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Dynamics of single Pt atoms on alumina during CO oxidation moni-
tored by operando X-ray and infrared spectroscopies
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siev, Laurent Piccolo”

Univ Lyon, Université Claude Bernard - Lyon 1, CNRS, IRCELYON - UMR 5256, 2 Avenue Albert Einstein, F-69626
VILLEURBANNE CEDEX, France.

ABSTRACT: Single-atom catalysts (SACs) are promising atom-efficient materials, with potentially superior performances
with respect to their nanoparticulate counterparts. Owing to its practical importance and relative simplicity, CO oxidation
on Pt/y-Al,O; is considered as an archetypal catalytic system. The efficiency of the corresponding SAC has recently been
the subject of debate. In this work, in addition to systematic high-resolution scanning transmission electron microscopy,
we have simultaneously monitored the Pt dispersion, oxidation state, and CO oxidation activity by operando fast X-ray
absorption spectroscopy and diffuse reflectance infrared spectroscopy, both combined with mass spectrometry. It is shown
that single Pt™ atoms (m 2 2), resulting from the standard impregnation-calcination procedure of SAC preparation, are
poorly active. However, they gradually but irreversibly convert into highly active ~1-nm-sized Pt® clusters (< 2) throughout
the heating/cooling reaction cycles, even under highly oxidizing conditions favorable to atomic dispersion. Increase in the
Pt loading or the CO/O, concentration ratio accelerates the clustering-reduction phenomena. This work not only evidences
a gradual aggregation/activation process for an important catalytic system, but also highlights the power of operando spec-
troscopies to address stability issues in single-atom catalysis.
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INTRODUCTION

In the quest for minimal consumption of precious met-
als, single-atom heterogeneous catalysis has recently at-
tracted much attention because single-atom catalysts
(SACs) expose all the virtually active metal atoms to the
reactants.'*° Moreover, with respect to supported nanopar-
ticles, SACs can exhibit different performances in relation
to their distinct electronic structure, onto which the sup-
port has a critical influence." These materials have shown
promising performances in a number of reactions related
to energy, environment and chemicals production. How-
ever, owing to the inherent tendency of single atoms to ag-
gregate into larger entities such as nanoparticles, SAC sta-
bility may be the main issue in future developments. For
example, several works have shown the agglomeration ten-
dency of Pt atoms on various supports under reducing at-
mospheres.'>'7 Nevertheless, whereas dynamical effects in
catalysis have been investigated in detail for supported na-
noparticles,’® similar studies on SACs are still scarce. No-
ticeably, in many studies published so far, the metal dis-
persion (single atom or cluster/nanoparticle) during, or

even after the reaction, is unknown, making the in situ/op-
erando approaches'®2°-25 highly desirable. In this context,
an atomic-scale understanding of SAC restructuring is ex-
pected to favor the design of stable SACs.?¢

A number of studies dedicated to Pt/Al,O; SACs have
been reported to date, with applications to CO oxidation,
water-gas shift, and hydrocarbon processing.?73> CO oxi-
dation on Pt/y-Al,O; can be considered as a reference
model system due to its relative simplicity and practical
relevance in e.g. air pollution control.33 In a pioneer work
on Pt,/6-Al,O;, Narula and coworkers concluded from in-
frared/X-ray absorption spectroscopies and scanning
transmission electron microscopy (STEM) that Pt single at-
oms are intrinsically active toward CO oxidation.3® A
model based on density functional theory (DFT) suggested
that Pt, prefers to bond to O, over CO, and that the reac-
tion proceeds through a Pt carbonate. In contrast, Stair and
coworkers concluded from infrared spectroscopy, temper-
ature-programmed reaction and STEM that, unlike Pt na-
noparticles, single Pt atoms supported on a variety of sub-
strates including y-ALQO;, are inactive for CO oxidation and
water-gas shift reactions.34 This was mostly ascribed to an
excessively strong Pt,-CO interaction.

In a recent work, we have shown from environmental
STEM, X-ray absorption spectroscopy and DFT investiga-
tions that single Pt atoms on alumina are stabilized in ox-
ygen atmosphere through the formation of Pt-Oads-Alsupport



bridges; in contrast, Pt atoms aggregate into mobile sub-
nanometric clusters under hydrogen.”” Here, we investigate
the structural stability of Pt/y-ALO; SACs throughout CO
oxidation in correlation with their catalytic performances
by using, in combination with STEM, state-of-the-art oper-
ando spectroscopies. We evidence that, even for relatively
low Pt amounts and a priori favorable reaction conditions,
single Pt atoms are prone to aggregate into clusters, which
are much more active and then dominate the CO oxidation
kinetics. This implies that, in metal/oxide SAC studies,
even a low fraction of clusters or nanoparticles should not
be neglected, as they may represent, depending on the con-
sidered reaction, the actual active species.

EXPERIMENTAL SECTION
Catalyst preparation

y-ALO; powders (Sasol Puralox SCFa-140, >97.0 % Al,O5)
were calcined in air at 600 °C for 3 h before use. For catalyst
preparation by incipient wetness impregnation, 2.0 g of
alumina was impregnated with 1.8 mL of an aqueous solu-
tion of Pt(NH;),(NO,), (Alfa Aesar, >50 wt% Pt), dried in
air at 60 °C for 5 h, and calcined in air (40 mL/min) at 300
°C for 2 h (2 °C/min ramp). The Pt loadings of the 0.3Pt and
1Pt samples were find equal to 0.31 wt% and 0.96 wt%, re-
spectively, by inductively coupled plasma - optical emis-
sion spectroscopy (ICP-OES, Horiba Jobin Yvon).

Scanning transmission electron microscopy

The STEM-HAADF experiments were performed with a
FEI Titan ETEM Gz electron microscope, equipped with a
Cs image aberration corrector and operated at 300 keV.
The extraction voltage, camera length, acceptance angles,
STEM resolution and probe current were 4500 V, 245 mm,
29.2-146 °, 0.14 nm and <o0.1 nA, respectively. For sample
preparation, the powder was crushed and dispersed in eth-
anol through ultrasonication, dropped onto a holey car-
bon-coated 200 mesh Cu grid, and dried by a lamp. To
avoid contamination during analysis and remove all resid-
ual carbon, the samples were Ar plasma-cleaned for 20 s
(Plasma Prep 5, GaLa Instrumente). No filtering was ap-
plied on the STEM images.

Operando X-ray absorption spectroscopy

The local structure of Pt species was investigated by XAS
in transmission mode on the ROCK beam line at the
SOLEIL synchrotron. X-ray absorption spectra at the L3
edge of Pt were recorded. The powder samples were placed
inside a pseudo plug-flow operando cell composed of a
sample holder fitted into a heated block.3> The cell was
connected to a gas distribution system allowing for careful
control of the gas flows at atmospheric pressure. In situ
thermal treatments were applied from RT to 300 °C under
air flow (105 Pa, 50 mL/min, 4 °C/min) or H, flow (105 Pa, 30
mL/min, 5 °C/min). Under the reaction mixture at atmos-
pheric pressure (total flow rate 50 mL/min), the sample
was heated at 2 °C/min from RT to 300 °C, and cooled down
at the same rate. The gas mixture consisted of CO:0,:He =
2:10:88% (COOXio conditions) or CO:0,:He = 2:2:96%
(COOX2 conditions). The reactor was flushed for 10
minutes under He between the oxidative and the reductive
treatments. Data merging and preliminary analysis were

carried out using ATHENA software.3% EXAFS fitting was
performed using VIPER program.3” The fit was performed
alternatively in k and R spaces. When in the R space, it was
done in the (Im + Module) mode, mathematically equiva-
lent to the k-fit.

It should be noted that the error in Pt-Pt coordination
number (CN) determination by EXAFS is high for these
low-loaded and highly dispersed systems, because of the
overlap between the Pt-Pt features and wiggles of the Pt-O
FT signals. Thus, in the presence of several Pt-O bonds per
Pt atom, determining the presence of less than one Pt
neighbor is at the limit of the EXAFS technique. The sec-
ond neighbor peak with a distance slightly above 3 A is
most probably due to the support Al atoms involved in the
Pt-O-Al bonds. However, the high disorder of the Pt coor-
dination environment makes it impossible to fit this con-
tribution with an acceptable figure of merit.

Operando diffuse reflectance infrared Fourier
transform spectroscopy

Operando infrared spectroscopy was performed using a
Thermo Nicolet 6700 FTIR spectrophotometer equipped
with a DRIFTS cell (Harrick HVC-DRP) and a high-sensi-
tivity MCT detector. The cell, equipped with CaF, win-
dows, was connected to a gas handling system allowing in
situ treatments with several gases at temperatures up to
500 °C. About 30 mg of the powder sample was placed in
the cell sample holder. The sample was submitted to the
following treatments or reactions at atmospheric pressure
with a total flow rate of 25 mL/min: (i) 20% O, in He, 2
°C/min, 350 °C, 2 h; (ii) 2% CO + 2 or10% O, in He, 2 cycles;
(iii) H,, 2 °C/min, 350 °C, 2 h; (iv) identical to (ii); (v) iden-
tical to (i); (vi) identical to (ii). The spectra were recorded
in the 1000-4000 cm™ range at a resolution of 2 cm™ by ac-
cumulating 64 scans. The Omnic software (Thermo) was
used for initial data processing. Temperature cycles were
composed of ramps (3 °C/min) and plateaus (20 min, for
DRIFTS acquisition) every 50 °C. The reported temperature
corresponds to that of the powder sample surface after cal-
ibration with a pyrometer. The gases exiting the DRIFTS
cell were continuously monitored with a mass spectrome-
ter (Aspec QMS from SRA Instruments). The experiments
were also performed with bare y-Al,O; in order to subtract
the signal of gaseous CO from the DRIFTS spectra.

Catalytic tests

The catalytic properties in CO oxidation were evaluated
under atmospheric pressure in a continuous-flow fixed-
bed reactor which consisted of a cylindrical glass tube (10
mm inner diameter) equipped with a sintered glass filter
supporting the catalyst powder. The same quantity of Pt
(0.5 mg) was used in all tests. The reactor was placed in a
ceramic furnace heated or cooled at 1°C/min between 50
°C and 280 °C. The catalyst temperature was recorded
through a thermocouple immersed in the catalytic bed. By
using mass-flow controllers, the gases were mixed
(CO:0,:He = 2:10:88% or 2:2:96%) and flowed through the
reactor at a total rate of 50 Nml/min. The effluent gases



Figure 1. Representative STEM images of Pt/y-Al,O; samples throughout the catalysis experiments. (a-c) 0.3 wt% Pt/ALO;
catalyst after calcination (a), subsequent CO oxidation cycle with CO:O, = 2:10% (b), and after full experiment (c). Average
size of the clusters (such as that pointed by the arrow) in (c): 1.0 + 0.3 nm. (d) 0.3 wt% Pt/ALO; catalyst after full experiment
with CO:0, = 2:2%. Mostly Pt clusters are present (average size 1.9 + 1.0 nm). (e-f) 1.0 wt% Pt/AlLO; catalyst, as-prepared (e)
and after full experiment with CO:O, = 2:10% (f). Mostly single Pt atoms are present in (e) and mostly Pt clusters (average size
1.0 = 0.2 nm) are present in (f). Some of the single atoms are circled in yellow.

were analyzed online using a Micro GC equipped with a
TCD detector.

RESULTS AND DISCUSSION

Two Pt/y-ALO; catalysts were investigated, with a Pt
loading of 0.3 wt% (0.3Pt sample) or 1.0 wt% (1Pt sample).
Fig. 1and Figs. S1-S3 show STEM images of the samples. For
the as-prepared (i.e., calcined) samples, while 0.3Pt con-
tains exclusively single Pt atoms (Fig. 1a), a mixture of sin-
gle atoms and small clusters is present on 1Pt (Figs. 1e and
S2a), consistently with previous reports.7*7

In order to compare the performances of these catalysts
with those of pre-reduced ones, the samples were submit-
ted to a series of successive reactive treatments under flow
conditions at atmospheric pressure: (i) calcination in air,

to accurately reset the initial (oxidized) conditions; (ii) CO
oxidation reaction; (iii) reduction in hydrogen; (iv) CO ox-
idation (identical to ii). All four treatments were performed
from RT up to 300 °C, followed by cooling back to RT. For
the reaction stages, two sets of conditions were used, with
CO:0, contents in helium of 2:10% (referred to as COOXio
conditions) or 2:2% (COOXz2). Note that the COOXio
(more oxidizing) conditions were chosen to tentatively sta-
bilize the SAC, given that it is stable under oxygen.7 Simi-
larly, pre-exposure to O, was shown to limit the H,-in-
duced sintering of Pt nanoparticles supported on alu-
mina.3® This protocol was similarly applied in a conven-
tional flow-fixed-bed catalytic reactor, in operando
DRIFTS-MS experiments, and in synchrotron-based oper-
ando XAS-MS experiments. In conventional testing (Fig.
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Figure 2. Monitoring of Pt species and their CO oxidation activity (0.3 wt% Pt/y-ALO;, CO:0, = 2:10%). (a) EXAFS color map
showing the evolution with time (from bottom to top) of the FT throughout the calcination/reaction/reduction/reaction pro-
cedure. The full color scale corresponds to 0-2.13 A+ in FT module. Two FT signals are shown in classical view. The radial
distance is phase-corrected. The white disks represent the XANES white line intensity in the same experiment. The intensity
values for Pt, Pt(NH;),(NO;), and PtO, references (Fig. Suia) are reported on the bottom axis. (b) DRIFTS color map showing
the evolution of the vc.o absorption band(s) in the Pt carbonyl wavenumber region during post-calcination (bottom panel)
and post-reduction (top panel) reaction steps. The full color scales correspond to 0-0.10 (bottom) and 0-0.18 (top) in absorb-
ance. Three spectra corresponding to the horizontal lines (at 150 °C during heating and 100 °C during cooling) on the DRIFTS
maps are plotted in classical view. The 100% CO conversion region, as derived from mass spectrometry, is indicated. In (a) and
(b), the Y-axes show temperatures in °C. (¢) CO oxidation light off curves obtained in a conventional flow-fixed-bed reactor
following a similar protocol as in operando experiments.

S4) and DRIFTS (Figs. S5-S7), two heating-cooling CO oxi- (left panels). The corresponding data for 1Pt COOXio (Fig.
dation cycles (instead of one for XAS) were performed at Sg) and 0.3Pt COOXz (Fig. S10) are reported in Supporting
each reaction stage in order to assess the catalyst stability. Information, together with XANES and EXAFS references

(Fig. Su1), and additional XAS raw data and analyses (Figs.

Figure 2 displays the results of such an investigation for
S12-S15, Tables S1-S3).

the 0.3Pt sample under oxygen-rich COOXio reaction con-
ditions. In addition to Fig. 2b, a conventional view of the
Pt-carbonyl region of DRIFTS spectra is shown in Fig. S8



Pre-oxidized single Pt atoms

In the as-prepared (air-calcined) SAC, the EXAFS Fourier
transform only shows a Pt-O contribution (r ~ 2.0 A, Fig.
2a) without any Pt-Pt one, confirming the absence of me-
tallic Pt clusters, in accordance with previous works.7:3°
Comparison of the XANES of the SAC with those of bulk
Pt, bulk PtO,, and pure Pt(NH,),(NOs), precursor refer-
ences (Fig. Sua) suggests an oxidation degree of the single
Pt atoms comprised between II (Pt precursor) and IV
(PtO,).

During the first CO oxidation cycle (bottom of Fig. 2a),
the main EXAFS contribution remains the Pt-O one. At
first sight, the first CO oxidation run (heating) is per-
formed on single Pt atoms, which show a moderate activity
with a half-conversion temperature T}, ~ 230 °C in a con-
ventional flow-fixed-bed reactor (Figs. 2c and Sga). Upon
cooling, T,, decreases to ca. 200 °C. The resulting hystere-
sis is mainly explained in the literature by mass or heat dif-
fusion effects, low-temperature poisoning of Pt by CO, and
different oxidation states of Pt in light-off and extinction
stages, which can be coupled to each other.33394° Looking
closely at the EXAFS evolution, small Pt-Pt features are vis-
ible at 150-200 °C during heating. Then, the Pt-Pt feature
becomes more clearly visible during cooling, in the 150 °C-
RT temperature region. The presence of Pt-Pt features is
correlated to minima in the XANES white line intensity
(WLI), represented horizontally in Fig. 2a. The Pt-Pt fea-
ture appearance in EXAFS and WLI decrease in XANES in-
dicate Pt clustering and reduction.

Another indication of Pt clustering comes from DRIFTS
monitoring (Figs. 2b and S8). While the main peak at 2106-
2100 cm™ is ascribed to CO linearly adsorbed on single Pt™*
cations (m > 2), the shoulder at 2090-2070 cm™, present at
ca. 150 °C on heating and at 150-50 °C on cooling, can be
ascribed to partially oxidized Pt clusters (Pt>, § < 2).3439
Unlike the main band, this shoulder shifts towards higher
wavenumbers as temperature decreases, due to the in-
creased dipole-dipole coupling between CO adsorbates.#
Furthermore, the disappearance of this contribution -and
this contribution only- throughout the full CO conversion
period suggests that the precursor of the active species is
Pt*. This small fraction of Pt clusters would coexist with
poorly active single Pt cations, the DRIFTS signature of
which appears indeed essentially unaffected by the reac-
tion. Indeed, no decrease of the Pt™-CO band intensity
was observed at high CO conversion (Fig. 2b). However, a
slight decrease in this single-atom contribution was ob-
served at high CO conversion in the second CO oxidation
cycle (Fig. S5), and more markedly under oxygen-poor
COOX2 conditions (Fig. S7). In these cases the Pt clusters
are majority species, and the decreasing amounts of SAs
could be expected. Nevertheless, unlike the Pt>*-CO (clus-
ters), the Pt™-CO species (SAs) never disappear com-
pletely, thus the depletions can be ascribed to desorption
and not necessarily to reaction. Further, the ~2100 cm?
band (SAs) actually increases on heating, and decreases
back at the end of the cycle (Fig. 2b). Such an evolution
indicates that single Pt atoms can hardly accommodate
both CO and oxygen and that the adsorption competition

is favorable to oxygen at low temperature and to CO at
higher temperatures, at which the reaction proceeds on the
clusters. This partly reconciles the results of Moses DeBusk
et al. and Ding et al., who found that single Pt atoms prefer
to accommodate oxygen or CO, respectively.3°34 Pt cluster-
ing appears even more marked during the second DRIFTS
cycle (Fig. Ss), and it correlates with a higher activity
(lower T/, Fig. S4a). However, at the end of the CO oxida-
tion cycles, a large proportion of single Pt atoms remains,
consistently with STEM analyses (Fig. 1b).

Remarkably, some authors have proposed, using DFT
calculations, CO oxidation mechanisms on Pt/Al,O;(010)
SACs, which involve either Pt(CO;) 3 or Pt (O-O-C=0) #
species. The former has also been considered by Newton et
al. to interpret their transient experiments on commercial
Pt/AlLO; catalysts.#44 Our simultaneous monitoring of the
catalyst state and light-off activity, based for the first time
on operando experiments, shows that the involvement of
Pt carbonates is not required (though not ruled out) to ex-
plain our data. In our conditions, the oxidation of CO to
CO, can proceed through the conventional Langmuir-Hin-
shelwood mechanism over the fraction of Pt clusters
formed in situ within the initial SAC. The increase of this
cluster fraction throughout CO oxidation cycles leads to an
increase in the CO oxidation activity. Our results are con-
sistent with those of Ding et al.34 and of Lou and Liu,4 who
concluded on the inactivity or poor activity, respectively,
of Pt single atoms supported on y-ALO;. In connection to
these findings, the superiority of subnanometric clusters
overs single atoms was previously reported for CO oxida-
tion over Ir/FeO,.4¢

Pre-reduced Pt clusters

The second part of the experiments consisted in a reduc-
ing treatment in hydrogen in order to obtain a majority of
Pt clusters,? followed by an additional CO oxidation cycle
(or two in the cases of DRIFTS and conventional tests).
Fig.2a shows the gradual disappearance of the Pt-O EXAFS
feature during the hydrogen treatment, together with the
decrease in the XANES WLI and the appearance of a small
Pt-Pt contribution (r ~ 2.6 A). As previously reported, such
a treatment of a Pt/y-ALO; SAC leads to a dominant frac-
tion of 0.9 nm-sized Pt clusters7 (see also Fig. S2c,d for
1Pt sample). The Pt-Pt CN was close to 6 (Table S1), in
agreement with the calculations of Jentys for 13-atom
spherical clusters.#” The Pt-Pt CN remains roughly con-
stant under CO/O, at low temperature, up to 150 °C, i.e.
before the light-off. DRIFTS supports the quasi exclusive
presence of reduced Pt clusters in these conditions, as at-
tested by the 2070-2050 cm™ feature corresponding to lin-
ear Pt°-CO adsorption, with clear coverage-dependent
band shift.4® A fraction of partially oxidized Pt also exists
(shoulder at ca. 2080 cm, better seen in Fig. S8), which is
assigned to Pt®* multimers and/or cluster periphery sites.
The sudden disappearance of the 2070-2050 cm™ DRIFTS
feature upon light-off (Fig. 2b and S8) shows again that the
Pt clusters -now majority- are the catalytically active spe-
cies. This pre-reduced catalyst is much more active than
the pre-calcined one, with a decrease of T, by 52 °C (Figs.



2¢ and S4). The amplification of activity is ascribed to the
increased fraction of Pt clusters. The level of the XANES
WLI under reaction conditions (Fig. 2a) suggests that these
active Pt clusters are oxidized.

However, no Pt-Pt contribution is present in the EXAFS
signal during the 100% CO conversion period, while the Pt-
O component (r = 2.0 A) and the WLI are reinforced (Fig.
2a). This is ascribed to the oxidation of the Pt clusters into
amorphous PtOy. Indeed, when 100% CO conversion is
achieved, in the major part of the catalyst bed, the gaseous
atmosphere contains only inert gas and O,, thus being
highly oxidative. In order to confirm this hypothesis, as op-
posed to an oxidative redispersion of the Pt clusters into
single Pt cations, a quenching experiment was carried out
during conventional catalytic tests (on the 1Pt sample,
which shows a similar behavior as 0.3Pt, see Fig. Sg). At the
end of the COOXio heating ramp, after a plateau of 25 min
at 280 °C, the reactor was quickly water-cooled to RT under
air and the sample was analyzed by STEM. Fig. Sze,f clearly
shows Pt clusters with an average size of 1.1+ 0.3 nm, which
supports the hypothesis that the Pt clusters are not redis-
persed but oxidized during the reaction at high tempera-
ture, i.e. at 100% CO conversion.

Upon return to low temperature under CO oxidation
conditions, the reinforcement of the DRIFTS feature at ca.
2100 cm™ (Figs. 2b and S8, top panels), which had appeared
at 150 °C upon heating, is most likely due to CO adsorption
on remaining single Pt™ cations. Although present in
much smaller fraction after reduction, these species be-
have similarly as before reduction towards CO adsorption.
Indeed, as previously mentioned, an increase of the 2100-
2110 cm™ feature (single Pt cations after calcination) upon
heating up to 300 °C and subsequent cooling down to 150
°C was observed (Figs. 2b and S8, bottom panels).

However, most of the signal (2080-2050 cm™) is ascriba-
ble to Pt clusters. Unlike before the reduction treatment
(cycles 1 and 2), after reduction two successive CO oxida-
tion cycles produce similar DRIFTS signals (Fig. Ss, cycles
3 and 4), consistently with the catalytic tests (Fig. S4). This
indicates that the clustering process is complete. At the
end of the whole process, Pt is thus mostly returned into
the form of Pt° and, to lower extent, Pt>* clusters (low
XANES intensity and CN = 6, see Table S1). However, a sig-
nificant proportion of single Pt atoms (Pt™) remains, as
seen from EXAFS and DRIFTS (Fig. 2a) and post-reaction
STEM (Figs. 1c and Sid-f). In DRIFTS experiments, after the
first two stages (post-calcination and post-reduction), the
catalyst was further calcined in situ under air flow and two
additional CO oxidation cycles (5 and 6, Fig. S5) were per-
formed. The DRIFTS data overall appear very similar to
those of the post-reduction stage. This implies that the
clustering process, which begins after the initial calcina-
tion, and completes after reduction, is irreversible.

Effect of Pt loading and reaction conditions

When comparing the results for 0.3Pt COOXio (Fig. 2)
with those for 1Pt COOXio (Fig. Sg) and 0.3Pt COOX2 (Fig.

6

S10), all three processes look qualitatively similar. How-
ever, DRIFTS evidences that the fraction of metallic Pt
clusters in the first reaction stage is more important at
higher Pt loading (1Pt COOXi0), and even more under less
oxidizing conditions (0.3Pt COOX2). Consistently with the
above conclusion that Pt clusters are more active than sin-
gle atoms, T/, is decreased by 24 °C at higher Pt loading
under COOXio conditions (Fig. S4). In contrast, after the
reduction treatment leading to a majority of Pt clusters in
all cases, the DRIFTS data are almost identical for 0.3Pt and
1Pt, and accordingly the COOXio activities are now similar.
The activity of 0.3Pt is lower under COOX2 conditions (T},
= 239 °C, vs. 226 °C for COOXi0) because of the limited
supply in O, induced by strong CO adsorption at low tem-
perature, i.e. negative reaction order in CO, similarly to
what is known for larger Pt particles within the Langmuir-
Hinshelwood mechanism.4 In all the cases, as shown by
Figs. S5-S7 (cycles 3-6 vs cycles 1-2), the adsorption of CO
as measured by DRIFTS is much more prominent on pre-
reduced catalysts (Pt clusters) than on pre-oxidized ones
(single Pt atoms).

Fig. 3 summarizes the results and allows a quantitative
comparison of the evolutions of the white line intensities
(a) and Pt-Pt coordination numbers (b) between the three
cases. Both show large variations throughout the experi-
ment. The WLI is maximum under highly oxidizing condi-
tions, i.e. calcination treatment and high reaction temper-
ature (high CO conversion). It decreases under less oxidiz-
ing conditions, i.e. reduction treatment and low reaction
temperature. The WLI decrease corresponds to concomi-
tant decrease of Pt-O CNs in EXAFS, from more than 5 to
less than 1 (Fig. S12 and Tables S1-S3). As expected, the WLI
and the Pt-O CN show very similar trends (Fig. S12). Over-
all, Fig. 3 evidences clear Pt reduction (a) and Pt clustering
(b) tendencies. Switching from 0.3Pt-COOXi1o conditions
to 1Pt-COOXio or 0.3Pt-COOX2 leads to a decrease in the
WL, i.e. both the increase in Pt loading and the decrease
in oxygen concentration have Pt reduction effects. The Pt-
Pt bonds corresponding to few-atom clusters are already
detected in EXAFS from ~100 °C upon heating in 1Pt-
COOXio and 0.3Pt-COOX2 experiments, whereas for
0.3Pt-COOXio the Pt clusters appear only below 200 °C on
cooling. However, the COOX2 conditions induce a larger
increase in CN in the first reaction cooling stage, with a
maximum CN of 5 vs. 3-4 for the COOXio conditions.
Therefore, more reducing (COOX2) conditions lead to a
larger number of Pt atoms in the clusters.
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CONCLUSIONS

In this work, in addition to conventional catalytic testing
and STEM, we have used operando XAS and DRIFTS spec-
troscopies to investigate the oxidation of CO over a 0.3 wt%
Pt/y-ALO; SAC prepared by incipient wetness impregna-
tion-calcination. The SAC behavior has been compare d to
its pre-reduced and 1 w t% counter parts under both
standard (CO:O, = 2:2 wt%) and highly oxidizing (CO:0, =
2:10 wt%) conditions.

It is shown that the initially single Pt cations gradually
aggregate into partially oxidized Pt clusters in the course
of the reaction light-off/light-out cycles. The single atoms
are strongly coordinated to oxygen at room temperature,

and to CO at higher temperature. Such a strong adsorption
prevents the SAs from catalyzing the reaction. As the clus-
ters are more active than the single atoms, their formation
during the reaction, and upon hydrogen treatment, leads
to increases in the CO oxidation activity. As compared to
the low-loaded SAC, the 1 wt% Pt catalyst shows a larger
proportion of clusters, a lower average oxidation state, and
a higher Pt-specific activity. Similarly, exposing the SAC to
less oxidizing conditions deeply increases the cluster frac-
tion and decreases the oxidation state.

While demonstrating the clustering dynamics of Pt at-
oms from a systematic multi-technique investigation, this
work enriches the debate on the CO oxidation activity of



Pt,/y-ALO; SACs. These results are likely to be qualitatively
applicable to other catalytic systems and demonstrate the
value of operando investigations to assess the intrinsic ac-
tivity-stability of SACs.
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