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Abstract

Gold nanoparticles supported on reducible (TiO, and CeO,) and non-reducible oxides (Al,O3 and SiO,) with comparable gold particle size
(2.5-3.5 nm) were studied as catalysts in the WGS reaction. Deposition—precipitation with urea (DP Urea) was used to prepare gold nanoparticles
supported on TiO,, CeO, and Al,O;. Cationic adsorption was used as preparation method in the case of SiO,. Metal loading was fixed to 4 and
8 wt.%. The WGS reaction was studied in the temperature range from 50 to 400 °C in a flow reactor at atmospheric pressure. Before reaction the
samples were calcined at 200, 300 or 400 °C to study the effect of calcination temperature in the catalyst activity. The Au/CeO, catalyst showed an
enhanced reduction at low-temperatures as evidenced by the H/Au ratio. The lowest reduction temperature was observed for gold in the Au/TiO,
catalyst. When supported on TiO, and CeO,, the activity of gold nanoparticles was much higher than the one observed when supported on Al,O3
and SiO, being the Au/SiO; catalyst practically inactive. For samples calcined at 300 °C and reaction temperatures below 225 °C the activity varied
as follows: TiO, > CeO, > Al,03. CO adsorption in the presence of H,O was followed by DRIFT. Bands coming from C—H stretching associated
to formate species were clearly observed on CeO,. Intensity of these bands decreased when Au is present on the supports. Au’-CO adsorption band
was evidenced when Au is supported on TiO,, CeO, and Al,Os. Fast conversion of formate species in Au/TiO, and Au/CeO, takes place and this
explains the higher activity displayed by these catalysts.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction and water to hydrogen and CO; and including the produced

hydrogen as a very effective reductant for NO, removal [1,2].

The water gas shift (WGS) is a key reaction in the produc-
tion of hydrogen for a number of processes, including petroleum
refining and chemicals synthesis. An emerging application for
the WGS is the production of hydrogen for proton exchange
membrane (PEM) fuel cells. This reaction is important because
it removes CO, a poison to the fuel cell electrocatalysts, which
is produced during the steam reforming and/or partial oxida-
tion reactions. Moreover, WGS reaction is one of the key steps
involved in the automobile exhaust processes, converting CO
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Copper- and Fe-Cr-based catalysts have been used commer-
cially for the WGS; however, they are not suitable for portable
and vehicular applications because of insufficient durability and
activities. Consequently, there is substantial interest in the devel-
opment of better performing and more durable WGS catalysts
[3-5].

Presently great attention is paid to gold-containing catalysts
because of their high catalytic activity at low-temperatures in
a series of important reactions, such as oxidation of CO and
Hy [6], reduction of NO, [7], epoxidation of C3Hg [8], selec-
tive CO oxidation in hydrogen rich stream [9] and combustion
of methane [10]. In 1996 Andreeva et al. [11] reported that
metallic gold nanoparticles on Fe,O3 prepared by coprecipi-
tation showed good activity in the low-temperature WGS. In
1997 Sakurai et al. [12] reported that Au/TiO,, prepared by
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deposition—precipitation, was active for the low-temperature
WGS in a mixed gas of CO, H,O and He. The Au/TiO; cat-
alyst presented comparable WGS activity to that of commercial
Cu/ZnO/Al, O3 catalysts [12].

The WGS reaction is thought to occur mainly through two
reaction mechanisms, the regenerative, redox mechanism and
the associative mechanism. According to the redox mechanism,
the WGS reaction proceeds via consecutive steps of reduction
and oxidation of the catalyst surface [3,5]. The redox mech-
anism is believed to occur mainly on high-temperature shift
catalysts, where reducible supports are used. The associative
mechanism involves interaction between CO molecule and sur-
face intermediates (mainly formates), which further decompose
to reaction products, CO; and Hy [13-16]. Fu et al. [17] pro-
posed that non-metallic gold species strongly associated with
surface cerium-oxygen groups are responsible for activity. Con-
versely, other authors propose that probably a metallic function
participates in the surface catalytic mechanism [15]. It is pro-
posed that the WGS reaction proceeds at the boundary between
small metallic particles and support [16].

There is a general consensus that the preparation method,
the synthesis parameters, pretreatment conditions, the choice
of the support and the Au particle size exert a significant
influence on the ultimate catalytic performance of gold sup-
ported systems [18]. The Au particle size and structure are
sensitive to a number of variables, including the prepara-
tion method [18-20] the state and structure of the support
[18,21,4] and the catalyst pretreatment [22-25]. Gold catalysts
differ from other noble metals catalysts in the crucial impor-
tance of the preparation method for the genesis of catalytic
activity. The preferred technique for the preparation of highly
dispersed Au-based catalysts is the deposition—precipitation
method [19,26,16].

Related with the catalyst pretreatment, in the best of our
knowledge, very few works related with the WGS reaction have
studied systematically the effect of the calcination temperature
on the catalytic activity of gold supported nanoparticles [27].
Hua et al. [27] have shown that catalysts calcined at 200°C
display the highest catalytic activity. However, several works
related with gold nanoparticles supported on TiO; [12,28,29],
TiO; nanotubes [30], CeO, [14,31,17,16], FeoO3 [4,32], ZnO
[4] and ZrO; [4] have used 400 °C as calcination temperature,
but in most of cases itis not clearly justified why this temperature
is chosen.

On the other side, the prerequisite for the synthesis of a highly
active gold supported catalyst is not only to obtain a high disper-
sion of gold particles but also to choose an appropriate support
for the reactions. The activity and specially the stability of the
gold catalysts depend on both the state and structure of the sup-
port and the specific interaction between gold and the support.
The support is considered crucial as a source of oxygen [18,33]
or for otherwise stabilizing Au in the active nanostructured form
[34].

The Au/supportinterface is a model of a metal-semiconductor
or metal-insulator junction bearing unique size-dependent elec-
tronic properties, which could play an essential role in the origin
of the catalytic activity. The supports, generally being metal

oxides, are divided into two categories: the reducible (Fe;Os3,
TiO;, Co0203, CeO7, ZrO;) and the non-reducible supports
(Si0,, Al, O3, MgO) [33]. Previous studies indicated that gold
particles finely dispersed (2-5 nm) on reducible supports such
as Fe> 03, TiOy, ZrO; exhibit high catalytic activity in the low-
temperature WGS reaction [11,12,4]. Moreover recently, several
groups have reported the low-temperature catalytic activity of
Au/CeO; catalysts [35,5,31,14].

In this work, we perform a comparative study on the effect of
the activation temperature and the nature of the support of gold
supported catalysts for the WGS reaction. Comparison was made
using reducible (TiO; and CeO;) and non-reducible (Al303 and
Si0,) oxides in order to determine the role of the support on the
catalytic activity of the gold particles.

2. Experimental
2.1. Catalyst preparation

TiO, (Degussa P25, 49 m?/g), CeO, (Alfa-Aesar 76 m%/g),
Al,O3 (Degussa Aeroxide 101 m?/g) and SiO; (Degussa
Aerosil 200, 198 m?/g) were used as supports. Commercial
HAuCl4.3H,O (Aldrich) and freshly prepared [Au(en);]Cl3
were used as gold precursors. The [Au(en); ]+ complex was
prepared as described by Block and Bailar [36].

Catalysts were prepared in the absence of light, which is
known to decompose and reduce gold precursors. Before prepa-
ration, oxides were dried in air at 100°C for at least 24 h.
Gold nanoparticles on TiO,, CeO; and Al,O3 were obtained
by deposition—precipitation with urea (DP Urea) following
the previously reported procedure [19,20]. Au/SiO, samples
preparation was done by cationic adsorption [37]. The SiO»
support (1 g) was dispersed in 100 mL of an aqueous solution of
[Au(en);]Clz (4 x 1073 M) previously heated at 45 °C. In order
to promote the cationic adsorption of [Au(en)y]3* complex on
Si0;, the pH of the solution was adjusted to a value of 10 which
is higher than the IEPs;0, by dropwise addition of 1 M ethanedi-
amine solution. The suspension was vigorously stirred for 2 h at
45 °C in a thermostated vessel. A similar method has been used
to deposit gold nanoparticles on mesoporous silica (SBA-15)
[38].

After deposition of gold onto the support, the solids were sep-
arated from the precursor solution by centrifugation (5000 rpm
for 12 min), washed with 100 mL of distilled water under stir-
ring for 10 min at 40 °C, and then centrifuged. The operation
was repeated several times. The solids were dried under vacuum
at 100 °C for 2 h in the case of DP Urea preparations and under
vacuum at room temperature for 24 h in the case of cationic
adsorption preparations. The dried samples were stored in the
dark under vacuum in a desiccator. Nominal Au loading was
4-8 wt.%. Samples will be identified as follows: XAu/MO where
X is the nominal Au loading and MO is the TiO,, CeO,, Al,O3
or SiO, supports.

Before any characterization the samples were calcined at
200, 300 or 400 °C under air flow (100 mL min~!, Praxair) at
a heating rate of 2°C min~! and maintained 6 h at the chosen
temperature.
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2.2. Characterization techniques

Thermally treated samples were examined by high resolution
transmission electron microscopy (HRTEM) in a 2010 FasTem
analytical microscope equipped with a Z-contrast annular detec-
tor. About 500 particles were measured to get information about
the average particle size and size distribution.The average par-
ticle size d,y was calculated from the following formula: dyy =
> nid;/ > n; where n; is the number of particles of diameter d;.

Chemical analysis of Au in the samples to determine the
actual loading was performed by energy dispersive X-ray spec-
troscopy (EDS) with an Oxford-ISIS detector coupled to a
scanning electron microscope (JEOL JSM-5900-LV). Chemical
analysis was performed after thermal treatment of the samples.
The Au weight loading is expressed in gram of Au per gram of
sample, wt.% Au=[ma,/(ma, +mpo)] x 100.

Hydrogen temperature programmed reduction (H;-TPR)
experiments were performed in a RIG-100 unit under a flow
of 5% Hy/Ar gas mixture (30 mL min~') and a heating rate of
10 °C/min from room temperature to 800 °C. The H,O produced
by the reduction process was trapped before the TCD. Bulk CuO
was used as reference for calibration of the TCD signal.

The CO + H, O reaction was followed by FTIR spectroscopy
in a Nicolet Nexus 470 spectrophotometer using an environmen-
tally controlled high-pressure/high-temperature Spectra Tech
DRIFT cell with ZnSe windows. For each experiment 0.025 g
of the dried sample was packed directly in the sample holder
and pretreated in situ under air flow (30 mL min~1) at 300°C
for 1h. After this treatment the sample was purged with He
at 300 °C and then cooled to room temperature in the same gas
atmosphere before admittance of 2.5% CO/He for 15 min. After-
wards, 0.65% vapor H;O in He stream was introduced in the
DRIFT cell. The total flow was 60 mL min~!. Spectra were col-
lected under reactant flow in the range RT-300 °C from 128 scans

with a resolution of 4 cm 1.

2.3. Catalytic activity

The WGS reaction was studied in the temperature range of
50—400 °C in a flow reactor at atmospheric pressure. Typically,
0.1 g of catalyst was calcined in air flow for 6h at different
temperatures (200—-400 °C) before the catalytic run. Prior to the
catalytic run the catalyst was purged in He before admittance
of the reactant gas mixture which composition was 5% CO in
He saturated with H,O vapor (10%). The space velocity was
9000 h~!. Ateach temperature, reaction was allowed to stabilize
before collecting any data. The exit gases were analyzed by
online GC (TCD) using a Carboxen 1000 packed column.

3. Results and discussion
3.1. TPR characterization

The reduction properties of the catalysts were studied by
TPR. Fig. 1 displays the TPR profiles of 4Au/MO samples,

which are in general characterized by a more or less broad reduc-
tion peak, with a maximum which depends on the support. In
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Fig. 1. TPR profiles of Au supported catalysts. Hydrogen consumption pre-
sented as the H/Au experimental ratio corresponds to peaks below 350 °C.

the case of Au/SiOs, Thax is 168 °C, this peak must be related
with the Au3* reduction. A second, more or least, broad peak is
observed at Timax =222 °C and has been related with the Au'* to
Au’ reduction or with the reduction of small ionic gold grains
encapsulated in partly reduced Au clusters [39]. For Au/Al,O3
a peak with a maximum at 191 °C is observed. Gluhoi et al. [39]
on Au/Al,O3 samples reported a similar peak at 163 °C which
was related to the reduction process Au’* — Au’. Differences
between experimental protocols such as heating ramp, flow rate
or concentration of the reducing gas may explain the difference
in the position of Tiyax between the reported results and ours.
In the case of Au/TiO,, the reduction profile is characterized
by a peak with a maximum at 7=128 °C. A low-temperature
reduction peak like this has already been observed for Au/TiO»
samples [40,41], and assigned to the reduction of oxygen species
on the nanosized gold particles and eventually to the Ti** — Ti**
reduction of sites at the interface with gold particles [42,41,29].
For ceria containing samples, two reduction peaks have
been reported in TPR profiles of pure ceria support. A low-
temperature peak at about 500 °C, has been assigned to the
reduction of surface oxygen species and a high-temperature peak
(>800°C), was assigned to the reduction of bulk oxygen and to
the formation of lower oxides of cerium. Also it was observed
that the first peak could be significantly shifted to lower tem-
peratures in the presence of gold [35]. In the case of Au/CeO,
samples, the peaks assigned to ceria surface layer reduction have
been located within the temperature range 120-160 °C [43]. In
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Fig. 2. CO conversion vs. reaction temperature in the WGS using (a) 8 Au/TiO; and (b) 8Au/CeO; catalysts activated at 200, 300 and 400 °C.

our Au/CeO; sample a peak is observed at 178 °C. Andreeva et
al. [35] have proposed that TPR peaks in this temperature range
is the result of two overlapping peaks, one of which could be con-
nected with the reduction of the oxygen species on the fine gold
particles and the second one with the surface ceria reduction.
Quantitative measurements of the Hp consumption during the

©

TPR experiments, characterized by the experimental H/Au ratio
(Fig. 1), showed for Au/TiO,, Au/Al,O3 and Au/SiO, samples,
values in the range 1.4—1.6 which is close to the stoichiomet-
ric value expected for the Au>* reduction process taking into
account the actual gold loading as determined by EDS analysis.
In the case of Au/CeO, catalyst (Fig. 1), an enhanced reduc-

(b)

(d)

Fig. 3. HRTEM characterization of gold supported catalysts calcined at 300 °C. (a) Z-contrast image of 8 Au/TiO3, (b) HRTEM image of 4Au/CeO3, (c) 8Au/Al,O3

and (d) 8Au/SiO;.
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tion at low-temperatures is observed as confirmed by the very
high value (8.92) of the H/Au ratio. This result supports the
assumption that the low-temperature reduction peak observed
in Au/CeO; catalysts is related with both the reduction of Au3*
species and the reduction of surface ceria species. The pres-
ence of gold actually promotes a surface support reduction at
temperatures lower than 300 °C.

The fact that the H, consumption of Au/TiO; sample is almost
the same of gold supported on essentially non-reducible supports
such as Al, O3 and SiO;, make us believe that the observed reduc-
tion process is only related with the Au>* species reduction and
not with the reduction of the support.

3.2. Effect of pretreatment temperature on WGS activity

The effect of thermal treatment at different temperatures on
the activity of the catalysts measured as the CO conversion in the
WGS is presented in Fig. 2 for Au supported on TiO, and CeO;.
Samples were calcined at temperatures between 200 and 400 °C.
These thermal treatments lead to the decomposition of Au(III)
complexes into gold metal particles [23]. It must be remem-
bered that the thermal treatment used to reduce Au' into Au®
can be performed with any gas (reducing gases such as H», or
oxidizing gases such as air). When the supported gold precur-
sor thermally decomposes in air, it forms Au’ because of the
instability of Au** species (AH (AuyO3)=19.3 kI mol 1) [44].
As observed in Fig. 2, calcination at 300 °C produced the most
active sample in both cases, although, the effect of calcination
temperature seems to be different in Au/CeO,. In this catalyst,
at low reaction temperature (7Tr <200 °C) the activity displayed
by samples calcined at 200 and 400 °C is practically the same
while for Au/TiO, clear differences are observed. Also, at high
reaction temperatures (Tr > 250 °C) Au/CeO; catalyst calcined
at 400 °C is significantly more active than the one activated at
300 °C. The bare CeO, support transforms around 6% CO at
250°C.

The results obtained here about the influence of calcination
temperature on the catalytic behavior of Au/TiO; and Au/CeO,
differ from previously reported on Au/Fe,O3 catalysts [27]. In
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that work was shown that catalysts calcined at 200 °C showed
rather high catalytic activity than catalysts calcined at 300, 350,
450 and 550 °C. Based on results for gold supported catalysts
from which most of the Au was leached, it was claimed that
ionic Au was primarily responsible for the high WGS activity
[17]. Conversely, Tabakova et al. [16] proposed that the reaction
proceeds at the boundary between nanosized metallic particles
and ceria, where CO adsorption on small gold metallic nanopar-
ticles and H,O dissociation on oxygen-vacancy defects of ceria
take place. Moreover, it has been proposed that the WGS feed,
through surface reduction, activates the catalyst, since the reduc-
tion occurs at very low-temperature [14]. XANES results of
Au/CeO; [45] have showed that Au is in its reduced form when
it promotes the surface shell reduction of ceria [14]. Our own
Au/TiO, XANES and EXAFS results of samples prepared by
DP Urea method shown that all the gold is in metallic form at
calcination temperatures superior or equal to 200 °C [23]. These
reported results as well as our TPR results do not support the pro-
posal that active non-metallic species are responsible for WGS
activity.

3.3. TEM characterization and effect of gold loading

HRTEM examination of samples calcined at 300 °C showed
an initial average gold particle size for all the supports of ca.
2.5-3.5 nm. A unimodal particle size distribution was practically
obtained and only the 8 Au/TiO; and 8Au/CeO; catalysts pre-
sented a slight tendency to a bimodal distribution. On the other
hand, XRD patterns of all samples did not revealed peaks related
to gold, confirming that the gold was deposited as small parti-
cles. In Fig. 3 some typical images of HRTEM and Z-contrast
of Au/MO samples are shown.

The effect of Au loading (4 and 8 wt.%) for samples cal-
cined at 300 °C was also examined. Fig. 4 presents the WGS
rate as a function of reaction temperature for Au supported on
TiO; and CeO;. As observed in both cases, low loading samples
(4Au/TiO7 and 4Au/CeO;) are more active. This result may be
understood taking into account that at high Au loading sinter-
ing of gold particles may take place leading to a diminution of
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Fig. 4. Effect of Au loading for catalysts calcined at 300 °C. Activity of Au/TiO, and Au/CeO, catalysts.
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Fig. 5. Catalytic activity in the WGS as a function of reaction temperature
displayed by Au nanoparticles supported on TiO;, CeO,, Al;O3 and SiO;.

active sites for the reaction. Since average particle size is about
the same, this would be in line with the observation of a bimodal
size distribution in high loading catalysts. These results are in
agreement with the previously reported by Idakiev et al. [30]
who showed that for Au/TiO, samples with lower gold load-
ing exhibits higher CO conversion than the sample with higher
gold content. The higher activity of the sample with lower gold

205

loading was related to the size of Au particles and to the contact
structure of Au nanoparticles with the support.

3.4. Effect of the support on WGS activity

In view of the catalytic behavior of the samples as a function
of the activation temperature, the catalytic performance for the
WGS reaction was compared for catalysts activated at 300 °C.
Fig. 5 displays the WGS rate in terms of the actual gold load-
ing. The activity of gold nanoparticles on the reducible supports
(TiO, and CeO;) was much higher than the one observed when
supported on Al,O3 and SiO» being the Au/SiO; catalyst practi-
cally inactive. It must be noted that recently it has been reported
that Au/SiO; catalysts prepared by cation adsorption were very
active for CO oxidation below 0 °C [46]. Noble metals (Pt, Rh,
Ru, and Pd) on irreducible supports as SiO, are 1-2 orders of
magnitude less active in the WGS compared to catalysts sup-
ported on TiO, and CeO; [47]. For reaction temperatures below
225 °C the activity varied as follows: TiOy > CeO, > Al,O3. At
reaction temperatures above 225 °C, the 4Au/CeQO; catalyst is
more active compared to the 4Au/TiO, one.

3.5. FTIR characterization

Infrared spectroscopy of adsorbed CO and after admission
of HyO was used to get more information about the reactive
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Fig. 6. DRIFT spectra collected under CO flow and after admission of H>O at various reaction temperatures on (a) CeOy, (b) TiO2, (c) Al,03 and (d) SiO, supports.
Spectra I, II, IIT and IV correspond, respectively, to CO adsorption at RT, CO + H,O at RT, CO + H,O at 150 °C and CO + H;,O at 300 °C.
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surface in the catalysts. Spectra were taken from supports and
fresh catalysts calcined in situ at 300 °C after adsorption of
CO at RT followed by admission of H,O in the DRIFT cell.
Spectra of CO +H;O mixtures were collected after heating the
cell from room temperature to 300 °C. The interaction of CO
with the support hydroxyl groups yields formate species which
are characterized by absorption bands in the following spectral
regions 1340-1400cm™! (v coo), 1550-1620cm™" (v4s coo)
and 2700-2900 cm™! (vc_yy) [48]. Absorption bands from for-
mate species due to C-H stretching vibrations were clearly
observed in the case of CeO, support (Fig. 6a, spectra I). On
the other hand, absorption bands at 1000—1700 cm~! charac-
terize adsorbed carbonate-carboxylate species [48]. A complex
structure in this region was observed in the case of CeO; (Fig. 6a,
spectra I) where monodentate and bidentate carbonate species
could be identified. The bands at 1622, 1432 and 1225 cm™! are
characteristic of the stretching vibrations of bicarbonate species
[49-51]. After H>O is admitted in the cell at RT (spectra II),
the band in the 3600-2500 cm™! region associated to the OH
stretching modes of adsorbed water molecules increases in all
samples and the C-H stretching bands, mostly those at 2930,
2847 and 2721 cm™!, become important in the case of CeO;
at high-temperature (Fig. 6a, spectra III and IV) and those at
2976, 2930 and 2868 cm™! at 150 °C (Fig. 6b, spectra III). In
the carbonate region, the structure of the bands remains complex

Absorbance (a. u.)

with a clear increase in the intensity of the band at 1545 cm™!
at 300 °C in the case of ceria.

To study the interaction of CO in absence and presence of
H>O on supported gold catalysts, the 4Au/MO samples were
used. After CO adsorption at RT a strong band at ca. 2108 cm ™!
is present in TiO,, CeO,, and Al, O3 catalysts (Fig. 7a—c, spectra
I). This band has been assigned to CO chemisorption on gold
metallic particles [52,53]. The Au®-CO band is still observed
after admission of H,O at RT in the cell in the case of Au/TiO;
and Au/Al,O3 (Fig. 7b and c, spectra II) while for Au/CeO;
has almost disappeared (Fig. 7a, spectra II). A strong increase
in intensity of the absorption in the 3600-2500cm™"' region
due to the OH stretching of adsorbed water is observed in all
cases (Fig. 7, spectra II). As temperature increases the inten-
sity of the Au®-CO band decreases and changes in the structure
of the carbonate region are observed mostly in the Au/CeO,
and Au/Al, O3 samples. In the presence of gold, the intensity of
the formate bands observed on the bare ceria and titania sup-
ports dramatically decreased (Fig. 7a and b). Fast conversion of
formate species in Au/TiO, and Au/CeQO; takes place and this
explains the higher activity displayed by these catalysts.

In the case of Au/SiO, (Fig. 7d) no Au®-CO band was
observed in the carbonyl region suggesting either that Au* has
not been fully reduced in this catalyst or that gold particles were
not accessible to CO. As the catalyst was thermally treated at
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Fig. 7. DRIFT spectra collected under CO flow and after admission of H,O at various reaction temperatures for (a) 4Au/CeO,, (b) 4Au/TiO3, (c) 4Au/Al,O3 and
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300°C to reduce Au>* which occurs as evidenced by the H/Au
ratio in the TPR experiments and confirmed by the absence of CO
bands of CO adsorbed on cationic gold sites (2150-2180 cm™!,
region) in the DRIFT spectra, the first suggestion seems not
adequate. TPO experiments (not shown) performed on Au/SiO,
catalysts prepared using the [Au(en),]**complex showed that
evolution of carbon as CO—-CO; occurred at temperatures higher
than 450 °C. It seems possible that carbon residues from the gold
complex used to prepare the catalyst could be blocking the sur-
face of gold particles and making it inaccessible to CO. In any
case, even if gold nanoparticles in this catalyst are tailored in
nanometer size, reducibility of the oxide support plays a crucial
role on the catalytic performance of dispersed noble metal cata-
lysts. This property may either have a direct or indirect effect on
activity, as evidenced by the reaction mechanisms [3,5,13-16]
proposed for this reaction.

4. Conclusions

The behavior of gold supported on reducible (TiO, and CeO5)
and non-reducible (SiO; and Al;O3) oxides was studied in the
water gas shift reaction. The samples were prepared by liquid
phase methods (DP Urea or cationic adsorption). In all cases
small gold particles (2.5-3.5 nm) were obtained. TPR experi-
ments for Au/TiO;, Au/Al,O3 and Au/SiO, samples, showed
experimental H/Au ratio very close to the stoichiometric value
expected for the Au* reduction process. An enhanced reduc-
tion evidenced by the high H/Au ratio was observed for Au/CeO,
sample, and related with both the reduction of Au* species and
the reduction of surface ceria species. The Au/TiO, presented
the lowest reduction temperature.

Reduction of Au precursors by calcination in air at 300 °C
produced the most active samples for the WGS reaction. The
activity of Au on TiO, and CeO, was much higher than the one
observed when supported on Al,O3 being the Au/SiO; cata-
lyst practically inactive. For reaction temperatures below 225 °C
the activity varied as follows: TiO; >CeO, > Al,O3. At reac-
tion temperatures above 225 °C, the Au/CeO, catalyst is more
active compared to the Au/TiO; one. DRIFT experiments under
reaction conditions after activation in situ of the samples (calci-
nation in air at 300 °C) showed absorption bands related to stable
formate species which are present mostly on the bare CeO» sup-
port. Intensity of these bands decreases when Au is present on
the support. Au’-CO adsorption band is evidenced when Au
is supported on TiO, CeO; and Al,O3. Also, a complex band
structure in the carbonate region was observed for Au/CeOs.
Fast conversion of formate species in Au/TiO, and Au/CeO
takes place which could be related with the higher activity dis-
played by these catalysts. In the case of Au/SiO;, gold particles
may not be accessible to CO probably due to the presence of car-
bon residues from the complex used in the catalyst preparation,
but since the support has an important participation in the WGS
reaction, the non-reducible nature of the silica support must also
be taken into account to explain the poor catalytic behavior of
this catalyst. The results presented here do not support the pro-
posal that active non-metallic species are responsible for WGS
activity.
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