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a b s t r a c t

Gold catalysts supported on ceria doped by Sm and Al were studied. The influence of the preparation
method, as well as the nature of dopants on the structure, properties and WGS activity are investigated.
The applied methods of preparation cause the modification of ceria in a different extent. In the sample
prepared by co-precipitation (CP) and doped by Al, the vacancies are located within the bulk of ceria
structure, whereas in the corresponding AuCeSmCP sample the vacancies are located most likely around
Sm and the ceria structure seems to be better ordered than the Al doped ceria. There is no distinct
correlation between the reducibility and WGS activity of the studied catalysts. The Au 4f XPS spectra
of fresh samples reveal higher contribution of dispersed form of Au for Sm doped catalysts than for the

3+
corresponding Al doped samples. The Ce 3d XPS spectra disclose also a higher concentration of Ce
evaluated before the catalytic operation for Sm doped catalysts as compared with the Al doped fresh
samples. The observations by “in situ” FT-IR spectroscopy agree well with the model of active sites and
the, mechanism of the WGS reaction proposed recently by some of us. The amount of formate species
observed on the AuCeSmCP is higher than that on the AuCeAlCP catalyst and parallels the catalytic activity.
The higher concentration of active sites on the surface of the AuCeSmCP catalyst facilitates the dissociation

of water.

. Introduction

Gold catalysts based on ceria are very promising for various
pplications and among them the pure hydrogen production via
ater gas shift (WGS) reaction is of great importance. Recently,

he interest in WGS is increasing because of its potential applica-
ion in the fuel cell technology. The application of the WGS gold
atalysts to fuel cell power systems requires high catalytic activity
nd stability in cyclic operation. In the last few years gold cata-
ysts supported on ceria and on ceria doped by different Me3+ were
tudied intensively in our group [1–3]. It is well known that ceria is
n appropriate support for precious metals, due to its high oxygen
torage capacity (OSC). Luo et al. have found a direct relationship
etween the WGS activity and the OSC [4]. Metal-modified ceria

as higher oxygen capacity and enhanced reducibility than pure
eria. The addition of metal dopants having valences lower than
4+) leads to the formation of oxygen vacancies in ceria, which is
xpected to increase the redox activity.

∗ Corresponding author.
E-mail address: andreev@ic.bas.bg (D. Andreeva).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.05.030
© 2010 Elsevier B.V. All rights reserved.

Recently, Panagiotopoulou and Kondarides have investigated
the effect of support nature on the catalytic performance of
noble metal catalysts for the WGS reaction [5], as well as the
WGS activity of metal doped Pt/CeO2 catalysts [6]. They con-
cluded that the WGS activity of Pt and Ru catalysts does not
depend on the metal loading and dispersion of crystallite size,
but depends strongly on the nature of metal oxide carrier [5].
They have also studied the influence of the doped Pt/CeO2 cata-
lysts by different metals (Ca, La, Mg, Zn, Zr, Yb, Y, and Gd) and
have established that the catalytic activity in WGS depends on
the nature of the dopant employed [6]. The effect of support on
the reactivity of gold-based catalysts was also analyzed by Chen
and Goodman [7]. The authors considered the multi-role support
effect in activating nanosized Au particles including the source
for nucleating sites and/or charge transfer, directly related to the
reactants and their activation. This concept fully confirms our sug-
gestion, based on experimental data analysis, about the active

role of ceria as support for nanosized gold particles [2,3,8]. The
nature of the support plays a decisive role on the distribution and
dynamics of oxygen vacancies as well as on the dispersion and
shape of gold nanoparticles, which influences directly the catalytic
activity.

dx.doi.org/10.1016/j.cattod.2010.05.030
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:andreev@ic.bas.bg
dx.doi.org/10.1016/j.cattod.2010.05.030
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The addition of Me3+ dopants to ceria may have two conse-
uences: first—to increase the number of oxygen vacancies in ceria
tructure and second—to improve the thermal stability of the cata-
ysts by hindering the aggregation of gold and ceria. In the present
tudy we performed a comparative analysis regarding these points
sing as examples gold catalysts supported on ceria doped by Al
nd Sm. The nature of the dopants and their influence on the struc-
ure and properties of the supports, as well as on the WGS activity,
re discussed.

. Experimental

.1. Catalysts preparation

The supports were prepared using two different methods in
hich ceria was modified by the addition of alumina and samar-

um oxide. The first synthesis route involved the co-precipitation
f ceria and corresponding dopants’ hydroxides from metal nitrate
olutions, taken in a desired ratio, with a solution of K2CO3 at con-
tant pH 9.0 and temperature = 60 ◦C. The resulting precipitates
ere aged at the same temperature for 1 h, then filtered and washed
ntil the removal of NO3

− ions. The washed precipitates were dried
n vacuum at 80 ◦C and calcined under air at 400 ◦C for 2 h. The
ontent of dopant in the mixed supports was 10 wt%. The sup-
orts prepared in this way are denoted as CP. The second set of
ixed CeO2–Me2O3 supports was prepared by mechanically mix-

ng of the corresponding metal oxides and vacuum dried cerium
ydroxide, following the procedure described in [1]. The mixture
as mechano-chemically activated by milling for 30 min in a mor-

ar followed by calcination at 400 ◦C for 2 h. The content of dopant
as also 10 wt% and the supports prepared in this way are denoted

s MA. The gold (2 wt%) was deposited as Au(OH)3 on the oxide
upports, preliminary suspended in water, under full control of all
arameters of preparation. However, prior to the gold hydroxide
eposition, the mixed oxide support was activated in a UV disinte-
rator under vigorous stirring. After filtering and careful washing,
he precursors were dried under vacuum and finally calcined at
00 ◦C for 2 h. Sample of gold, deposited on pure ceria, was also
repared and denoted as AuCe. The samples using the CP supports
re denoted as AuCeAlCP and AuCeSmCP. Samples using the MA
upports are denoted as AuCeAlMA and AuCeSmMA.

.2. Catalysts characterization

The BET surface area of the samples was determined on a ‘Flow
orb II-2300’ device.

The X-ray diffraction measurements were performed by an
utomatic powder diffractometer DRON (Bragg–Brentano arrange-
ent), using Cu K�1 radiation and a scintillation counter. The

iffraction patterns were recorded in a step-scan mode with a step
f 0.02◦ (2�), counting time 1 s, in the angular interval 20–90◦ (2�).
he Powder Cell program [9] was used for diffraction data process-
ng.

The Raman spectra were recorded using a SPEX 1403 dou-
le spectrometer with a photomultiplier, working in the photon
ounting mode. The 488 nm line of an Ar+ ion laser was used for
xcitation. The laser power on the samples was 60 mW. The sam-
les were prevented from overheating during the measurements
y increasing the size of the focused laser spot. The optimal con-
itions were chosen, checking the intensity, position and the full

idth at half maxima (FWHM) of the 464 cm−1 Raman line of CeO2.

he spectral slit width was 4 cm−1. The FWHM of the main Raman
ine of ceria was calculated.

The TPR measurements were performed on a device described
lsewhere [10]. A cooling trap (−40 ◦C) for removing water formed
oday 158 (2010) 69–77

during reduction was mounted in the gas line prior to the thermal
conductivity detector. A hydrogen-argon mixture (10% H2), dried
over a molecular sieve 5A (−40 ◦C), was used to reduce the sam-
ples at a flow rate of 24 ml min−1. The temperature was linearly
raised at a rate of 15 ◦C min−1. The sample mass used was 0.05 g. It
was selected by the criterion proposed by Monti and Baiker [11].
In addition, TPR experiments after reoxidation were performed.
The reoxidation with purified air was carried out at 200 ◦C just
after the end of the first TPR peak of the fresh sample. The sample
was kept in air at this temperature for 15 min and the TPR profiles
were recorded after cooling down to room temperature (RT) under
purified argon.

The X-ray photoelectron spectroscopy data were recorded on
a VG Scientific ESCALAB-210 spectrometer using Al K� radiation
(1486.6 eV) from an X-ray source operating at 15 kV and 20 mA.
The spectra were collected with analyzer pass energy 20 eV, step
0.1 eV and an electron take off angle of 90◦. The samples were
pressed into thin wafers and degassed in a preparation chamber
before analysis. The Shirley background subtraction and peak fit-
ting with Gaussian–Lorentzian product peak was performed using a
XPS processing program Advantage (Thermo Electron Corporation).
The charging effects were corrected by adjusting the Ce 3d3/2 peak,
usually described as u′′′ peak to a position of 917.00 eV [12–14].
This is a strong, individual peak and its position can be established
much more precisely than that of the commonly used C 1s peak
from adventitious carbon.

The FT-IR spectra were recorded on a Bomem MB 102 FT-IR
spectrometer equipped with a liquid-nitrogen cooled MCT detec-
tor at a resolution of 4 cm−1 (128 scans). The self-supporting discs
(0.02 g/cm2) were activated in situ. The activation procedure con-
sisted in two steps: (i) treatment of the sample in atmosphere of
100 mbar of oxygen at 400 ◦C for 1 h, followed by evacuation of oxy-
gen for 30 min at 150 ◦C and (ii) subsequent exposure of the sample
to 10 mbar of hydrogen for 30 min at 150 ◦C followed by evacua-
tion at the same temperature and cooling to room temperature.
The spectrum taken at room temperature after the second step of
activation has been used as a background reference (except for the
spectra in Fig. 9). The sample spectra are also gas-phase corrected.

2.3. Catalytic activity measurements

The catalytic activity of the samples towards the WGS reaction,
expressed as the degree of CO conversion, was evaluated over a
wide temperature range (140–350 ◦C). The activity was measured
in a flow reactor at atmospheric pressure. A gas mixture of initial
composition 4.494 vol.% CO in argon was used. The samples were
tested in WGS—as prepared and after reoxidation after 1 week oper-
ation. The reoxidation was carried out at 200 ◦C for 1 h in air, space
velocity of air 2000 h−1.

The WGS reaction was carried out under the following exper-
imental conditions: catalyst bed volume—0.5 cm3 (0.63–0.80 mm
sieve fraction), space velocity of the dry gas—4000 h−1, partial pres-
sure of water vapor—31.1 kPa. The CO content at the reactor outlet
was determined using an “Uras 3G” (Hartmann&Braun AG) gas ana-
lyzer.

3. Results

3.1. Catalytic activity
Fig. 1 shows the temperature dependence of CO conversion
of the fresh gold catalysts. The following order of activities was
observed:

AuCeSmMA > AuCeAlMA > AuCeSmCP > AuCe > > AuCeAlCP
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Fig. 1. Temperature dependence of CO conversion of the fresh gold catalysts.

Fig. 2. Temperature dependence of CO conversion of gold catalysts after 1 week of
operation and reoxidation in air at 200 ◦C.
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the Sm doped samples, oxygen vacancies are adjusted around Sm
atoms and the ceria structure seems to be better ordered.

The results of TPR measurements are presented in Fig. 6. Only
the LT TPR profiles are shown, because the HT region is not of impor-
Fig. 3. CO conversion at 240 ◦C of the re-oxidized catalysts.

Generally, the MA samples are more active than CP ones,
lthough the WGS activity of both types of the catalysts doped by
m does not differ so much. Significant differences in the catalytic
ctivity are observed for the samples MA and CP modified by Al.

After 1 week of operation and reactivation of the catalysts in
ir at 200 ◦C, the WGS activity of the AuCeSmCP catalyst increased
ven slightly. However, no distinct difference was found for the
amples, doped by Sm (compare the WGS activity at 240 ◦C pre-

ented in Figs. 2 and 3). For the catalysts doped by alumina the
bserved difference in WGS activity was kept. The explanation
hould be searched in the nature of the used dopants, as well as
n the structure and properties of the modified catalysts depending
n the preparation methods.
oday 158 (2010) 69–77 71

3.2. Catalysts characterization

The XRD diffraction patterns of the studied samples are given in
Fig. 4. The analysis of the presented data indicates, that the CP cat-
alysts are characterized by a single phase, while in the MA catalysts
doped by Sm the double phases can be distinguish: except of the
lines of ceria, also the lines of Sm2O3 are visible. For the Al doped
MA sample, the Al lines are not visible. The XRD data allows to cal-
culate both lattice parameters of ceria and average size of gold and
ceria. All these parameters and surface areas determined by BET
are given in Table 1. The average size of gold in AuCe and Sm con-
taining samples was calculated on the basis of HRTEM data due to
the low content and high dispersion of Au [3]. The data collected
in Table 1 clearly show that the a parameter for Sm doped ceria is
close to that of the unpromoted ceria and there is no big difference
between the a values for MA and CP samples. On the contrary, in the
case of Al doped ceria, the a parameter for CP sample is lower than
other values in Table 1, which corresponds well to the lower ionic
radius of Al3+. The CP sample doped by Al exhibits also the smallest
average size of ceria particles (4 nm). For the other samples studied,
the average size of ceria particles is in the order of 7–9 nm.

Fig. 5 shows the Raman spectra of both initial supports and Au
containing catalysts. The main line of ceria dominates in all pre-
sented spectra. In the spectrum of the CeSmMA sample, the line at
344 cm−1, typical of Sm2O3, is also clearly seen. This is in agreement
with the XRD results. The width of the main line of ceria, registered
in the Raman spectra, can be considered as indicative of the ceria
dispersion and the concentration of oxygen vacancies formed on
the defective structure of ceria [15,16]. The FWHM (full width at
half maximum) of this line was calculated for all analyzed samples
and the data were summarized in Table 2. Comparing these val-
ues for the various dopants, one can see that the addition of Me3+

causes an increase in the FWHM reaching the highest value for the
AuCeAlCP sample. It is important to note also that the FWHM value
for the AuCeAlMA is much lower than the corresponding value for
the AuCeAlCP sample. This is in agreement with our preposition
that the oxygen vacancies are deeper in the CP sample, while in the
MA sample, the Al dopant modifies only the surface of the catalysts.
Quite different relation between the FWHM values can be observed
for the Sm doped samples. It is seen that there is no big difference in
FWHM values calculated for CP and MA samples and these values
are lower than those for both Al doped catalysts. It is likely that in
Fig. 4. XRD profiles of the studied catalysts.
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Table 1
BET surface area, lattice parameters of ceria and average size of gold and ceria particles.

Samples SBET (m2g−1) Average size of gold (nm) Lattice parameter of ceriaa a (Å) Average size of ceria (nm)

AuCe 108 2.0b 5.422 8.0
AuCeAlCP 103 3.1 5.409 4.2
AuCeAlMA 105 2.9 5.419 9.6
AuCeSmCP 84 2.62 5.421 7.1
AuCeSmMA 76 2.42 5.424 8.5

a Lattice parameter of CeO2 = 5.412 Å, ionic radii: Ce4+ = 0.97 Å; Ce3+ = 1.14 Å; Al3+ = 0.535 Å; Sm3+ = 1.079 Å.
b Estimated by HRTEM.

Fig. 5. Raman spectra of the initial supports: MA (A) and CP

Fig. 6. TPR of studied catalysts: (A) fresh catalysts and (B) after reoxidation at 200 ◦C.
(B) and gold containing catalysts: MA (C) and CP (D).

tance for the catalytic reaction studies. The complex LT TPR peaks
can be related to the reduction of surface ceria layers and partially
to the oxygen species coordinated around small gold particles. It is
seen that the TPR peaks for the mixed Me3+/ceria support are much
broader than the narrow TPR peak of unpromoted AuCe sample. The
Tmax of the first peak in the TPR profile registered for the AuCeSmCP
sample is located at 94 ◦C, which is in accordance with the higher
catalytic activity of this sample. After reoxidation at 200 ◦C the TPR
profiles exhibit also a complex character and the Tmax of the TPR
peaks shifts to lower values. This trend corresponds to the increase

of the WGS activity after reactivation at the same temperature in
air. Again, the lowest Tmax was recorded for the AuCeSmCP sample,
which exhibits the highest WGS activity. In order to compare quan-
titatively the TPR peaks’ intensities as indicative for the oxygen

Table 2
Full width at half maximum (FWHM) of the dominant
ceria line in the Raman spectra.

Samples FWHM (cm−1)

AuCe 13.5
AuCeAlCP 48.5
AuCeAlMA 39.4
AuCeSmCP 32.3
AuCeSmMA 29.8
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Table 3
Hydrogen consumption corresponding to the first TPR peak in the spectrum of fresh
catalysts and after reoxidation at 200 ◦C.

Samples Hydrogen consumption in
direct TPR spectra (�mol)

Hydrogen consumption after
reoxidation (�mol)

AuCe 23.1 15.2
AuCeAlCP 26.4 18.0
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Table 4
XPS data of gold-supported catalysts, fresh and spent.

Catalyst Au 4f7/2 Ce 3d5/2 (Ce+3)

Peak position
(eV)

at.% Peak position
(eV)

at.%

AuCe fresh 84.70 0.56 885.36 5.12
85.90 0.12 880.25 0.54

AuCe spent 84.15 0.45 886.04 3.37
879.13 0.43

AuCeAlCP fresh 84.14 0.31 884.99 3.12
85.69 0.07 880.23 0.76

AuCeAlCP spent 84.04 0.35 885.11 3.32
879.83 0.80

AuCeAlMA fresh 84.24 0.29 885.78 2.88
85.77 0.06 879.90 0.42

AuCeAlMA spent 84.27 0.34 886.09 3.28
879.38 0.32

AuCeSmCP fresh 84.45 0.44 885.71 4.93
85.61 0.29 880.40 1.28

AuCeSmCP spent 84.07 0.47 886.39 4.06
879.49 0.96

AuCeSmMA fresh 84.25 0.11 885.85 2.70
AuCeAlMA 17.6 16.1
AuCeSmCP 29.5 18.9
AuCeSmMA 35.9 27.9

apacity of the catalysts, the hydrogen consumption (HC) was cal-
ulated. The data are presented in Table 3. In all cases the hydrogen
onsumption is higher than that for the unpromoted AuCe. Com-
aring the Me3+ doped samples, the higher HC was calculated for
he Sm doped catalysts. The lowest HC was found for the AuCeAlMA
ample. After reoxidation, the HC does not fully recover the oxygen
apacity, but remains higher for the Sm doped catalysts.

The catalysts were characterized by means of XPS as well. Fig. 7
hows the Au 4f XPS spectra taken from Sm doped samples CP and
A both fresh and spent, respectively. The most important data

etermined from the XPS spectra, like the binding energy (BE),
tomic concentration (AC) of selected components and the XPS
pectra fitting-data are presented in Table 4 for both Sm and Al
oped catalysts, respectively. The Au 4f XPS spectra of the fresh
amples were fitted successfully with two components, the first
ne at a BE of the Au 4f7/2 close to the metallic gold (84 ± 0.2 eV) and
he second one at the BE shifted to higher values (85–86 eV). How-
ver, after the catalytic processing (spent samples) only metallic
old was registered. The component with higher BE we assigned to
ositively charged, very small gold particles. Careful analysis of the

e 3d XPS spectra allows distinguishing the relative contribution of
he Ce3+ and Ce4+ compounds. The AC % of Ce3+ is a useful indicator
f the ceria modification by the loaded dopants. The rough analysis
ndicates that these values are relatively high for all of the studied

ig. 7. Experimental and fitted Au 4f XPS spectra of studied catalysts: fresh and
pent.
85.91 0.15 880.08 0.73
AuCeSmMA spent 84.17 0.24 885.96 2.84

880.04 0.54

catalysts (see Table 4). There is no distinct dependence between the
amount of Ce3+ and the type of dopant and preparation methods in
the fresh and spent catalysts. It should be noted, however, that in
the AuCeSmCP sample the AC% of Ce3+ is the highest for the fresh
sample and remains very high also after the catalytic operation.
This is in agreement with the highest WGS activity of this catalyst
after reoxidation.

The FT-IR spectra of the activated AuCeSmCP and AuCeAlCP cat-

alysts are shown in Fig. 8. The spectra of both samples in the �(OH)
stretching region display a sharp band at 3655 cm−1 characteristic
of OH species (type II) bridging two cerium sites, respectively [18].
The weak absorptions at 3780 cm−1 (AuCeAlCP) and 3755 cm−1

Fig. 8. FT-IR spectra of the activated AuCeSmCP and AuCeAlCP catalysts.
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ig. 9. FT-IR spectra collected during the exposure of the AuCeSmCP sample to a (1
nd 350 ◦C (f).

AuCeSmCP) most likely are due to isolated OH groups coordinated
o Al3+ and Sm3+ sites, respectively. The broad absorption between
600 and 3000 cm−1 correspond to hydroxyls attached to reduced
eria [18]. The bands in the 1800–1000 cm−1 region indicate the
resence of residual nitro-nitrate and carbonate–carboxylate struc-
ures originating from the precursors used for sample preparation.

Fig. 9 presents the spectra obtained after the introduction to the
R cell of a gas mixture containing 10 mbar of CO and 1 mbar of

2O followed by heating of the isolated IR cell for 15 min at various
emperatures. The strong absorption in the 3600–2500 cm−1 region
bserved in the spectrum of the AuCeAlSm sample (Fig. 9A) taken
t room temperature (spectrum a) is associated with the increased
ydroxyl coverage. Negative bands at 3752 and 3651 cm−1 are
etected indicating that during the CO + H2O adsorption the iso-

ated OH groups are either converted into H-bonded hydroxyls
r involved in interaction with CO. The broad, unresolved band
t approximately 2125 cm−1 (Fig. 9B, spectrum a) corresponds
o the forbidden 2F5/2 → 2F7/2 electronic transition of surface and
ubsurface Ce3+ ions [8,19]. The appearance of this signal shows
hat the surface of the activated sample is reduced additionally
pon exposure to the CO + H2O mixture at room temperature.
he absorption at 2105 cm−1 is characteristic of CO adsorbed on
u0 [8,20,21]. The appearance of complex absorption bands in

he 1900–1000 cm−1 region indicates the formation of several
CO– containing species (Fig. 9C). The absence of a signal at
630–1595 cm−1 [18] attributable to the �(HOH) bending suggests
hat the adsorbed water undergoes dissociative adsorption already
t room temperature.

The increase in the temperature to 150 ◦C (Fig. 9A, spectrum
) causes strong decrease in the amount of H-bonded OH groups
nd emergency of a weak band at 2851 cm−1 which in agreement
ith the literature [8,22] is assigned to the �(CH) mode of adsorbed

ormate species. The surface concentration of the formate species
eaches maximum at 200 ◦C (Fig. 9A, spectrum c) and decreases

ignificantly at 350 ◦C. As proposed in earlier studies [23–26] the
ormate species are generated by a reaction of CO with the bridging
H groups on ceria. The spectra in Fig. 9A show that the intensities
f the negative bands at 3752 and 3651 cm−1 do not recover after
he complete disappearance of the H-bonded hydroxyls, which con-
r CO + 1 mbar H2O) mixture at 25 ◦C (a), 150 ◦C (b), 200 ◦C (c), 250 ◦C (d), 300 ◦C (e)

firms that these two types of isolated OH groups are involved in
the formate formation. As with the other metals of group IB, the
adsorption of CO on Au0 is weak [27] and most likely, the Au0–CO
species are no longer present in the spectra taken at higher tem-
peratures. The intensity of the band at 2123 cm−1, corresponding
to the Ce3+ electronic transition, increases at 150 ◦C (Fig. 9B, spec-
trum b) and indicates that the amount of reduced cerium sites has
increased. The intensity of this signal does not change consider-
ably between 150 and 350 ◦C suggesting that there are Ce3+ ions in
the bulk of the crystallites. The strong increase in the absorption
in the 1900–1000 cm−1 region with increase in the temperature
is caused by additional formation of formate and (bi)-carbonate
species adsorbed on the support (Fig. 9C). Due to the complexity
of these absorption bands, it is difficult to propose unambiguous
interpretation.

The spectra recorded during the exposure of the AuCeAlCP
catalyst to the CO + H2O mixture (10 mbar CO + 1 mbar H2O) at var-
ious temperatures are shown in Fig. 10. The following differences
between the AuCeSmCP and AuCeAlCP catalysts can be noticed:

1. The absence of negative band in the OH stretching region in the
spectrum taken at room temperature suggests that the water
adsorbs molecularly on the AuCeAlCP sample (Fig. 10A, spectrum
a). This is confirmed by the presence of a band at 1630 cm−1

corresponding to �(HOH) bending mode (Fig. 10C, spectrum a).
2. The broad, unresolved absorption detected at room temper-

ature in the 2300–1900 cm−1 region (Fig. 10B, spectrum a),
which extends down to 1950 cm−1, is attributed to overlapping
bands due to the electronic transition of Ce3+ [19], Au0–CO and
Auı−–CO species [8,20,21]. Such low-frequency tail is not seen
in the spectrum of AuCeSmCP (Fig. 9B, spectrum a) indicating
that Auı− species do not exist on the surface of this catalyst. The
absence of a distinct Au0–CO band in the case of the AuCeAlCP
catalyst suggests lower dispersion of the gold particles as com-

pared with the Sm-containing sample, which is in agreement
with the HRTEM results [3].

3. The amount of the formate species generated on the AuCeAlCP
sample is significantly lower than that observed on the
AuCeSmCP catalyst and they display higher thermal stability.
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ig. 10. FT-IR spectra collected during the exposure of the AuCeAlCP sample to a (1
nd 350 ◦C (f).

As with the AuCeSmCP catalyst, the amount of Ce3+ sites
ncreases at 150 ◦C and does not change considerably up to 350 ◦C
Fig. 10B). The low-frequency tail of the complex absorption
etween 2300 and 1900 cm−1 disappears at 150 ◦C (Fig. 10B, spec-
rum b). This fact supports the suggestion made above that CO
dsorbed on metallic gold has low thermal stability. The appearance
f strong bands in the 1900–1000 cm−1 region with the increase
n the temperature is associated with the formation of several
arbonate–carboxylate structures (Fig. 10C).

. Discussion

The experimental data presented above show that the WGS
ctivity depends on the nature of Me-dopants applied and on the
reparation methods. Obviously, the WGS activity is affected by
he preparation method in the case of Al doped ceria catalysts. The
uCeAlMA sample exhibits higher activity than the correspond-

ng CP sample. Oxygen vacancies, created during CP preparation
ethod, are formed deeper into the bulk of ceria and the oxida-

ion capacity of water is too low to re-oxidize the catalysts surface.
he MA preparation method leads mainly to surface modification
f the Al doped catalysts. Thus, during the WGS reaction, water
s able to re-oxidize the catalysts’ surface more effectively. Quite
ifferent WGS reaction course is observed for the Sm doped cata-

ysts. Both samples, CP and MA, show similar activities, especially,
fter the reoxidation and even the CP catalysts increase their WGS
ctivity slightly. These differences in the catalytic behaviour of the
tudied catalysts can be explained by the differences in the struc-
ure and properties of the samples. As it was already shown, the
onic radius of Sm(III) is close to that of Ce(IV) and much higher
han that of Al(III) (see Table 1). Therefore, the Sm contribution
o the ceria support does not cause change in the lattice parame-
ers [17]. In the case of Al doped CP samples, the Al atoms occupy

he interstitial positions in ceria crystallites which leads to con-
raction of the lattice. In the MA samples the Al dopant is located
n the surface and its contraction effect on the lattice is low.
s a result, the difference in the a parameter of the CP and MA
amples doped by Al becomes significant. More defective struc-
r CO + 1 mbar H2O) mixture at 25 ◦C (a), 150 ◦C (b), 200 ◦C (c), 250 ◦C (d), 300 ◦C (e)

ture can also be found analyzing the Raman spectra. The FWHM
calculated for the Al doped catalysts is much higher for the CP
than for the MA sample. For the Sm doped samples these val-
ues are lower (see Table 2), which can indicate that the oxygen
vacancies are located around Sm and the ceria structure is bet-
ter ordered. The relatively high HC of the Sm-containing sample
is a result of the large number of vacancies that are not located
in the ceria structure. After the reoxidation, the oxygen capac-
ity is not fully recovered, but remains higher than that of the Al
doped catalysts. The model proposed by some of us [2] consider-
ing Auı+VoCe3+ as the active sites of WGS reaction, illustrated the
initial state. However a dynamic redox process occurs during the
catalytic reaction, leading to electron transfer from Ce3+ to gold.
The result is formation of Ce4+ and Au0 and even Auı−. Contrary
to the Auı+VoCe3+, the available Auı+VoAl3+ and Auı+VoSm3+ sites
in the catalysts are not active in the WGS reaction [2] (Vo stays
for oxygen vacancy). In the case of Sm, the HC after the reoxida-
tion at 200 ◦C is low, but most likely it is sufficient to re-oxidize
the Ce3+Vo species, which are part of the active sites. The reoxi-
dation of Ce3+Vo is enhanced by the close contact with the small
gold particles. Therefore, the WGS activity of the AuCeSmCP sam-
ple increases after reoxidation. However, in this case probably not
the whole surface is fully re-oxidized, but only part of the sur-
face containing the active sites. This interpretation can be useful
to explain the observed relationship between the WGS activity
and the method of preparation, as well as the nature of dopant
applied.

The results of the in situ FT-IR investigation of the CO + H2O
adsorption on AuCeAlCP and AuCeSmCP catalysts show that there
are differences between both catalysts. The presence of low-
frequency tail in the carbonyl region of the room temperature
spectrum of AuCeAlCP sample (Fig. 9B, spectrum a) has been asso-
ciated with the formation of carbonyl species involving Auı− sites.
This indicates that the oxygen vacancies are present around the

gold particles allowing an electron transfer to occur that results in
the Auı− species [8,20,21]. The lack of signal between 2050 and
1950 cm−1 in the spectrum of AuCeSmCP confirms the conclusion
made above that in the Sm doped sample the oxygen vacancies are
adjusted around the Sm atoms.
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The mechanisms of WGS reaction over gold catalysts have been
ummarized and discussed in the recent reviews of Burch [28] and
ond [29]. Two main types of mechanism have been proposed: the
edox mechanism and associative mechanism. Both mechanisms
tart with dissociation of water on the catalyst surface. The sub-
equent step in the reodox mechanism involves the dissociation
f hydroxyl, whereas the associative mechanism occurs through
he intermediacy of formate, carbonate or carboxylate species. The

ain WGS pathway remains still unclear and according to Burch
28], the dominant mechanism will depend on the type of the cat-
lyst and the experimental conditions. As shown in Figs. 9 and 10,
he amount of formate species generated on the AuCeSmCP is
igher than that on the AuCeAlCP catalyst. Although the exper-

mental conditions of the FT-IR measurements and catalytic test
re different, the higher concentration of the formate species on
he Sm-containing sample parallels its higher activity. The results
f recent DRIFTS-SSITKA study on Au/Ce(La)O2 catalyst [30], how-
ver, do not prove that the main reactive intermediates leading to
he formation of CO2 are the formate species. We do not attempt
o make conclusions about the mechanism of WGS reaction over
he AuCeAlCP and AuCeSmCP catalysts from the obtained in situ
T-IR results. It should be noted, however, that the better catalytic
erformance of the AuCeSmCP catalyst could be related to its abil-

ty to ensure sufficient concentration of specific (highly reactive)
ormate species, which are located at the interface between the Au
articles and ceria-samaria support and which cannot be detected.
s proposed by Behm and coworkers for Au/CeO2 [31], the for-
ate species are generated on the Au–support interface. Because

he number of these active sites is low, their ability to accommo-
ate the formate species is limited. As a result of this, the formates
pillover onto the support. There is a dynamic equilibrium between
he mobile formate species located on the support (which is asso-
iated with the IR intensity of the formate band) and formates
dsorbed at Au–support interface [31]. Most likely, the high activ-
ty of AuCeSmCP catalyst could be related with the high dispersion
f Au nanoparticles leading to large number of active Au–support
nterface sites (Auı+VoCe3+ as proposed above), which results in
igh concentration of formate species.

According to the FT-IR data, the AuCeSmCP and AuCeAlCP sam-
les behave differently with regard to the adsorption of water at
oom temperature: water adsorbs dissociatively on the former cat-
lyst and molecularly adsorbed water has been observed on the Al
oped sample. It can be proposed that the higher concentration of
uı+VoCe3+ sites on the surface of the AuCeSmCP catalyst facilitates

he dissociation of water and supports the active role of defective
eria in the latter process. This conclusion agrees with the results
f DFT-GGA calculations of Liu and Rodriguez [32] which show that
eria is involved directly in the WGS reaction by lowering the bar-
ier of water dissociation. The facile dissociation of water on the
uCeSmCP catalyst could account also for its better performance

n the WGS reaction.

. Conclusions

Gold catalysts supported on ceria doped by Sm and Al were syn-
hesized. The supports were prepared using two different methods
ith the aim to modify ceria by different extend. The CP preparation

echniques applied makes defects in the structure of ceria involv-
ng formation of oxygen vacancies that are located within the bulk
f ceria. The MA method leads only to surface modification of the

repared sample. The WGS activity is found to be different for Al
oped catalysts prepared by CP and MA techniques, respectively.

n the case of Sm doped Au catalysts, practically, no difference has
een found between the CP and MA samples in the WGS activity.

n the CP sample doped by Al the vacancies are located within the

[

[

[
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bulk ceria structure, whereas in the AuCeSmCP sample the vacan-
cies are located most likely around Sm and the ceria structure seems
to be better ordered than the Al doped ceria. The AuCeSmCP sam-
ple shows the lowest temperature Tmax in the TPR profiles which
could be related to the higher WGS activity of this sample. How-
ever, there is no distinct correlation between the reducibility and
WGS activity of the studied catalysts. The Au 4f XPS spectra taken
from fresh samples reveal higher contribution of dispersed form
of Au (the XPS Au states characterized by higher BE) for Sm doped
catalysts than for the corresponding Al doped samples. The Ce 3d
XPS spectra disclose also a higher concentration of Ce3+ evaluated
before the catalytic operation for Sm doped catalysts as compared
with the Al doped fresh samples. These observations agree well
with the model of active sites for the WGS reaction (Auı+VoCe3+,
where Vo is an oxygen vacancy), which we proposed recently [2].
The amount of formate species observed on the AuCeSmCP is higher
than that on the AuCeAlCP catalyst and parallels the catalytic activ-
ity. The high activity of AuCeSmCP catalyst could be related with
the high dispersion of Au nanoparticles leading to large number
of active Au–support interface sites (Auı+VoCe3+), which results in
high concentration of formate species. The higher concentration
of Auı+VoCe3+ sites on the surface of the AuCeSmCP catalyst facili-
tates the dissociation of water. This could account also for the better
performance of the Sm doped catalyst in the WGS reaction. The Sm
and Al dopants are not active in catalytic reaction; they increase
only the oxygen mobility and improve the stability of the catalysts,
preventing the gold and ceria particles from agglomeration.
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