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Metal-support interaction plays a crucial role in governing the
stability and activity of atomically dispersed platinum catalysts on
ceria support. The migration and aggregation of platinum atoms
during the catalytic reaction leads to the redistribution of active
sites. In this study, by utilizing a multimodal characterization
scheme, we observed the aggregation of platinum atoms at high
temperatures under reverse water gas shift reaction conditions and
the subsequent fragmentation of platinum clusters, forming
“single atoms” upon cooling. Theoretical simulations of both
effects uncovered the roles of carbon monoxide binding on per-
imeter Pt sites in the clusters and hydrogen coverage in the aggre-
gation and fragmentation mechanisms. This study highlights the
complex effects of adsorbate and supports interactions with metal
sites in Pt/ceria catalysts that govern their structural transform-
ations under in situ conditions.

Introduction

“Single-atom” catalysts (SACs) have garnered significant atten-
tion for their enhanced activity and effective utilization of pre-
cious metals in different reactions."” Ceria stands out as a
highly utilized support for stabilizing SACs, owing to its
capacity to host single metal species and enhance the mobility

of oxygen atoms for certain catalytic pathways.®*"' However,
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the harsh reaction condtions, especially reducing conditions at
elevated temperatures, can result in aggregation of single
atoms. Extensive debates persist regarding whether “single
atoms” or the nanoparticles are the active catalytic species in
many reactions.”>'® Therefore, it’s crucial to explore the
nature of the transformations between the “single atoms” and
nanoparticles in reaction conditions and highlight the roles of
metal-support and metal-adsorbate interactions in these
transformations. In our previous work, we have shown the sys-
tematic evolution of platinum “single atoms” to form nano-
particles on ceria support under water gas shift reaction.?
However, the unique roles of the gas adsorbates and metal-
support interaction responsible for the aggretation of “single
atoms” remain unknown.

In the current study, we focused on understanding how the
realistic conditions of the reverse water gas shift (RWGS) reac-
tion influence the interaction between Pt atoms and ceria
support. To address this, we performed the temperature
dependent studies of Pt nanoparticle catalysts upon cooling
from their active state in RWGS conditions (at 300 °C) in two
different atmospheres: (1) RWGS reaction mixture (CO, and
H,) and (2) CO. Combined in situ diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS), in situ X-ray absorp-
tion spectroscopy (XAS) and ex situ high angle annular dark
field - scanning transmission electron microscopy
(HAADF-STEM) imaging were performed to reveal the distri-
bution and local structure of Pt species on ceria support. The
density functional theory (DFT) calculations were performed to
provide insights into the roles of metal-adsorbates and metal-
support interactions under reaction conditions at an atomic
level.

Results and discussion

The Pt/CeO, catalyst, with a Pt weight loading of 0.94 wt%, was
synthesized by using the wet impregnation method. The
RWGS reaction was carried out at 300 °C under a gas mixture
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of 5% CO, and 5% H, balanced in He with a total flow rate of
31.5 ml min™". The same sample was studied in RWGS con-
ditions previously, alongside with the Pt/ceria-titania mixed
support sample, and both samples were shown to undergo
partial (for this sample) and nearly complete (for the Pt/ceria-
titania sample) reduction to metal particles at 300 °C in RWGS
conditions.’”” The as-prepared sample was determined to
contain predominantly atomically dispersed Pt species on
ceria support as reported previously.'"®?° HAADF-STEM
imaging did not detect clusters or nanoparticles in the as-pre-
pared sample (Fig. Siaf). DRIFTS results presented in Fig. 1
indicate that, under reaction conditions, the narrow peak at
2087 cm™ ", corresponding to the CO coordinated to the ionic
Pt single site,'®*" disappeared from the as-prepared sample
after heating to 300 °C under reaction condition, indicating
the Pt species aggregated into clusters or nanoparticles. The
main contribution to the DRIFTS peak was at the 2064 cm™,
which can be assigned to the well-coordinated sites (WC) of Pt
clusters.”>** Surprisingly, after cooling down in different gas
conditions, distinct structural transformations revealed via the
changes in the CO coordination on the Pt clusters were
observed. When cooling down under the RWGS reaction con-
dition, a shoulder at 2010 cm™" appeared which corresponds
to the undercoodinated (UC) sites of the Pt clusters, as shown
in Fig. 1(a).”* The frequency and the peak intensity corres-
ponding to the UC sites are known to change with CO cover-
age, environment of the Pt coordination site, and particle
size.”>** In contrast, when cooling the sample down in CO
flow conditions (5% CO balanced with He), a single narrow
peak appeared at 2087 cm™" (Fig. 1b), corresponding to the
formation of ionic Pt single site, which indicated the fragmen-
tation of Pt clusters. The lack of the 2010 cm™ shoulder is an
indication that the Pt atoms removed from the clusters were in
the UC sites, i.e., on and near the perimeter of the clusters.

It is intriguing to note that the same catalyst exhibited
different structural evolutions after the reaction when cooling
down and exposed to different gas conditions. We hypothesize
that CO plays a pivotal role in the fragmentation of Pt clusters

1.0 1.0
—— 300C-reaction —— 300C-reaction2
a) —— RT-reaction b) ——300C-CO
——RT-CO down
Cooling under the RWGS condition Cooling under CO condition
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Fig. 1 DRIFTS results of Pt/CeO, catalysts under different gas con-
ditions. (a) RWGS reaction at 300 °C and cooling down to RT; (b) RWGS
reaction at 300 °C and change gas to CO then cooling down to RT.
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during the cooling process. Due to the two different sources
and thus roles of CO (as the RWGS product in the first experi-
ment (Fig. 1a) and as a probe in the second experiment
(Fig. 1(b)), we formulated the following questions guiding the
work reported here. They are: (a) Can a stoichiometric amount
of CO coordinated to the Pt induce the formation of Pt single
sites? (b) Is the presence of excess amount of CO solely respon-
sible for the observed changes? and (c) What are the funda-
mental mechanisms responsible for aggregation of Pt “single
atoms” (SAs) and the subsequent fragmentation of Pt
nanoparticles?

To decipher the factors leading to the fragmentation of Pt
species, we conducted in situ X-ray absorption fine structure
(XAFS) experiments which can provide detailed insights into
the local environment of Pt species under reaction conditions.
The Pt L; X-ray absorption near-edge structure (XANES) spectra
are shown in Fig. 2(a). The spectrum for Pt/ceria is similar in
intensity to, and shifted to the lower energies from the spec-
trum of a-PtO,, consistent with previous work reporting the
atomically dispersed nature of Pt/ceria sample.'”"*?° The
trends shown in Fig. 2(a) are consistent with those shown pre-
viously and indicate that the as-preapred sample contained
predominantly atomically dispersed Pt species, while the Pt
species partially aggregated under reaction condition at
300 °C."”"'® After cooling the sample down to room tempera-
ture (RT) under reaction conditions, the white line intensity
increased but remained lower than that in the spectra before
reaction. In R space of the EXAFS spectra, as shown in
Fig. 2(b), the relative ratio of Pt-Pt (second peak) to Pt-O (first
peak) contributions decreases at RT in RWGS conditions. We
conclude therefore that, averaging over the entire ensemble
probed in the XAFS experiment, the coordination of Pt by O
increased at room temperature compared to the results
obtained at 300 °C. In order to resolve between different poss-
ible scenarios we performed fitting of Pt EXAFS spectra col-
lected before and after the RWGS reaction.

A model incorporating Pt-O single scattering paths was
employed to fit the room-temperature spectra of the as-pre-
pared Pt/CeO, sample (Fig. S2at) and the same sample after
the end of the in situ RWGS reaction (Fig. S2bt). The best fit
results are summarized in Table 1. The decrease of the Pt-O

a) —— Pt foil
——a-PtO,
—— RT (pre-reaction)
300 °C (reaction)
\ RT (post-reaction)

20 ——RT (pre-reaction)
300 °C (reaction)

——RT (post-reaction)

FT Magnitude (A*)

0.5

Normalized absorption coefficient
>

0.0 2 3
11540 11560 11580 11600 11620 11640 r(A)
Energy (eV)

Fig. 2 Pt Ls; edge XAFS spectra of Pt/CeO, catalysts during the RWGS
reaction shown in the XANES region, including the PtO, standard (a),
and Fourier transform magnitude of the k®-weighted EXAFS spectra
using k-range from 2 to 10 A~* (b).
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Table 1 Summary of the EXAFS fitting results (the coordination
number, bond length and mean square bond length disorder for the RT
data shown in Fig. 2b (the results for the 300 °C were reported in ref.
17)). For all the fits, the k-range was: 2.5-13 A™%; the r-range: 1.0-2.2 A.
The So? value was obtained by first fitting Pt foil and then using the best
fit result for (0.84) as a fixed parameter in the fits of all Pt spectra

Condition Path CN R(A) o (A?)
Pre-RWGS Pt-O 4.5(5) 2.00(1) 0.0015(11)
Post-RWGS Pt-O 3.1(4) 2.00(1) 0.0014(13)

CN at 300 °C down to 1.7 + 0.4 '7 compared to its pre-reaction
value of ca. 4.5 (Table 1) implies that a significant fraction of
Pt atoms that were initially dispersed on ceria has formed clus-
ters in reaction conditions. The subsequent increase of the Pt-
O CN up to ca. 3.1 (Table 1) in cooling down to RT in reaction
conditions indicates that significant fraction of the clusters
fragmented and formed atomically dispersed Pt. This obser-
vation corroborates the similar conclusion made on the basis
of the DRIFTS results described above. We note that, although
the presence of clusters and nanoparticles after the RWGS

View Article Online
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reaction is evident in Fig. S1b,T the unambigous detection of
atomically dispersed Pt coexisting with the clusters was only
possible by a correlated analysis of XAFS and DRIFTS pre-
sented above. In addition to the mechanisms proposed here,
in principle, formation of partially oxidized shell in Pt nano-
particles may also explain the XANES and EXAFS data obtained
while cooling the sample under reaction conditions, however,
we ruled out that possibility due to the fact that the cooling
was done under presence of hydrogen and in the absence of
oxygen.

To explain the phenomena of the agglomeration and the
fragmentation of the Pt in the RWGS reaction conditions and
CO tituration conditions, we performed the DFT calculations
using the model geometries of Pt species and CeO, support as
described in Fig. S3.1 The choice of the (100) facet for Pt sites
was justified by us previously,” using a combination of multi-
modal experimental results and DFT calculations for the Pt
SAs on ceria prepared by the same method as in the present
work. Firstly, the DFT-calculated binding energy, Ening, of CO,
(—0.39 eV) and H, (—2.27 eV) on Pt;/CeO, and H, (0.19 eV) on
CeO, indicates that the H, preferentially bind to Pt SAs initially
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Fig. 3 The DFT-estimated energetics of the process of agglomeration
RWGS (red lines) conditions (a). The Pt;CeO, and Pt;/H-CeO, indicate

Diffusion coordination

of Pt atoms to Pt NPs on CeO, under the non-hydrogen (black lines) and
the DFT-constructed catalyst models under the non-hydrogen and RWGS

conditions, respectively. (b) The Pt—O distances on the CeO, surface with and without H. (c and d) The diffusion kinetics and pathway of Pt SA on

the CeO, and H-saturated CeQO, surfaces. The black arrows indicate the
the activation barrier of diffusion.
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(Fig. S4t). Interestingly, compared with the pristine CeO,, H,
can dissociatively bind to Pt SA. Because the H, dissociatively
adsorbed on Pt and O of the CeO, surface spontaneously, the
protons from gas-phased H, eventually saturate and cover the
CeO, surface due to a low activation energy (E, = 0.43 eV) of H
diffusion along the CeO, (Fig. S51). These results indicate that
the Pt SA can act as the gateway for H, activation. Thus, we
expect that the CeO, (100) surface is fully covered with protons
under RWGS conditions.

Moreover, the saturation of H atoms on CeO, (100) results
in intense stabilization of the Pt,/CeO, (Eping = —1.57 €V per H,
presented in Fig. 3a). Based on the DFT-calculated results, we
constructed the energetics for aggregation under non-hydro-
gen or RWGS conditions to compare the thermodynamic
driving forces for aggregation of Pt SA to Pt NP (Fig. 3a). The
Pt;/H-CeO,, which is H-saturated CeO, under RWGS con-
ditions, exhibits the downhill energetics for integration of Pt
NP, indicating that the Pt SA is likely to agglomerate. In con-
trast, because the formation of Pt NP under non-hydrogen con-
ditions shows significant uphill energetics, the aggregation of
Pt SA in Pt;/CeO, is not thermodynamically feasible. Such
thermodynamic results are explained by the difference in the
cohesive energy of Pt NP and the interaction energy between Pt
SA and oxide supports.

The bond length of Pt and O of the CeO, surface estimated
by DFT calculation represents the interaction between the Pt
SA and the CeO,, which is presented in Fig. 3b. The atomic
distance between Pt and O of the CeO, increases from 2.00 A
to 2.05 A, which are at CeO, and H-saturated CeO,, respect-
ively. It indicates that the interaction between Pt and oxide
support weakens under the RWGS condition due to the pre-
covered protons on O of the CeO, surface. The interaction
between Pt SA and oxide support results in the mobility of Pt
SA along the CeO, surface. We further calculated the diffusion
pathways of Pt SA on the CeO, (100) and H-saturated CeO,
(100) surfaces to confirm the feasibility of kinetics for aggrega-
tion (Fig. 3c and d). The activation barrier for diffusion of Pt
SA along the pristine CeO, (100) surface, E, = 1.94 eV, is signifi-
cantly higher than that along the H-saturated CeO, (100) (E, =
0.90 eV). These results indicate that the RWGS conditions
facilitate the integration of atomically dispersed Pt in the as-
prepared sample into Pt clusters and nanoparticles due to
reduced interaction between Pt and the CeO, support. We note
that the EXAFS results for Pt-O bond lengths at RT (2.00 =+
0.01 A) and 300 °C (2.00 + 0.05 A) are available” but the rela-
tively large error bars at 300 °C make it impossible to verify
these theoretical predictions.

In addition to the aggregation of atomically dispersed Pt
species in RWGS conditions, the combined DRIFTS and XAFS
results revealed also their subsequent partial fragmentation
under CO condition. In order to identify the possible mecha-
nisms of CO-induced fragmentation of Pt species, we per-
formed DFT calculations to analyze two different effects
required for the fragmentation of the perimeter Pt atoms: (A)
the relatively weak interaction of perimeter Pt atoms in NPs
and (B) the CO-CO repulsive interaction plus strong CO

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The DFT-estimated fragmentations of Pt NP to Pt SA on Pt/CeO,
under non-hydrogen and CO conditions. (a) The energetics for frag-
mentations of Pt NP are presented depending on conditions, which are
non-hydrogen and CO conditions, denoting black and red-colored lines,
respectively. (b) The thermodynamics of detachment of CO*—Pt from Pt
NP. The yellow arrow indicates the diffusion direction of CO*—Pt SA.

binding to Pt forming Pt-CO complexes, which combine to
facilitate the removal of Pt atoms. We established the ener-
getics of fragmentation of Pt NP to Pt SAs depending on the
treatment conditions, which are the non-hydrogen and CO
conditions, to figure out the mechanism of fragmentation of
Pt NPs (Fig. 4a). We hypothesized that, in an extreme case of
low CO concentration, the Pt NP surface is relatively clean.
In the second scenario, the CO saturates the Pt NP surface
under the CO titration conditions. The formation energetics
of Pt SA under non-hydrogen conditions is reversely esti-
mated from the energy profile of integration of Pt NP under
the RWGS corresponding to Fig. 3a. However, the 9CO*-Pto/
H-CeO,, which CO saturates, exhibits downhill energetics for
the disintegration of Pt NP to Pt SA under the CO con-
ditions. Thus, the fragmentation of Pt NP is derived from
the CO*-Pt interaction, which results in the elongation of
Pt-Pt atomic distance. Such an elongation of Pt-Pt distance
is estimated from the DFT-constructed models (Fig. S67).
The average Pt-Pt distance extends from 2.61 A to 2.72 A,
which are air and CO conditions, respectively. Such variation
of distance change is approximately 5%, meaning that the Pt
NP will be transformed into a disordered phase by loosening
the bonding length of Pt-Pt due to the interaction of CO*-
Pt. Furthermore, the detachment of CO*-Pt from Pt NP is
significantly downhill, indicating that the CO-induced disin-
tegration of Pt NP is thermodynamically favorable (Fig. 4b).
Thus, we suggest that the interaction between CO and Pt
influenced the phase of Pt NP, which is eventually inter-
spersed as Pt SA and Pt NP.
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Conclusions

By employing combined DRIFTS and XAFS study, we proved
the aggregation of atomically dispersed Pt species under the
RWGS reaction and the following fragmentation of Pt nano-
particles to Pt single atoms under CO condition. DFT calcu-
lations revealed that the interaction strength between Pt and
CeO, is compromised by Pt-OH* bonding on H-covered CeO,.
Furthermore, the elongation of Pt-Pt distance, induced by Pt-
CO* bonding, contributes to the detachment of Pt-CO* units
from Pt clusters. Combined use of theory and multimodal,
in situ, experimental results led to the understanding of the
aggregation and fragmentation details that we posed in the
beginning. While we conclusively attribute the observed (by
DRIFTS) fragmentation under CO titration conditions to the
strong Pt-CO interaction, we can also infer, from the appear-
ance of the UC sites under RWGS conditions at RT, that even
under stoichiometric conditions, the tendency to fragmenta-
tion exists. Further work will be aimed at systematically under-
standing the dependence of aggregation and fragmentation
trends on the composition of the support and the adsorbate
flow conditions.
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