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Industrially relevant, highly dispersed, Pt/ceria and reference Pt/alumina catalysts with narrow Pt particle
size distributions have been prepared, characterised ex situ and studied for CO oxidation by operando
infrared and X-ray absorption spectroscopy. At high CO conversions, spectator CO ad-species on ionic
platinum are observed while the CO oxidation proceeds on Pt particles in a high oxidation state exhibiting
significant Pt—O coordination. During the protracted catalytic extinction, the CO coverage builds up grad-
ually while the Pt oxidation state and Pt—O coordination remain high because of interactions with ceria.
The observed CO oxidation at high CO coverage is suggested to involve sites at the platinum-ceria bound-
ary that cannot be CO self-poisoned. This behaviour is in stark contrast to that of Pt/alumina, which
shows removal of platinum oxides formed during CO oxidation and the classical drop in catalytic activity
caused by rapid CO self-poisoning when reaching a critical temperature.

© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Heterogeneous catalyst technologies for abatement of urban air
pollutants, improvement of indoor air quality and purification of
chemical feedstocks and fuels depend on further development of
the CO oxidation functionality [1-3]. One example concerns auto-
motive exhaust aftertreatment catalysts for emerging vehicle pow-
ertrains. Because of their higher engine combustion efficiency and/
or electrical hybridisation, the exhausts have low temperatures
and low (latent) combustion heat that can be utilised to increase
the temperature in the catalytic converter. Although significant,
the challenge is not only to abate emissions during the cold-start
period [4] but also to prevent catalytic extinction upon vehicle
deceleration, engine start-and-stop operation and switching
between modes of propulsion [5]. This stresses the need for cata-
lysts that can operate efficiently at low temperatures, ideally being
active for CO oxidation at ambient conditions.
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Among the platinum-group metals active for CO oxidation one
finds Pt to be the more robust element for use in applications. It
resists carbon dioxide, water and sulfur components relatively well
and can be sufficiently stablised towards sintering by being dis-
persed onto a suitable support. The support is commonly a metal
oxide [6-8]. The selection of the metal oxide is crucial because it
influences not only the dispersion of platinum particles but also
their catalytic properties and overall catalytic performance. Silica
and alumina are often referred to as inactive supports as they can-
not be reduced reversibly whereas ceria with its dynamic redox
properties, high oxygen mobility and strong interaction with plat-
inum is called an active support that also can take part in the cat-
alytic reaction [9-11].

The oxidation of CO over Pt catalysts typically exhibits bistable
kinetics [12-14]. At low temperature, and/or O, concentration, the
CO oxidation rate is low because of CO self-poisoning. Upon
increasing the temperature, and/or O, concentration, a critical
point may be reached at which a so-called first order kinetic phase
transition occurs [15]. This means a drastic change of the qualita-
tive behaviour of the kinetics such that adsorbed CO is rapidly
reacted away, adsorbed O becomes the main surface species and
the catalytic reaction proceeds with a high rate [12,16,17]. Analo-
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gously, decreasing the temperature, and/or O, concentration, may
lead to a sudden CO self-poisoning, when another critical point is
reached, with the corresponding low reaction rate [12-15]. The
bistable behaviour is captured by the common three-step mecha-
nism including competitive reversible adsorption of CO (associa-
tive) and O, (dissociative), and rapid reaction between adsorbed
CO and O into CO, that immediately desorbs at temperatures
above room temperature [18,19]. At the conditions of exhaust
aftertreatment, platinum oxide formation/removal may complicate
the reaction kinetics [20,13] by giving rise to, for example, kinetic
oscillations [21]. The oxide formation during CO oxidation condi-
tions is seldom complete but rather results in partial oxidation of
the Pt particles [20] thus containing coexisting Pt—Pt and Pt—0
species whereof the latter has been reported to represent a
defected oxide (shorter Pt—O bond length) as compared to bulk
platinum oxide [22]. For platinum dispersed onto ceria, surface
processes over the platinum-ceria boundary add to the mechanis-
tic complexity [14,23]. Using model systems, sites at the Pt—O—Ce
boundary have been proposed to be important although the role of
PtPt—O species in the reaction mechanism is still an open question
[24].

The significance of reactions on interface sites at the Pt-support
boundary depend on the Pt particle size and support material. On
the one hand, for large faceted particles, the kinetics is dominated
by elementary processes occurring on communicating facets. In
essence, rate data from Pt single crystal studies suffice to describe
the kinetics on these facets unless platinum oxide develops
[12,13]. On the other hand, for atomically dispersed Pt on ceria,
the activity is low and CO adsorbed on such sites has been shown
to be spectator species [25,26]. For a recent review on relevant
single-atom catalysts see Ref. [27]. For small nanoparticles, say
between 1 and 5 nm, the kinetics clearly depends on the interact-
ing support [28,29] although for cluster sized Pt species comprised
of Pt—OPt—Pt entities, the support has been suggested to have less
influence on the catalytic properties [26]. This demonstrates the
structure gap. It can be particularly complex for industrial cata-
lysts, containing a variation of particle sizes, for which the catalyst
efficiency and structural dynamics driven by the surface processes
hardly can be represented by model catalysts but remain to be
resolved for the actual system under consideration.

Thanks to the rich scientific literature, the CO oxidation reaction
provides a means for understanding catalytic materials by being a
prototypical reaction that can be followed by advanced analytical
methods. The present aim is to understand the CO oxidation
extinction process over industrially relevant catalysts. Special
attention is paid to how ceria modifies the evolution of PtO, spe-
cies in small (=1 nm) Pt particles during catalytic CO oxidation
extinction as compared to Pt/alumina reference catalyst. The cata-
lysts have been prepared by wet chemical methods suitable for
industrial production, evaluated by chemical flow reactor mea-
surements and studied in detail using operando infrared and X-
ray absorption spectroscopy. Thereby the evolution of surface spe-
cies, chemical state and structural dynamics could be related to
global kinetics of CO oxidation.

2. Experimental
2.1. Preparation and basic characterization of the catalysts

The catalysts were prepared by incipient wetness impregnation
using platinum salts followed by drying and calcination at 500 °C
in static air.

The specific surface area (SSA) of the as prepared catalysts was
determined from N, physisorption at 77 K using a Tristar 3000
(Micromeritics) instrument and employing the Brunauer-
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Emmett-Teller (BET) equation. Prior to the adsorption measure-
ments, the samples were dried overnight at 250 °C under a flow
of N,.

The number of surface Pt atoms was determined from CO
chemisorption at 35 °C using an ASAP2020 Plus (Micromeritics)
instrument. Around 200 mg catalyst was placed between two
quartz wool wads in the bottom of a quartz U-tube encased in a
high-temperature furnace. The Pt/alumina catalyst was pretreated
at 500 °C with 100 vol.% O, for 1 h followed by 100 vol.% H; also for
1 h. Then, the sample was cooled in He to the chemisorption tem-
perature. The Pt/ceria catalyst was pretreated with 100 vol.% O, at
500 °C for 1 h, cooled to 250 °C in presence of O, and exposed to
100 vol.% Hy for 1 h. Then, the sample was cooled to 35 °C in H,
and exposed to 100 vol.% CO, for 1 h. Subsequently, the sample
was treated with 100 vol.% O, for 30 min and then 100 vol.% H,
for 30 min. 10-20 min evacuation was used in between introduc-
ing different gases. After the pretreatments, the samples were
evacuated for 20 min and then CO chemisorption was carried out
by dosing 100 vol.% CO from 13 to 80 kPa for Pt/alumina and to
93 kPa for Pt/ceria. The specific Pt area was determined from the
number of surface Pt atoms assuming that one CO molecule binds
to one surface Pt atom as determined by infrared spectroscopy [30]
and a Pt cross-sectional area of 8 A2, Further, the Pt dispersion and
mean Pt particle size were calculated from the number of surface
Pt atom and measured Pt loading assuming hemispherical particle
shape.

The crystalline phases of the catalysts were determined by
powder X-ray diffraction (PXRD) using a D8 Advance diffractome-
ter (Bruker) equipped with a Cu-K,, X-ray source (1.5418 A) and a
Lynx-eye energy dispersive detector. Diffractograms were recorded
under ambient conditions in the 20 range from 20° to 90° with an
incremental step of 0.02° and a dwell time of 1.8 s at each step. The
Scherrer equation was used to calculate crystallite sizes consider-
ing the full width at half-maximum (FWHM) of four major diffrac-
tion peaks at 32° (220), 37° (331), 46° (400) and 67° (440) for Pt/
alumina and 29° (111), 33° (200), 47° (220) and 56° (311) for Pt/
ceria.

The Pt particles were imaged with high-resolution transmission
electron microscopy (HRTEM) using an Tecnai T20 microscope
(FEI) equipped with a LaBg filament operating at 200 kV and a
high-angle annular dark-field STEM detector as well as with scan-
ning transmission electron microscopy (STEM) and energy-
dispersive X-ray (EDX) spectroscopy using an Titan 80-300 micro-
scope (FEI) equipped with a field emission gun operating at 300 kV.
The preparation of the specimen included dispersing the catalyst
sample in ethanol with subsequent ultrasonication. Thereafter, a
droplet of the suspension was loaded onto a holey carbon film on
a copper grid. The recorded images were analysed by Image] [31]
to reveal the Pt particle size distribution.

2.2. Temperature programmed reduction and reaction

Hydrogen temperature programmed reduction (H,-TPR) mea-
surements were carried out using a Sensys differential scanning
calorimeter (Setaram) system including a vertical quartz tube, with
an inner porous sintered quartz frit with a diameter of 4 mm hold-
ing the sample, inside a controllable heated compartment. The gas
flow was composed by individual mass flow controllers (Bron-
khorst) and the effluent gas was analysed with a Hiden HPR-20
QUI mass spectrometer. Using the sieved fraction of 40-80 pm,
the loaded amount of Pt/alumina and Pt/ceria was 50.6 and
19.9 mg, respectively. The catalyst was pre-oxidised with 20 vol.
% 0, at 250 °C for 30 min, then cooled with a ramp rate of 5 °C/
min to room temperature (RT) in Ar. After 60 min, the catalyst
was exposed to 1 vol.% H, for 20 min at RT. The H,-TPR measure-
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ment was then carried out by heating the temperature with a rate
of 5 °C/min to 800 °C in the presence of 1 vol.% H,.

The catalyst performance was evaluated using a vertical fixed-
bed powder reactor made of a 33 cm long quartz tube with an
inner and outer diameter of 4 and 6 mm, respectively. The reactor
was surrounded by a metal coil for resistive heating and insulated
by a layer of quartz wool. The feed gas was composed by a set of
mass flow controllers (Bronkhorst). The inlet gas temperature
was measured by a type K thermocouple located 1-2 mm above
the sample. The effluent gas was analysed using a Hiden HPR-20
mass spectrometer following the m/e ratios 28 (CO), 32 (O,) and
44 (CO,). Before loading the catalyst into the reactor, the catalyst
sample was sieved and the fraction 40-80 pum was collected and
diluted with grinded cordierite (Corning) sieved to the fraction
300-355 pm. The catalyst weight was around 6 mg for Pt/ceria
and for Pt/alumina. The total weight of the bed was around
180 mg and thus the catalyst-to-cordierite mass ratio was about
1:30. The catalytic activity for CO oxidation was evaluated by tem-
perature programmed reaction measurements following the cat-
alytic extinction process. The total gas flow was fixed at 400 ml/
min, which corresponds to a gas hourly space velocity of
127000 h~'. The CO oxidation measurements were carried out
using either 0.5, 0.2 or 0.05 vol.% CO with 2 vol.% O, and Ar as car-
rier gas. The following temperature cycle was repeated three
times: the temperature was increased to 250 °C and maintained
for 50 min for the first extinction cycle and for 20 min for the
remaining 2 cycles, then decreased to 50 °C with a rate of 5 °C/min.

2.3. Operando spectroscopy

2.3.1. Diffuse reflectance infrared Fourier transform spectroscopy

Adsorbate speciation during adsorption/desorption and oxida-
tion of CO was done with diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) using a VERTEX 70 FTIR spectrometer
(Bruker) equipped with a nitrogen coo-led MCT detector and a
high-temperature stainless steel reaction chamber (Harrick) with
CaF, windows. The chamber was mounted inside a Praying Mantis
mirror accessory (Harrick). One type K thermocouple was used to
measure the temperature underneath the sample holder (gas inlet)
and another thermocouple was bended and inserted as to measure
the temperature inside the catalyst bed. A thin layer of catalyst was
placed on a bed of KBr that filled the holder. Individual mass flow
controllers (Bronkhorst) were used to compose the feed gas. The
total flow was 100 ml/min and constant. IR spectra in the range
4400-400 cm~' were collected with a spatial resolution of
1 cm™. Using a 6 mm aperture and 20 kHz scanner velocity, back-
ground and sample spectra were recorded by taking an average of
100 and 50 scans, respectively.

Prior to adsorption and oxidation of CO, the catalyst was heated
to 211 °C and treated with 5 vol.% O, for 40 min followed by 1 vol.%
H, for another 30 min using Ar as carrier. Upon reaching a low and
stable water level in the effluent gas in pure Ar flow showing that
water was removed from the gas stream, the temperature was
decreased in steps to 35 °C and background spectra were recorded
for each temperature. Then, 0.2 vol.% CO was introduced at 35 °C
for 1 h, and the CO desorption was initiated by increasing the tem-
perature in steps to 211 °C in Ar. Subsequently, CO oxidation was
carried out by introducing 0.2 vol.% CO and 1 vol.% O, for 30 min
and the temperature was decreased in steps to 35 °C. Each spec-
trum was acquired 10 min after reaching the set temperature using
the corresponding background spectrum for each temperature.

2.3.2. X-ray absorption spectroscopy

The chemical state and coordination of Pt were studied by X-ray
absorption spectroscopy at beamline P65 at PETRA III, Deutsches
Elektronen-Synchrotron (DESY) in Hamburg, Germany. Spectra
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for the Pt L3 edge (11564 eV were measured in fluorescence mode
with a passivated implanted planar silicon (PIPS) detector first ex
situ for Pt black (Alfa Aesar) and PtO, (Alfa Aesar) references and
then for Pt/alumina and Pt/ceria during CO oxidation. In the latter
case, the current catalyst sample was filled in a quartz capillary
reactor with an outer diameter of 1.5 mm, length of 80 mm and
wall thickness of 0.01 mm. Spectra of the as-prepared catalysts
were recorded in He at RT. Then the temperature was increased
to 168 °C for Pt/alumina and 250 °C for Pt/ceria and feeds of
10 ml/min of 5% CO and 40 ml/min of 5% O, were introduced for
30 min. Subsequently, the temperature was decreased in steps to
37 °C. XAS spectra were processed by Athena [32] and the EXAFS
region of the spectra was analysed by Artemis [33].

3. Results and discussion

Before discussing the operando spectroscopic measurements of
the chemistry and dynamics of platinum species during the cat-
alytic extinction, a description of the basic characteristics of the
Pt/ceria and reference Pt/alumina catalysts and their catalytic
behaviour is given, which facilitates comparisons with previous
reports.

3.1. Catalyst physical characteristics

The physical characteristics of the prepared Pt/alumina and Pt/
ceria catalysts are summarised in Table 1. The table shows the SSA,
apparent size of support crystallites and Pt loading, dispersion and
particle size. The SSA is 140 and 131 m?/g.,, for the Pt/alumina and
Pt/ceria catalyst, respectively. These values fall within the typical
ranges for alumina and ceria supported catalysts [34]. The domi-
nant contributions to the SSAs come from the microporous support
materials, which present sufficiently large areas to enable high Pt
dispersions. The crystallinity of the samples was measured with
PXRD. Fig. 1 shows the resulting diffractograms together with ref-
erence patterns for y-alumina (PDF 00-010-0425) and CeO, fluo-
rite structure (PDF 00-004-0593). As can be seen, the
diffractogram for Pt/alumina and Pt/ceria matches the reference
pattern for y-alumina and fluorite CeO,, respectively. Using the
Sherrer equation, the apparent crystallite sizes were calculated to
be 6.0 nm for alumina and 8.0 nm for ceria. The support crystallite
size can also be determined from the TEM images shown in Fig. 2.
The presented images reveal crystallite sizes around 10 nm for the
alumina and ceria support, respectively. In principle one could
expect larger deviations as TEM results necessarily depend on
selected analysis regions whereas PXRD results STEM from a larger
sample volume. Also larger deviations could be expected because
of the different probing modes of TEM and PXRD and the fact that
the crystal planes are oriented in different directions due to the

Table 1

Summary of catalyst physical characteristics including specific surface area (N,
physisorption), apparent size of support crystallites (PXRD), Pt loading (XRF), Pt
specific surface area, dispersion and particle size (CO chemisorption) and Pt particle
size (STEM) for 2 wt% Pt/alumina and 1 wt% Pt/ceria.

2 wt.% Pt/alumina 1 wt.% Pt/ceria

Specific surface area, SSA/m?g_} 140 131
Support crystallite size, dsuppore/nm 6.0 8.0
Pt loading/wt% 1.91 1.06
Specific Pt area/m?g} 2.65 1.92
Pt dispersion/% 56 73
Pt particle size, dp*/nm 2.0 15

Pt particle size dp:”/nm 13+ 04 1.0 £ 0.2

¢ CO chemisorption analysis.
b STEM analysis.
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Fig. 1. XRD patterns of the Pt/ceria (orange) and Pt/alumina (black) catalysts.
Reflection assignments are assigned using reference patterns (blue) from the
Powder Diffraction File™ (PDF) database for CeO, (PDF 00-004-0593) and y-Al,03
(PDF 00-010-0425).
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morphology, polycrystallinity and random orientation of the pow-
der grains, which may be complicated by agglomeration. Further,
the employed Scherrer equation is derived for the ideal situation
with perfect materials crystallinity and no instrumental broaden-
ing, which is a simplification. Nevertheless, the support crystallite
sizes obtained from TEM and PXRD are in good agreement.
Concerning the Pt phase, the diffractograms contain no visible
peaks related to Pt. This is indicative of a majority of the Pt crystal-

a) Pt/alumina

— 2 nM
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lites being amorphous and/or too small to give rise to clear diffrac-
tion, or diffracting crystallites are to few to produce detectable
reflections [35,36]. Considering the Pt phase in more detail it is
clear from the XRF and CO chemisorption measurements that
because of the higher Pt loading for the Pt/alumina catalyst, the
specific Pt area is higher, 2.65 m?/g.;, and the Pt dispersion is
lower, 56%, as compared to the Pt/ceria catalyst for which the cor-
responding numbers are 1.92 m?/g..; and 73%, respectively. The
higher Pt dispersion signifies not only smaller Pt particles,
2.0 nm for Pt/alumina and 1.5 nm for Pt/ceria, but likely also a nar-
rower Pt particle size distribution [37]. This is in line with the
interpretation that the Pt particles are too small to give clear reflec-
tions in the PXRD measurements. The existence of small Pt
nanoparticles is evidenced also by electron microscopy measure-
ments. Fig. 2 shows TEM (panel a and d) and STEM (panel b and
e) images together with there from estimated Pt particle size dis-
tribution (PSD) for the Pt/alumina (panel c) and Pt/ceria (panel f)
catalysts. Considering the Pt PSD for Pt/alumina, the majority of
the particles appears to be in the range 0.7 to 1.5 nm with a mean
Pt particle size of 1.29 nm. The Pt particles in the Pt/ceria catalyst
are not as clearly presented in the TEM Fig. 2d. This is partly due to
the small difference in mass between Pt and Ce, and partly due to a
varying thickness of the specimen leading to a poor mass-thickness
contrast. However, in the STEM image in Fig. 2e, Pt particles around
1 nm can be discerned thanks to the difference in Z number. The
Pt/ceria catalyst contains numerous smaller Pt particles, as com-
pared to Pt/alumina, with the majority of the particles in the nar-
row range of 0.5-1.3 nm and most particles are below 1.1 nm.
The (small) differences between estimated Pt particle size from
CO chemisorption data and STEM imaging may have different
explanations. Again, although not probable, the STEM imaging
could be biased by a limited analysis region and/or number of

c) Pt/alumina D=1
N=1

0.3 0.7 1.1 1.5 1.9 2.3
Particle size /nm

f) Pt/ceria_ D=1.00 £ 0.22
N=60

] | I . .
03 07 11 15 19 23
Particle size /nm

Fig. 2. High-resolution TEM and STEM-HAADF micrographs of the Pt/alumina (panel a and b) and Pt/ceria (panel d and e) catalysts. The Pt particle size distribution for Pt/
alumina (panel c) shows an average size of 1.3 nm based on 100 Pt particles and for Pt/ceria (panel f) an average size of 1.0 nm based on 60 particles.

4



M. Di, K. Simmance, A. Schaefer et al.

observable particles. Nevertheless, one would expect the estimated
particle size from CO chemisorption data to be smaller than that of
STEM imaging as all CO adsorption sites are probed whereas the
smallest particles are not easily imaged. Small platinum particles,
however, are significantly affected by the support, which could
weaken the CO adsorption on some Pt sites leading to an overesti-
mation of the Pt particle size. Despite this, the results from the dif-
ferent methods are in good agreement with each other. Finally, the
STEM micrograph and EDX spectra in Supplementary Figure S1
reveal a Pt/Ce ratio of 0.36 and 0.41 for regions with visible Pt par-
ticles (position 1) and regions where no obvious Pt particles exist
(position 2), respectively. Clearly, the presence of Pt could be
detected for both positions. This suggests the presence of atomi-
cally dispersed Pt on the ceria. As such, the EDX analysis align well
with the all results showing the presence of highly dispersed plat-
inum. The lower Pt/Ce ratio at position 1 is a result of a thicker
specimen in this area.

3.2. Catalytic extinction behaviour

The CO oxidation extinction profiles measured in the chemical
flow-reactor are shown in Fig. 3a. The CO conversion for Pt/alu-
mina (dashed line) and Pt/ceria (solid line) is clearly dependent
on the CO concentration in the feed. The higher the feed CO con-
centration, the higher the extinction temperature, which is in line
with previous studies [14,38]. The CO conversion for the Pt/alu-
mina catalyst starts to drop at approximately 215, 190 and
150 °C when feeding 0.5, 0.2 and 0.05 vol% CO, respectively,
whereas the corresponding temperatures for the Pt/ceria catalyst
are 170, 160, and 135 °C. In terms of extinction temperatures, Pt/
ceria is here shown to be more active for CO oxidation than Pt/alu-
mina, especially considering its lower specific Pt area as has been
observed previously [14,39]. As reflected by the narrower range
of extinction temperatures, the dependence on the CO concentra-
tion in the feed is weaker for the ceria supported platinum. The
qualitative kinetic behaviour of the Pt/alumina catalyst resembles
that of Pt catalysts with inactive supports [40,41] and even that
of unsupported Pt [42]. Upon decreasing the temperature, the com-
petitive adsorption between CO and O, suddenly favours CO
adsorption (first order kinetic phase transition) such that the Pt
sites become CO self-poisoned and the CO oxidation rate drops
[13,15].

Interestingly, for the Pt/ceria catalyst in the low CO conversion
regime, the catalytic extinction slows down and the CO conversion
decays slowly towards lower CO conversions in stark contrast to
the Pt/alumina catalyst. The kinetic behaviour of the Pt/ceria cata-
lyst at low CO conversions shows that Pt/ceria is less prone to CO
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self-poisoning and suggests that complementary reaction paths
that are less sensitive to CO poisoning [14,23] exist.

The different influence of alumina and ceria on Pt when used as
support for Pt particles is further evidenced by the H,-TPR mea-
surements. Fig. 3 shows the H, consumption for Pt/alumina (panel
b) and Pt/ceria (panel c) as a function of sample temperature
together with a deconvolution of the main consumption peaks into
Gaussian peaks. For the Pt/alumina, three peaks centred at 76, 212
and 379 °C could be fitted. Integration of the peak areas gives a H,
consumption of 0.035, 0.08 and 0.2 mmol/g.,, respectively. Differ-
ent peaks are commonly assigned to Pt particles of different sizes
[43]. According to the STEM imaging, however, the Pt particle size
distribution is not broad. Thus, the three H, consumption peaks are
assigned to different reduction processes. The low-temperature
peak is presumably associated with surface reduction of oxidised
Pt particles, likely the larger ones within the distribution, as well
as platinum oxides weakly stabilised by the alumina support
[44,45]. The peak at 212 °C is broad and not straightforward to
assign to a certain species but merely reflects a continuous reduc-
tion with increasing temperature. The high-temperature peak is
the major contributor to the overall H, consumption and almost
represents the expected nominal H, consumption for complete
reduction of PtO, to Pt. The high reduction temperature reflects
reduction of platinum oxide particles that are significantly sta-
bilised by the alumina support [46], supposedly the smaller ones
within the distribution. As the H, consumption is close to the
upper limit for a fully oxidised platinum phase, alternative con-
sumption processes can be reflected upon. For example, it not
imposible that H; is consumed by reactions with alumina bound
surface carbonates. This effect, however, is likely minor as in the
Pt/alumina system, the amount of carbonates remaining after pre-
treatment is expected to be too low [47]. Further, the use of 20 vol.
% O, in the pretreatment is likely to result in a deep oxidation of
the platinum phase such that close to nominal H, consumption
during the TPR is not unrealistic.

The H, consumption profile for the Pt/ceria catalyst is appar-
ently different from that of Pt/alumina. Here two peaks, both at
rather low temperatures, could be fitted. The peak at 77 °C corre-
sponds to the largest consumption amounting 0.4 mmol/g.,. This
peak is assigned to reduction of platinum oxides. However, the
expected nominal H, consumption for reduction of Pt*" to Pt in this
sample is 0.1 mmol/g.,. Thus, this peak reflects also other con-
sumption routes. Presumably reactions between hydrogen and lat-
tice oxygen in the vicinity of the Pt particle-ceria boundary [48]
through hydrogen spillover [49,50] reducing Ce** cations adjacent
to the Pt particles. Following this reasoning, the peak at 120 °C may
be related to continued hydrogen migration requiring slightly
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higher temperatures. For example it has been proposed that such
migration can lead to the formation of ceria bronzes (H,CeO,)
[9,50]. In Fig. 3¢, the H, consumption by the ceria alone is included
for comparison. As can be seen two reduction peaks appear at 435
and 525 °C, which previously have been assigned to surface reduc-
tion, whereas bulk reduction occurs at even higher temperature
[9,39,51]. These peaks are absent for the Pt/ceria catalyst indicating
that Pt is well distributed on the ceria surface in correspondence
with the STEM/EDX results. Further, the absence of low-
temperature peaks (at 77 and 120 °C) for ceria strengthens the
interpretation that these originate from the Pt phase in the case
of the Pt/ceria catalyst. The H,-TPR results clearly show that the
mechanisms mediated by the two supports are different. Hydrogen
spillover and further reaction with oxygen from the support is sig-
nificant for the Pt/ceria system whereas such processes seem neg-
ligible for Pt/alumina under the present conditions. This
strengthens the interpretation that a platinum-ceria boundary
can provide complementary CO oxidation reaction paths to those
occurring on Pt particles.

3.3. Speciation and stability of CO ad-species

Carbon monoxide is one of the common probe molecules for
catalytic sites and when combined with infrared spectroscopic
characterisation, the resulting absorption bands from adsorbed
CO signify sites with different coordination and chemistry
[20,47,52,53]. Fig. 4 shows the IR spectra collected during desorp-
tion of pre-adsorbed CO upon a step-wise increase of the temper-
ature. Princiaplly, the relative intensity of an IR band should not be
interpreted as a relative abundance straight away as the molar
attenuation coefficient depends on the configuration of the CO
ad-species and the site it occupies. However, according to calcula-
tions (not shown), the variation of IR band intensity of platinum
carbonyls of different configurations as well as platinum bound
to oxygen is expected to be less than about threefold in most cases.
Hence, (semi) quantitative comparison of IR bands in terms of
ranking of species abundance can be made if the compared inten-
sities differ more.
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Fig. 4. Desorption of CO from Pt/alumina (a) and Pt/ceria (b) during a stepwise
increase of the temperature from 34 to 211 °C. The catalysts were pretreated with
5% 0, and then with 1% H, for 30 min at 211 °C, cooled and exposed to 0.2% CO at
34 °C until saturation.
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Three major peaks positioned at 2108, 2085 and 2065 cm ™' can
be seen for the Pt/alumina catalyst (panel a). These are assigned to
CO linearly bonded to ionic platinum (V§2(Pt?")), partially oxidised
platinum (¥$9(Pt>*)) and reduced platinum (750(Pt°)), respectively
[52,54-56]. The two minor peaks at 1882 and 1839 cm! are
assigned to CO bridge-bonded to platinum (79(Pt)) likely on larger
Pt particles [20,57]. A comparison of the peak intensities suggests
that the vast majority of the adsorbed CO species is of linear con-
figuration as the V0 is at least 15 times more intense than the
v$0. This supports the assumption of a one-to-one relationship
between adsorbed CO and number of Pt surface atoms used in
the analysis of CO chemisorption data above. Upon increasing the
temperature, adsorbed CO starts to desorb as evidenced by the
generally decreasing intensity over the entire measured spectral
range. For temperatures up to 90 °C, the v$9(Pt°) band can be
clearly seen and it red-shifts by 9 cm~'. This can be explained by
two effects, i.e., a successively weaker CO dipole-dipole coupling
and increasing back donation of electrons to the 27* molecular
orbital in the adsorbed CO with decreasing CO coverage [58].
Increasing the temperature further leads to an abrupt change in
the entire spectrum at 99 °C. At this temperature the peaks for
VEO(PE**), VSO(Pt™*) and vSO(Pt°) can be seen, but the v52(Pt**) peak
becomes the dominant species. Likely, this peak reflects CO ad-
species on Pt sites that connect with the alumina support, giving
rise to the partially oxidised character of the Pt site.

Moving on to the Pt/ceria catalyst, peaks at 2098, 2081 and
2053 cm™! are assigned to ¥§O(Pt?"), 759(Pt°") and ¥SO(PtP), respec-
tively [59,60]. It is clear that the majority of the CO ad-species bind
to oxidised platinum demonstrating the significant impact of the
ceria support on these platinum sites. There are also some (minor)
CO adsorbed on Pt° indicating the presence of Pt particles exposing
sites that are not significantly affected by the ceria support. In
addition to the 750 bands there are two minor peaks at 1876 and
1847 cm~! that can be assigned to ¥$°(Pt) [61]. Following the same
reasoning as for the Pt/alumina system, the V{0 is the most abun-
dant species and the assumption of a one-to-one ratio for adsorbed
CO and Pt sites is valid also for the Pt/ceria system. Upon increasing
the temperature, CO starts to desorb. The ¥$° bands disappear first
and cannot be discerned when reaching 116 °C whereas the
¥0(Pt°) band has vanished at roughly 172 °C. The ¥$9(Pt°*) and
vEO(Pt**) band can be seen for temperatures up to around 180 °C
and 188 °C, respectively. Interestingly, no obvious red-shift is
unveiled as for the Pt/alumina catalyst. This indicates that the Pt
particles are too small and/or curved as to provide surfaces for
which coverage dependent peak shifts could occur. Another expla-
nation, also stemming from the small particle size, is that the char-
acteristics of the majority Pt sites is dominated by their
interactions with support oxygen. A less likely explanation could
be that charge transfer from Pt to cerium atoms [62] impose a
blue-shift that perfectly compensates a coverage-dependent red-
shift [61].

Comparing the type and stability of the CO ad-species for the Pt/
alumina and Pt/ceria catalysts, it is found that the most abundant
species is the ¥$° for both samples. However, at low temperatures,
the main characteristic peak for Pt/alumina is the 7$0(Pt®) whereas
for Pt/ceria it is the V§(Pt**), clearly showing that the support
influences the chemical properties of many Pt sites. For both cata-
lysts, CO adsorbed on Pt with oxidised character appears most
stable. Specifically, the most stable ad-species for the Pt/alumina
and Pt/ceria catalysts is V{2(Pt°*) and the vSO(Pt**), respectively.
This is a result of the interaction between the support and the gen-
erally small particles as CO binds significantly weaker on a true
platinum oxide particle than on the corresponding metallic plat-
inum particle [20]. The IR bands for the Pt/ceria catalyst are gener-
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ally less intense. One cannot unambiguously state whether or not
this stems from fewer CO ad-species because the molar attenua-
tion coefficients for the CO ad-species could be different for the
ceria system. Further, other optical properties, foremost scattering,
of ceria is likely different from that of alumina, ultimately leading
to varying optical path length in the sample bed. This inherrent
property cannot be eliminated but the use of a thin layer of sample
on top of a KBr bed as to probe the full sample depth may at least
counteract this artefact. Hence, one can only speculate that the
lower intensity reflects fewer adsorbates, which then suggests that
parts of the platinum interacts weakly with CO. Supposedly such
platinum species is atomically dispersed platinum [63], which
aligns well with the fact that the Pt is more dispersed on the ceria
support. The more dispersed platinum may also explain the posi-
tions of the characteristic IR peaks that appear at lower wavenum-
bers as compared to the Pt/alumina catalyst. These positions may
relate to the smaller size and possibly different morphology of
the Pt particles and/or overall less dense CO coverage.

3.4. Chemistry and dynamics of Pt particles during catalytic extinction

Turning to the main question, namely how the support influ-
ences the chemistry of the Pt particles during catalytic extinction,
operando DRIFTS and XAS were used and correlated as presented
for Pt/alumina in Fig. 5 and for Pt/ceria in Fig. 6. In these figures,
the a panels show the spectral region for vgg’sz formed as a direct
consequence of the catalytic reaction together with CO conversions
measured with mass spectrometry, the b panels the wavenumber
region for the different CO ad-species on Pt analogous to the CO
desorption discussed above, the ¢ panels the normalised XANES
spectra and d panels the fitted k>-weighted EXAFS spectra. As-
prepared samples, Pt black and PtO, are used as as references for
the XAS measurements. The percentage of CO conversion mea-
sured by mass spectrometry is shown on the FT k?>-weighted EXAFS
spectra.

Starting with the results for the reference Pt/alumina catalyst, it
is clear that at the highest temperature of 211 °C, the vgaog band has
maximum intensity whereas no bands for CO ad-species can be
observed. This reflects a highly active catalyst free from CO poison-
ing. With decreasing temperature, the intensity of the 9;252 band
decreases, at first, rather continuously until 116 °C is reached from
where it drops. This drastic change in CO, production is associated
with a corresponding abrupt change in the intensities for the ¥£0.

At 108 °C, the Vg2 band is almost vanished and the V{0 bands grow
even stronger. Qualitatively this is in line with the flow-reactor
results. Upon decreasing the temperature, the activity for CO oxi-
dation declines and at the critical temperature, here around
108 °C, the kinetics changes drastically when the Pt sites become
CO self-poisoned (kinetic phase transition). The ¥{Q bands, how-
ever, start to be visible already at 133 °C when some CO, is pro-
duced. This is likely due to the presence of Pt particles with
different sizes exposing Pt sites with different activity. For techni-
cal catalysts, this is an important characteristics as to be function-
ing in a broad temperature interval. The V0 bands are not visible
until the CO, production ceases at 108 °C from where they grow
stronger during the further decrease of the temperature. Compared
to the CO desorption measurements, the v$O(Pt**), v$°(Pt**) and
T}ﬁg(PtO) bands are generally positioned at higher wavenumbers,
i.e., 2112, 2090 and 2069 cm™!, respectively. On the contrary, the
¥9 bands appear at nearly the same positions. The higher
wavenumbers for the V50 bands reflect that CO adsorbs linearly
on Pt sites that are affected by the presence of oxygen whereas
the sites adsorbing CO in bridged configuration seem unaffected.
During the extinction, when the CO self-poisoning occurs, the oxi-
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Fig. 5. Operando spectroscopic results for Pt/alumina during catalytic CO oxidation
extinction. CO, gas phase spectra with noted CO conversions measured with mass
spectrometry (panel a) and spectral region for CO adsorbed on Pt (panel b) with
noted sample temperatures in °C in presence of 0.2 vol.% CO and 1 vol.% O,. XANES
spectra (panel c) and FT k?-weighted EXAFS spectra with noted CO conversions
(panel d) in a flow of 10 ml/min of 5 vol.% CO and 40 ml/min of 5 vol.% O,. The
spectrum for Pt black (panel d) was recorded ex situ in ambient air at room
temperature as a reference.

dised parts of Pt particles are expected to undergo reduction [22]
that leads to a red-shift of the ¥$°(Pt®) band [20]. This may be dis-
cerned at the very beginning of the build-up of the ¥$2(Pt°) band
although not very clearly. Likely, this red-shift is cancelled out by
the blue-shift caused by increasing CO coverage. As bridge-
bonded CO can be observed only after the catalytic extinction,
the removal of platinum oxides is likely close to complete at this
point resulting in unaltered band positions. Looking at the evolu-
tion of the Pt L3 edge, it is clear that the white-line intensity
decreases (step-wise) during the extinction, here between 168
and 154 °C. Likewise, the FT k®-weighted EXAFS spectra show a

clear peak at 1.5-2 A assigned to Pt—O contribution at the higher
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Fig. 6. Operando spectroscopic results for Pt/ceria during catalytic CO oxidation
extinction. CO, gas phase spectra with noted CO conversions measured with mass
spectrometry (panel a) and spectral region for CO adsorbed on Pt (panel b) with
noted sample temperatures in °C in presence of 0.2 vol.% CO and 1 vol.% O,. XANES
spectra (panel c¢) and FT k?-weighted EXAFS spectra with noted CO conversions
(panel d) in a flow of 10 ml/min of 5 vol.% CO and 40 ml/min of 5 vol.% O,. Reference
spectra for PtO, and Pt foil were recorded ex situ in ambient air at room
temperature.

temperature when the CO oxidation proceeds whereas during
extinction, a pronounced peak at around 2.5-3 A assigned to Pt—Pt
contribution appears at the expense of Pt—O contribution. The
DRIFTS and XAS data together reflect that the oxidised state of Pt
during CO oxidation is caused by O, dissociation on Pt particles
and during the catalytic extinction, CO adsorbs preferentially on
Pt sites leading to a reduction of platinum oxides and a CO self-
poisoned catalyst. In essence the CO oxidation is in line with the
classical three-step mechanism complemented with oxide forma-
tion [13,20]. However, some of the Pt sites, likely those on the
smaller Pt particles, exhibit a certain oxidised character due to
the presence of oxygen even at low CO conversions.
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Moving to the oxidation of CO over the Pt/ceria catalyst, the
measured spectroscopic response during catalytic extinction (cf.
Fig. 6) is qualitatively different from that of Pt/alumina. Even at
the highest temperature of 211 °C, at which the measured CO, pro-
duct is obviously significant and CO conversion is 100%, an IR
absorption band at 2107 cm~! with a fwhm of 20-30 cm ™! can
be clearly seen. This band is assigned to CO linearly bonded to ionic
platinum, i.e., ¥$°(Pt**). This species appears to be a spectator that
seems to be in equilibrium with gas phase CO as its band intensity
increases with decreasing temperature while the CO conversion
remains complete. It is not trivial to elucidate its origin and
reported IR band assignments are not free from debate [27]. Here,
the peak is neither observed for Pt/alumina nor Pt/ceria during CO-
TPD conditions, i.e., no CO in the feed, suggesting the bonding of CO
to the site is not strong and/or that the site is not present without
oxygen in the feed. From a catalysis point of view, one may specu-
late that it signifies CO adsorbed on atomically dispersed platinum
that has been considered catalytically inactive. However, such spe-
cies has been reported to give rise to a sharp IR band at 2090 cm™!
with fwhm around 10 cm~!. For example for single atom catalysts
prepared by a sol-gel method [24] and catalysts with platinum
substituted into ceria admittedly prepared with incipient impreg-
nation but with post-calcination reductive treatment [64]. On the
contrary, for catalysts synthesised with strong electrostatic
adsorption and incipient wetness impregnation methods that pro-
vide a more relevant comparison with present samples, the CO
adsorption on atomically dispersed platinum has been shown to
be weak [63]. Instead, the observed IR band at 2095 cm™! has been
assigned to CO on oxidised platinum clusters [63]. Further, CO
adsorption on presumably rather deeply oxidised platinum parti-
cles on alumina has been associated with IR bands at 2112 cm™!
[20], which is close to present peak position. Taken together, the
present spectroscopic data points towards a ¥$0(Pt**) species orig-
inating from oxidised platinum clusters and/or PtO, patches on
particles, which suggests coexisting platinum and platinum oxide
phases. Such phases have been considered to synergistically drive
the CO oxidation reaction where the platinum phase adsorbs the
CO and the oxide phase provides reactive O [65]. The present
results are in line with this mechanism although the presence of
catalytically inactive platinum oxides, which cannot be reduced
by CO under present reaction conditions, can not be excluded. Con-
sidering the latter to be clusters, one may envisage (planar)
moeties in close contact with the ceria support that exist only
under oxidising atmosphere maintaining the clusters and/or ceria
oxidised.

Upon decreasing the temperature, the intensity of the vgg’g band
decreases smoothly without a drastic change. Simultaneously, the
T)ﬁg(Ptz") immediately starts to grow despite continued formation
of CO,. Reaching 125 °C, less CO-, is formed and at 81 °C it is hardly
visible. At around 125 °C, a shoulder at 2078 cm™! assigned to
vEO(Pt™) starts to evolve. The appearance of this shoulder reflects
removal of platinum-bound oxygen by CO during the extinction.
As the ¥{O(Pt>*) band appears as a shoulder, this type of site likely
constitutes a smaller part of the total number of available Pt sites,
in line with a previous study [47]. This extinction dynamics indi-
cates that the CO oxidation in the high reactive state proceeds on
partially oxidised platinum particles suggesting that the reaction
uses CO adsorbed on Pt and O from PtO, species similar to previous
works [22,65].

Scrutinising the XANES spectra, there is hardly any visible
changes in the Pt L3 edge intensity during the extinction. Consider-
ing the EXAFS spectra, the Pt phase remains in an oxidised state
with a clear Pt—O contribution and negligible Pt—Pt coordination
during the entire extinction process. It appears oxidised even at
37 °C when the reaction is extinct. In fact, during reaction condi-
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tions the oxidation state is only slightly lower than for the as-
prepared Pt/ceria under He flow at RT, and Pt clearly coordinates
with O. This is, again, explained by the highly dispersed platinum,
i.e., the presence of small Pt particles and atomically dispersed Pt,
that make the majority of the included Pt atoms to bind to support
oxygen.

To further analyse the oxidation state of Pt, the so-called white-
line intensity (WLI) is plotted as a function of temperature for the
two samples in Fig. 7a. For Pt/alumina the WLI is always between
that of Pt black and PtO,. For the as-prepared Pt/alumina the WLI is
rather close to that of PtO, whereas in the presence of the reaction
mixture the maximum WLI observed for the active catalyst is
slightly lower and drops during extinction. The lowest value, how-
ever, obtained for the CO self-poisoned catalyst is still higher than
that for Pt black, which indicates a certain (small) influence by the
alumina support on the Pt particles assuming complete oxide
removal by CO. For the Pt/ceria catalyst, the WLI is generally con-
siderably higher and the changes during catalytic extinction are
different from those of Pt/alumina. The WLI first decreases from
1.85 to 1.7 where it remains until the catalytic extinction occurs
and then increases. This behaviour is not straightforward to
explain. One can, however, envisage that CO reacts with lattice
oxygen from ceria support in the vicinity of Pt particles resulting
in a slight decrease of the WLI in the high temperature regime
and then, when the reaction extincts, formed oxygen vacancies in
the ceria support become replenished by O, at low temperatures
[66]. This interpretation implies a clear interplay between ceria
and Pt particles and specifically that reactions at the platinum-
ceria boundary is possible at low temperatures.

The different impact of the two supports on the Pt particles
becomes even clearer when analysing the local structure. The coor-
dination number (CN) and bond distance for Pt—0 and Pt—Pt spe-
cies are plotted as a function of temperature for the two samples in
Fig. 7b-d. The fitting parameters for Pt/alumina and Pt/ceria are
shown in Supplementary Table S2 and Supplementary Table S1,
respectively. For the Pt/alumina catalyst, the Pt—0O CN generally
follows the same trend as the WLI In the presence of the reaction
mixture, a high Pt—O CN is observed only at 168 °C, for which the
catalytic activity is high. The Pt—O bond distance is equivalent to
the as-prepared sample and slightly shorter than that of PtO, sug-
gesting a deformed platinum oxide as proposed earlier [22]. For the
lower temperatures with low catalytic activity the Pt—0 CN is also
low. Here, instead, the Pt—Pt CN is generally high except at 168 °C
and increases during the extinction process indicating an increas-
ing presence of Pt particles that have been reduced by CO. At low
temperatures, the Pt—Pt bond distance is lower than for the as-
prepared sample but close to that of Pt black. For Pt/ceria, during
CO oxidation, the Pt—O CN follows the same trend as the WL,
i.e, first a decrease to a minimum level where it stays until the cat-

alytic extinction occurs and then increases again. This indicates
that the major contribution to the observed changes in WLI origi-
nates from Pt—O species. The high oxidation state of Pt when sup-
ported on ceria is most likely due to its binding to ceria lattice
oxygen creating stable Pt—O structures, for example, the Pt—O dis-
tance of about 2 A remains nearly unchanged in agreement with
other studies on platinum nanoparticles on nanosized ceria [67].
The marginally longer Pt—O distance at elevated temperature is
due to thermal expansion. Further, the platinum oxidation state
is influenced by charge transfer from the Pt particles to cerium
[68,69]. Despite being a bulk averaging technique, the XAS mea-
surements include these effects because of the high Pt dispersion.
It has been proposed that electrons from Pt nanoparticles can
transfer to (nanosized) ceria when supplemented with ceria lattice
oxygen spillover to the vicinity of Pt [48,70].

In summary the two support materials influence the chemistry
and dynamics of the Pt particles differently leading to qualitatively
different extinction behaviour for CO oxidation. Under CO oxida-
tion conditions, platinum particles on both alumina and ceria are
in an oxidised state. For Pt/alumina, the extinction of the CO oxida-
tion occurs with a drop in catalytic activity caused by a sudden
build up of the CO coverage, which is associated with removal of
platinum oxides such that the state of Pt is close to that of Pt black
experiencing just a minor influence by the alumina. Contrary, for
Pt/ceria, the high oxidation state of Pt prevails during the extinc-
tion process, which is smooth rather than stepwise. Judging from
the XAS results alone one would falsely claim that the Pt/ceria cat-
alyst is active at all temperatures because of the high oxidation
state suggesting no CO self-poisoning. With the infrared spectro-
scopic results, however, it is clear that at low temperatures also
the Pt/ceria system is covered with CO. This emphasises the impor-
tance of correlative operando measurements in heterogeneous
catalysis research.

4. Conclusions

Correlative operando infrared and X-ray absorption spec-
troscopy has been shown to be required as to explain the qualita-
tively different extinction kinetics of CO oxidation over industrially
relevant Pt/ceria in comparison with reference Pt/alumina. Small Pt
particles, with sizes centred around 1 nm, remain in a highly oxi-
dised state independent of CO coverage and oxidation activity,
which is suggested to be caused by their interaction with oxygens
in the ceria lattice, possibly accompanied by charge transfer from
platinum to cerium atoms. At high conversions, spectator CO ad-
species can be observed while the reaction proceeds on platinum
particles that contain ionic platinum. Despite a high CO coverage
at low temperatures, some CO oxidation activity is observed sug-
gesting accessible catalytic reaction pathways at the platinum-
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ceria boundary that cannot be CO self-poisoned. Hence, the pro-
tracted extinction is explained by a gradual CO self-poisoning of
sites on the platinum particles that shifts the main oxidation route
from occurring on the particles, exposing Pt and PtO, sites, to be
mediated by sites at the platinum-ceria boundary. Approaching
room temperature, these boundary sites eventually become inac-
tive as well. This behavior is in stark contrast to that of Pt/alumina,
which follows the classical extinction behavior with a reduction of
PtO, species and a drop in catalytic activity caused by a sudden CO
self-poisoning, i.e., a first order kinetic phase transition.
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