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Abstract

An FTIR study of CO adsorption from 120 K up to room temperature on a series of Au—ceria samples is presented. Samples with low gold
content (0.7 and 0.6 at%) were prepared by urea gelation/co-precipitation and by cyanide leaching of the high-gold content (5.8 at%) material
prepared by deposition—precipitation on La-doped CeO;. The samples were subjected to different pretreatments to collect information on the
surface composition under working conditions. An absorption band at 2130-2140 em~ !, not reversible on outgassing and more resistant to
oxidation than the usual carbonyl band on AuY sites, was present due to CO adsorbed on cationic gold clusters. This highly stable species is
relevant for hydrogen gas upgrade by removing CO from reformate-type gases at low temperatures. In addition, a broad absorption band in the
2000-2100 cm ™! range was observed after reduction in hydrogen, due to structural and electronic changes of gold. Interestingly, the reduced gold
species in ceria can be reoxidized at mild conditions. Light-off of the CO oxidation reaction took place below room temperature on the metallic
gold-containing ceria but was delayed until 310 K on the ionic gold-containing sample. TPR and XPS analysis of the fresh and used catalysts
corroborated the stability of ionic gold in ceria up to 393 K in the reaction gas mixture.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction electronegativity of gold. Other studies have provided evidence
that gold cations, in the absence of metallic Au, exhibit high
catalytic activity for the same reaction [3]. Fu et al. [4,5], in ex-
amining the WGSR on Au-—ceria catalysts, found that cationic
gold species strongly bound to ceria, Au,—O—Ce, are the cat-
alytically relevant species, and that the coexisting metallic gold
nanoparticles do not participate in the reaction, as demonstrated
by the same activity measured for cyanide-leached samples de-
void of gold nanoparticles. A recent DFT calculation on the
origin and activity of oxidized gold in WGSR [6] showed that
the presence of empty localized nonbonding f states in CeO»
permits the oxidation of Au, allowing stronger CO chemisorp-
tion. The conclusion was that the active sites of Au/CeO, for
the WGSR are ultrasmall Au clusters bearing a positive charge
and localized near an oxygen vacancy of ceria. Finally, although
Tﬂespon ding authors. vyithout direct evidence, it has been p.ropf)sed [7] .that .the ac-
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In recent years, many experimental and theoretical stud-
ies have attempted to understand the origin of the high activ-
ity of gold catalysts for different oxidation reactions at low
temperatures, such as CO oxidation, CO-preferential oxidation
(PROX) in Hp-rich gas streams, and the water—gas shift reac-
tion (WGSR). Up to now, no unifying conclusions that account
for all the observations have been available in the literature.
Metallic gold (two atomic layers thick) deposited on a reducible
oxide, such as titania, is proposed to have the highest activ-
ity in CO oxidation [1,2]. In this case, the gold surface sites
are partially negatively charged, in agreement with the high
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Table 1
Physicochemical properties of gold—ceria materials®
Sample BET SA Surface compositionb (at%) Bulk composition® (at%) Crystallite sized CeO, (nm)
(m?/g) Au Ce La Au Ce La (111) (220)

5.8AuCL(DP) 164.9 2.19 78.90 18.91 5.83 86.48 7.68 6.0 7.1
0.6AuCL(DP,NaCN) 160.9 0.26 80.67 19.07 0.57 92.03 7.40 5.6 6.8
0.7AuCeO, (UGC) 170.1 0.28 99.72 0 0.69 99.31 - 5.0 6.2
CeO, (UGC) 140.5 - - - - 100 - 7.1 6.6

@ All samples were calcined at 673 K in air for 10 h, except the leached samples for 2 h.

b Surface composition was determined by XPS.

¢ Bulk composition was determined by inductively coupled plasma (ICP) emission spectrometry.

d

nanoparticles with the oxide support. All of these apparently
conflicting results may be rationalized by taking into account
that pretreatments, preparation methods, and reaction mixture
compositions can influence the nature of the exposed gold sites
and their catalytic activities.

Among the different gold-oxide preparation techniques and
pretreatments, the deposition—precipitation method followed by
activation via calcination in air at 673 K is widely used to dis-
perse gold nanoparticles on oxidic supports. However, recent
reports have noted that other kinds of activation, such as re-
duction with hydrogen or CO, may be more efficient [8] in
producing ultrafine (~2 nm) gold particles on titania active for
the CO oxidation reaction. On the other hand, for the Au—CeO»
system, air calcination is better for stable WGSR activity, as
is sample preparation by one-pot gelation/coprecipitation with
urea decomposition [5]. Surface reduction by hydrogen may of
course occur directly in the PROX and in the WGS reactions
mixtures at certain temperatures.

In this work, we used FTIR spectroscopy to follow the vari-
ous states of CO adsorbed on different Au/CeO; catalysts pre-
pared at Tufts University. CO adsorption spectra at different
temperatures on the as-prepared and leached samples subjected
to different pretreatments were examined to obtain direct infor-
mation on the surface composition of the catalysts under some
working conditions. Catalytic results and TPR and XPS analy-
sis of these materials complement the FTIR studies.

2. Experimental
2.1. Materials

Gold—ceria samples were prepared by deposition precipita-
tion (DP) and by one-pot synthesis by the urea gelation/copreci-
pitation (UGC) method, as described in detail elsewhere [5,9].
Lanthana-doped ceria and undoped ceria supports also were
prepared by the UGC method [9].

A 5.8 at% gold catalyst supported on lanthana-doped ce-
ria (hereafter referred as 5.8 AuCL) was subjected to a cyanide
leaching process in an aqueous solution of 2% NaCN under
O, gas sparging at room temperature (r.t.) and high pH (12).
Leaching removed about 90% of the gold from the parent
5.8AuCL sample, resulting in a sample containing 0.6 at% of
gold (0.6AuCL). No cerium or lanthanum was found in the
leachate checked by ICP. Finally, a sample prepared by the

The crystallite size was determined from XRD data with the Scherrer equation.

UGC method without added lanthanum and containing almost
the same amount of gold (0.7 at%) as 0.6AuCL was also exam-
ined (0.7AuCeO,). For comparison, the support alone (CeO;)
prepared by the same UGC procedure was considered. All sam-
ples but one were calcined in air at 673 K for 10 h; the leached
sample was calcined for 2 h. A slow heating rate of 2 K/min up
to the final calcination temperature was used. The physical and
chemical properties of the catalyst samples examined in this
work are shown in Table 1.

2.2. FTIR measurements

The FTIR spectra were collected on a Perkin-Elmer 1760
spectrometer (equipped with a MCT detector), with the samples
in self-supporting pellets introduced in a cell, allowing thermal
treatment in controlled atmospheres and spectrum scanning at
controlled temperatures (from 120 K up to room temperature).
All the spectra were collected in static conditions at the indi-
cated pressure and temperature. The FTIR cell was connected
through a needle valve to a VGQ Thermo ONIX spectrometer
equipped with a Thoria filament and a Faraday detector, to ob-
tain the analysis of the gas phase. The gas-phase composition
of the different initial gas mixtures and during reaction was de-
termined by recording the mass spectrum, using a leak valve set
to maintain a 10~ mbar pressure in the detection chamber.

2.2.1. Pretreatments before the spectroscopic measurements
The catalyst samples were subjected to the following pre-
treatments:

e Outgassing at room temperature (as received catalysts); all
samples.

e For the reduced samples, outgassing was followed by three
cycles of reduction in Hy, up to 373 K, or up to 473 K.

2.3. CO oxidation reaction

CO oxidation reaction tests were conducted at atmospheric
pressure with the catalyst in powder form (<150 um). A quartz
tube (1 cm o0.d.) with a porous quartz frit supporting the catalyst
was used as a packed-bed flow reactor. The feed and product
gas streams were analyzed using a HP-6890 gas chromatograph
(GC) equipped with a thermal conductivity detector (TCD). The
inlet gas composition was 0.8% CO, 0.4% O,, and balance he-
lium, and the space velocity was 60,000 h~!. The reactant gases
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CO and O, in a certified calibration gas mixture with helium
(Airgas), were measured by mass flow controllers and mixed
before the reactor inlet. The reaction temperature was con-
trolled with an Omega temperature controller. Steady-state CO
conversion data were collected from room temperature to 393 K
(ascending temperature mode). No hysteresis was present, as
verified by repeating measurements at low temperatures after
completion of the test at 393 K.

2.4. Other characterization techniques

Temperature-programmed reduction by hydrogen (H>-TPR)
was conducted in a Micromeritics Pulse ChemiSorb 2705 in-
strument equipped with a thermal conductivity detector to mea-
sure H, consumption. Samples were purged in helium at room
temperature for 0.5 h before each test, then heated at a rate of
5 K/min from room temperature to 673 K in a 20% H/N»
[50 cm? /min (STP)]. A Kratos AXIS ultra imaging X-ray pho-
toelectron spectrometer (XPS) with a resolution of 0.1 eV was
used to determine the atomic metal ratios of the surface region
and the oxidation state of gold in selected catalysts. Samples
in powder form were pressed on a double-sided adhesive cop-
per tape for analysis. An AlK, X-ray source was used in this
work. All binding energies were adjusted by using Cls as in-
ternal standard. XRD analysis was performed on a Rigaku 300
instrument with a rotating anode generator and a monochro-
matic detector. CuK, radiation was used with power settings
of 60 kV and 300 mA. TOPAS software (Bruker) was used to
perform microstructure analysis.

3. Results and discussion
3.1. As-received catalysts

As-received samples were simply outgassed at room tem-
perature. Fig. la shows the FTIR spectra on the as-received
5.8 AuCL sample after CO adsorption at 120 K and after heat-
ing in CO to room temperature Fig. 1b shows the spectra of a
second adsorption of CO on the same sample, now reduced in
CO and cooled again to 120 K. Similar experiments performed
on 0.6AuCL are shown in Fig. 2.

After CO adsorption at 120 K on the as-received 5.8 AuCL
sample (Fig. 1a, bold curve) a band at 2100 cm™!, almost un-
perturbed by the temperature increase and assigned to CO ad-
sorbed on Au’ step sites on small particles [10] and a strong
band at 2160 cm ™!, closely related to the band observed on pure
CeO; (not shown here for the sake of brevity) that smoothly
reduces in intensity as temperature increases, due to CO ad-
sorbed on Ce** sites [11], are observed. The same experiment
performed on the 0.6AuCL sample (Fig. 2, dotted curve) pro-
duced only the band centered at 2160 cm™!, because no gold
particles were present on this sample after leaching with NaCN.

During the heating to room temperature, a broad absorption
with a maximum at 2130-2140 cm™! appears (bold dashed
curve). After the second adsorption of CO at 120 K, some
significant differences are evident on both samples. In par-
ticular, starting from 5.8AuCL, the comparison between the
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Fig. 1. (a) FTIR spectra after the interaction with 0.5 mbar CO at 120 K on the
as received 5.8 AuCL sample (—) and during the heating (—, - - -, successively)
up to r.t. (——-). (b) FTIR spectra after a second interaction with 0.5 mbar CO
at 120 K on the same 5.8 AuCL sample previously contacted with CO (—) and
during the heating (—) up to r.t. (- --).
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Fig. 2. FTIR spectra after the interaction with 0.5 mbar CO at 120 K on the
as received 0.6AuCL sample (- - -) and after a second interaction with 0.5 mbar
CO at 120 K on the same 0.6AuCL sample previously contacted with CO (—)
and during the heating (—) up to r.t. (- --).

as-received sample and the one reduced in CO (bold curves
of Figs. la and 1b) clearly shows the intensification of the
band at 2100 cm™!, the increase of the broad absorption at
2130-2140 cm™!, the decrease of the intensity of the band
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at 2160 cm™! and the appearance of a new component at
2170 cm™!. Moreover, a strong band at 2342 cm~! is seen, due
to asymmetric stretching of molecular CO; [12], not observed
in the first interaction.

The intensification of the band at 2100 cm™! is an indication
that most of the gold sites are covered by adsorbed oxygen.
This could be a consequence of the presence, on the as-received
sample, of a large number of Au nanoparticles of very small
size. It has already been shown on other gold samples that gold
particles smaller than 2 nm remain oxidized [1,2,12]. This may
explain the larger amount of clean gold sites seen after reaction
of CO with oxygen, as also indicated by the production of CO,
during heating in CO (Fig. 1b).

The broad and strong band in the 2130-2140 cm ™! range re-
maining after heating to room temperature in 0.5 mbar of CO
(Fig. 1b, dashed curve), has a position similar to that produced
on the as-received sample during the heating to room tempera-
ture (Fig. la, bold dashed curve). The higher resistance to the
outgassing and the blue shift with respect to the usual frequency
of CO on metallic gold sites indicates that the adsorption sites
are positively charged. It is known that the bonding of CO to
positively charged Au, Cu, and Ag sites is stronger than on the
respective metallic sites [13]. This is due to the change in the
nature of the bonding due to the effect of the increase of the o
bond and of the synergistic increase of the m back-bond. These
facts produce a blue shift of the CO stretching frequency and
an increase in overall Au®*—CO strength. Similar features have
been previously observed only on highly dehydrated Au/TiO;
[14]. In contrast, this feature was not detected on other gold
catalysts submitted to similar pretreatments and experiments to
those used here (e.g., Au/Fe;O3 and Au/TiO; reference cata-
lysts provided by the World Gold Council) [15]. Wu et al. [16]
used DFT to calculate the IR frequencies of carbon monoxide
adsorbed on small gold clusters. They reported greater adsorp-
tion energies of CO on the cationic clusters than those on the
neutral and anionic complexes. Moreover, the calculated CO
vibrational frequencies were larger than on neutral clusters.
Based on these findings, as well as on other experimental data
[3,17], it can be proposed that the absorption band in the 2130—
2140 cm~! range is related to CO adsorbed on small cationic
gold clusters, like Au,(CO);t, with 4 < n < 6 [18]. The in-
creased intensity of this absorption after reduction in CO is an
indication that the small cationic gold clusters are also initially
covered by adsorbed oxygen and probably are in a higher oxi-
dized state.

It must be stressed that gold in the 5.8AuCL sample dis-
cussed here is supported on a La-doped ceria. This kind of
doping may induce a large number of oxygen vacancies where
gold clusters can nucleate [4,5]. Finally, the band at 2170 cm~ L,
not observed during the first interaction with CO at 120 K (sec-
tion a, bold curve), is assigned to coordinatively unsaturated
(cus) Ce*t sites [19], possibly close to the gold clusters and
created after the first CO adsorption by the reactive interaction
of CO with the surface Ce—O species from 120 K up to room
temperature.

The initial 120-K spectrum of CO over the 0.6AuCL leached
sample (Fig. 2, dotted curve) is totally modified after heating
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Fig. 3. CO oxidation light-off over gold—ceria catalysts in ascending tem-
perature mode and after steady-state was reached at each temperature.
(A) 5.8AuCL; (A) 0.6AuCL; (4) 0.6AuCL pretreated in hydrogen at 473 K;
(%) 0.6AuCL, after cooling down to 323 K following steady-state testing at
393 K. Gas mixture: 0.8% CO-0.4% O—He; W/F =0.12 gs/cc.

in CO up to room temperature and successive cooling again to
120 K (Fig. 2, bold curve). The main features are the formation
of the band at 2170 cm~! on Ce*t (cus) already discussed, an
intense but weakly resistant band at 2150 cm™! related to CO
coordinated to the water condensed at the surface of the catalyst
after the second cooling [13], and a band at 2130-2140 cm™~!
due to adsorption of CO on small cationic gold clusters. We also
observed very similar spectroscopic features on the 0.7AuCeO,
catalyst prepared by the UGC method and subjected to the same
treatment (not shown); only a lower intensity absorption in the
band at 2130-2140 cm™! was seen. Thus, the 2100-cm~! band
is still absent in these samples; no carbonyls on metallic gold
nanoparticles are seen, even after heating in CO up to room
temperature.

Finally, FTIR spectra combined with quadrupole mass spec-
trometry (QMS) data were collected on the samples out-
gassed at room temperature for which only the band at 2130-
2140 cm™! was present. In the absence of the gas phase, the
intensity of absorption was retained almost completely up to
373 K, whereas it was totally depleted at 423 K (data not
shown). With heating in the presence of O, (10 mbar), the
band was almost completely depleted already at 373 K; thus,
the CO adsorbed on cationic gold sites starts to react with
oxygen below this temperature. As for the mass spectrum, in
addition to the peaks related to the presence of an excess of oxy-
gen, new peaks at m/z = 16, 28, and 44 related to CO, were
also observed. The temperature of the reaction of adsorbed CO
with oxygen is very close to the temperature at which catalytic
PROX tests were previously performed on these samples by
some of us [20].

In this work, we examined the activity of the different gold
species on ceria in the stoichiometric CO oxidation reaction.
The light-off curves shown in Fig. 3 can be correlated with
the different reactivity of Au’ and Au’* for CO oxidation.
Au® and Au®™ both adsorb CO with different strengths, as dis-
cussed above, and they react with oxygen to produce CO;, but
in different temperature windows. The 0.6 AuCL sample, which
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Fig. 4. XPS (Au4f spectra) characterization of gold—ceria samples. (a) 5.8
AuCL; (b) 0.6AuCL; (¢) used 0.6AuCL after CO oxidation at 393 K; (d) 0.7Au-
Ce0;. X7, X3, X5 represent the signal magnification.
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Fig. 5. H-TPR of 5.8AuCL and 0.6AuCL samples. (a) Fresh 5.8AuCL;
(b) fresh 0.6AuCL; (c¢) 0.6AuCL after use in CO oxidation reaction at 393 K at
the conditions of Fig. 3; (d) CL, i.e. Ce(10% La)Oy, all samples were purged
in He at 298 K before heating in 20% H»/N; 50 cc/min; heating rate 5 K/min.

contains mainly oxidized gold species as identified by XPS in
Fig. 4, by FTIR in Fig. 2, and by H»-TPR in Fig. 5, has a
much higher light-off temperature than the 5.8 AuCL sample
(containing gold nanoparticles), which lights-off below room
temperature. The reaction light-off on the 0.6AuCL sample is
at ~310 K, the temperature at which FTIR and QMS data in-
dicate that CO adsorbed on cationic gold starts to be oxidized.
No hysteresis was observed when the CO conversion data were
collected in descending temperature, after the steady-state test
at 393 K. Thus, in this reaction mixture, ionic gold is not re-
duced up to 393 K.

XP Au4f spectra are shown in Fig. 4 for the various catalysts
examined in this work. Au® is present in the 5.8 AuCL sample
(line a), whereas the 0.6AuCL and 0.7AuCeQO; (lines b and d),
respectively, contain cationic gold, principally Au™. The reac-
tion used 0.6AuCL sample after the test at 393 K (line c¢) shows
the presence of cationic gold, similar to the fresh catalyst.

H,-TPR was also used to characterize the gold-ceria sam-
ples. As can be seen in Fig. 5, the fresh 0.6AuCL sample

containing cationic gold as found by XPS is well bound to
ceria, with surface oxygen starting to decrease above 373 K
(line b) [20,21]. The used catalyst after reaction at 393 K was
also characterized by Hp-TPR (line c in Fig. 5); the profile was
almost the same as that for the fresh material, indicating that
the gold oxidation state remained the same. If Au” nanopar-
ticles had been formed during reaction, then the reduction of
the ceria surface oxygen would have shifted to a lower tem-
perature [21], as was the case for 5.8AuCL (the H;-TPR of
which is shown in Fig. 5, line a). For comparison, the TPR of
the support CL (Ce(10% La)Oy) is also shown in this figure
(line d).

The 0.6AuCL catalyst was treated in 20% Hp—He gas mix-
ture up to 473 K at a heating rate of 5 K/min and maintained
at 473 K for 2 h. The CO oxidation reaction light-off curve on
the thus-treated material is shown in Fig. 3. Clearly, this is now
much more active than the fresh 0.6AuCL, which is composed
of cationic gold only.

In conclusion, all of the foregoing tests have demonstrated
that Au® species are much more active for dry CO oxidation
than positively charged gold species, which, as shown in the
FTIR data of Fig. 2, bind CO more strongly than Au’.

3.2. Catalysts reduced in H,

The spectroscopic features related to CO adsorption on re-
duced Au-CeO, catalysts are of interest, because they may
apply to high-temperature CO oxidation, the PROX reaction,
and others. Figs. 6 and 7 show FTIR spectra collected on pre-
reduced catalysts. At 120 K on the 5.8AuCL sample, reduced
in hydrogen at 373 K (not shown) and at 473 K (Fig. 6a, bold
curve) the spectra essentially overlap, whereas they are quite
different than those observed on the same sample reduced in
CO at room temperature (bold curve in Fig. 1b). In particu-
lar, the band at 2100 cm™!, due to CO adsorbed on Au®, and
that at 2130-2140 cm™!, assigned to CO interacting with Au’
clusters, are both missing. The bands at 2140 cm™! and at
2163 cm™!, related to “liquid-like” CO [19] and to CO ad-
sorbed on cationic Ce*™ sites [19], respectively, are shown in
Fig. 6a. Moreover, a broad absorption band with a maximum at
2085 cm~! extending from 2100 to 1950 cm ™! is now produced
(Fig. 6a, bold curve). This feature has not been observed on gold
catalysts supported on other oxides, as, for example, the refer-
ence gold catalysts supported on TiO, or Fe;O3 and reduced at
even higher temperatures [14]. On the other hand, the absorp-
tion band observed here has been previously observed on other
Au/CeO; catalysts [22]. It should be noted that species irre-
versible to the outgassing at room temperature were detected on
fresh and freshly reduced Au/TiO; and Au/Fe;O3 at 2055 and
at 1990 cm™! [23]. These bands, on the basis of their behavior
at decreasing CO pressures, were assigned to CO linearly ad-
sorbed on top and bridge-bonded, respectively, on small gold
clusters, negatively charged. However, these bands disappeared
in successive interactions, possibly as a consequence of coa-
lescence of gold clusters into larger particles. In contrast, this
low-frequency band is still present on reduced Au/CeO; after
many redox treatments.
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Fig. 6. (a) FTIR spectra after the interaction with 0.5 mbar CO at 120 K on the
5.8AuCL sample reduced in Hy at 473 K (—) and during heating in CO (—) up
to r.t. (---). (b) FTIR spectra after the interaction with 0.5 mbar CO at 120 K
on the 5.8AuCL sample reduced in Hp at 473 K (—), after the introduction
of 0.5 mbar 1802 at 120 K and with increasing diffusion times at the same
temperature (—) and during heating (---) up to r.t. (——-) in the CO—1802
mixture.

It appears that the adhesion and the wetting of gold particles
on reduced ceria and La-doped ceria increase compared with
the untreated ones, different from what is found on other sup-
ports. Potentially, after reduction, Au spreads on the reduced
ceria, and three-dimensional gold nanoparticles may become
very thin films. This is in line with recent in sitt HRTEM obser-
vations of gold—ceria interaction reported by Akita et al. [24].
These authors chose a “model” ceria exposing low-index flat
faces, typically the {111} and {100} planes, to facilitate ob-
servation, because due to poor contrast, it is very hard to ob-
serve gold particles on ceria nanoparticles. They found that
under the beam and in vacuum, the smallest and thin gold
nanoparticles disappeared, shrinking layer by layer down to a
monatomic layer. A similar phenomenon also may occur by re-
ducing the 5.8AuCL sample in H, at 473 K. Metal spreading
was observed for the first time by in situ HRTEM for Cu/ZnO
catalysts in a reducing reaction atmosphere [25]. It must be em-
phasized that on other gold catalysts supported on reducible
oxides and reduced in hydrogen, only the usual absorption band
of CO on gold sites at ~2100 cm™! is seen even after reduc-
tion in hydrogen at 523 K [26], without any significant red
shift.
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Fig. 7. (a) FTIR spectra after the interaction with 0.5 mbar CO at 120 K on the
0.6AuCL sample reduced in Hy at 473 K (—) and during the heating in CO
(—) up to r.t. (---). (b) FTIR spectra after the interaction with 0.5 mbar CO at
120 K on the 0.7AuCeO; sample reduced in Hy at 473 K (—) and during the
heating in CO (—) up to r.t. (---).

Isotopic experiments with 80, were conducted to inves-
tigate the CO reactivity. The introduction of 30, at 120 K
and with increasing diffusion times at the same temperature
(Fig. 6b, fine curves) over the 5.8 AuCL sample reduced at
373 K and previously saturated by CO at 120 K (bold curve),
produces immediately a strong erosion from the low-frequency
side of the band at 2087 cm~!. After the 80, interaction at
120 K, the band shifts from 2087 cm ™! up to 2103 cm~! and
it appears narrow and with a maximum in the usual position of
CO adsorbed on AuY sites, while at the same time a shoulder
at 2120 cm™! is produced. Moreover, a strong and broad ab-
sorption at about 3190 cm™! is seen, possibly related to OH
groups formed by reaction between the oxygen and residual
atomic hydrogen (not shown) [23,24]. In addition, a band at
2322 cm™! related to C'80'°0 appears immediately, whereas
bands at 2340 and 2303 cm™!, related to C'°0, and C'%0,,
respectively, are produced over time, reaching their maximum
intensity after a diffusion time of about 20 min. With heating
to room temperature (Fig. 6b, bold dashed curve) in the same
mixture, the bands at 2103 ¢cm~! and at 2160 cm™! are re-
duced in intensity and depleted, similar to what is observed for
the absorption related to the isotopomers of CO,. Moreover,
a residual absorption band at 2130-2140 cm~! is produced,
very similar to that already observed on this sample after heat-
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ing to room temperature in CO (Fig. 1b, dashed curve). These
features provide strong evidence that negatively charged gold
clusters are converted into positively charged ones by oxidation.

Therefore, FTIR data show that in oxidizing conditions,
the CO interaction with the gold—ceria samples produces ab-
sorption bands in the region typical for cationic gold clusters
(see Figs. 1b and 2a), whereas in reducing conditions, zerova-
lent gold clusters are produced, possibly negatively charged by
strong interaction with reduced ceria and characterized by a CO
IR signature red-shifted to below 2100 cm~! (see Fig. 6a). Ox-
idation restores the surface stoichiometry of the ceria and the
usual position of adsorbed CO.

Here we do not show the spectra obtained after CO adsorp-
tion at 120 K on 0.6 AuCL and 0.7AuCeO; reduced in hydrogen
at 373 K, because the results are in both cases similar to those
obtained on the 0.6 AuCL reduced in CO (bold curve in Fig. 2a),
the main difference being the significantly larger intensity of the
2170 cm~! band, assigned to Ce*t cus sites. However, prere-
duction of the low-content gold samples at 473 K does make
a big difference. FTIR data from the CO adsorption experi-
ments performed on the 0.6AuCL and 0.7AuCeO, samples,
both reduced in Hj at 473 K, are reported in Figs. 7a and 7b, re-
spectively. Similar to the 5.8 AuCL sample, CO was adsorbed
at 120 K (bold curves of Figs. 7a and 7b), and the samples
were maintained in the CO atmosphere at increasing temper-
ature (fine curves) up to room temperature (dashed curve). In
the higher frequency range of the carbonylic region reported in
Fig. 7, bands related to “liquid-like” CO [19] and to CO ad-
sorbed on cationic Ce* ™ sites [19] are present on both samples.
In the 2100-1950 cm™! range, a broad absorption is observed.
In the same frequency region, vibrational spectra of the car-
bonyl complexes of anionic gold clusters measured in the gas
phase have been reported [27], similar to those observed previ-
ously by some of us [23]. However, the intensity of the bands
at 2070 and 2020 cm™! is significantly weaker on 0.7AuCeO;
than on 0.6AuCL, and a residual band at 2130-2140 cm ™! is
observed on the former during the heating in CO up to room
temperature (dashed curve, section b). Both of these features
indicate that ionic gold is less easily reduced on 0.7AuCeO;,
probably because on this sample, prepared by the one-pot gela-
tion method, more gold is in solid solution with ceria [20]. In-
terestingly, as shown in Table 1, the XPS-measured surface con-
centration of gold on this sample and on the leached 0.6AuCL
sample are similar, both values being much lower than the bulk
gold content measured by ICP.

Looking at the same experiment in the full spectral range,
in addition to the bands in the carbonylic region discussed ear-
lier (Fig. 7), two intense peaks at 3697 and 3670 cm~! and an
absorption centered at 3220 cm™! were observed after the in-
troduction of CO at 120 K on the 0.6AuCL sample reduced
at 473 K (Fig. 8, solid curve). These bands are related to OH
groups of the support and produced after the introduction of
CO at 120 K, because of the presence of hydrogen on the gold
particles after the reduction step. CO is able to displace the hy-
drogen atoms that spill over onto the support producing the OH
groups. These OH groups can reveal reduced Ce3* sites near
gold.
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Fig. 8. FTIR spectra after the interaction with 1 mbar CO at 120 K on the
0.6AuCL sample reduced in H at 473 K (—) and after the heating in CO up to
r.t. (---).

By heating in a CO atmosphere to room temperature (dashed
curve), the OH groups are totally depleted. At the same time,
in the CH stretching region bands at 2813 and 2709 cm™!, as
well as at lower frequencies, bands related to monodentate and
bidentate formate species, produced by the reaction between
the CO molecules and the OH groups during the heating, are
observed. The CO adsorbed on gold is also depleted, accord-
ing to the data in Fig. 8. Similar behavior is also observed on
the 5.8AuCL sample. In contrast, no growth of OH groups is
detected on the 0.7AuCeO; catalyst (not shown). Therefore, a
role for lanthanum doping in the formation of these reactive OH
species may be inferred. However, we believe that further de-
tailed studies of reactivity of the CO adsorbed on oxidized gold
are needed to elucidate the mechanism of the water—gas shift
reaction on gold—ceria catalysts.

4. Conclusions

Going back to the open questions posed in Section 1 about
the role of the different gold oxidation states and of gold disper-
sion on the activity of gold catalysts, the main results obtained
in the present work can be summarized as follows:

1. By conducting CO adsorption from 120 K to room temper-
ature on different gold on La-doped and undoped ceria, we
used FTIR to identify the presence of cationic gold species
in strong interaction with ceria, the abundance of which de-
pends on the preparation method (DP or UGC) and on the
sample pretreatments. These cationic gold clusters, charac-
terized by a maximum CO absorbance at 2130-2140 cm ™!,
bind CO strongly up to ~373 K, whereas CO is more
weakly adsorbed on gold nanoparticles, readily reacting
with oxygen already at room temperature.

2. The positively charged clusters evolve in the direction of
negatively charged species in reducing atmospheres and
back to positively charged species by interaction with oxy-
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gen. This facile redox of gold on ceria is unusual. In re-
ducing conditions, a red-shifted CO absorption band is
observed, similar to that reported by Chen and Goodman
on model Au/TiO; catalysts [1,2]; the trend is much more
evident for the La-doped ceria catalysts. This is an intrigu-
ing result, taking into account that on other gold catalysts
supported on reducible oxides and reduced in hydrogen,
the usual absorption band at ~2100 cm™! assigned to CO
bonded at the step sites of small gold particles also per-
sists on the samples reduced in hydrogen at 523 K (i.e.,
Au/TiO; [12] and Au/ZnO [26]).

3. On gold—ceria catalysts, gold nucleates probably at oxy-
gen defect sites of ceria and remains highly dispersed and
in good contact with the support. The gold atoms directly
in contact with ceria are positively charged and highly sta-
ble, as shown by the fact that they are not removed during
the leaching step. Doping with La; O3 increases the number
of oxygen defects in ceria, thus leading to a higher con-
centration of strongly bound gold atoms [4]. In a steady-
state CO oxidation reaction at stoichiometric conditions at
393 K, these gold species remained positively charged and
strongly bound to ceria. It will be interesting to follow the
stability of these species in other reactions, such as the
WGSR, where they have been reported to be active [4,5]
and predicted by DFT calculations [6].
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