperature was
automatically raised (10 �C/min) by 30 �C. Analysis
was performed at each 30 �C temperatures interval up
to 250 �C. Subsequently, the analogous protocol was
followed, reducing the temperature from 250 to
100 �C. Subsequently, the reactors were cooled down
under He flow. The temperature profile is shown in
figure 1.

2.2.2. Isothermal stability test at 200 �C
First, the reactors were heated (10 �C/min) in He flow

to 200 �C. The reaction mixture was introduced at this
temperature and each reactor was frequently analysed in
succession in duration of 40 h. At the end, the reactors
were cooled down under He flow. A schematic presen-
tation of the temperature profile followed in this
experiment is shown in figure 1.

2.3. Diffuse reflectance infrared Fourier spectroscopy
(DRIFTS) and mass spectrometry

Diffuse-reflectance infrared Fourier transform spec-
troscopy (DRIFTS) experiments were performed on a
Thermo Nicolet Nexus IR with OMNIC software.
Infrared spectra were recorded with co-addition of 64
scans and applying a resolution of 4 cm)1. A Pfeiffer
Vacuum ThermoStar mass spectrometer allowed a
direct identification of mass fragments of the reactants
and products after interaction with the catalyst sample
in the DRIFT cell.

2.3.1. Identification of (adsorbed) species present
Infrared spectra were recorded against KBr spectra

for the identification of adsorbed species present on the
surface. The spectra were recorded under an inert flow
of He (35 mL/min) at 25 �C.
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2.3.2. Operando spectroscopy
When the sample was exposed to a reaction gas or

mixture, infrared spectra were recorded against the
background of the sample under flowing He at 25 �C.
The total flow rate of 32.2 mL/min was applied when
the catalyst (�50 mg) was further exposed to a reaction
gas or mixture. CO/Ar (20% CO in Ar) was diluted by
He to obtain a 0.5% CO. The mixing device connected
to the IR cell was equipped with a four-way valve,
allowing switching between a by-pass line for an inert
gas and a main line for the reaction mixture.

2.4. Thermo gravimetric analysis (TGA)

Thermo gravimetric analyses were performed on
TGA/SDTA851e equipped with the sample robot
TSO801RO and the gas controller Mettler Toledo
TSO800GC1. After a stabilization period of 30 min,
samples were heated (10 �C/min) to 900 �C under
flowing He or air. A Pfeiffer Vacuum ThermoStar mass

spectrometer allowed a direct identification of the mass
fragments of the desorbing species. TG analyses of the
as-received samples and the samples that had been used
in stability tests were performed.

2.5. Transmission electron microscopy (TEM)

Transmission electron microscopy identified the size
and distribution of the Au particles. Powder samples
were crushed between two glass slides and positioned
onto a lacey carbon coated copper ’finder’ grid with the
aid of a micromanipulator. The samples were examined
in the Tecnai F20 transmission electron microscope
using the following instrumental conditions: voltage
(kV) = 200, C2 aperture (m) = 30–50, Modes: Bright
Field (BF), high-angle annular dark field (HAADF)
imaging, energy dispersive X-ray analyses. TEM analy-
ses of the as-received and spent samples were performed
by Johnson Matthey.

2.6. Volumetric N2 physisorption

Prior to the N2 physisorption and desorption mea-
surements, the samples were dried in vacuum at 100 �C
in order to remove present moisture and other volatile
components. The as-received samples, which had not
been high-temperature treated, were dried at 200 �C.
After pre-treatment adsorption and desorption iso-
therms were measured at 77 K on the Quantachrome
Autosorb-6B. Information on the BET surface area, the
pore size distribution and micro-pore contribution were
deduced.

2.7. XRD

X-ray diffraction (XRD) was applied to identify
crystalline phases inside as-received and spent catalysts.
The samples were measured with Cu Ka radiation.

Table 1

The catalyst used for steady-state water–gas shift reaction performed in six-flow set-up

Supplied by Preparation

methoda
Au loading

(%)

HTTb at temperature

(�C)
BET

(m2/g)

Au/Fe2O3–C-as received Cardiff University Co-p 3.4c – 203

Au/Fe2O3–C-300HTT (300c) Cardiff University Co-p 3.4c 300 143±5

Au/Fe2O3–C-400HTT Cardiff University Co-p 3.4c 400 45

Fe2O3–C-as received Cardiff University – – – 172

Fe2O3–C-400HTT Cardiff University – – – 51

Au/Fe2O3–S-as received Salford University Dp 1 – 48±2

Au/Fe2O3–S-300HTT Salford University Dp 1 300 47±2

Au/Fe2O3–W-as receivedd World Gold Council Co-p 4.48c – 38.7

Au/Fe2O3–W-400HTTd World Gold Council Co-p 4.48c 400 38.7

a Co-p = co-precipitation, Dp = deposition-precipitation performed at pH = 7.5
b HTT = High-temperature treatment performed at 300 �C or 400 �C for 30 min in flow of He, heating rate: 10�C/min
c Estimated by ICP
d Calcination at 400 �C performed by supplier
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Figure 1. Temperature profiles applied for steady-state water–gas shift

experiments in the six-flow set-up.
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3. Results

3.1. Catalytic performance

3.1.1. Temperature-programmed test
The conversion of CO obtained via the water–gas

shift reaction over various Au/Fe2O3 catalysts and
Fe2O3 is presented as a function of the temperature in
figure 2a and b. The highest CO conversion was
observed for the as-received Au/Fe2O3 catalyst, which
had not been treated at high-temperature. The mild
high-temperature treatment (300 �C) caused slightly
lower conversion of CO. For more severe HTT (400 �C)
the conversion of CO was reduced by a factor of two.
The consequence of the high-temperature treatment on
the catalytic performance was noticed for all the Au
catalysts, independently of details of procedures or Au
loading.

The beneficial effect of Au on the water–gas shift
activity of Fe2O3 was clearly shown by the blank
experiment when only Fe2O3 was applied (figure 2a).
The maximum CO conversion (�4%) obtained at
250 �C was one to two orders of magnitude lower
compared to the Au supported catalysts.

Figure 2b shows furthermore the results of the
Cu-based catalyst, commonly applied commercially. At
high temperatures (>200 �C), the CO conversion was
higher than those of the investigated Au supported

catalyst, whereas at the lower temperature Au-based
catalysts are more active.

The comparison of the Au supported catalysts reveals
that different shapes of curves were obtained for Au/
Fe2O3 (figure 2a and b). The sample of Au/Fe2O3

received from Salford University has a different tem-
perature-dependence curve than the Au/Fe2O3 supplied
by Cardiff University and the World Gold Council.

Figure 3 gives preliminary information on the sta-
bility. For nearly all Au-based catalysts lower CO con-
versions were obtained in the cooling-down programme,
except the one supplied by the World Gold Council. In
case of the Cu-based catalyst, the stability is relatively
high.

3.1.2. Isothermal stability test at 200 �C
The long-term experiments performed at 200 �C are

shown in figure 4. The results show deactivation for all
gold-supported catalysts, independently on the Au
loading, the choice of the preparation method and
additional pre-treatments. The deactivation rate of no
high-temperature treated Au catalysts was higher than
the ones that had been high-temperature treated at
300 �C or 400 �C.

The lowest activity but the best stability was obtained
with a reference catalyst supplied by the World Gold
Council. The highest activity with an excellent stability
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Figure 2. CO conversion obtained during the temperature-programmed test of the water–gas shift reaction over Au/Fe2O3, Fe2O3 and Cu-based

catalysts. The experiments were run in six-flow set-up. Cardiff catalysts (a). World Gold Council catalysts, Salford catalysts and commercial Cu

based reference catalyst (b).
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for the water–gas shift was achieved with the Cu-based
catalyst, a commercially available low-temperature
WGS catalyst. It has to be stated that the activation
procedure for this commercial catalyst was not applied.
It has followed the activation procedure for the gold
catalysts.

3.2. DRIFTS and MS

3.2.1. Identification of (adsorbed) species
The DRIFT spectrum of the as-received Au catalyst

(Cardiff) is shown in figure 5a. The bands indicating the
occurrence of the carbonate-like species in the 1700–
900 cm)1 range, are clearly present. It is also clear that
the samples contain hydroxyl groups (1640 cm)1, 3700–
3100 cm)1) [24]. The spectrum of the Au catalyst (cal-
cined at 400 �C) supplied by the World Gold Council
reveals that carbonate-like species are present in rela-
tively small quantities (figure 5b).

For the spent catalysts the major difference is the
nearly absence of bands indicating water molecules or
hydroxyl groups. The Cardiff catalyst shows bands of
high intensities in the carbonate region (1700–900 cm)1)
and absorbance of metal carbonyl complexes (carbon
monoxide complexes) in the lower part of the region
2300–1900 cm)1 [24]. The spent World Gold Council
catalyst contains similar adsorbed species (figure 5b).

3.2.2. Exposure to CO at 25 �C
The amount of oxygen available for the conversion of

CO to CO2 was investigated when the catalyst was
exposed to CO at room temperature. The evolution of
CO2 during the exposure of Au/Fe2O3–C-as received to
CO is shown in figure 6a.

The spent Cardiff catalyst showed qualitatively the
same behaviour, but the amount of CO2 evolved was
much less (figure 6b). The DRIFT spectrum (figure 5a)
nicely shows that this spent catalyst contained only a
limited amount of hydroxyl groups and the data in fig-
ure 6b that the same applies to the accessible surface
oxygen needed for the conversion of CO. The same
experiments were performed for the as-received and
spent World Gold Council catalysts. Also in this case a
limited amount of CO2 was recorded when the spent
catalyst was exposed to CO and a significant lower
amount of hydroxyl groups was recorded by DRIFTS
(figure 5b).

Elsewhere it is shown that CO was gradually con-
verted into CO2 via the formation of carbonate and
bicarbonates, which decompose during the reaction [25].
These steps occur at the Au-support interface in the
presence of the hydroxyl groups and the available sur-
face oxygen [25]. The bulk diffusion of oxygen in Fe2O3

structure potentially results in refilling the upper layer
with bulk oxygen [25].
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Figure 3. Comparison of the CO conversion obtained during the increasing and decreasing branch of the temperature-programmed protocol of

the water–gas shift reaction over Au/Fe2O3, Fe2O3 and Cu-based catalysts. The experiments were run in six-flow set-up.
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3.3. TGA

Thermo gravimetric analyses of Au/Fe2O3–W-as
received and -spent in the temperature-programmed
tests were performed in He flow (He-TGA) to indicate
desorption of present adsorbed species and in air (air-
TGA) to give information about an effect of oxygen on
decomposition of the present species.

Desorption of CO2 recorded during He-TGA is
shown in figure 7a. A peak of CO2 was recorded below
100 �C. A small amount of desorbing of CO2 was
detected around 250 �C. The mass spectroscopy signal
of H2O shown in figure 7b indicates that the as-received
samples contain adsorbed molecular water and/or
hydroxyl groups. The desorption of H2O showed a
maximum at 95 �C and at higher temperature gradually
decreases with rising temperature to 900 �C.

In case of the spent catalyst, CO2 started to desorb
only above 200 �C with a maximum release at 330 �C
and additional partial increase with a maximum at
560 �C. The water signal did not differ much from the
one for the as received catalyst.

The loss of carbon-containing species and water or
hydroxyl group molecule corresponds to the weight loss
of as-received and spent catalyst (figure 7c). For both
catalysts, the initial decrease of the weight is assigned to
desorption of water. A minimum is observed at 330 �C
for the spent catalyst. This agrees with the maximum on
the CO2 signal. The calculated weight loss is 1.84% and

0.87% for the as-received and spent catalyst, respec-
tively.

TG analysis of the as-received catalyst performed in
air shows a similar CO2 desorption signal as for TGA-
He (figure 8a). The amount of CO2 recorded during air-
TGA of the spent catalyst was higher compared to the
as-received catalyst and was released at a higher tem-
perature (>180 �C). CO2 desorption from the
as-received catalyst and the spent catalyst was accom-
panied by a release of H2O (figure 8b).

Air-TGA analysis indicates that the weight loss of the
as-received sample was 2.0% (figure 8c). In case of the
spent catalyst, the total catalyst weight increases during
the air-TGA by approximately 0.44%. The increase of
the weight is clearly shown in figure 9c and in agreement
with the observation during the mass spectrometry
analysis where the O2 signal was followed. The signal of
oxygen decreases with a minimum at exactly the same
temperature. A direct linkage between the weight
increase and the observed change of the oxygen signal is
apparent.

3.4. TEM

Au particle sizes on the as-received and spent cata-
lysts in the water–gas shift were estimated in terms of
TEM. Figure 9 gives the micrographs for the as received
and the spent World Gold Council catalysts. Figure 9a
and b shows that the diameter of the Au particles of the
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Figure 4. CO conversion obtained during the isothermal stability test of the water–gas shift reaction over Au/Fe2O3, Fe2O3 and Cu-based

catalysts. The experiments were performed at 200 �C in the six-flow set-up.
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as-received catalyst is between 2 and 5 nm. The Au
particles are very well dispersed. Once the catalyst was
exposed to the temperature-programmed test, the size of
Au particles did not change significantly, except for
some occasional Au particles of 15–30 nm diameters
(figure 9c and d). Similar size and distribution of Au
particles were noticed for the spent catalysts in the iso-
thermal stability test at 200 �C (figure 9e and f).

The data for the other catalysts are summarized in
Table 2. The simple conclusion can be drawn that the
size distribution does not change, both during HTT (up
to 400 �C) and the two reaction protocols.

3.5. ICP

The results of ICP analyses of the as-received and -
spent catalysts are presented in Table 3. During reaction
the Au content is not changed.

3.6. Textural properties

The results of N2 adsorption measurements (Table 4)
indicate that the as-received and the spent samples are
mesoporous materials. The Cardiff catalyst shows the
highest BET area. For the other catalysts BET is much
lower. The BET area did not decrease significantly once
the catalyst was calcined at 300 �C but severely for the

catalyst calcined at 400 �C. During the reaction the BET
surface area decreases and the pore size increases. The
re-oxidation of the spent catalysts led to no further
decrease in the BET surface area.

3.7. XRD

According the XRD results (figure 10a–c), the fresh
300 �C-calcined Cardiff and WGC catalysts are in form
of hematite (a-Fe2O3), while magnetite (Fe3O4) is found
for the fresh 300 �C-calcined Salford catalyst. Other
sharp peaks could be identified as calcite (CaCO3) like
or another carbonate containing species on the fresh
Cardiff catalyst. The support of all spent catalysts con-
sists of the reduced form, i.e. magnetite. Re-oxidation of
the spent catalyst the magnetite structure was trans-
formed into the hematite structure.

4. Discussion

4.1. Catalytic performance

Among the as received non-calcined Au-based cata-
lysts the order in activity was Au/Fe2O3–C>Au/
Fe2O3–S. This difference can be explained at least partly
from the different Au loading (figure 2).
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Once these catalysts were high-temperature treated,
especially above 300 �C, the catalytic performance was
severely lowered (figure 2b). The results with the World
Gold Council catalyst are consistent with this observa-
tion. This catalyst had been calcined by the supplier and
the observed activity is low. A similar conclusion has
been published earlier [20,21].

The temperature-programmed and isothermal sta-
bility tests revealed that Au supported catalysts are
unstable under the water–gas shift conditions (fig-
ure 3a and b). An exception was the World Gold
Council catalyst. The explanation is that the high

calcinations temperature already had caused extensive
deactivation.

The comparison with the commercial Cu catalyst
reveals that this is the superior system: it exhibits the
highest activity and stability, although the initial activity
of the Au-based catalysts is promising. The problem,
obviously, is the low stability of the Au-based catalysts.
In order to analyse the underlying mechanism the spent
catalysts were investigated in terms of the formation of
carbon-containing species and hydroxyl groups, changes
of the Au particles, i.e. agglomeration, and changes of
the support Fe2O3.
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Figure 9. TEM images of Au/Fe2O3–W-as received (a, b), Au/Fe2O3–W-spent in the temperature-programmed test (c, d), Au/Fe2O3–W-spent in

the isothermal stability test (e, f).

Table 2

The size and size distribution of Au particles of as-received and spent Au/Fe2O3 catalysts estimated by TEM

Au particle size and distribution

Au/Fe2O3–W-as received 2–5 nm, well dispersed

Au/Fe2O3–W-spent temperature-programmed test 2–5 nm, well dispersed and occasionally 15–30 nm

Au/Fe2O3–W-spent isothermal stability test 2–5 nm, well dispersed and occasionally 15–30 nm

Au/Fe2O3–C-as received 10–80 nm

Au/Fe2O3–C-spent temperature-programmed test Frequently 5–10 nm and 20–50 nm

Au/Fe2O3–C-400HTT-spent isothermal stability test Frequently 5–10 nm and 20–50 nm

Au/Fe2O3–S-as received Occasionally 10–50 nm

Au/Fe2O3–S-300HTT-spent temperature-programmed test Frequently 5–20 nm

Au/Fe2O3–S-300HTT-spent isothermal stability test Frequently 5–10 nm
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4.2. Carbonate-like species and hydroxyl groups

4.2.1. Initially present carbonate-like species
DRIFT spectra of the as-received catalysts reveal that

all gold samples contained carbonate species (figure 5a
and b). The intensity of the bands at wave numbers
1700–900 cm)1, however, decreased for the spent cata-
lysts. This supports the observation in our previous
studies showing that initially present carbonate species
remaining after the high-temperature treatment are
removed once the catalyst is exposed to CO [25].

Moreover, the cleaning up of the catalyst surface
from the initially present carbonate species was also
observed by TGA. The results indicate that the car-
bonate species were removed already during heating
the sample in flowing He. It is interesting that the
decomposition of these species was promoted in the
presence of air (figure 8a). Furthermore, the TGA
study showed that the spent catalysts had lost car-
bonate-type species under the conditions of the WGS
reaction.

It was also noted that one of the present carbonates
could be in form of the calcite (CaCO3) as observed by
XRD (figure 10). Once exposed to the water–gas shift

reaction, the XRD results indicated that no CaCO3

crystals are present.

4.2.2. Formation of carbonate-like species during
reaction

Bands (�1390 cm)1) assigned to the carbonate-like
species were visible in DRIFT spectra of the spent cat-
alyst (figure 5a and b). In the as-received samples these
bands were less intense. An increase of the bands in
wave numbers 2300–1900 cm)1 characteristic for the
presence of strongly bounded carbonyl groups (figure 5a
and b) [24] was also noticed for the spent catalysts
compared to the fresh ones. The TGA data showed that
the decomposition of carbonate-like species resulting in
CO2 release took place above 200 �C during the heating
in He and above 180 �C in air. The broader temperature
range, additional CO2 release and higher signal of CO2

during TGA in air indicate that some types of the
formed carbonate-like species are decomposed only in
the presence of oxygen.

It is shown that the newly formed carbonate and
carbonyl species are observed only during the water–gas
shift reaction. These were formed independently on the
Au loading, the methodology of the catalyst preparation
or the type of the experiment (temperature-programmed
or isothermal stability). A question is, however, whether
the build-up of carbonate-like species is a main cause of
the decreasing activity during the continuous flow
experiments. Several research ascribed the formation of
(hydroxy)carbonates and/or formates as a severe cause
of the deactivation of Au/CeO2 during the WGS [6,12].
Significant amounts of deposited material, up to 10–
20% of the catalyst weight are frequently obtained [13].
From the TGA experiments we estimate that the
amounts deposited are less than 1%. Furthermore, by
comparing the deactivation behaviour of the Au/Fe2O3–
C spent catalyst (decrease from 78% to less than 40%)
with that of the Au/Fe2O3–W-400c spent catalyst
(hardly any deactivation) no obvious difference in the

Table 3

The Au loading of as-received and spent Au/Fe2O3 catalysts estimated

by ICP

Au loading

(wt%)

Au/Fe2O3–W-as received 4.26±0.21

Au/Fe2O3–W-spent temperature-programmed test 4.46±0.22

Au/Fe2O3–W-spent isothermal stability test 4.48±0.22

Au/Fe2O3–C-as received 3.10±0.16

Au/Fe2O3–C-spent temperature-programmed test 3.46±0.17

Au/Fe2O3–C-spent isothermal stability test 2.97±0.15

Au/Fe2O3–S-as received 0.72±0.04

Au/Fe2O3–S-spent temperature-programmed test 0.69±0.03

Au/Fe2O3–S-spent isothermal stability test 0.70±0.04

Table 4

The results of the N2 physisorption of as-received and spent Au/Fe2O3 catalysts

BET

(m2/g)

Total pore

volume (cm3/g)

Pore diametera

(nm)

Au/Fe2O3–W-as received 38.7 0.14 10

Au/Fe2O3–W-300HTT-spent temperature-programmed test 27±1 0.20 25

Au/Fe2O3–W-300HTT- spent isothermal stability test 31a 0.25a 35a

Au/Fe2O3–C-as received 203 – –

Au/Fe2O3–C-spent temperature-programmed test 34±1 0.18 19

Au/Fe2O3–C-spent isothermal stability test 31a 0.28a 20a

Au/Fe2O3–C-300c 143±5 0.27 5 + 8

Au/Fe2O3–C-300HTT-spent temperature-programmed test 39±2 0.18 15

Au/Fe2O3–S-as received 47±2 0.13 11

Au/Fe2O3–S-spent isothermal stability test 31±1 0.15 18

The values were estimated by N2 adsorption except when indicated otherwise
a Estimated by Kr adsorption. The deviation compared to the values measured by N2 is less than 10% relative
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intensities of the carbonate bands in the DRIFTS
spectra is observed. In addition, the comparison of the
weight loss observed during TGA of the as-received
sample was higher (1.84%) than one with the spent
catalyst (0.87%). These observations lead to a statement
that newly formed stable carbonyl and carbonate-spe-
cies during the water–gas shift cannot be the main cause
of the Au/Fe2O3 deactivation.

Kim and Thompson assigned the deactivation of Au/
CeO2 to the formation of carbonates and formates not
only due the observed species by the FT-IR and XPS
techniques but also by the full regeneration of the cat-
alyst after treatment in dry air at 400 �C for 4 h [12].
According our air-TGA of the spent Au/Fe2O3 catalyst,

indeed, the high amount of carbonates are removed,
nevertheless, the loss of the catalyst has been negative,
i.e. the weight of the catalyst increases (figure 8c). MS
analysis showed that the weight increase is accompanied
by a decrease of the O2 signal. So, we conclude that the
spent Au/Fe2O3 can be in minor extent regenerated by
the removal of the carbonates but in this case more
significantly by the re-oxidation of the Fe support in the
oxygen atmosphere.

4.2.3. Hydroxyl groups
The as-received Au/Fe2O3 catalysts contain a high

amount of adsorbed water and hydroxyl groups
(figure 5a and b) that were removed during the water–
gas shift reaction, as apparent from the DRIFTS spectra
(figure 5a and b) and the TGA experiments (figures 7b
and 8b). Desorption of H2O was observed during both
He-TGA as well as air-TGA even though the presence
oxygen promote the release of H2O.

It is remarkable that although the catalyst was exposed
to H2O during the water–gas shift reaction, the amount
of hydroxyl groups was remarkably lower on the spent
catalyst than on the as-received catalyst (figure 5a and b).

4.3. Changes of Au particles during reaction

Except for theWorld Cold Council catalyst, the size of
the Au particles after exposure to the water–gas shift
conditions remained in the range observed for the Au
particle size on the as-received catalyst or no particle size
changes were observed (Table 2). The results of TEM of
all the selected Au/Fe2O3 catalysts indicate that larger Au
particles are not formed on every Au/Fe2O3 catalysts
tested, whereas deactivation was observed for every Au/
Fe2O3 catalyst. So, agglomeration of Au particles can
occur to a certain extent; nevertheless it will not be amain
cause of the deactivation of Au/Fe2O3 during the WGS.
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ICP analysis (Table 3) showed that no loss of Au
during the WGS took place.

4.4. Changes of the support during the WGS

The support of the Au/Fe2O3–C-as-received and Au/
Fe2O3–W-as-received was present in the oxidized form,
i.e. Fe2O3 (figure 10a and b). The results obtained by
XRD analyses showed that Fe2O3 was reduced to
magnetite (Fe3O4) during reaction. Consistent with this
observation, the support in Au/Fe2O3–S-as received
consisting of the magnetite remains to be magnetite
under reaction conditions. It is concluded that the cat-
alytic activity of the Au supported on hematite or
magnetite were not very different, but the state of the
support during the water–gas shift is magnetite.

A decrease of the surface oxygen on the support
during the reaction was observed from MS analysis of
the CO2 response on adding a CO step function by
comparing as received and spent catalysts. Lower CO2

production on the spent catalyst can be also due to the
lower amount of hydroxyl groups being important for
CO conversion to CO2 at room temperature [25].

The re-oxidation of the spent catalysts was noticed
during the TGA (air, 200 �C) of the spent catalyst.
According to the results of N2 physisorption, reduction
of the surface area is an important process: it takes place
upon calcination and under reaction conditions. Even
the Au/Fe2O3, which had been calcined at 400 �C and
had rather low surface area, the surface area decreased
significantly during the reaction. The loss of the surface
area also corresponded to an increase of the total pore
volume and the pore diameter (Table 4).

The above discussion suggests a rather simple inter-
pretation for the deactivation mechanism. The mecha-
nism is not the formation of deposits formed e.g., by
carbonate formation or changes in dimensions of the Au
particles. The deactivation is accompanied by a change
in textural properties. The simplest interpretation would
then be a correlation between activity and surface area.
This hypothesis was checked as follows.

From the step response MS experiments a CO2 pro-
duction rate can be calculated involving CO oxidation
by surface oxygen. These rates related to the amount of
the catalyst were calculated for fresh and spent Au
catalysts in the isothermal stability or temperature-
programmed test. The data are shown as a function of
the BET area in figure 11. It is obvious that the rate
nicely correlates with the surface area: it increases with
increasing BET surface area. The correlation is not
strictly linear according to a straight line through the
origin. This is not surprising. In the two quite different
deactivation protocols the catalyst undergoes massive
changes and it is well conceivable that details of the
deactivation conditions have influence on the local
chemistry at the surface.

The support of the Au/Fe2O3 used for the water–gas
shift reaction was severely transformed. In case that
support is present in the form of hematite, the support is
reduced to magnetite. Although water is present in the
reaction mixture, the re-oxidation of the support does
not occur to a large extent and the support remains in its
reduced formed. This observation supports our pro-
posed WGS mechanism at high temperatures presented
in our previous study [25]. The production of carbon
dioxide and hydrogen takes via the reduction-oxidation
cycles where the re-oxidation of the support (Fe2O3) is
the rate-limiting step [25].

5. Conclusions

The highest CO conversion was obtained with the
non-calcined Au/Fe2O3. The calcination or high-tem-
perature treatment lowered the surface area and conse-
quently the catalytic activity. Deactivation was observed
for all Au supported catalyst, independently on the Au
loading, the method of preparation, the pre-treatment
method or the crystalline structure of the supports.

The deactivation of Au/Fe2O3 appears to comprise
several processes. The formation of carbonate and car-
bonyl species occurs to some extent and some agglom-
eration of Au particles takes place on the Au/Fe2O3

during the water–gas shift, but they are not seen as the
main cause of the Au/Fe2O3 deactivation.

The support suffers of severe changes during the
water–gas shift reaction. In case that the fresh Au cat-
alyst is supported on hematite, the support is reduced to
the magnetite. The water–gas shift reaction over Au/
Fe2O3 occurring via reduction-oxidation mechanism
where the re-oxidation of the support appears to be a
rate-limiting step. The significant loss of the surface area
of the support is taking place during the water–gas shift
reaction affects the catalytic performance and will be the
main cause of the Au/Fe2O3 deactivation.

In comparison with the commercial copper based
WGS catalysts there is still a major issue for the gold
based WGS catalysts in terms of stability.
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