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ABSTRACT: The local coordination structure of metal sites
essentially determines the performance of supported metal catalysts.
Using a surface defect enrichment strategy, we successfully fabricated
Pt atomic single-layer (Pt,g) structures with 100% metal dispersion
and precisely controlled local coordination environment (embedded
vs adsorbed) derived from Pt single-atoms (Pt;) on ceria-alumina
supports. The local coordination environment of Pt; not only governs
its catalytic activity but also determines the Pt; structure evolution
upon reduction activation. For CO oxidation, the highest turnover
frequency can be achieved on the embedded Pt,g; in the CeO, lattice,
which is 3.5 times of that on the adsorbed Pt,g on the CeO, surface
and 10—70 times of that on Pt;. The favorable CO adsorption on
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embedded Pt,g; and improved activation/reactivity of lattice oxygen within CeO, effectively facilitate the CO oxidation. This work
provides new insights for the precise control of the local coordination structure of active metal sites for achieving 100% atomic

utilization efficiency and optimal intrinsic catalytic activity for targeted reactions simultaneously.

B INTRODUCTION

Atomically dispersed metal catalysts offer great benefits in
catalysis with near 100% utilization efficiency of the supported
metals, especially for high-cost noble metals. As an emergent
material system in heterogeneous catalysis, supported metal
single-atom catalysts (SACs) have been well investigated in the
last decade with broad applications.' ™ The intrinsic catalytic
activity of SACs is highly determined by the local coordination
structure of the isolated metal atoms.'®™>° However, the
precise control of the coordination structure of metal atoms in
SAC:s is still a great challenge, and achieving superior intrinsic
activity of SACs in certain reactions such as low-temperature
CO oxidation is sometimes difficult because of the over-rigid
local structure and complete isolation of active sites lacking
synergistic effects from neighboring metal atoms.>*' >
Recently, it has been demonstrated that the metal atomic
single-layer (ASL) structures or the so-called metal rafts can be
built on defective supports, which can maintain 100% metal
utilization efficiency and at the same time possess active sites
with neighboring metal atoms showing a synergistic effect, thus
exhibitin§ exceptional advantages in wide catalytic applica-
tions.”””>* Other than the direct synthesis of two-dimensional
(2D) rafts on certain supports, the post-reduction of metal
single-atoms has been proven as another efficient approach to
fabricate metal ASL structures.”>*’ For instance, via the precise
control of post-reduction in H, flow, Pt ensembles’” or Pt
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monolayer structures” can be obtained from Pt single-atoms
supported on CeO,, which show much higher CO oxidation
activity than the initial Pt SACs. Although ASL structures for
metals such as Pt have been successfully created on several
supports, as far as we know, these structures are usually present
on the support surface showing relatively weak interaction with
the support lattice matrix. It has been reported that the local
structure of metal sites essentially determines the performance
of supported metal catalysts, not only for metal single-atom
sites but also for metal cluster sites.””**™*® For the case of
metal ASL sites, however, whether the local coordination
structure will impact their catalytic performance is still unclear
and barely reported. Furthermore, taking the Pt case as an
example, if the ASL sites are derived from post-reduction of
SACs, whether the initial coordination structure of Pt single-
atoms can determine the ultimate local structure of Pt ASL
sites thus influencing the intrinsic catalytic activity requires
systematic investigation. To answer these questions, in this
work, we show the precise control of local coordination
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Figure 1. Structural characterization of Pt SACs. (A, B) High-angle annular dark field (HAADF) aberration-correction scanning transmission
electron microscopy (AC-STEM) images and (C) in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of CO adsorption
on Pt;/CA and Pt;/CA-e catalysts; (D) normalized Pt L;-edge X-ray absorption near edge structure (XANES) and (E) Fourier-transformed k*
weighted extended X-ray absorption fine structure (EXAFS) oscillations in R space for the Pt L;-edge in Pt,/CA and Pt,/CA-e catalysts (solid line:

experimental data; dotted line: fitted data).

structures of Pt ASL sites derived from Pt single-atoms on
CeO, and systematically study their intrinsic catalytic behavior
in the CO oxidation reaction.

Herein, with defect enrichment on a CeO,—Al,O; support,
we report the successful fabrication of Pt single-atom (Pt;), Pt
atomic single-layer (Pt,g ), and Pt multilayer cluster (Ptc)
catalysts with all or partial Pt atoms embedded in the CeO,
surface lattice. Based on systematic experimental studies and
density functional theory (DFT) calculations, it is clearly
revealed that the local coordination structure of Pt; sites not
only determines the activity of Pt SACs but also governs their
structural evolution for the formation of more active Ptyg and
Ptc structures. The embedded Pt,g sites with Pt atoms
substituting Ce cations in the CeO, surface lattice show the
highest activity in CO oxidation reaction, far exceeding the
surface-adsorbed Pt,g sites and the surface-adsorbed and
lattice-embedded Pt; or Pt; sites. A low overall activation
energy for the reaction between active CO species adsorbed on
embedded Pt,g sites and active interfacial oxygen species
significantly contribute to the superior activity of embedded
Pt,g structures fabricated on CeO,.

B RESULTS AND DISCUSSION

Defect Enrichment on Ceria-Alumina Support. A
Ce0,/ALO; support with 30 wt % CeO, loading (CA) was
prepared via the incipient wetness impregnation method and
used for defect enrichment through H, reduction treatment.
To achieve an optimal reduction temperature for defect
enrichment on CA, the CA support was reduced at different
temperatures (i.e, 550, 750, and 850 °C, determined by H,-
temperature programmed reduction (H,-TPR) result (Figure
S1)) and loaded with 1 wt % Pt for CO oxidation testing after
activation (Figure S2). The optimal defect enrichment
condition on CA was confirmed as reduction in 10% H,/Ar

at 750 °C for 2 h based on the highest CO oxidation
performance achieved. Accordingly, the CA support and 1.0Pt/
CA catalyst with defect enrichment were fabricated using this
optimal condition and designated as CA-HD and 1.0Pt/CA-
HD (HD denotes ‘high density’ defects). It was noticed that
the 1.0Pt/CA-HD catalyst with less CeO, usage consistently
showed higher CO oxidation activity and catalytic stability
than the conventional 1.0Pt/CeO, catalyst after reduction
activation (Figure S3), suggesting its great potential in practical
application. Compared to CA, a significant expansion in the
crystal structure of CeO, was observed in CA-HD (Figures S4
and S5), indicating the formation of rich defects induced by H,
reduction. Raman spectra (Figure S6B) and X-ray photo-
electron spectroscopy (Figure S6C) results clearly confirmed
that CA-HD had a much higher density of surface defects
(mainly oxygen vacancies) than CA, because much more
surface Ce®" species and abundant peroxide species in the
vicinity of Ce®* cations were observed for CA-HD.”’ ™’ In
contrast to the CA support with typical yellowish color, the
CA-HD support showed grayish blue color because of the
presence of rich defects, and such a defective support could be
stable in the ambient atmosphere for more than 6 months
without changing color (Figure S6A).

Impact of Defect Enrichment on the Local Structure
of Pt Single-Atoms. Pt catalysts with 0.25 wt % Pt showing
Pt;, only species were fabricated on both CA and CA-HD
supports, which was verified by the AC-STEM results in
Figures 1A,B and S7. Such Pt only catalysts can be designated
as Pt;/CA and Pt;/CA-e (-e denotes ‘embedded’ Pt species on
CA-HD). The in situ DRIFTS of CO adsorption (Figure 1C)
showed that only linearly adsorbed CO on Pt; sites was
present on Pt;/CA (2096 cm™") and Pt;/CA-e (2092 cm™).
XANES results showed that the Pt species within Pt;/CA and
Pt,/CA-e were in oxidized states which were close to that
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Figure 2. Time-resolved CO adsorption and theoretical calculations of Pt; structures after CO adsorption. In situ DRIFTS of CO adsorption as a
function of exposure time in CO flow on (A) Pt;/CA and (B) Pt;/CA-e; as well as (C) simulated structure evolution process of Pt, within the Pt,/
CA-e catalyst during CO adsorption. Color code: Ce (yellow), O (red), and Pt (blue).

within PtO, (Figure 1D), and EXAFS results confirmed the
absence of either Pt—Pt metallic bonds or Pt—O—Pt bonds
and the exclusive presence of Pt—O and Pt—O—Ce bonds
attributed to Pt structures (Figure 1E). The XANES linear
combination fitting (Figure S8 and Table S1) and EXAFS
curve fitting (Table S2) suggested that the Pt, species within
Pt;/CA-e showed a lower average oxidation state (+3.3 s
+3.8), a slightly lower coordination number (CN) of Pt—O
(3.8 vs 4.0), and a higher CN of Pt—O—Ce (1.7 vs 1.3) than
those within Pt;/CA. These results clearly demonstrated that
the Pt species were present in a single-atom form in both Pt/
CA and Pt;/CA-e catalysts, but with different local
coordination environments.

DFT calculations were performed to identify the Pt;
structures on the O-terminated (100) surface of CeO, (Figure
S9), which is equivalent to the observed CeO, (020) facet in
AC-STEM results. Two Pt structures, i.e., adsorbed Pt; and
embedded Pt; on CeO, (100), were proposed to represent
Pt;,/CA and Pt;/CA-e, respectively. Similar to the result
reported in the literature,”” adsorbed Pt, within Pt;/CA
preferred to bond with four surface oxygens and formed a
square-planar Pt;(O), structure (Figure S13A). However, on
Pt;/CA-e, Pt; was postulated to substitute a surface Ce cation
on the CeO, (100). Because the CeO, (100) surface exposed
6-fold Ce cations, by substituting a Ce cation, the Pt; was
surrounded by six oxygen anions.""*> However, as shown in
Figure S11, the differential oxygen vacancy (O,) formation
energies by removing two top-layer oxygens between Pt; and
Ce (0.29 eV for the first oxygen removal and —0.61 €V for the
second oxygen removal) were much lower than that on the
CeO, (100) clean surface (1.46 eV for one oxygen removal,

Figure S10), indicating that the two top-layer oxygens on Pt;/
CA-e were unstable and could be readily removed. Therefore, a
stable model structure with Pt;(O), embedded in the CeO,
lattice matrix was constructed for the Pt;/CA-e catalyst, as
shown in Figure S13B. It was further verified that the Pt
embedding into the defective CeO, by substituting a Ce site
was more thermodynamically favorable than that into
stoichiometric CeO, (Figure S12). The oxidation states of
adsorbed Pt; (+2.6) and embedded Pt; (+2.1) on CeO, (100)
were calculated, which suggested that the adsorbed Pt; was
more positively charged than the embedded Pt; (Figure S13),
consistent with the Pt L;-edge XANES fitting results (Table
S1).

Figure 2A,B shows the in situ DRIFTS of CO adsorption as a
function of exposure time on Pt;/CA and Pt;/CA-e. Once
exposed to CO, both the bands at 2096 and 2120 cm ™" showed
up and gradually increased for Pt;/CA, suggesting the
simultaneous and continuous adsorption of CO on Pt; sites.
In contrast, on Pt,/CA-e, the band at 2092 cm™! gradually
appeared only after the CO physisorption on Pt; sites (2120

m~!)*** reached the saturation state, indicating that the CO
chemisorption on embedded Pt; could only occur once the Pt;
sites were altered by the physisorbed CO. Furthermore, a
redshift of the CO vibrational peak and lower CO adsorption
intensity were observed for Pt;/CA-e (2092 cm™') compared
to that on Pt;/CA (2096 cm™"), suggesting again the different
local structures of Pt single-atoms within Pt;/CA and Pt,/CA-
e catalysts.

To further confirm the local structures of Pt; species within
Pt;/CA and Pt;/CA-e as proposed above, DFT calculations of
CO adsorption onto the surface-adsorbed Pt;(O), structure
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Figure 3. Structural characterization of Pt atomic single-layer catalysts. HAADF AC-STEM images and EDS mapping results (with scale bars as 2
nm) for (A—]) Ptsg /CA and (K—U) Pt,g /CA-e, and in situ DRIFTS of CO adsorption on (V) Pt,g /CA and (W) Pt,g /CA-e in CO flow at 25
°C (the models of Pty /CA and Pt,g /CA-e with adsorbed CO are shown as inserted in V and W).

and the embedded Pt,;(O), structure on CeO, (100) were
conducted. As shown in Figure S14, for the surface-adsorbed
Pt,(O), structure within Pt;/CA, the CO adsorption could
lead to the formation of adsorbed Pt;(0);(CO) structure with
the calculated CO wavenumber as 2094 cm ™', which was very
close to the experimental measurement (2096 cm™) in this
study. As illustrated in Figure 2B, the CO adsorption on Pt;
within Pt;/CA-e occurred only after the Pt; sites being
saturated by physisorbed CO, indicating the possible structural
evolution of embedded Pt; in the CO flow. Figure 2C shows
the simulation results for this structural evolution. Without an
additional oxygen vacancy near Pt;, only CO physisorption
(E,4s = —0.34 eV) could be achieved on the embedded Pt;(O),
structure, as observed in experiment. However, once an oxygen
in the embedded Pt;(O), structure was slowly removed by the
physisorbed CO (AE = 0 eV, E, = 1.15 eV), strong CO
chemisorption (E4, = —1.99 eV) on Pt; could occur.
Accordingly, the two Pt;-O bonds could break easily after
the CO chemisorption, which made the Pt, weakly bonded
and diffusible (structure iv in Figure 2C). With the favorable
diffusion of the Pt;(CO) moiety and a nearby surface oxygen
atom, eventually, a stable, adsorbed Pt;(0);(CO) structure
with a nearby surface O, (structure vi in Figure 2C) was
obtained with a calculated CO wavenumber of 2091 cm™),
which was consistent with our experimental measurement
(2092 cm™) and the result reported in the literature.'” In CO
flow, the CO adsorption energies on the stable Pt; structures
within Pt;/CA and Pt,/CA-e were calculated as —2.71 and
—2.52 eV (Table S3), respectively. Compared to the facile CO
chemisorption on the surface-adsorbed Pt;(O), structure, the
reaction barrier (E, = 1.15 eV) required and relatively lower
CO adsorption energy (—2.52 eV) on the embedded Pt,(O),
structure well explained the lower CO adsorption intensity on

Pt;/CA-e than on Pt;/CA as observed in experiments (Figures
1C and 2A,B). Therefore, complementary methods confirmed
that distinct local coordination environments for Pt; species
were indeed present on Pt;/CA and Pt,;/CA-e, which were the
surface-adsorbed Pt,(O), structure on regular CeO, (100) and
embedded Pt;(O), structure on CeO, (100) with enriched
defects, respectively.

Creating Pt Atomic Single-Layer Structures for More
Efficient CO Oxidation. Reduction activation can be used to
create more active Pt sites from Pt; species on CeO, for CO
oxidation.””*>* By fine-tuning the H, reduction conditions,
the most active Pt sites on CA and CA-HD supports for CO
oxidation were successfully fabricated using Pt,/CA and Pt;/
CA-e as precursor catalysts (Figure S15). The most active Pt
sites on both supports have been confirmed as Pt atomic
single-layer structures (Pt,g ) located on CeO, (020) with
100% Pt dispersion by the AC-STEM technique (Figure 3A—
U). For the activated catalyst derived from Pt;/CA, the Pt,g
structures were observed as the surface-adsorbed state on
CeO, (Figure 3LJ) with the distance for Pt—Pt (dp,._p,) as ca.
2.8 A (Figure 3]) and average size as ca. 1.5 nm (Figure S16A),
showing no clear lattice matching between Pt and CeO,
(denoted as Pt,g /CA). However, for the activated catalyst
derived from Pt;/CA-e, the Pt,g structures were obviously
embedded in the CeO, lattice substituting Ce atoms (Figure
3T,U) with the dp,_p, as ca. 2.6 A (Figure 3U) and average size
as ca. 1.4 nm (Figure S16B), showing perfect crystal plane
matching between Pt and CeO, (denoted as Pt,g /CA-e).
When deeper reduction at higher temperature (e.g, S00 °C)
was applied on Pt;/CA and Pt;/CA-e catalysts, the adsorbed
Pt. structure within Pto/CA and embedded Pt: structure
within Pt:/CA-e were clearly observed (Figure S17),
respectively. In summary, the distinct local coordination

https://doi.org/10.1021/jacs.2c08902
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Figure 4. Catalytic performance measurements. CO oxidation activity on (A) Pt/CA catalysts with different Pt structures and (B) Pt,5 /CA and
Ptyg /CA-e catalysts with H,O in feedstock, and (C) Arrhenius plots and apparent activation energy (Eapp') values for CO oxidation on Pt/CA
catalysts with different Pt structures. Reaction condition: Steady-state testing, [CO] = [O,] = 1%, [H,0] = 5% (if used), balanced with Ar, with
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structures of Pt; on CA and CA-HD determined the different
Pt, structural evolution processes during reduction activation,
obtaining the adsorbed Pt and Ptc structures on CA and the
embedded Pt,g and Pt; structures on CA-HD.

As verified by the in situ DRIFTS results (Figure 3V,W), a
similar CO adsorption behavior was observed on Pt,g /CA
and Pt,g /CA-e catalysts. The CO species linearly (2078 and
2076 cm™') and bridging (1841 and 1840 cm™') adsorbed on
Pt atoms within Pt,g structures were clearly observed,
agreeing well with the observation of CO adsorption on Pt—
O—Pt ensembles as reported by Wang et al.”” The presence of
linearly adsorbed CO species (2096 and 2092 cm™") suggested
that there was still a portion of Pt single atoms remaining
within both catalysts after reduction activation. The XANES
and EXAFS of Pt L;-edge were also measured to elucidate the
oxidation states and local structures of Pt species within Pt,g /
CA and Pt,g /CA-e catalysts (Figure S18). As determined by
XANES fitting results (Table S1 and Figure S19), Pt,g /CA-e
showed a lower oxidation state of Pt species (+2.0)
compared to Pty /CA (+2.4). As shown by EXAFS fitting
results (Table S2 and Figure S18B), besides Pt—O and Pt—O—
Ce bonds, the Pt—O—Pt bonds could also be observed in both
catalysts, suggesting the presence of neighboring Pt atoms
connected by oxygen atoms within the Pt,g structures. Such
Pt,g structures with a synergistic effect from neighboring Pt
atoms might benefit the adsorption of active CO species under
CO oxidation conditions. Compared to Pt,g /CA, Pty /CA-e
showed shorter bond lengths of Pt—O—Ce and Pt—O—Pt and
a slightly higher CN of Pt—O—Ce because of its unique
embedded Pt,g; structure in CeO,.

To simulate the embedded Pt,g; structure within Pt,g /CA-
e, a periodic Pt single layer (containing nine Pt atoms) on
CeO, (100) was constructed by substituting surface Ce
cations. After removing the top-layer unstable O anions in Pt—

O-Pt (with the O, formation energy as ~ —0.1 eV) (Figure
$20), the O anions in Pt—O—Ce on the top layer preferred to
diffuse to the bridge sites of interfacial Ce cations with a high
exothermicity of S5.15 eV (Figure S21). Therefore, the
representative model structure for Ptag /CA-e was con-
structed, in which each Pt cation was surrounded by four
oxygens on CeO, (100). In this structure with 100% Pt
dispersion, there was no Pt—Pt direct interaction in the first
coordination shell of Pt (Figure S22B) with the Pt—Pt distance
of 3.8 A. Based on AC-STEM and in situ DRIFTS results
(Figure 3), Ptyg /CA showed high similarity to Pt,g /CA-e
except that the Pt,g; structure was adsorbed on the surface of
CeO, in the former. Therefore, analogous to Pt,g /CA-e, a
model structure for Pt,g; /CA was created on the CeO, (100)
surface (Figure S22A). In this surface-adsorbed Pt,g; structure,
the Pt—Pt distance of 4.1 A was slightly longer than that in the
embedded Pt,g structure, which was consistent with the
observation from STEM images and EXAFS results.

On Pt,g /CA and Pt,g /CA-e catalysts, the calculated CO
adsorption energies (Figure $23 and Table S3) indicated that
both Pt,g structures favored high CO coverage. It is
noteworthy that the calculated average CO adsorption energy
on embedded Pt,g; within Pt,s /CA-e (—1.38 eV) was much
lower than that on adsorbed Pty within Pt,g /CA (—2.01
eV), embedded Pt,; within Pt;/CA-e (—2.52 eV), and adsorbed
Pt, within Pt,;/CA (=2.71 eV). The in situ DRIFTS of CO
desorption was also performed to verify the CO adsorption
ability on Pt and Pt,g; structures. As shown in Figure S24, the
decline degree of the CO peak areas as a function of
desorption temperature on all catalysts (Ptag /CA-e > Pty /
CA > Pt;/CA-e > Pt;/CA) was consistent with the increase of
their calculated CO adsorption energies. According to the
Sabatier principle,”’ the Pt—CO bonding on the Pt,g /CA-e

https://doi.org/10.1021/jacs.2c08902
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Table 1. TOF, Apparent Activation Energy (E
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Pt dispersion

and Reaction Orders for CO and O, in CO Oxidation on Different Pt/CA

reaction
order”

TOF at 125 °C Eop.
(&J/mol)® CO O,

sample (%) active sites (x107% s7h)
Pt;/CA 100 isolated Pt; adsorbed on the CeO, surface 7.8 68 +3 048 —0.02
Pt,/CA-e 100 isolated Pt; embedded in the CeO, lattice substituting Ce cations 12 77 £ 3 0.79  0.05
Pty /CA 100 adsorbed Pt atomic single-layer structure on the CeO, surface 23.8 S0+2 0.00 0.00
Pty /CA-e 100 embedded Pt atomic single-layer structure in the CeO, lattice with Pt cations 84.0 43 +2 0.05 0.01

substituting Ce cations

“Based on spectroscopic observations from HAADF AC-STEM images. “The E

app. Values were calculated with CO conversions below 8% (under a

WHSV of 200,000 or 400,000 mL-g.,.~"*h™"). “The reaction orders were measured with CO conversions below 10% (under a WHSV of 200,000

mL'gcat_l'h_l)'

catalyst was neither too strong nor too weak, which would
benefit its CO oxidation performance.

The DFT calculations of O, formation energies (Eo,) for
four types of oxygen species including terrace O (O), interface
O (Op), O in Pt—O—Ce (Oy), and Pt—O—Pt (Op,) were
performed to further probe the stable Pt structures and the
reactivity of oxygen species within Ptag /CA and Pt,g /CA-e
catalysts (Figure S25). As listed in Table S4, with the full
coverage of CO on Pt,g structures, the Eo, values of the four
types of oxygen species (Oy, Oy, Oy, Opy) were calculated as
2.52,2.01,2.99, and 0.75 eV for Pt,g /CA, respectively, and as
—0.85, —0.68, 1.84, and 1.37 eV for Pt,g /CA-e, respectively.
Because the oxygen species on Pt,g /CA were stable enough,
the adsorbed Pt,q; structure fully covered by CO was expected
to be stable in the CO flow at 25 °C and therefore was adopted
as the starting structure to study the CO oxidation mechanism
on Pt,g /CA (Figure S27A). Because of the low Eo, of terrace
O (—0.85 eV) and interface O (—0.68 eV) in Pt,g/CA-e,
these two types of oxygen species were highly reactive and
readily removed in the CO flow. Via regulating the distribution
of oxygen vacancies (Figure $26), the most stable structure of
embedded Pt,g with two terrace O, on CeO, could be
obtained after structure relaxation under CO adsorption or
reaction condition, which was used as the starting structure of
Pty /CA-e (Figure S27B) for the CO oxidation mechanism
study. On the stable structures of adsorbed Pt,s; and
embedded Pt,g with two terrace O, on CeO, (Figure S27),
the calculated wavenumbers of CO linearly chemisorbed on
the Pt atoms within Pt,g were 2069 and 2066 cm™’,
respectively, which were in line with the vibrational frequency
sequence of experimental CO adsorption bands observed on
Ptyg/CA (2078 cm™) and Pt,g /CA-e (2076 cm™) at 25 °C
(Figure 3).

Figure 4A shows the CO oxidation activity on Pt;/CA, Pt,/
CA-e, Pty /CA, and Ptyg /CA-e catalysts with different Pt
structures (adsorbed and embedded Pt; or Pty ). Pt;/CA
showed higher catalytic activity than Pt;/CA-e, with lower
light-off temperature achieved on Pt;/CA with TSO (the
temperature corresponding to 50% of CO conversion) as 223
°C compared to that on Pt;/CA-e (with TS0 as 271 °C). The
weak bonding of CO on the embedded Pt,(O), structure on
CeO, (100) should be the main reason for the low CO
oxidation activity of Pt;/CA-e.*® After activation, both Pt,g /
CA and Pt,g /CA-e catalysts with Pt,g structures exhibited
much higher CO oxidation activity than their corresponding
Pt; precursor catalysts. As expected, the Pt,g; /CA-e catalyst
significantly outperformed the Pt,g /CA catalyst for CO
oxidation, with much lower TS50 achieved on the former

(130 °C) than on the latter (156 °C). At 125 °C, as shown in
Table 1, the turnover frequency (TOF) of CO on Pt,g /CA-e
(84.0 x 107% s') was 70 times of that on Pt;/CA-e (1.2 X
1072 s7'), 10 times of that on Pt,/CA (7.8 X 107>s™"), and 3.5
times of that on Pt,g /CA (23.8 X 1072 s7!). It should be
pointed out that the TOFs for CO oxidation on Pt;/CA, Pt/
CA-¢, and Pt,g /CA in this study were within the same order
of magnitude as those on the reported Pt SACs'>'”****° and
Pt 2D ensemble or raft catalysts’>** on CeQ,-based supports
(Table SS). In agreement with the conclusion that water vapor
could benefit the CO oxidation on Pt—CeQO,-based cata-
lysts,”>*”*" a reversible positive effect of H,O on CO
conversion was also observed on Pt,g /CA and Pty /CA-e
(Figure 4B). With 5% H,O in the feed stream, the Pt,g /CA-e
catalyst still exhibited much higher CO oxidation activity than
Ptyg /CA (Figures 4B and S28). Kinetics measurements
revealed that the apparent activation energy (E,,) for CO
oxidation on these catalysts decreased in the order of Pt;/CA-e
(77 + 3 kJ/mol) > Pt;/CA (68 + 3 kJ/mol) > Pt,g /CA (50 +
2 kJ/mol) > Ptug /CA-e (43 = 2 kJ/mol) (Figure 4C and
Table 1), suggesting again that the embedded Pt atomic single-
layer structure on CeO, was the most active Pt site for CO
oxidation. Furthermore, the embedded Pt,g /CA-e catalyst
showed a much higher TOF for CO oxidation than other Pt—
CeO,-based catalysts containing different types of Pt sites.
Because of its superior catalytic stability and water tolerance,
the Pt,s /CA-e catalyst shows great potential in practical
applications such as vehicle emission control although it
cannot surpass most Au-CeO,-based catalysts with lower E,,,
(< 30 kJ/mol) and light-off temperatures for CO oxidation
(Table $5).*~>*

Identification of Active Oxygen and CO Species on Pt
Atomic Single-Layer Structures in CO Oxidation. To
determine the roles of CO and O, in the CO oxidation
reaction, the reaction orders of CO and O, on different
catalysts were measured (Figure $29). The CO reaction orders
on Pt;/CA and Pt,/CA-e were determined as 0.48 and 0.79
(Figure S29A, Table 1), respectively. The O, reaction orders
on Pt;/CA and Pt;/CA-e were dependent on the O,/CO ratio,
which were —0.02 and 0.0S, respectively, when the O,/CO
ratio was below 1, and were 0.32 and 0.25, respectively, when
the O,/CO ratio was above 1 (Figure S29B). Under the
activity testing condition in this study (O,/CO < 1.0), the CO
oxidation rates on Pt,/CA and Pt;/CA-e could be expressed as
r(Pt;/CA) = k;-[CO]*®.and r(Pt,/CA-¢) = k,[CO]*”,
respectively (k; and k, are constants). Similar to the results
reported for Pt, catalysts in the literature,'”*® the CO
oxidation reaction rates on Pt;/CA and Pt;/CA-e were mainly
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Figure 5. Measurements on active oxygen species. Time-resolved (A) CO, formation after exposure to continuous CO flow and (B) in situ
DRIFTS of CO adsorption (in CO flow only), and (C) CO, formation as a function of CO adsorption intensity resulting from the reaction
between CO and oxygen species within Ptyg;/CA and Pt,g /CA-e catalysts.

determined by CO adsorption. The lower CO reaction order
measured on Pt;/CA (0.48) than on Pt;/CA-e (0.79)
suggested that the former catalyst was more favorable for
CO adsorption. As confirmed by DFT calculations (Table S3)
and in situ DRIFTS results (Figures 2 and S24), the relatively
stronger and more favorable CO adsorption on the surface-
adsorbed Pt; sites than that on the lattice-embedded Pt, sites
could contribute to the higher CO oxidation activity achieved
on Pt;/CA than on Pt;/CA-e. This was also confirmed by an in
situ DRIFTS study coupled with mass spectrometry (MS) to
monitor the CO reacting with oxygen species within Pt;/CA
and Pt,/CA-e catalysts at 100 °C (Figure S30), during which a
much more intense and faster saturation of CO adsorption
could be achieved on Pt;/CA than on Pt;/CA-e (Figure
S30A). Similar to the sequence of CO oxidation activity,
during the whole interaction process between CO and Pt;
catalysts, Pt;/CA exhibited much higher CO, formation than
Pt,;/CA-e (Figure S30B). Different from the case for Pt;/CA in
which a slight decrease of CO, formation was observed as the
CO adsorption enhanced, for Pt;/CA-e, a continuous and
significant increase of CO, formation was observed with the
increase of CO adsorption (Figure S30C). Although the initial
oxygen mobility was observed lower on Pt;/CA-e than on Pt;/
CA (Figure S31), as illustrated in Figure 2C, more oxygen
vacancies could be generated on Pt;/CA-e along the CO
adsorption, which could benefit the oxygen mobility and
improve its CO oxidation efficiency to a certain extent.

The reaction orders for CO and O, in CO oxidation on
Pty /CA and Ptag/CA-e catalysts were also measured
(Figure S29C,D), which were both almost 0. The CO
oxidation rates on both Pt,g /CA and Pt,g /CA-e catalysts
depended on the partial pressures of neither CO nor O,
indicating that there was no competitive adsorption between
CO and O, because they should have different adsorption
sites. Similar to previous reports on Pt—CeO,-based
catalysts, "> the CO oxidation on Pty /CA and Ptyg /

CA-e followed the Mars-van Krevelen (MvK) mechanism, in
which the CO adsorbed on Pt,g; sites could react with lattice
oxygen from CeO, or Pt—O—Pt. In addition, compared to the
positive reaction order for CO on Pt; sites, the zero-reaction
order for CO on Pt,g, sites indicated again that the Pt,g sites
were more beneficial for CO adsorption.

To determine the active oxygen species and better
understand the advantages of embedded Pt,g over adsorbed
Ptyg;, the in situ DRIFTS study coupled with MS to monitor
the CO reacting with oxygen species within Pt,g;/CA and
Pt,g; /CA-e catalysts was also performed at 100 °C. Compared
to an intense CO, formation peak observed on Pt,g /CA in
the first 2 min, a lower CO, formation peak was observed on
Pt,g; /CA-e, suggesting that less surface oxygen species were
present on Pt,g /CA-e (Figure SA). As reported by Wang et
al,, the oxygen species in Pt—O—Pt ensembles on the CeO,
surface was more active than the lattice oxygen in CeO,.””
Similarly, in the case of Pt,g;/CA, the oxygen species in the
adsorbed Pt,; structure (Opy) was also more reactive than the
lattice oxygen in CeO, (O, Oy, and Oyy), which was already
verified by the DFT calculations as mentioned earlier (Figure
S25A and Table S4). However, on Pt,g /CA, a sharp and
immediate decline in CO, formation was observed once the
surface oxygen species in the adsorbed Pt,g structure was
largely consumed. In clear contrast, although Pt,g /CA-e
showed lower CO, formation initially because of the presence
of less active surface oxygen species in embedded Pt,g, it
actually exhibited much higher CO, formation than Pt,g /CA
as the CO adsorption time prolonged (e.g, above 2 min). Such
results suggested that the lattice oxygen associated with the
embedded Pt,g structure within Pt,g /CA-e was more
reactive than that associated with the adsorbed Pt structure
within Pt,g /CA. H,-TPR results (Figure S32) also confirmed
that much higher reactivity of lattice oxygen could be achieved
on Pt,g; /CA-e than on Pt,g; /CA. The oxygen storage capacity
(OSC) measurement (Figure S33) further demonstrated that
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Figure 6. Potential energy diagrams and configurations for the CO oxidation cycle on the Pt,g /CA-e catalyst. The CO oxidation proceeded on an
embedded Pt atomic single-layer unit in Pt,s /CA-e. The reaction energies and activation energies are indicated in eV in the potential energy
diagram. Color code: Ce (yellow), O (red), Pt (blue), and C (gray). Corresponding energetics are given in Table S7.

Ptyg /CA-e exhibited much better oxygen activation and
transfer ability than Pt /CA. These experimental data were
highly consistent with the DFT calculation results (Table S4),
showing that the values for terrace O (Oy), interface O (Oy),
and O in Pt—O—Ce (Oy;) on Pt,g; /CA-e were indeed much
lower than those on Pt,g /CA. The unique embedded Pty
structure could facilitate the activation of lattice oxygen in
CeO, more efficiently, which contributed to the superior CO
oxidation activity of the Pt,g /CA-e catalyst.

Figure 5B shows the accumulated CO adsorption bands on
Pty /CA and Pt,g /CA-e catalysts at 100 °C. As discussed
above, the oxygen species within Pt—O—Pt could be consumed
by CO at 100 °C; therefore, the Pt,g structures with in situ
formed O, were created to represent the defective Pt,g; /CA
and Pt,g /CA-e catalysts under reaction conditions (Figure
S34). With creating O, in Ptyg model structures, the
calculated CO adsorption frequency decreased from 2069 to
2063 cm™! on the adsorbed Pty structure and from 2066 to
2060 cm™' on the embedded Pt,g structure. This was
consistent with the experimental observation of CO adsorption
frequency shifts on Pty /CA (from 2078 to 2069 cm™") and
Ptyg/CA-e (from 2076 to 2069 cm™). In addition, the CO
adsorption on residual Pt; sites (2086 cm™') was also
observed. Figure SC shows the relationship between CO,
formation and CO adsorption intensity on different Pt sites
within Pt,g; /CA and Pt,g; /CA-e catalysts upon flowing CO at
100 °C. An obvious increase of CO adsorption on Pt,g sites
(2069 cm™) and no apparent change of CO adsorption at Pt,

sites (2086 cm™") were observed on both catalysts along with
the decrease of CO, formation. These results clearly suggested
that the most reactive CO molecules adsorbed on both Pt,g /
CA and Pt,g /CA-e catalysts should be those on Pt,g sites
other than on Pt; sites. The in situ DRIFTS results of O,
reacting with preadsorbed CO species on Pt;/CA-e and Pt,g /
CA-e at 50 °C further confirmed that the CO species adsorbed
on Pt; sites were indeed spectator species at low temperature,
and the CO species adsorbed on Pt,g; sites were truly reactive
species participating in the CO oxidation (Figure S35).

CO Oxidation Cycle on Pt Atomic Single-Layer
Structures. To better understand how the local structures
of Ptyg influenced the CO oxidation performance, DFT
calculations were conducted to reveal the CO oxidation
mechanism on Pt,g /CA and Pt,g /CA-e catalysts. Starting
from the adsorbed Pt,g structure with the full coverage of
*CO (* represents the adsorbed state) (Figure S27A), as
verified above in Table S4, the O in Pt—O—Pt (O with Eo, =
0.75 eV) was the most reactive oxygen species on Pt,g /CA,
which was directly involved in the CO oxidation. As shown in
Figure S36 and Table S6, the mechanism was initialized with
*CO reacting with the O in Pt—O—Pt within adsorbed Pt,g
(structures i to i), with an activation energy of 1.78 eV (TS-1).
After CO, desorption, an oxygen vacancy and a bare Pt were
exposed (structure ii). Then, a gas-phase O, adsorbed at the
vacancy site and then dissociated into two *O with a large
exothermicity and an activation energy of 0.15 eV (TS-2)
(structures iii to iv). Afterward, a gas-phase CO adsorbed on
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the bare Pt site with an adsorption energy of —0.80 eV
(structure v). In the following step, the second CO oxidation
between this newly adsorbed *CO and nearby *O released
1.44 eV energy (structures v to vi) and showed a small
activation energy of 0.75 eV (TS-3). With another CO
adsorbed on the structure vi (E,4, = —2.36 eV), the catalyst
turned into the initial state. Overall, the first CO oxidation was
confirmed as the rate-determining step (RDS) for the whole
CO oxidation process on the Pt,g /CA catalyst with an
activation energy of 1.78 eV.

On the Pt,g /CA-e catalyst, as shown in Figure 6 and Table
S7, the CO oxidation mechanism was proposed starting from
the defective embedded Pt,g (with two terrace O,) fully
covered by *CO (structure i). Initially, a gas-phase O,
occupied the terrace O, with an adsorption energy of —0.47
eV (structure ii). In this case, the interface O was activated by
the adsorbed *O,, with its O, formation energy decreased from
2.25 to 0.48 eV. In contrast, the O, formation energies for O in
Pt—O—Pt and Pt—O—Ce on structure ii were calculated as
1.44 and 2.09 eV, respectively, indicating that the O species
involved in the CO oxidation should come from the interface
CeO,. Accordingly, the activation energy of *CO reacting with
this interface O (TS-1) was calculated as 0.62 eV. After
releasing the first CO, (structure iii), an interface oxygen
vacancy was formed and a bare Pt was exposed. Then, a gas-
phase CO covered the bare Pt with a large exothermicity of
1.57 eV (structure iv). Thereafter, the chemisorbed *O, was
activated at O, on the interface CeO, with an elongated O—O
bond of 1.45 A (structure iv) and then dissociated into one
terrace *O and one interface *O (structure v). The activation
energy and reaction energy of the O, dissociation step were
calculated as 0.71 and 0.25 eV, respectively. Once the interface
*Q was restored, the second CO oxidation between *CO and
interface *O proceeded with an intrinsic energy barrier of 0.57
eV (TS-3). However, because the former *O, dissociation step
was endothermic by 0.25 eV, the apparent activation energy of
the second CO oxidation should be corrected to 0.82 eV. After
CO, desorption (structure vi), it was energetically favorable for
a gas-phase CO to adsorb on the exposed Pt atom (structure
vii). Finally, the terrace *O migrated facilely to the interface
site (~0 eV barrier) and regenerated the catalyst with an
exothermicity of 0.44 eV. In agreement with the reaction
kinetics results for CO and O,, such multistep CO oxidation
followed the MvK mechanism. The RDS included the O,
dissociation and the second CO oxidation on Pt,g /CA-e, with
an apparent activation energy of 0.82 eV (from structures iv to
vi). Such activation energy for the RDS on Pt,g /CA-e was
much lower than that on Pt,g /CA (1.78 eV), well explaining
why the Ptag /CA-e catalyst significantly outperformed the
Ptyg /CA catalyst for low-temperature CO oxidation.

In short summary, based on experimental results and DFT
calculations, the functions of embedded Pt,g; and interface
CeO, within the Pt,g /CeO,-e catalyst were clearly revealed to
better understand its superior CO oxidation activity. Owing to
the appropriate CO chemisorption energy on the embedded
Pt,g structure (—1.38 eV), the Pt—CO bonding was neither
too weak nor too strong. According to Sabatier’s principle in
heterogeneous catalysis, the embedded Pt,g structure could
effectively serve as the CO concentrator for *CO enrichment
on Pt sites and at the same time prevent the CO poisonin%
effect that was widely present and detrimental for Pt SACs.”
With the presence of the embedded Pt,g structure, more
interestingly, the oxygen vacancies could be easily created on

the interface CeO,, which provided highly efficient sites for O,
adsorption, activation, and dissociation (Figure 6). Therefore,
the interface CeO, activated by embedded Pt,g played
multiple important roles in activating and donating *O for
*CO consumption. The overall CO oxidation proceeded at the
interface between embedded Pt,g and interface CeO, with a
low activation energy of 0.82 eV, synergistically leading to the
excellent performance of the Pt,g/CA-e catalyst for low-
temperature CO oxidation.

B CONCLUSIONS

Herein, we demonstrated an effective surface defect enrich-
ment strategy to create rich defects on the CeO,—ALO;
support as Pt anchoring sites. Based on comprehensive
structural characterization results and DFT calculations, it
was clearly found that Pt; catalysts with different local
coordination environments could be obtained on CeO,—
AlL,O; supports with and without defect enrichment. The
difference in the local coordination environments of Pt species
not only impacted the CO adsorption behavior and CO
oxidation activity, but also significantly influenced the
structural evolution of Pt; into more active Pt clusters
including Ptsg (atomic single-layer clusters) and Ptc (multi-
layer clusters) during the reduction activation process. In
detail, the embedded Pt,g and Pt; structures in the CeO,
surface matrix could be fabricated from the embedded Pt sites,
while the adsorbed Pty and Ptc structures on the CeO,
surface could be generated from the adsorbed Pt; sites. Among
these Pt structures, the embedded Pt structure in the CeO,
lattice matrix was confirmed as the most active site for
converting CO to CO,. Further analysis suggested that the
embedded Pt,g structure favored the CO adsorption with
appropriate CO binding strength and could efficiently activate
the lattice oxygen at the Pt,g;-CeO, interface simultaneously,
thus leading to superior low-temperature CO oxidation
activity.
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