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ABSTRACT

Gold was loaded on commercial CeO, and on ceria prepared by the solvothermal method (at pK, = 8.5 at
T=120, 150 and 220 °C, and pK, = 26.5 at T = 150 °C) by a traditional impregnation method (IMP) and by
liquid-phase reductive deposition (LPRD). Activities for CO oxidation were compared and results
discussed. Ceria samples prepared by IMP showed up to 1.1 wt.%. chloride present and much lower
activity than those prepared by LPRD, which had no residual chloride. Full CO conversion was obtained at
~200 °C for most LPRD samples, while at that same temperature, for the IMP samples, the conversion
varied from 2% (commercial ceria) to 16% (solvothermal ceria prepared at pK,=8.5 and T=120 °C).
Sintering of gold was quite evident in all IMP materials, possibly due to the presence of chloride. The
commercial CeO, was the most sensitive to chloride, only achieving full CO conversion at ~700 °C, thus
behaving similarly to the support. This was likely due to the large Au nanoparticle size (up to 400 nm),
when compared with the solvothermal ceria (up to 200 nm). LPRD samples had lower particle sizes
(ranging from 3 to 50 nm) and contain gold in the oxidic form, while IMP samples showed gold in the

reduced form.

© Elsevier B.V. All rights reserved.

1. Introduction

Gold catalysts have recently been a “hot topic” due to their
potential applications in many reactions of industrial and
environmental importance [1-4]. Several variables have been
considered as crucial factors influencing the chemistry, structure,
and catalytic activity of gold catalysts. Among them are the method
of preparation, the nature of the support, the pre-treatment and
calcination procedures used and, particularly, the gold nanoparti-
cle size [1-3].

The oxidation of carbon monoxide (CO + ()0, — CO;) is a
commonly used test reaction for supported gold catalysts, not just
due to its simplicity, but because it can have important
applications, namely in CO removal from H; streams for fuel cells
and gas sensing [1-3,5,6]. Despite the extensive research work, the
mechanism and the role of the oxide support in the reaction are
still under discussion.

In particular, the effect of residual chlorine on the catalytic
performance in CO oxidation is not yet completely understood. The
latter has been found to affect the activities of gold catalysts in
different ways: facilitating the agglomeration of Au particles
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during heat treatment; inhibiting the reduction of gold and
hindering the catalytic activity by poisoning the active sites [1,2,5-
28]. Uphade et al. also reported agglomeration of Au particles after
they impregnated an Au/Ti-MCM-41 catalyst with CsCl [29].
Conventional impregnation methods (incipient wetness, elec-
trostatic adsorption, among others) generally lead to poorly active
systems [7,9,12,14,24,27,30-33]. The poor performance of gold
catalysts prepared by impregnation is ascribed to the presence of
chloride [1-3,7,9,12,14,15,21,24,27,30,33]. According to Haruta, in
the case of impregnation, a large (several tens nm in diameter)
spherical Au particle is simply mixed with smaller support
particles, while in the other methods, like deposition-precipita-
tion, small hemispherical Au particles are strongly contacted with
support particles at their flat planes [31]. As a reduction step of
gold complex to metallic gold is required to activate gold catalysts
prepared by impregnation [9], chloride can thus be removed by
reduction or calcination [9,14]. However, high-temperature
calcination or reduction also causes agglomeration of Au particles
[1-3,15,24]. Chloride is known to have a sintering effect during
thermal treatments. This is due to the ease with which gold and
chloride ions combine to form bridges, favouring the growth of the
particles upon heating [34,35]. Moreover, there appears to be an
interface layer of Au®* in the incipient wetness (IW) catalysts, even
after calcination. Low loadings of Au by IW produce a thin layer
of oxidized Au, which sinters during calcination, while higher
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loadings produce initially chlorided catalysts [15]. Therefore,
chloride removal is a very important step in the preparation of a
gold catalyst. To assure chloride removal, a washing procedure is
necessary.

The poisonous effect of chloride was already shown in Au/TiO,
[7,15,24,27], Au/Al,03 [6,12,27,33], Au/ZrO, [27] and Au/CeO,
catalysts [21,27,36]. According to Kung et al. [6], in the case of Au/
Al,03 catalyst, chloride in the amount of Cl/Au atom ratio of 0.1
would decrease the activity approximately by half. The influence of
the incorporation of chloride, either by the direct impregnation
with HCI solution or during the deposition of Au in catalyst
preparations using chloride salts as precursors, on the surface
properties of CeO, was studied by EPR, and the existence of CeO,-
Cl species in Au/CeO, sample was reported [36].

However, chloride can be displaced by other anions. Addition of
magnesium citrate to the preparation solution can lead to an active
catalyst, as proved by several authors [8,12,37]. Chloride ions can
also be displaced by hydroxide groups with the increase of pH [22].
The presence of a basic agent will permit the substitution of
chloride ions by hydroxyl groups. Preparation of an Au/Al,O3;
precursor by incipient wetness impregnation with an aqueous
solution of HAuCl, and subsequent chlorine removal by treatment
with NaOH at 343 K, yielded supported Au®* species with a first-
shell structure similar to that of Au,Os; and Au(OH)s; that was
reduced to metallic gold in reducing, inert, and oxidizing gas flows
at elevated temperatures [24].

Pitchon and co-workers strongly improved the catalytic activity
of their Au catalysts prepared by direct anionic exchange (DAE) on
alumina [17,20,38] and other supports, by the complete removal of
chloride using an ammonia washing procedure. These catalysts
were resistant to an oxidative ageing treatment at 873 K and to the
presence of water. This kind of treatment is similar to that
proposed by Xu et al. [14]. These authors reported a new
impregnation method for supporting gold on alumina using
HAuCly. In this method, the acidified gold solution is contacted
with alumina to adsorb gold chloride on it. After washing off the
excess gold precursor, the solid is treated with ammonia to replace
chloride by adsorbed hydroxide. Catalysts prepared by this method
were shown to be stable up to 873 K for 100 h. Rynkowski and co-
workers also proposed a DAE treatment for Mg,4Al, [17] and Ce;_
Zr,05 [27] catalysts.

Bowker et al. [24] have described an alternative, called the
double impregnation method (DIM), in which a double impregna-
tion of chloroauric acid and a base (Na,COs) are used to precipitate
out gold hydroxide within the pores of the catalyst, followed by
washing. The main reason for the enhanced activity of such
incipient wetness catalysts is that the double impregnation results
in the deposition of Au in the pores of the titania as Au(OH)s, not as
gold chloride, which is what usually forms in IW methods. As a
result, Cl is not associated with Au and is removed from the catalyst
by washing, leading to a more active catalyst with the gold
nanoparticles not poisoned or sintered by the presence of chloride
[24]. There may be several advantages of this kind of approach for
preparing these catalysts, such as the likely avoidance of loss of Au
in the preparation. Since all the Au is precipitated in the pores
before the washing procedure, the weight loading can be
accurately determined without external analysis. We used this
method in a previous publication dealing with Au/ceria catalysts
[39]. In that work, the ceria supports were prepared by
solvothermolysis and compared with a commercial sample. As
ceria is extensively employed in automotive three-way emission-
control catalysts, due to its capacity to undergo a rapid change in
oxidation state upon changes in the redox potential of the exhaust
gases [1-3], it is a material worth to study.

In the present work, we compare the traditional impregnation
method (IMP) with a liquid-phase reductive deposition method

(LPRD) for Au loading which, to the best of our knowledge, has only
been used by Sunagawa et al. to prepare Pt and Au catalysts on
Fe,03, FeOOH, ZrO, and TiO, supports [40]. In LPRD, unlike IMP, a
washing procedure is carried out, in order to eliminate residual
chloride. Furthermore, the gold (III) ions from the precursor are
hydroxylated by reaction with NaOH. We also used solvothermally
prepared ceria and a commercial CeO, sample (as received, and
after a thermal treatment in nitrogen). These catalysts were tested
in the oxidation of CO, in order to assess the effect of the presence
or absence of residual chloride. An Au/Fe,Os; gold reference
catalyst, supplied by the World Gold Council (WGC) [41], was also
used for comparison purposes.

2. Experimental

Solvothermal CeO, was prepared according to the previous
publications of our group [42], using methanol, with different
synthesis conditions: pK,=8.5 at T=120, 150 and 220 °C, and
pK; =26.5 at T= 150 °C. Commercial CeO, (Fluka) was also used for
comparison, as received and treated during 2 h at 400 °C in N,. Au
was loaded on the ceria supports using HAuCl,-3H,0 as the gold
precursor (Alfa Aesar) in order to achieve 1 wt.%. content of Au, by
traditional impregnation (IMP) and by liquid-phase reductive
deposition (LPRD) methods [40]. Briefly, the first procedure
consists of impregnating the powder sample with a solution of
HAuCly, in excess, ultrasonically dispersing it for 30 min, and then
drying in the oven at ~100 °C overnight. A further step of reduction
is needed, by treatment in H, at 350 °C for 2 h. The second method
(LPRD) consists of mixing a solution of HAuCl, with a solution of
NaOH (with a ratio of 1:4 in weight) with stirring at room
temperature. The resulting solution was aged for 24 h, in the dark,
at room temperature to complete the hydroxylation of Au>* ions.
Then the appropriate amount of support was added to the solution
and, after ultrasonic dispersion for 30 min, the suspension was
aged in the oven at ~100 °C overnight. The resulting solid was
washed repeatedly with distilled water, for chloride removal and
dried in the oven at ~100 °C overnight.

Catalytic activity measurements for CO oxidation were
performed using a continuous-flow reactor. The catalyst sample
weight was 200 mg and the feed gas (5% CO, 10% O, in He) was
passed through the catalytic bed at a total flow rate of 50 ml min~'.
A gold reference catalyst (Type C-Au/Fe,03) was supplied by the
WGC [41] and used for comparison purposes. As this catalyst
contained 5% Au (and our ceria samples had 1% Au), 40 mg
mass of this reference material were used in order to have the
same amount of Au present, as with the ceria materials. The
composition of the outgoing gas stream was determined by gas
chromatography.

For comparison purposes, selected Au/ceria samples prepared
by LPRD (Au/commercial ceria and Au/solvothermal ceria prepared
at pK, =8.5and T= 120 °C) were also treated at 350 °Cin H, for 2 h,
as done for catalysts prepared by IMP, and tested for CO oxidation.

Temperature programmed reduction (TPR) experiments were
performed in an AMI-200 (Altamira Instruments) apparatus. A
JEOL 2010F analytical electron microscope, equipped with a field-
emission gun was used for conventional and high-resolution
transmission electron microscopy (TEM and HRTEM, respectively)
investigations. Z-contrast images were collected using a high-
angle annular dark-field (HAADF) detector, in scanning transmis-
sion mode (STEM). X-ray diffraction (XRD) analysis was carried out
in a PAN’alytical X'Pert MPD equipped with a X'Celerator detector
and secondary monochromator (Cu Ko A =0.154nm, 50 kV,
40 mA). Rietveld refinement was used to identify the phases
present and to calculate the crystallite size from the XRD
diffraction patterns. X-ray photoelectron spectroscopy (XPS)
analysis was performed with a VG Scientific ESCALAB 200A
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spectrometer using Al Ko radiation (1486.6 eV) to determine Ce
and Au oxidation states. Since Cl 2p peak superimposes with the
satellite peak of Ce 4p3, an accurate quantification of the amount of
chloride was not possible by this technique, therefore, also a semi-
quantitative determination was carried out by energy-dispersive
X-ray spectrometry (EDXS). Further details of the experimental
setup and analytical techniques can be found elsewhere [39].

3. Results and discussion

As shown in Table 1, an increasing temperature of solvothermal
preparation (from 120 to 220 °C, at the same pK,) caused a slight
decrease in the specific surface area (from 153 to 124 m?/g), which
agrees with the literature [43]. An increase in the pK, (from 8.5 to
26.5) at the same temperature (150 °C) caused a moderate increase
in the surface area (from 138 to 157 m?/g). The commercial ceria
support used revealed a smaller area of 20 m?/g, also similar as
reported in the literature [44]. A thermal treatment on this
commercial support causes a slight decrease in the surface area
(17 m?/g), as also reported by other authors [45-48].

The values of the crystallite sizes of the solvothermal samples
ranged from 4.6 to 7.5nm, depending on the preparation
conditions, as determined by XRD (Table 1). An increase in the
pK; (from 8.5 to 26.5, at T=150°C) caused a decrease in the
crystallite size from 5.7 to 4.6 nm (which agrees well with the
observed increase in the surface area from 138 to 157 m?/g). With
increasing temperature of synthesis (from 120 to 220°C, at
pK; = 8.5), the particle size increased (which agrees well with the
decrease in the surface area from 153 to 124 m?/g). In general, the
values obtained are comparable to those reported in the literature
[46,49-52]. When compared with the solvothermal samples, the
commercial support used had XRD peaks significantly narrower
and with higher intensities, characteristic of larger crystallite sizes
(~53 nm) and larger degree of crystallinity. This can also be seen in
the spectra with Au, shown below. The crystallite size of the
commercial treated sample is not much different from the
untreated sample (~54 nm). These values are comparable to the
46 nm reported for a commercial CeO, from Daiichi [53]. In all
cases, cerianite CeO,, with face-centered cubic (Fm-3m) fluorite
structure, was the only phase detected by XRD [ref. JCPDS 03-065-
5923]. The same fluorite structure was also reported in the
literature [44-46,54-58].

The solvothermal samples consisted of ultrafine agglomerated
crystallites, mostly in the form of cubes, with a body diagonal of
~3-8 nm, which correlates very well with XRD and BET results.
These nanoparticles of ceria have different orientations and in
some cases rounded edges are observed, as can be seen in the
example of Fig. 1a, for a solvothermal sample prepared at pK, = 8.5
and T=120°C.

XPS was also used to characterise the commercial ceria and a
solvothermal sample (prepared at pK,=8.5 and T=120 °C). The
two spectra were quite similar, and so only the latter is shown
(Fig. 1b). The theoretical basis for all the components of ceria has
been reported in the literature [59-63]. The complex spectra can
be resolved by deconvolution into eight components. The
assignment of each component peak is defined in Fig. 1b, where
v, v, V", v" represent the Ce 3ds;, contributions and u, v/, u”, u”
represent the Ce 3ds, contributions. For 3ds, of Ce(4+), a mixing

Table 1

Fig. 1. HRTEM image (a) and Ce 3d XPS spectrum with peak deconvolution (b) of
Ce0O, sample prepared at pK, =8.5 and T= 120 °C.

of the Ce 3d%4f2L"2 and Ce 3d%4f'L"! states produces the peaks
labeled v and v, and the Ce 3d°4f!L" final state forms the peak 1.
For 3ds;; of Ce(3+), the Ce 3d°4f2L"" and Ce 3d°4f'L" states
correspond to peaks v and v. For Ce 3ds,; level with the u structure,
the same assignment can be carried out. A relationship between
the area of CeO, in the Ce 3d spectra and the % of u"” peak (at ca.
917 eV, which arises from a transition of the 4f” final state from the
4f" initial state, and is characteristic of CeO,, since it is absent in
pure Ce;03) was established by Shyu et al. [60], from which a semi-
quantitative estimation of the relative amount of cerium present as
Ce(IV) was made. The obtained values varied between 90% (for the
solvothermal sample prepared at pK, = 8.5 and T = 120 °C) and 98%
(for commercial sample).

Fig. 2 shows the CO oxidation results obtained with all ceria
samples, with and without Au, and the Au/Fe,03 WGC as the
reference catalyst. The solvothermally prepared ceria samples are,
in general, more active than the commercial sample, as received or
treated at 400 °C, with N,, for 2 h (Fig. 2a). The most active CeO,
solvothermal material is prepared at pK,=8.5 and T=120°C.
Increasing the temperature and/or the pK, produces less active
samples. This was related with the oxygen surface content, as
shown in an earlier publication [39]. In fact, it is generally accepted
that CO oxidation under stationary conditions occurs over pure
ceria by a Mars-van Krevelen type mechanism, where reaction

BET surface areas (m?/g) of ceria samples obtained by the adsorption of N, at 77K, and crystallite sizes obtained by XRD (adapted from [39]).

CeO, samples Commercial Solvothermal

As received Thermally treated pK,=8.5, T=120°C pK,=8.5, T=150°C pK,=26.5 T=150°C pK,=8.5, T=220°C
BET surface area (m?/g) 20 17 153 138 157 124
Crystallite size (nm) 54 53 4.8 5.7 4.6 7.5
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Fig. 2. CO conversion (%) versus temperature for the ceria supports (a) and Au/ceria
samples prepared by LPRD (b) and IMP (c) methods. Figures (b) and (c) include the
Au/Fe,03 WGC reference catalyst results for comparison. CO conversion (%) at room
temperature for the ceria supports and Au/ceria samples prepared by IMP and LPRD

(d).

involves alternate reduction and oxidation of the ceria surface with
the formation of surface oxygen vacancies (as the key step) and
their successive replenishment by gas-phase oxygen, the forma-
tion and desorption of CO, completing the cycle [64,65].

It was shown that, for the solvothermal samples, calcination at
400 °C produces CO conversion results similar to those obtained

with uncalcined materials, therefore the experiments reported in
this paper were carried out with the uncalcined supports.

Loading the samples with Au (Fig. 2b and c), in general, causes
CO total conversion to occur at lower temperatures, as expected,
especially in the case of the solvothermal samples. Carrettin et al.
reported that the addition of gold to mesoporous CeO, increased
their activity of CO oxidation by two orders of magnitude [58]. At
room temperature, the addition of Au to the solvothermal samples
by either LPRD or IMP increases the CO conversion up to ~3 times,
when compared to the unloaded ceria samples, as can be seen in
Fig. 2d. With the commercial sample, also at room temperature, the
increase is ~35 times for the IMP method (more than one order of
magnitude) and ~100 times for the LPRD method (two orders of
magnitude). However, Carrettin et al.’s results were obtained at
10 °C, with 0.2% of CO [58], while we used 5% of this gas.

For gold on an oxide support, it is widely accepted that a
mechanism different from the Mars-van Krevelen (explained
above) occurs, that is, a CO molecule is chemisorbed on a gold
atom, while a hydroxyl ion moves from the support to a gold ion,
creating an anion vacancy. They react to form a carboxylate group,
and an oxygen molecule occupies the anion vacancy as O,~. This
oxidizes the carboxylate group by extracting a hydrogen atom,
forming carbon dioxide, and the resulting hydroperoxide ion HO,~
then oxidizes a further carboxylate species forming another carbon
dioxide and restoring two hydroxide ions to the support surface,
completing the catalytic cycle. This mechanism was proposed in
2000 by Bond and Thompson [5], and has been substantiated by
subsequent results of several authors [66].

With the solvothermal samples prepared at pK,=8.5, T=120
and 150 °C, with Au loaded by LPRD, the CO conversion is
practically total (above 95%) when the reaction temperature
reaches ~200 °C (Fig. 2b) while, at that same temperature, the
conversion was 53% for the WGC reference catalyst, and varied
from 2% (commercial ceria) to 16% (solvothermal ceria prepared at
pK;=8.5 and T=120 °C) for the IMP samples (Fig. 2c). With the
unloaded samples (Fig. 2a) there is practically no conversion below
200 °C (~5% maximum), full conversion being only achieved at
400-700 °C. Ceria prepared at pK;=8.5, T=120 and 150 °C, with
Au loaded by LPRD, are thus the most active samples in this study
(Fig. 2b).

In contrast, the commercial ceria is one of the less active
samples studied (along with the solvothermally prepared at
pK;=26.5 and T =150 °C), either pure (Fig. 2a) or loaded with Au
by IMP (Fig. 2c). It can be seen that Au/commercial ceria has a
better behaviour when gold is loaded by LPRD (Fig. 2b), but when
the IMP method is used (Fig. 2c), above 450 °C, it becomes worse
than the support itself, becoming the less active sample obtained in
this study. As expected, all catalysts prepared by IMP showed a
catalytic activity inferior to the reference catalyst (Fig. 2c).

For comparison purposes, Au/(commercial ceria) and Au/
(solvothermal ceria synthesised at pK,=8.5 and T=120°C),
prepared by LPRD, were also reduced at 350 °C in H, for 2 h and
tested for CO oxidation (not shown). It was observed that this
treatment slightly changed the catalytic behaviour of the LPRD
samples, since CO conversion values were inferior to those
obtained with the untreated materials. This was most likely
related with the Au oxidation state, as particle size remained the
same, as will be discussed below. On the other hand, not
performing the reduction step in H, for the IMP samples yielded
materials with catalytic activity similar to the ceria supports, thus
showing that the presence of Au in that state did not improve the
catalyst.

The samples prepared by LPRD (reduced in H; or not), although
significantly more active than those prepared by IMP, were not as
active as those prepared by the DIM method studied in the earlier
paper, using the same solvothermal supports [39].
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Fig. 3. Solvothermal samples with Au loaded by LPRD: HAADF image of CeO, sample prepared at pK, = 8.5 and T = 120 °C (a). TEM (b) and HAADF (c) images of ceria prepared
at pK, =8.5 and T=150 °C, and respective EDXS spectra from a gold nanoparticle (d). TEM (e) and HAADF (f) images of CeO, prepared at pK, = 8.5 and T=220 °C.

Fig. 3 shows the HAADF (Fig. 3a and c¢) and HRTEM (Fig. 3b)
images of the solvothermal ceria prepared at pK, = 8.5, T= 120 and
150 °C, respectively, with Au loaded by LPRD. The presence of gold
was confirmed by EDXS as displayed in Fig. 3d. These samples
showed the smallest particle sizes obtained in this study (3-
12 nm), which explains why they were also the most active for CO
oxidation (Fig. 2b). Au particles are not agglomerated and are well
dispersed on the CeO, support.

Fig. 3 also shows the HRTEM (Fig. 3e) and HAADF (Fig. 3f)
images of the solvothermal ceria prepared at pK,=8.5 and
T =220 °C, with Au loaded by LPRD. This sample was not as active
as the solvothermal samples prepared at lower temperature
(Fig. 2b), which can be explained by its larger particle size (20—
50 nm).

The commercial ceria sample (with Au loaded by the same
method) had similar Au particle sizes (20-50 nm) as can be seen in
Fig. 4, which agrees with their similar results also for CO oxidation
(Fig. 2b). It is interesting, however, to see that the Au particles are
larger than the ceria crystallites (~3-8 nm) of the solvothermal
samples (Fig. 3), which is rather unusual, as traditionally it is the
support that has the largest crystallite size, as it happens with the
commercial sample (~54 nm), seen in Fig. 4. Some brighter pores
can be seen in commercial ceria (Fig. 4f and g), which most likely
are related with the preparation method.

Although the particle size of the LPRD Au/solvothermal samples
is, in most cases, above the “ideal” range (below 5 nm) reported in
the literature [1,3], these samples still show a catalytic behaviour
slightly better than the reference catalyst, with the exception of the
sample prepared at higher pKj,, that was very similar (Fig. 2b).

Fig. 5 shows TEM (Fig. 5a) and HAADF (Fig. 5b) images of the
solvothermal sample prepared at pK, = 8.5 and T = 120 °C, with Au
loaded by IMP. Compared with Fig. 3a (the same sample with Au
loaded by LPRD), it can be seen that the particle size of gold is much
larger when using the IMP method (20-60nm). Again, the
interesting phenomenon of the larger metal particles on the
smaller support crystallites is seen. The presence of chloride was
confirmed by EDXS (Fig. 5c).

Fig. 5 also shows TEM (Fig. 5d) and HAADF (Fig. 5e) images also
of a solvothermal sample, but prepared at 220 °C, with Au also
loaded by IMP. The particle size is larger (20-150 nm) than that of
the sample prepared at 120 °C with Au loaded by IMP (Fig. 5a and
b) and even larger than found for the same sample with Au loaded
by LPRD (Fig. 3e and f). This explains its worse performance in CO
oxidation (Fig. 2c). The presence of chloride was also confirmed by
EDXS (spectra not shown as it was similar to Fig. 5c).

Therefore, it was shown that increasing the pK, and/or the
temperature of preparation results in less active samples (Fig. 2),
either with gold loaded or as simple supports. In addition,
increasing preparation temperatures and/or pK, causes an increase
in the Au particle size deposited on these supports.

Finally, Fig. 6 shows TEM (Fig. 6a) and HAADF (Fig. 6b and c)
images of the commercial ceria sample, with Au loaded by IMP,
which was the less active sample found in this study. This is most
likely related with the largest size of Au particles found in this study
(60-400 nm). Since IMP samples have a reduction step at 350 °C in
H,, the sintering phenomenon, most likely related with chloride (its
presence was confirmed by EDXS as shown in Fig. 6d), can be the
responsible for the large particle sizes. In fact, from Tammann
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Fig. 4. TEM image of the commercial CeO, sample with Au loaded by LPRD (a) showing some details of the Au nanoparticles (b,c,d) and HAADF image showing an Au
nanoparticle as a bright dot (e). TEM (f) and HAADF (g) images of the ceria channels with Au.

temperature considerations, gold would be expected to sinter at
around 400 °C (half of the melting point of metallic gold in K). Small
Aunanoparticles might well sinter at much lower temperatures than
this, as their melting temperature would be expected to decrease
with decreasing particle size [1,67]. Arena et al. observed the
agglomeration of Au particles during the calcination step in the
presence of residual chlorine, however chlorine removal during the
washing treatment prevented sintering and led to the increase in
activity of the studied systems [21]. In fact, the reduction treatment
in H, for 2 hat 350 °C carried out on the chloride-free LPRD samples

(commercial and solvothermal prepared at pK, = 8.5 and T= 120 °C)
which caused a slight decrease in the catalytic behaviour for CO
oxidation was not due to sintering, since it was observed that the Au
nanoparticle size remained similar after this treatment (not shown).
This suggests that indeed it is the presence of chloride that leads to
the increase in Au particle size. The decrease in the catalytic activity
for CO oxidation can be due to the change in the oxidation state as it
will be seen below.

Interestingly, among the IMP materials, the solvothermal
samples seem to be more resistant to the sintering phenomenon,

Fig. 5. Solvothermal samples with Au loaded by IMP: TEM (a) and HAADF (b) images of CeO, sample prepared at pK, = 8.5 and T =120 °C, and respective EDXS spectrum
collected from average grains (c). TEM (d) and HAADF (e) images of ceria prepared at pK, = 8.5 and T=220 °C.



S.A.C. Carabineiro et al./Catalysis Today 154 (2010) 293-302 299

Fig. 6. TEM (a) and HAADF (b,c) images with the Au nanoparticles as bright dots of
the commercial CeO, sample with Au loaded by IMP, and respective EDXS spectrum
collected from an average of CeO, grains (d).

since they show smaller Au nanoparticle sizes (Fig. 5). It was
shown that they possess higher amount of surface oxygen [39], so
maybe this can account for their improved resistance to Cl.

An accurate quantification of the amount of chloride was not
possible to obtain by XPS since the Cl 2p peak superimposes with
the satellite peak of Ce 4p3, therefore, a semi-quantitative
determination was carried out by EDXS. The results obtained
showed that chloride was not present on the LPRD samples
(Fig. 3d), but was present in the IMP ones (Fig. 5c and 6d). This
technique showed that practically all chlorine present in samples
was concentrated in the small (up to 20 nm) CeO, grains. Larger
grains (up to 100 nm) contained very little amount of Cl (maximum
0.1 wt.%). The analysis was performed in the middle and on the
edges of the larger grains and no difference in the Cl concentration
was found (small grains were too small to perform such an analysis
and often overlapped each other). It was also found that gold
particles did not contain chlorine on themselves. The amount of
chloride was higher in the Au/commercial ceria (up to 1.1 wt.%)
than in the Au/solvothermal material (up to 0.7 wt.%). The values
are similar before and after reduction in H,, and also after the
reaction of CO oxidation. For the commercial sample, a particularly
interesting chloride distribution was found, since no Cl was found
on a specific Au particle, but 0.6-1.1 wt.% Cl was detected on the

support near to the gold particle. The location of chloride near the
gold particle but not on the gold itself suggests the possibility of
the formation of Au-Cl bridges, described in the literature [34,35],
and needs further investigation. For the solvothermal material, no
correlation was found between the Cl concentration and the Au
position (although also no Cl was detected on the gold particles
themselves).

Semi-quantitative EDXS results showed that the amount of Au
present was around 0.8 wt.%, while XPS gave more accurate values,
similar to 1%, which was the intended load in the preparation
methods.

Only some traces of gold were detected by XRD in the ceria
samples, as shown in Fig. 7, both for the solvothermal (a) and
commercial (b) samples. The Au Fm-3m cubic form was identified,
however it was not possible to determine accurately its particle
size most likely since the loading was too low for an efficient
analysis of the peaks. Not much change was found in the particle
size of CeO, crystallite sizes upon loading with Au. As seen with the
supports, the commercial ceria with Au, also had XRD peaks
significantly narrower and with higher intensities, characteristic of
larger crystallite sizes (~53 nm) and larger degree of crystallinity,
when compared with the solvothermal ceria. The characteristic
Au(111) peak is better observed in the IMP samples (inset of
Fig. 7b) than in LPRD samples (inset of Fig. 7a), of course due to the
larger particle size of the IMP samples referred above.

Fig. 8 shows SAED images of commercial ceria sample with Au
loaded by IMP (a) and LPRD (b) and the solvothermally prepared
sample at pK, = 8.5 and T = 120 °C with Au loaded by IMP (c) and
LPRD (d). For all samples analysed (Au/ceria), the diffracted spots
correspond to the CeO, phase, however different crystallite sizes
were present that agreed well with those determined by XRD. Gold
was detected by SAED as isolated diffraction spots only in the IMP
samples (Fig. 8a and c), which were the ones that showed larger Au
particle size, as seen above.

Fig. 7. XRD spectra of the CeO, sample prepared at pK, =8.5 and T=120 °C (a) and
the commercial sample (b) with 1% Au loaded by IMP (top, thicker lines) and LPRD
(bottom, thinner lines), with ceria crystal phases identified. Insets: detail of the
Au(111) peak.



300 S.A.C. Carabineiro et al./Catalysis Today 154 (2010) 293-302

Fig. 8. SAED images of the commercial ceria sample with Au loaded by IMP (a) and LPRD (b) and the solvothermal prepared sample at pK, = 8.5 and T = 120 °C with Au loaded
by IMP (c) and LPRD (d). Arrows indicate the isolated diffraction spots attributed to Au. The right parts of the images are simulated SAED powder diffraction patterns for cubic

CeO, with particle size of 5 nm.

TPR results are shown in Fig. 9 and demonstrate the influence of
gold on ceria reducibility for the commercial sample, with and
without Au. As expected from the literature [45,46,56,68-71], two
peaks are seen in the TPR spectra of the pure ceria samples. The
high-temperature peak (~850° C) corresponds to the reduction of
bulk oxygen and the formation of lower oxides of cerium. The first
peak (~500-600 °C) is assigned to lower temperature ceria surface
shell reduction (or reduction of surface oxygen species). This peak
is one order of magnitude larger for the solvothermal samples than
for the commercial ceria, as previously reported, and there is a
decrease in the intensity with increasing temperature and
increasing pK,, which might be related with its lower activity
for CO oxidation [39]. According to the literature, the size of this
first peak appears to be dependent on the method of preparation
and on the amount of surface oxygen anions attached to surface
Ce** ions [70]. Therefore, it can be concluded that the amount of
surface oxygen is larger in the solvothermal samples than in the
commercial one [39].

According to the literature, the surface shell reduction is
facilitated when a metal promoter is loaded, but usually there is
not much effect on the bulk oxygen of ceria [45,46,56,68-70,72].
This was also the case in the present work, although it is not so easy
to tell since there is a shift to high-temperatures of the
corresponding peak when Au is loaded by IMP, and the TPR
experiment held until 1100 °C did not record the whole peak. In the
particular case of Au, the first peak is significantly shifted to lower
temperatures (~100 °C, according to the literature, but depending
on amount of Au present [44-46,56,68,69]), as it can be also
observed in the spectrum of the commercial sample with Au
loaded by LPRD (Fig. 9). This shift is not so evident with the IMP
method, showing that the gold present is not as active as in the

LPRD sample, which is in agreement with the CO oxidation results
(Fig. 2). Alower reduction temperature implies that the presence of
Au helps to weaken the surface oxygen on CeO,, thereby improving
the reducibility of the catalyst. This facilitates oxygen transfer
across the solid-gas interface during the reaction [46,68]. Such
enhanced reduction behaviour has also been observed in the case
of other noble metals supported on ceria [70,71].

One single peak, at lower temperatures, is visible in the
spectrum of the commercial samples loaded with Au (Fig. 9), and
its area is exactly the same as the area of the corresponding peak of
the Au-free sample, indicating that most gold is in metallic state, as
stated by other authors [46]. In contrast, two low temperature
peaks are found in the solvothermal samples with Au loaded by
LPRD (not shown). The first peak can be attributed to oxygen

Fig. 9. H,-TPR profiles of the pure commercial ceria sample, and with Au loaded by
IMP and LPRD.
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adsorbed on the surface of metallic gold and the second one to the
reduction of non-metallic Au [46]. Neri et al. [73] reported two
separated peaks (125 and 175 °C) for Au/Fe,03 without calcination.
However, after oxidation at 300 °C, only one peak (165 °C) was
observed. These authors attributed the first peak to the reduction
of Au oxide or hydroxide, which decomposes with calcination
above 300 °C, as stated by Haruta et al. [74,75]. Solvothermal
samples with Au loaded by IMP also show only one peak at low
temperature (not shown), just like the commercial ceria sample
(Fig. 9), which is not surprising since samples with Au loaded by
this method are treated in H, at 350 °C before use. This peak is also
shifted to lower temperatures, although this is not so evident as
with the LPRD method (similarly to what was found for the
commercial sample). Since the profiles of the solvothermal
samples with Au loaded by LPRD showed similar results, that is,
more than one peak in the lower temperature region, the
contribution from oxidic gold reduction is evident.

Fig. 10 shows Au 4f XPS results for commercial (a and b) and
solvothermal ceria prepared at pK;=8.5 and T=120°C (c and d),
with Au loaded by IMP (a and c) and LPRD (b and d). It can be
observed that samples prepared by IMP, both commercial and
solvothermal ceria, have Au in the reduced form (Au®), as expected,

Fig. 10. Au 4f XPS spectra with peak deconvolution of Au/(commercial ceria)
prepared by IMP (a) and LPRD (b), and of Au/(solvothermal ceria prepared at
pK,=8.5 and T =120 °C) prepared by IMP (c) and LPRD (d).

since this technique has a reduction step in H,. Samples prepared
by LPRD have Au in the oxidic state (Au*). These findings are in
agreement with the TPR results above. In fact, it is claimed that the
effect of the oxidation state of gold on CO oxidation is very
important, and in fact there is a strong controversy about this
subject, some authors suggesting that part of the gold is non-
metallic, others reporting that oxidized or partially oxidized gold
species are the most active sites, while many others suggest that
metallic gold is the active species [1,2].

Since non-reduced LPRD samples (gold in the Au® state) are
more active than reduced LPRD samples (gold in the Au® state), and
both materials have similar Au nanoparticle sizes, oxidic gold
seems to plays a role in the catalytic process. In addition, the
smaller particle size of gold on LPRD catalysts also accounts for the
better results obtained for CO oxidation, as shown by comparing
the catalytic performances of both the reduced IMP and reduced
LPRD samples (both having gold in the Au°® state, yet different
particle sizes).

4. Conclusions

Ce0, particles were prepared by the solvothermal method,
which showed better performance than the commercial ceria for
CO oxidation, possibly due to larger amounts of surface oxygen
groups, as seen by TPR, since XRD showed that the same phase was
present in all ceria samples. When gold was loaded on the samples
using the LPRD method, full CO conversion was obtained at much
lower temperatures. Samples prepared by IMP showed a large
amount of chloride present (up to 1.1 wt.%), even after calcination,
and their activity was much lower than those prepared by LPRD,
which had no residual chloride, as shown by the CO oxidation tests
and TPR experiments (since the surface shell oxygen reduction was
much more facilitated for Cl-free samples). Sintering of gold was
quite evident in all IMP materials, possibly due to the presence of
chloride. The commercial CeO, was the most sensitive to chloride,
only achieving full CO conversion at ~700 °C, thus behaving
similarly to the support. This was likely due to the large Au
nanoparticle size (up to 400 nm), when compared with the
solvothermal ceria (up to 200 nm). The particle size of the
solvothermal samples prepared at pK,=8.5, T=120 and 150 °C
was in the range of 3-12 nm, while the sample for T =220 °C and
the commercial ceria had particle sizes ranging from 20 to 50 nm.
Although the gold particle size of these materials is, in most cases,
far from the “ideal” range (below 5 nm) reported in the literature,
these samples still show a catalytic behaviour equal or slightly
better than the WGC reference catalyst. LPRD samples had gold in
the oxidic form, as shown by TPR and XPS, but IMP samples showed
it only in the reduced form.
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