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Highly active supported gold catalysts frequently undergo substantial decrease in activity due to deacti-
vation. The aim of this paper is to investigate a reversible inhibition phenomenon of the CO oxidation in
an Au/Ceg 6219380, (Au/CZ) catalyst. The results of a systematic study of CO oxidation conditions (CO, O,
and CO,) are discussed. By identifying CO, as an Au/CZ poison using isotopic transient analysis

(3C0/?C0,), we also investigate the origin of inhibition activity by transient and modulated infrared
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spectroscopy in DRIFT mode. Results demonstrate that carbonate species are formed by reaction of
CO, with reactive lattice oxygen at the metal-support interphase, which in turn inhibits the replenish-
ment of the vacancies by molecular oxygen. A microkinetic model that accounts for the reaction mech-
anism and inhibition by CO, is proposed.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Gold-supported catalysts present outstanding performance in
oxidation reactions [1,2], such as CO oxidation [3,4], PROX
(selective oxidation of CO in presence of an excess of H;) [5,6],
low-temperature water gas shift [7,8], and combustion of volatile
organic compounds [9]. Many works have been devoted to under-
stand mechanisms by which these catalysts carry out oxidation
reactions. This is a key step to design improved catalytic materials.
Particularly, low-temperature CO oxidation has been taken as a
prototypical catalytic reaction by gold [2,10-15]. According to
Haruta’s classical mechanism, previously reported over Au/TiO,
catalysts [16], CO rapidly adsorbs on low-coordination surface Au
sites, and it is oxidized at the perimeter of metal nano-particles
where oxygen is activated [13]. Also recently, Yates et al. [14] pro-
posed the existence of a dual mechanism at the perimeter zone of
reactivity between CO adsorbed on Au and TiO, for very low-
temperature CO oxidation. However, despite the apparent
simplicity of the catalytic oxidation of CO on gold-supported
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catalysts, some aspects of the reaction mechanism still remain
unclear, particularly those regarding with the deactivation process.
Actually, a major drawback of Au catalysts is their severe deactiva-
tion. This undesirable phenomenon, frequently observed on those
materials, has reduced their potential for industrial applications
[17-19]. Among other causes, deactivation has been reported to
be due to: (1) sintering of supported Au nano-particles [4,20,21];
(2) changes in the oxidation state of the Au sites [10,22,23]; (3) loss
of the metal-support interaction [19,24]; and (4) poisoning by
carbonate-like species [10,18,21,23,25-28]. Other factors such as
chloride content [15,29] or moisture level from the gaseous mixture
[12,30] have also occasionally been regarded as poisons (or even as
a promoter in the case of H,0), something which puzzles a full
understanding of the origin of the inhibition mechanism.
Although gold supported on ceria or ceria-based support cata-
lysts have been widely studied, there have been very few studies
focused on the mechanism of their deactivation, and especially
their eventual regeneration [3,8,19,31]. In this work, the catalytic
stability of a well-characterized Au/CeggyZrg330, catalyst
[4,32-35] is studied in detail, particularly aiming at understanding
the reversible loss of reaction rate observed between the heating
and cooling branches of light-off experiments. The structural
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stability of the catalyst is investigated by X-ray diffraction,
(Scanning)-Transmission Electron microscopy and X-ray photo-
electronic spectroscopy (XPS). The role of reactants, products and
moisture is studied by online mass spectrometry using isotopic
transient analysis ('3CO/'?CO,) and infrared spectroscopic
techniques. Particularly, diffuse reflectance infrared spectroscopy
(DRIFT) in time-resolved and concentration-modulation excitation
spectroscopy (c-MES) modes was employed to gain a molecular
view of the catalytic inhibition produced by adsorbed surface spe-
cies. Moreover, a comprehensive microkinetic model that accounts
for the reaction mechanism and inhibition by CO, is proposed.

2. Experimental

The gold catalyst with a 2.6 wt% metal loading was prepared by
a deposition-precipitation with urea using H[AuCl,] (Alfa Aesar,
99.99%) as Au precursor [32]. The mixed oxide support,
Ceo.62Zr03502 (Sper=68 m? g !), was kindly donated by Grace
Davison. The fresh catalyst was submitted to an activation protocol
consisting in heating under flow of 0,(5%)/He (10 Kmin™!) from
298 K to 523 K (1 h), followed by purging with pure He at 523 K
(1 h), and then cooled to 298 K, under flowing He. This activated
catalyst sample, with a surface area of 63 m? g~! will be hereafter
referred to as Au/CZ.

The metal dispersion was determined by high-resolution elec-
tron transmission microscopy (HRTEM) and scanning transmission
electron microscopy high-angle annular dark field (STEM-HAADF)
techniques [35]. HAADF-STEM images were obtained on a
JEOL2010F instrument using a 0.5 nm electron probe at a camera
length of 10 cm. This STEM-HAADF imaging mode provides con-
trasts directly related to the average atomic number (Z) in the
region under the electron beam. In any case, the nature of the par-
ticles included in the size distribution was further confirmed by X-
ray energy dispersive spectroscopy in STEM mode.

X-ray photoelectron spectroscopy studies were performed on a
Kratos Axis Ultra DLD instrument equipped with a catalytic cell
allowing a clean transfer of the pretreated samples to the analytical
chamber. Spectra were recorded by using monochromatized Al Ko
radiation [4]. X-ray diffraction studies were performed on a Bruker
D8 Advance equipment. Diffraction patters were acquired using Cu
Ko radiation, in the 26 5-85° range, with a 0.05° step and a record-
ing time of 30 s per step.

Catalytic assays were performed under the following condi-
tions: 25 mg of catalyst diluted with 100 mg of crushed quartz
were place in a tubular quartz reactor (i.d. =4 mm) and the gas
flow was adjusted to a reaction mixture consisting of 1% CO, 0.6%
0,, and He to balance was 100 ml min~! by means of gas flow con-
trollers. The reactor was immersed in a bath Lauda, model Proline
RP-845, filled with polymethylsiloxane, whose temperature could
be varied with excellent linearity within the range 233-418 K,
and heating/cooling rate: 10 K min~'. The gas composition at the
reactor exit was continuously monitored by a quadrupole mass
spectrometer (MS), Pfeiffer Vacuum Prisma, model QME-200-D.
Prior to running the activity assays, the catalyst samples were
activated in situ as described before.

Diffuse reflectance infrared spectroscopy (DRIFT) experiments
were carried out using a high-temperature reaction cell (Harrick)
fitted with KBr windows. The reaction flow was going down
through the reactor bed, so that the upper layer of the catalyst,
approximately 200 pum, is probed by IR beam in the front of the
bed. The amount of catalyst used in the DRIFTS cell was 25 mg,
with a bed height of about 5-7 mm. The cell was connected to
the feed gas cylinders through low-volume stainless-steel lines.
Rapid exchange of the gas composition was performed by switch-
ing an electronically actuated flow-through valve (Vici-Valco
Instruments) which avoided pressure drops during changes,

synchronized with the FTIR spectrometer. The gas flows were
adjusted by mass flow controllers. The DRIFT cell was mounted
inside the sample compartment of the FTIR spectrometer
(Thermo-Electron, Nicolet 8700 with a cryogenic MCT detector).
The bench of the spectrometer was continuously purged with dried
air (Parker Balston FTIR purge gas generator) to eliminate CO, and
water vapor contributions to the spectra. Time-domain IR spectra
were recorded in kinetic and rapid-scan mode at a resolution of
4 cm™'. The reference spectrum was collected without catalyst.
Concentration-modulation excitation spectroscopy (c-MES)
experiments were performed using the set up described elsewhere
[36]. After recording the background spectrum, a modulation
experiment was started by varying the inlet mass flow of the reac-
tion gas using the desired modulation frequency. After waiting at
least five modulation periods to allow for an adjustment of the sys-
tem to the external perturbation, the recording of the spectra was
started. At least 125 spectra in each c-MES period were acquired,
using reactant exchange frequencies from 1.7 to 33 mHz. Phase-
sensitive detection (PSD) analysis of the spectra was performed
according to the method developed by Baurecht and Fringeli [37].

3. Results
3.1. Studies of catalytic activity by Mass Spectrometry (MS)

Fig. 1(a) shows the light-off traces during CO oxidation on
Au/CZ catalyst through two consecutive heating-cooling cycles.
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Fig. 1. (A) CO oxidation activity on Au/CZ catalyst: first run (solid line) and second
run (dashed line) (a and c heating, and b and d cooling parts of the essay). Reaction
mixture: 1% CO, 0.6% O, in He, 100 mlmin~!, heating and cooling ramps:
10 Kmin~!. (B) Conversion-temperature curves corresponding to the following
sequence: (a) heating from 233 K to 298 K (10 Kmin~'), (b) isothermal step at
298 K for 30 min, and (c¢) cooling from 298 K to 233 K. Inset shows the time
evolution of the CO, trace at 298 K (stage b).
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As deduced from that figure, during the heating step, the catalyst
presents a steep increase in the conversion of CO, with a Tsqy (50%
of CO conversion) at 295 K and reaches total conversion at 353 K.
However, the activity of the catalyst during the cooling step is
lower than that exhibited throughout the heating one. As shown
in the figure, this behavior is completely reversible during
consecutive cycles. In fact, the light-off curves are completely
superimposable in both heating and cooling branches. In order to
clarify the influence of temperature, Fig. 1(b) shows an additional
experiment carried out under reaction conditions from 233 K to
298 K followed by an isotherm stage at 298 K for 30 min, and
finally cooling from 298 K to 233 K (—10 Kmin™!). Interestingly,
a similar deactivation effect of hysteresis loop is observed at room
temperature with a significant drop in CO conversion, which
decreases from 45% to 25% at 298 K.

A detailed characterization of the activated and post-reaction
Au/CZ catalysts was carried out in order to detect structural
changes that could account for the observed deactivation. HRTEM,
XRD and XPS investigation revealed that the gold particle size dis-
tribution and their oxidation state remained constant after the
reaction cycles. This was also the case for the texture and crystal-
line structure of the support (see Supplementary Information for
details). From these results, it is concluded that the highly
dispersed gold nanoparticles do not sinter while increasing the
reaction temperature.

Altogether, these results point to a reversible deactivation or
inhibition of the oxidation of CO on the Au/CZ catalyst. Hence, in
order to further investigate the possible chemical origin of this
reversible inhibition of the catalyst activity, a series of systematic
reaction test were performed using combination of reactants and
purge cycles.

Fig. 2 presents the MS traces after switching back and forward
from a reaction CO+0, mixture to pure He at 308 K. The analysis
of the reaction transient shows a peak of CO oxidation at the begin-
ning of the reactant contact with the catalyst, and a progressive
decay in the CO conversion until a pseudo-steady-state condition
is reached. Then, the initial reaction activity can be completely
restored by flowing pure He for 15 min at 308 K. the effect of
sweep time under inert gas flow was studied at 308 K (see Sup-
porting Information for details). In particular, the sweep time
was reduced from 15 min to 5 min, and 1 min. As can be seen in
Fig. S4, 5 min is enough time to produce the same degree of regen-
eration. However, when the sweep time is reduced to 1 min, the
achieved regeneration level, although noticeable, is significantly
lower.
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Fig. 2. Isothermal CO oxidation (1% CO, 0.6% O, in He, 100 ml min~") at 308 K on
the Au/CZ catalyst as a function of consecutive switching from pure He
(60 ml min~?!, 15 min) to the reaction mixture (30 min).

Considering these results, the role of adsorbed oxygen was
firstly studied. Recently, Yates and co-workers reported a 22-fold
lower CO oxidation activity over a pre-oxidized Au/TiO, catalyst,
a result which they attributed to oxygen chemisorbed on gold sites
with partial positive charge [15]. In clear contrast, the results
recorded after pre-adsorbing oxygen on our Au/CZ catalyst at
308 K (10 min) and exposing it again to the reaction mixture shows
a more intense transient of CO, production (Fig. 3). Complemen-
tary experiments allowed us to conclude that oxygen has a positive
reaction order. Therefore, we can rule out an oxygen inhibition of
the CO oxidation over the Au/CZ catalyst.

Similar experiments were performed to investigate a possible
inhibition by CO, either by over-reduction of the support (e.g. at
the particle/support interface) [33] or by forming adsorbed carbon-
ates species [34] that could block the reaction pathway. Neverthe-
less, the reaction transient was almost identical after purging with
He or pre-reacting the catalyst under a flow of CO (Fig. 4). Addi-
tional experiments were performed varying the CO partial pressure
in the reaction feed, from 1% to 5% of CO while maintaining the
constant the CO/O, ratio, and similar profiles of the conversion
were obtained. Therefore, these observations strongly support that
the loss of catalytic activity is not correlated with a self-inhibition
provoked by CO.

It has been reported that even traces of water can influence the
activity of supported gold catalysts [3,12,30]. A complementary
experiment was carried out by passing the reactants by a liquid-
N cold trap to eliminate traces of moisture. It is worth mentioning
that this cold trap was used throughout the experiment, including
the previous stage of catalyst activation. According to Fig. S5, the
conversion-time transient presents the usual profile and the activ-
ity decays during the period in which the reactor is fed with CO and
0,, and partially regenerated after flowing pure He. Thus, we can
rule out the influence of traces of moisture on the deactivation in
this case.

The effect of the concentration of CO, was also investigated. In
order to be able to separate signals of CO, produced by the reaction
from that of the feed, isotopically labeled reactants were
employed. Fig. 5(a) shows that after pre-exposing the catalyst to
(1%)'2C0, at 308 K, the initial '3CO oxidation peak disappeared,
but that it can be restored by simply purging with helium. These
data clearly indicate that when the catalyst is in contact with the
gas stream containing 1% of '2C0O,, the conversion-time curve is
nearly flat. Interestingly, this experiment suggests that weakly
adsorbed CO, forms on the catalyst may contribute to the effect
of poisoning that occurs during the catalytic reaction. Moreover,
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Fig. 3. Isothermal CO oxidation (1% CO, 0.6% O, in He, 100 ml min~") at 308 K on

the Au/CZ catalyst as a function of consecutive switching from pure O,
(60 ml min~!, 15 min) and after purge with pure He (60 ml min~!, 15 min).
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Fig. 4. Isothermal CO oxidation (1% CO, 0.6% O, in He, 100 ml min~') at 308 K on
the Au/CZ catalyst after exposure to (1%)CO/He (60 ml min~', 15 min) and after
purging with pure He (60 ml min~!, 15 min).
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Fig. 5. (A) Evolution of the MS signal of '3CO, (m/e=45) after consecutive
switching of: (i) reaction mixture (1% '*CO, 0.6% O, in He, 100 ml min~"'), (ii)
(1%)'2C0O, [He (15 min, 60 ml min~'), (iii) pure He (15 min, 60 ml min~"), over the
Au/CZ catalyst at 308 K. (B) Effect of the co-feeding of '2CO in the reaction mixture
(1% '3C0, 1% '2C0,, 0.6% O, in He, 100 ml min~"') in consecutive cycles of reaction
and purge with pure He.

when (1%)'%CO, is co-feed with the reaction mixture of *CO+0,, a
strong inhibition of the activity was verified. Again, the initial
activity can be fully recovered by simply purging with He, Fig. 5(b).

A further confirmation of the inhibitory effect of CO, was
obtained by carrying out two consecutive light-off cycles; a first

one in which only CO and O, were used as reactants followed by
a second one in which CO, was co-fed with these reactants. Results
included in Fig. 6 show that the traces of carbon dioxide produced
by the reaction in the presence of 3CO, are significantly shifted to
higher temperature values with respect to those observed for the
catalytic test ran under the conventional reaction conditions (CO
and O,). Since carbon monoxide oxidation is such an exothermic
(irreversible) reaction, we can conclude that CO, is inhibiting some
step of the reaction mechanism as will be discussed next.

3.2. Time-resolved in situ DRIFT spectroscopy: Transient oxidation of
CO species

To gain direct information about the origin of the CO, inhibition
on the Au/CZ catalyst, experiments using time-resolved infrared
spectroscopy in DRIFT mode were performed. Fig. 7A presents
DRIFT spectra (1 spectrum/0.39 s) collected after switching the
gas flow from (1%)CO/He to (0.6%)0,/He at 308 K. Under steady-
state flow of (1%)CO into the cell (t=0s), a series of signals due
to CO adsorbed on gold are present at 2107, 2060 and 2015 cm™!
(Note that bands due to the P and R branch of CO in the gas phase
were carefully subtracted in these spectra for clarity.). Those spec-
tral features can be assigned as follows: the absorption band
around 2110 cm™! is typical of the stretching mode of CO, v(CO),
linearly chemisorbed on metallic gold sites, Au® [32,38,39]; on
the other hand, bands below 2100 cm~! can be assigned to CO
adsorbed on negatively charged gold clusters, Au®~ [40,41]. Such
a downward shift of the frequency may be explained by the back
donation from Au to the 27" antibonding orbital of CO [42,43]. Fie-
licke et al. [44] found an approximately linear relationship
between the red-shift of the vibrational spectra of CO adsorbed
on negatively charged gold clusters and the density of charge in
the cluster, e.g. Au,(CO),,~ (m, n < 14) shifts from 2062 cm™! for
the n=2 cluster to 1995 cm™! for the n = 14 cluster. The origin of
negatively charged gold sites on supported gold catalysts have
been interpreted as a charge transfer from the color centers (oxy-
gen vacancies) on the oxide surface to the gold clusters. The elec-
tron transfer from partially reduced oxides, such as TiO, or MgO
to atoms, to gold clusters or films has been corroborated both
experimentally and theoretically [41-43]. The stability of the cata-
lyst after several cycles of CO oxidation seems to indicate that the
small gold clusters, where negatively gold sites would be located,
are stable too. These gold clusters could be stabilized at support
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Fig. 6. CO oxidation activity on Au/CZ catalyst for two full consecutive tests
(heating and cooling). In the first run (solid line, a and b), the reaction mixture was:
13C0O(1%) and 0,(0.6%) in He, 100 ml min~"; in the second run (dash line, c and d)
was: 'CO(1%), 05(0.6%) and '2CO, (1%) in He, 100 ml min~". Heating and cooling
ramps: 10 K min~".
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ing the gas flow from (1%)CO/He (t=0) to (0.6%)0,/He (308 K). Total gas flow:
100 ml min~". (B) Time-evolution of selected infrared signals.

defect, steps and corners, as was observed by using 3D HAADF-
STEM Electron Tomography in a similar system [45].

After switching the gas flow from (1%)CO to (0.6%)0,, the evolu-
tion of the infrared spectra shows that the low frequency bands are
rapidly consumed and CO,(g) is produced (bands around
2350 cm™!, not shown), while the absorption band at 2110 cm™!
decreases and a new overlapped band at 2125 cm~! shows up
and then slowly decreased. The time-evolution of each overlapped
band was followed, after deconvolution using a sum of Lorentz
functions, and the corresponding integrated absorbance is pre-
sented in Fig. 7B as a measurement of the amount of the corre-
sponding species on the surface and gas phase. Bands at 2060
and 2020 cm ' decrease at the same time that CO,(g) is produced
and CO(g) is swept from the cell. Meanwhile, a rapid consumption
of the absorption band at 2110 cm™! is observed at the same time
that the band at 2125 cm™! increases its intensity, reaching a max-
imum at 6 s, and then slowly decreased. Note that when switching
from CO/He to pure He, no shift in the signal at 2110 cm™! is
observed (spectra not shown). The band at 2125 cm™! is generally
assigned to CO adsorbed on positively charged Au®* sites (0<5< 1)
[44]. Boccuzzi and co-workers have also ascribed this band to the
interaction of adsorbed oxygen and CO on gold particles, Au®"-
CO [39,46-48]. Very recently, Yates and co-workers [14,15], using
infrared measurements and DFT calculations, assigned a band at
2126 cm~! on pre-oxidized Au/TiO, to CO adsorbed on Au’*
(6 =0.1-0.3) with O adatoms that inductively increase the positive
charge of Au atoms in gold particles. Also, calculation shows that

this positive charge directly influence the vibrational frequency
of CO adsorbed on these electropositive Au sites in +14-23 cm™',
in excellent agreement with the +20 cm™! blue shift observed
experimentally (from ~2106 to ~2126 cm™'). Moreover, these
authors showed that bands at 2126 and 2110 cm™! can be inter-
converted as a result of the adsorption or desorption of O adatoms.

Following the evolution of the integrated bands at 2110 and
2125 cm !, Au®-CO and Au®*-CO, respectively, it is observed that
the first signal decays at the same rate than the second is formed,
e.g. t<5s, but without CO,(g) production. This result points to an
interconversion of both bands due to the positive charge acquired
by the gold site during O, chemisorption [14,15]. Then, Au®*-CO
slowly reacted decaying in ca. 100 s. Thus, we can conclude that
CO adsorbed on negatively charged clusters (2060 and
2020 cm™!) are the most reactive adsorbed species, while CO
adsorbed on positively charged gold sites showed much slower
reactivity. Consistent with this picture, during steady-state
CO + 0, reaction monitored by DRIFT, only a band at 2125 cm™!
was registered. After switching from reaction mixture to
(0.6%)02/He, that band took ca. 70 s to be consumed (spectra not
shown).

In a similar manner, the effect of CO, on the reactivity of CO
bonded species was studied in a series of transient experiments
followed by DRIFT, exchanging (1%)CO+(1%)CO,/He to
(0.6%)0, + (1%)CO2/He in the temperature range of 293-323 K. In
Fig. 8 the evolution of both bands at 2060 and 2020 cm™!, without
and with CO, are compared. Thus, a slight delay in the rate of
Au’ -CO oxidation is observed when CO, was co-fed. In turn, the
evolution of Au®~-CO and Au’"-CO species is shown in Fig. 9A and
B (at 308 K). As observed in the figure, the presence of CO,(g)
does not affect the conversion of Au-CO (2110 cm™') to Au’*-CO
(2125cm™!), t<5s, but a strong lag in the consumption of
Au®"-CO is registered when CO, was co-fed.

3.3. Role of the carbonate-adsorbed species: modulation excitation
spectroscopy (c-MES)

As shown before, the presence of CO, in the gas phase clearly
seems to inhibit some part of the CO oxidation mechanism in our
Au/CZ catalyst. It is well known that ceria-zirconia mixed oxides
adsorb CO, forming a variety of surface (and also bulk) carbonate
species [32].

DRIFT spectra collected under steady-state CO oxidation and
from transient time-resolved (e.g. CO to O,) present a strong
background in the carbonate region (1800-1000 cm™'). Thus, it is
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Fig. 8. Evolution of the Au’~-CO signals (2060 and 2020 cm™") after switching the
gas flow from (1%)CO/He (t = 0) to (0.6%)0,/He at 308 K without and with (1%)CO,.
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difficult to obtain direct insights concerning to the surface groups
(reversible and irreversible adsorption) that could be related to the
deactivation observed in the Au/CZ catalyst. For that reason, we
carried out c-MES experiments followed by DRIFT, exchanging
periodically (1%)CO +(0.6%)0,/He to He or (1%)CO +(0.6%)0, +
CO,(1%)/He to CO,(1%)/He over the Au/CZ-OE523 catalyst at
308 K. Figs. 10 and 11 show the time-domain and phase-domain
spectra (after PSD treatment) for each experiment. As seen in the
figures, changes in the time-resolved spectra are observed in the
Au-CO region and also in the CO, (g) signal; however, it is impos-
sible in practice to obtain reliable information from the carbonate
region (1800-1000 cm™'). However, in the phase-domain spectra -
after PSD demodulation - the evolution of the signals due to car-
bonate groups can be easily followed. The signals, which are
affected by the applied perturbation, are assigned to the following
carbonate species: bicarbonates, HCO3, v,5(CO3)=1640 cm~!,
v{(CO3)=1433 cm™!, and §(OH)=1220cm™'; bidentate carbon-
ates, b-CO3, vas(CO3)=1576cm™! and v(COs)=1285cm™!, and
polydentate carbonates, and monodentate carbonate, m-COs3,
Vas(CO3) = 1393 cm~! [49-54]. Note the very low intensity of these
bands, in the phase-domain, as compared to the whole set of bands
in the carbonate region in the time-domain spectra. That
means that only a minor part of the whole set of carbonate groups
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Fig. 10. (A) Time-domain DRIFT spectra during a c-MES cycle (1%)CO/He to (1%)0,/
He over Au/CZ (100 ml min~?, 308 K, » = 4.2 mHz). (B) And phase-domain spectra
after PSD demodulation.

is reversibly adsorbed, and most of carbonate are spectators of the
reaction. Bands in identical position were observed in complemen-
tary experiments exchanging CO to O, in Au/CZ and after
modulated adsorption of 1%CO,/He on the CeZrO, bare support.
From these results, it is now clear that the reversible adsorption
of CO, produces HCO3 and b- and m-CO3 on the surface of the
ceria-zirconia support, which infrared could reveal after c-MES
DRIFT experiments.

4. Discussion

The reaction tests using transient experiments followed by
mass spectrometry showed that a repetitive hysteresis loop is
obtained when CO is oxidized in heating and cooling ramps on
an Au/CZ catalyst (Fig. 1). However, although the effect of the deac-
tivation of gold catalysts on the CO oxidation reaction has been
studied in the recent past, very few studies have focused on hyster-
esis loop phenomena [20,55]. Additionally, transient investigation
of the reaction at isothermal conditions showed a high initial activ-
ity after exposing the catalyst to CO + O,, followed by a progressive
loss of catalytic activity (Fig. 2). This initial peak was not observed
when pre-exposing the catalyst to 1%CO, and a lower activity was
also registered when co-feeding CO, in the reaction mixture
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Fig. 11. (A) Time-domain DRIFT spectra during a c-MES cycle (1%)CO, (1%)CO, in He
to (1%)0s, (1%)CO, in He over Au/CZ (100 ml min~?, 308 K, @ = 4.2 mHz). (B) Phase-
domain spectra after PSD demodulation.

(Figs. 5 and 6). Moreover, the high initial activity of the catalyst
was restored after purging with helium. Neither structural or
textural changes nor an inhibition by CO, O, or H,0 were observed.
All these results point out a product (CO,) inhibition of the CO
oxidation on this gold catalyst.

Transient time-resolved DRIFT experiments allowed to follow
the evolution of CO-adsorbed species on gold after exchange of
the gas stream from CO/He to O,/He (Fig. 7). CO adsorbed on par-
tially negatively charged gold clusters (bands <2000 cm~!) were
oxidized in ca. 10s, but the consumption profile was retarded
when CO, was present in the gas phase (Fig. 8). The most intense
band at 2110 cm ™!, assigned to CO adsorbed on metallic gold sites,
was observed to shift to 2125 cm™! upon exposure to O,. That is
interpreted as a result of the co-adsorption of oxygen on the gold
particles, which change gold to a more oxidized stated (Au®")
making stronger the Au-CO bond. Then, the most stable Au®*-CO
species are oxidized to CO, in around 100 s, and moreover this pro-
cess was significantly affected by the co-feeding of CO, (Fig. 9).
Thus, we may conclude from those results that CO, is affecting part
of the CO oxidation mechanism, particularly, the oxidation of the
less-reactive CO adsorbed on positive gold.

Also, our c-MES experiments confirmed that most of the car-
bonate species bonded to the ceria-zirconia support are spectators
of the reaction, but a very minor amount can be reversibly
adsorbed. We identified this species as HCO3, b- and m-CO3. The
evolution of the band of these groups is in correlation with the con-
centration of CO, in the gas phase. Furthermore, the variation in
the amplitude of these signals is lower when CO, is co-fed along
with CO or O,. This means that more carbonate groups remain
adsorbed when a higher partial pressure of CO, is present in the
reaction mixture. This poisoning effect by CO, was shown to affect
the reaction activity.

On Au/TiO,, Overbury and co-workers [26,28] proposed that the
CO, product can desorb from Au nanoparticles and re-adsorb in the
support to form transient carbonate species which then slowly
decompose to CO,. This readsorption-decomposition process
results in the slow evolution of CO, during this reaction compared
to other components for this reaction. They interpret this result by
proposing that the slow desorption of CO, from the support is the
rate-limiting step in CO oxidation over Au/TiO, catalyst. In con-
trast, our transient analysis showed that CO, is rapidly produced
at the beginning, after the surface was cleaned, and also that it is
inhibited when CO, is co-fed in the reactor, that is when the sup-
port has a higher coverage of carbonate groups. Then, CO, should
be interfering with another part of the reaction mechanism.

The special role of metal-support interfacial sites in ceria-based
catalysts is under detailed investigation at present [56]. As it was
reported by several authors [1,10,13,16,57], the gold-support
perimeter is essential for the high activity shown by gold catalysts.
Likewise, the oxidation of CO by lattice oxygen has been regarded
as responsible of the activity in gold supported on reducible oxides,
such as TiO,, CeO,, Fe,05 [11,58,59]. Then, it is possible that the
same lattice oxygen capable of oxidizing Au-CO can react with
CO, forming carbonate groups. Then, this competitive adsorption
of CO, could inhibit the oxidation reaction at Au-ceria-zirconia
interphase sites.

4.1. CO; inhibition model

On gold supported on reducible metal oxides (e.g. TiO,, CeO,,
CeZr0,, among others), CO is proposed to adsorb on low-coordina-
tion surface Au sites, and to be oxidized by oxygen activated at the
perimeter of the Au nanoparticles [13,16,57].

The results obtained by MS and in situ DRIFT spectroscopy
allow us to propose the following reaction steps for the CO oxida-
tion and partial inhibition by adsorbed CO, (summarized in
Scheme 1):

(i) Adsorption of CO neutral and negatively charged clusters
gold sites:
CO(g) + Au® «— Au’—CO (2110 cm ™)
CO(g) + Au’~ < Au’ —CO (2060 and 2020 cm™')

(ii) Fast oxidation of CO on negatively charged clusters by lattice
oxygen in the particle-support interface:

AU’ —CO + 0—S « CO,(g) + Au’~ +v-S (v: O vacancy)

(iii) Adsorption of O, on gold particles and change in the
oxidation state of gold sites:

1/20,(g) + Au’—CO (2110 cm™1)
< (0)Au’*—CO (2125 cm™)
(iv) Slow oxidation of CO in the particle-support interface

Au’"—CO + 0—S — CO,(g) + v-S
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CO oxidatiol

CO, inhibition
Oy,
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Spectators

Scheme 1. Scheme of the proposed mechanism of CO oxidation and for the
reversible deactivation produced by adsorbed carbonate species on the Au/CZ
catalyst.

(v) Activation of O, in support sites (S) at the particle-support
interface:

1/20,(g) + S < 0—S (slow)

(vi) Adsorption of CO, to form carbonate species on the support
sites:

CO, (g) +0-S « CO;—S (f&St)

The above reaction mechanism is described by the following
differential equations (see Supporting Information for details):

Step (i):

rh = k] [CO(g)]FAuo — k_] FAUO—CO
ra = ka[CO() - — k2l py _co

Step (ii):
T's1 = kserun’—_coro—s

Step (iii):
r3 = k3[02(g)]'* I, o—CO

Step (iv):
I's) = kSZFAum_coFO—S

Step (v):
ra = ka[05(g)]*Ts

Step (vi):
rs = ks[CO2(8)]'o-s — k_s"cos s

where I'; stands for the surface coverage of the I species or surface
site; and k; stands for the kinetic constant of the reaction.

This set of differential equations was numerically integrated
(fourth order Runge-Kutta) and the error between the model and
the experimental data was minimized with the k; as parameters
(Down-Simplex). Full lines in Fig. 9 represent the best fits of the
experimental data with and without CO, into the feed. As seen in
the figure, this model satisfactorily represents the inhibitory effect
of the CO, pressure due to the competition for the surface oxygen
in the gold-support interphase.

5. Summary and conclusion

The partial and reversible inhibition of the CO oxidation on a
well-characterized gold-supported on ceria-zirconia catalyst was
investigated using a combination of transient mass spectrometry
and in situ infrared spectroscopy. Results showed that this effect
cannot by due to structural changes of the catalyst, e.g. sintering
of the gold particles, or poisoning by CO or O,. Instead a correlation
was found with the presence of CO,, incorporated to the reaction
feed or produced by the reaction itself. The role of CO, in the

inhibition of the mechanism of CO oxidation was investigated in
detail by means of isotopic transient analysis ('3C0/'2CO,)
monitored by mass spectrometry and by time-resolved and con-
centration-modulation spectroscopy in DRIFT mode. These results
showed that CO adsorbs on neutral (2110 cm™!) and negatively
charged gold sites (2060-2020 cm™!). Upon introducing O, into
the DRIFT cell, Au’"-CO species are readily oxidized to CO,, while
Au’-CO species are converted to partially positively charged gold
sites, Au’*-CO, which are then slowly oxidized to CO,. Moreover,
the presence of CO, in the gas phase retards the oxidation of
Au®"-CO species. This is ascribed to a competitive adsorption of
CO, on vacancy sites at the metal-support interphase, producing
adsorbed carbonate species and hindering the replenishment of
the vacancy by molecular oxygen. This model was validated by
simulating the microkinetic mechanism and fitting the temporal
evolution of the IR signals of CO-adsorbed species.

Result reported in this work suggest that modification of the
support by lowering the CO, adsorption, carbonate formation,
while maintaining the redox capacity could improve the activity
and stability of the gold catalysts for the CO oxidation reaction.
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