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It remains a significant challenge to achieve good stability for single-atom catalysts while maintaining high
activity. On the basis of observing the sintering resistance up to 800 °C of Pd single atoms dispersed on OH-
modified CeO, and their sustainable activity for CO oxidation at low temperature, the relationship between
the unique structure and catalytic performance of the single-atom catalyst was deeply investigated. The
structural characterization revealed that the OH groups on the ceria can anchor the Pd-loaded sites and

iizzgﬁ% gi;hs‘]:;{eﬂssr 2023 promote the formation of a stable OH-Pd;O4-doped structure, leading to its high-temperature stability.
Moreover, low-temperature activity retention was attributed to the multiple active palladium species

DO 10.1039/d3ta04200f (Pd?*, Pd’*, and Pd®). This study highlights the crucial role of structural regulation in determining catalyst
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1. Introduction

For precious metal catalysts, reducing the metal size is a highly
effective approach for raising the active sites and material usage
of the loaded metals.* Compared to the reported catalysts with
nanoscale particles, single-atom catalysts (SACs) have recently
gained increasing attention."? SACs offer significant advantages
over metal nanoparticles, such as unique electronic structures,
high atomic dispersion, and a great many unsaturated coordi-
nation atoms,*** due to the atomic metal sites.>®* However, the
surface energy increases rapidly along with the decreasing
metal size, which leads to a tendency for atomic scale metal
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performance, and provides guidance for the rational design of high-performance single-atom catalysts.

aggregation.® Therefore, it remains a significant challenge to
improve the stability of SACs while maintaining high activity.
Reducible supports, such as cerium oxide and titanium
oxide, are often used to stabilize single-atom metals because of
their strong interaction with transition metals.*” This interac-
tion, known as metal-support interaction (MSI), can be con-
structed by forming covalent bonds between metals and
supports to achieve high stability for the loaded metals.?®
However, strong MSI also potentially weakens the catalytic
activity of active metals. Taking CO oxidation, the most
commonly studied probe reaction to explore the structure-
property relationship of catalysts,'® as an example, the catalytic
activity of CeO,-based Pt SACs for CO oxidation was found to be
greatly influenced by the coordination status of the Pt struc-
ture." The study showed that Pt species with higher coordina-
tion numbers usually exhibit better stability, but it also results
in the loss of some effective active sites. Besides Pt, a highly
stable Pd-doped ceria catalyst for CO oxidation was also re-
ported.*” The oxidized Pd single atoms as the active sites were
well-stabilized for CO oxidation because the doping structure
facilitated the transfer of electrons from the Pd to the CeO,
supports.'*** Nevertheless, some of the Pd single atoms were
embedded in the supports and were not able to participate in
the surface reaction. Therefore, although it is not difficult to
prepare a highly stable SAC using a ceria support for CO
oxidation, it remains a great challenge to develop a SAC that can
simultaneously maintain high activity and stability. Further-
more, the lack of systematic research on the relationship
between catalyst structure and high stability/activity for CO
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oxidation limits the development of efficient catalysts. In our
previous study,”” we observed that OH-modified CeO, can
effectively disperse Pd metal and exhibits high activity for CO
oxidation at room temperature (9.72 mol.,h ™" gpq *, 27 °C). The
strong MSI of the Pd/OH-CeO, catalyst implies the potential for
reusability. Therefore, studying the stability and figuring out
the relationship between structure and stability/activity of the
catalyst may provide valuable insights towards achieving
precise regulation of high-performance catalysts.

Herein, we comprehensively studied the stability of Pd/OH-
CeO, towards CO oxidation, including high-temperature sin-
tering resistance and low-temperature catalytic stability. The
experimental results demonstrated that the Pd/OH-CeO, cata-
lyst can effectively operate over a wide temperature range (22-
800 °C) and exhibits excellent cyclability (>10 cycles), high-
lighting its remarkable sintering resistance. Furthermore, the
catalytic activity was stably maintained at room temperature for
at least 60 min, suggesting that the OH-modified CeO, can
efficiently stabilize the loaded Pd single atoms. We investigated
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the structure-activity relationship of the oxidized Pd on OH-
modified CeO, through operando characterization techniques
and explained the steady high activity at low temperature. It was
found that the OH-modified CeO, not only anchors the Pd
loading site to form a stable OH-Pd; O, structure but also creates
new active Pd species under the low-temperature CO oxidation
conditions. These results highlight the dual benefits of the OH-
modified CeO, support for both the stability and activity of Pd
single-atom catalysts.

2. Results and discussion

2.1 Sintering resistance and catalytic stability of Pd on the
OH-modified CeO,

A strategy of steam-modifying the ceria support before Pd
loading has been reported to boost Pd SACs for low-temperature
CO oxidation.” The preparation process for the ceria-based
palladium catalysts is depicted in Fig. 1a. The as-synthesized
ceria (A-CeO,) was treated with steam (2 vol%) to obtain the
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Fig. 1

(a) The preparation process for Pd/OH-CeO, includes a steam treatment and a metal-loading step. (b) Catalytic cycling performance of

Pd/OH-CeO, (Run 1-10) toward CO oxidation in the range of RT-800 °C. The inset of the bar graph shows the room-temperature activity for
each cycle. (c) A summary of the temperature ranges of the Pd- and Pt-catalysts for CO oxidation in the cyclic reaction and the number of cycles
(inset of the bar graph). (d) Sustainability test of Pd/OH-CeO, at RT and 50 °C for 60 min. (e) Mass signal of CO, obtained from the detection of
Pd/OH-CeO, under different atmosphere and temperature conditions.
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OH-modified ceria (OH-CeQ,). Pd species were loaded onto the
OH-CeO, and then dispersed by calcination in oxygen at 800 °C
(ref. 16-18) to form the atomically dispersed Pd/OH-CeO,
composite catalyst. As shown in Fig. S1, no Pd nanoparticles
were observed in the high-resolution transmission electron
microscope (HRTEM) image, and energy-dispersive spectros-
copy (EDS) revealed that the Pd species was in a highly
dispersed state. To comprehensively assess the stability of Pd/
OH-CeO,, CO oxidation was selected as a probe reaction to
evaluate its sintering resistance performance in cyclic catalysis
tests from room temperature (RT) to high temperature (800 °C)
and to evaluate its sustainable stability at low temperature. As
shown in Fig. 1b and S2,7 the CO conversion of Pd/OH-CeO,
consistently remained around 53% at RT (~25 °C) for at least 10
cycles, suggesting the excellent sintering resistance of Pd/OH-
CeO, in a high-temperature catalytic environment. In contrast,
the catalytic performance of the highly dispersed Pd catalyst
loaded onto ceria without modified OH groups (Pd/D-CeO,,
Fig. S31) was significantly deactivated in the second cycle
(Fig. S4t). These results indicate that the OH-modified CeO,
plays an important role in the formation of a stable structure in
the composite catalyst. To measure the temperature limit of the
thermal stability of Pd/OH-CeO,, we tested Pd/OH-CeO, over
a wider temperature range from RT to 900 °C (Fig. S51). Pd/OH-
CeO, displayed a consistent and stable catalytic performance
toward CO conversion, even after three cycling runs. Notably,
the high activity of the Pd/OH-CeO, catalyst was even sustained
in the second cycle within the RT - 1000 °C cyclic range, despite
the loss of RT activity that occurred in the third cycle. To eval-
uate the thermal stability of Pd/OH-CeO, in comparison to the
reported state-of-the-art Pd- or Pt-catalysts that exhibit good
catalytic performance in CO oxidation, we compiled a list of
their working temperature ranges and cycle times.">"*'%182% T,
(temperature of 50% conversion) and Typper (the upper limit of
operating temperature) represent the starting and ending
temperatures of the working range (Fig. 1c), respectively, and
more details are shown in Table S1.1 Pd/OH-CeO, exhibited not
only an ultra-wide working temperature range (22-800 °C) over
a long cycle time (10 cycles) but also a remarkably low Ts, at RT
(22 °C), whereas the Typper and Ts, of other samples were mainly
below 300 °C and around 50-120 °C, respectively. It is obvious
that the OH-modified CeO, greatly regulates the sintering
resistance of the loaded active Pd metals at high temperatures.
Furthermore, Pd/OH-CeO, also exhibited sustainable CO
oxidation activity at RT and 50 °C for at least 60 min (Fig. 1d),
indicating good resistance to surface poisoning by CO at low
temperatures. However, compared to the catalytic activity at 50 ©
C, a slight attenuation in the activity was observed at RT, which
may be attributed to the accumulation of the product (CO,). To
confirm this speculation, Pd/OH-CeO, was reacted at RT for
50 min, then purged with He to remove the reaction gas and
subjected to the temperature-programmed test. The changes in
CO,, during the whole process were detected by a mass spec-
trometer (Fig. 1e). When the temperature was raised to 45 °C, an
obvious CO, signal was detected, which was ascribed to the
remaining product on the Pd/OH-CeO, at RT and was respon-
sible for the observed decrease of activity at RT. The catalytic
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test at 50 °C showed a more stable activity curve because CO,
could be desorbed. In summary, Pd displayed excellent high-
temperature sintering resistance and low-temperature cata-
Iytic stability on OH-modified CeO, supports. Undoubtedly, the
OH-modified CeO, plays a critical role in stabilizing the Pd, but
the mechanism of the stability improvement of the loaded
metal remains unclear. To verify whether the presence of the
OH group improves the stability of Pd or not, CeO, with the
same rod-like morphology as OH-CeO, but with fewer defects
was treated by steam to prepare a fewer-OH-modified CeO,,
which was then loaded with Pd and denoted as Pd_f-ST. The
activity of Pd_f-ST was comparable to that of Pd/OH-CeO, only
in the first run and then decreased significantly in the following
two cycles (Fig. S6at). In addition, an obvious activity drop of
Pd_f-ST was observed within 15 min during the sustainability
test at RT (Fig. S6bt). These catalytic data preliminarily proved
that OH groups contributed to the formation of a stable catalyst
structure between Pd and CeO,.

2.2 The effect of OH groups on the formation of the stable
structure

To gain a deep understanding of the possible role of OH groups
in forming the stable structure of Pd/OH-CeO,, Pd K-edge
extended X-ray absorption fine structure (EXAFS) analysis was
performed to analyze the structure of Pd formed in Pd/OH-
CeO,. The Pd structure in Pd/D-CeO, was also analyzed as
a control sample to exclude the influence of other factors. To fit
the EXAFS data of Pd/OH-CeO, well, a structure model with OH
groups (OH-Pdgopeq, Fig. 2a) was built based on the reported Pd-
doped CeO, structure,”*” and the fitting parameters are listed
in Table S2.} As shown in Fig. 2b, the absence of Pd-Pd (second
shell) in Pd/OH-CeO, indicated that all the Pd species were
atomically dispersed, whereas Pd-Pd (second shell) from Pd
clusters was found in Pd/D-CeO,. The average coordination
number of O bonded to Pd in both Pd/OH-CeO, and Pd/D-CeO,
samples (CNpq_o: ~3.7) was less than the highest coordination
number of 4, indicating that both samples possessed Pd open
sites for CO adsorption. Density functional theory (DFT) calcu-
lations were applied to further study the contribution of OH
groups to the formation of the Pdgopeq structure, which was
built by replacing a Ce atom with a Pd atom and then forming
a square planar structure with four oxygen atoms.>**® Two ideal
CeO, surface structures, with OH groups (Str.1_OH) and
without OH groups (Str.2_w/o), were constructed to calculate
the Gibbs free energy at each stage of the substitution process.
The initial structural state of CeO, without OH (step I in Pd-
Str.2_w/o) was set to 0 k] mol !, and the corresponding
energy differences are shown in Fig. 2¢ and Table S3.7 The first
step energy of Pd-Str.1_OH was 168.8 k] mol ', which was lower
than that of Pd-Str.2_w/o (I), indicating that the incorporation
of the OH group was beneficial for decreasing the energy of the
cerium oxide system. The formation of Ce vacancy (4E;_.y) is
a decisive step for Pd substitution in the substitution process.
AE;_,y of Pd-Str.1_OH was calculated as 1617.3 k] mol™*, which
was much lower than that of Pd-Str.2_w/o (2071.5 k] mol ™).
After the Pd atom was replaced with the Ce atom, the relaxation
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Fig.2 (a) Model of the Pd/OH-CeO; (OH-Pdgeped) structure. (b) The k*-weighted Fourier transforms of EXAFS of the Pd K-edge of Pd/OH-CeO,
and Pd/D-CeO,. The data for PdO and Pd foil were obtained from standard samples. Light-colored dots represent experimental data and the
dark solid lines represent the fitting results. (c) DFT calculations of the process of replacing a Ce atom with a Pd atom and then relaxing to form
a square planar structure on Str. 1_OH model and Str. 2_w/o model. (d) Schematic diagram of structure formation on OH-modified CeO, and

non-modified CeOs.

energy of the Pd atom in Str.1_OH further reduced the energy by
1.9 k] mol™' (4Ey_), while the energy increased by
71.4 k] mol™! in Str.2_w/o. These results indicated that the
presence of OH groups was favorable for the formation of
a Pdgopeq structure on ceria, which has been considered an
energetically stable state. In general, OH-functionalized ceria
can anchor the loaded Pd to form a stable OH-Pd;0,-doped
structure (Fig. 2d), greatly enabling the catalyst to achieve good
sintering resistance performance in catalytic cycle tests (>10)
over a wide temperature range (RT-800 °C). In contrast, the
calcined ceria support of Pd/D-CeO, lacks OH modification and
the Pd species tend to form clusters due to weaker interaction
with the support, eventually leading to catalyst deactivation
during repeated catalytic cycles.

2.3 Active species of Pd for CO oxidation

To have sustainable low-temperature performance, catalysts
should not only have good resistance to CO poisoning but also
require stable valence states of the active metals.” To further
confirm this point of view, we employed quasi in situ XPS to
investigate the changes in the valence state of Pd species on
different ceria supports before and after CO oxidation (Fig. 3).
The XPS spectrum of the as-synthesized Pd/OH-CeO, exhibited
only one Pd oxidation state at 337.8 eV (Fig. 3a), which was
attributed to the binding energy of the covalent linkage between

21288 | J. Mater. Chem. A, 2023, 1, 21285-21292

the Pd single atom and CeO, in the Pd-O-Ce structure.'***** We
inferred the Pd species to be Pd*>" since the absorption
threshold energy in the Pd K-edge XANES spectrum of this
sample was similar to that of PdO (Fig. S71). In contrast to Pd/
OH-CeO,, Pd/D-CeO, contained another oxidation state of Pd
species, Pd’" (6%, 336 eV), in addition to Pd*" (94%, 337.5 eV).
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Fig. 3 (a and b) Quasi in situ XPS spectra of the Pd 3d core level of Pd/

OH-CeO, and Pd/D-CeO; after (a) as synthesized, and (b) reacting at
RT for 20 min.
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Furthermore, the binding energy of Pd** in Pd/OH-CeO, is
0.3 eV higher than that in Pd/D-CeO,, suggesting that Pd/OH-
CeO, possesses a stronger MSI than Pd/D-CeO,."**' After
reacting with CO and O, at room temperature (22 °C) for 20 min
(Fig. 3b), the Pd species in Pd/OH-CeO, still possessed more
than 65% Pd>" state (337.8 eV), approximately 10% reduced
metallic Pd° (334.8 V), and nearly 25% semi-oxidized state Pd®"
(335.8 eV). However, Pd/D-CeO, had less than 20% of the Pd**
remaining after the same reaction, while most Pd** was reduced
to the semi-oxidized Pd’" state (67%) and metallic Pd° state
(14%). The quasi situ XPS analysis results indicated that the Pd**
species formed in Pd/OH-CeO, were more stable than those in
Pd/D-CeO,, which could be attributed to the stronger MSI via
insertion of the precious metal into the support lattice.>**** To
further confirm the difference in MSI, H,-temperature-
programmed reduction (H,-TPR) testing was performed. The
pure ceria support has only one H, consumption peak at ~450 ©
C below the 600 °C region (Fig. S8t), which is attributed to the
reduction of cerium on the CeO, surface.*® This peak dis-
appeared in the composite catalysts, and a new peak showed up
at lower temperature (~90 °C) assigned to Pd-oxo species,*
which was the result of MSI influence.*® The reduction
temperature of Pd-oxo species in Pd/OH-CeO, (96 °C) was
higher than that in Pd/D-CeO, (90 °C), suggesting that Pd/OH-
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CeO, possessed a higher MSL.** We further repeated the same
quasi in situ XPS test for both samples at 100 °C (Fig. S91) and
obtained similar results to those at RT, suggesting that the
original stable oxidized Pd species in both samples still exhibit
stability in the low-temperature reaction region (22-100 °C).
Furthermore, a certain percentage (35%) of the oxidized Pd
species in Pd/OH-CeO, was reduced under the catalytic condi-
tions, however, the activity of Pd/OH-CeO, did not show a clear
drop in the catalysis test (Fig. 1). Such an interesting phenom-
enon is different from the cognition in the reported studies, in
which Pd*" single-atom species were generally considered as the
active sites for low-temperature CO oxidation.””™** Considering
the relationship between the structure and activity, we specu-
lated that some changes might occur in the metal active sites for
CO oxidation in Pd/OH-CeO,. To explore the relationship
between Pd/OH-CeO, active sites and correlated -catalytic
performance, in situ analysis of diffuse reflectance infrared
Fourier transform spectroscopy (in situ DRIFTS) for Pd/OH-CeO,
and Pd/D-CeO, was performed at RT using CO as a probe agent.
With the successive four gas exchange flows (CO-N,-CO-0,)
introduced, IR spectra were simultaneously collected to
monitor the adsorption and oxidation behavior of CO on both
catalysts (Fig. 4). The stretching band at 2090 cm ™' in the
spectra represented the linear-bonded CO (COjipear) On the
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atomically dispersed Pd>*, while the band at 1970-1920 cm™*
was attributed to bridge-bonded CO (COpyigge) On Pd parti-
cles.'**%%” Specifically, when COyjqge mode is on the edge/
corner or facet of Pd particles, the corresponding stretching
bands are at 1970 cm ™" and 1920 cm ™", respectively.*® As shown
in Fig. 4a, when CO was fed at the beginning, Pd/OH-CeO,
exhibited only one COjinear peak centered around 2090 cm ™,
confirming the highly dispersed single-atomic state of the Pd
species. With increasing feeding time, the peak for COyigge
(~1970 cm™") appeared, which was derived from the partial
reduction and agglomeration of Pd** single atoms under the CO
atmosphere. This result also indicated the existence of some
unstable Pd species on the surface of Pd/OH-CeO, besides the
OH-anchored Pd metal (Fig. 4i-1), consistent with the analysis of
the quasi in situ XPS experiment. Unlike Pd/OH-CeO,, the
control sample Pd/D-CeO, had a COprigee peak at the first
recording time point (Fig. 4e), showing the existence of Pd
clusters, which agreed with the EXAFS analysis (Fig. 4i-4). The
adsorbed CO on both samples was not completely removed after
purging N, for 12 min (Fig. 4b and f) due to the strong inter-
action between CO and the surface Pd sites. CO was then
reintroduced to both samples for 10 min (Fig. 4c, g, i-2, i-5),
following the injection of O, to test the active sites for CO
oxidation at low temperatures (Fig. 4d and h). For Pd/OH-CeO,,
the COpipear peak (~2090 cm™') disappeared rapidly after the
introduction of O, (within 0 to 3.5 min), and the COyyjqge band
(1970-1920 cm™ ') subsequently started to decrease from the
4™ min and completely vanished after 10 min (Fig. 4d). The
phenomenon revealed that the CO adsorbed on both Pd** single
atoms and Pd clusters (Pd®" and Pd°) in Pd/OH-CeO, can be
oxidized at RT (Fig. 4i-3). However, for Pd/D-CeO,, the COyjage
band persisted even after treatment with O, for 20 min (Fig. 4h),
revealing the lack of RT activity of the reduced Pd clusters at low
temperature (Fig. 4i-6).

The increase in active Pd species (Pd*", Pd°* and Pd®) on the
Pd/OH-CeO, sample is undoubtedly the primary reason for its
high performance towards CO oxidation in the low-temperature
region. The unusual activity of Pd® at low temperature (even at
RT) on Pd/OH-CeO, may be attributed to the low reaction energy
barrier (11.6 k] mol")** of CO oxidation, which is related to the
transition of reacting molecules to the active status on the
catalyst surface. Generally speaking, CO oxidation catalyzed by
palladium-ceria systems follows the Mars-van Krevelen mech-
anism,*>*** which means that there is no competitive adsorp-
tion between O, and CO molecules on the Pd sites. CO and O,
molecules are adsorbed and activated on the Pd surface and
CeO, support, respectively. However, the low-temperature
performance of Pd catalysts is often limited by CO poisoning
on the active metals or difficult oxygen activation.>***>** In the
case of the Pd/OH-CeO, sample, on the one hand, OH-modified
CeO, can reduce the adsorption strength of Pd-CO and promote
the activation of CO molecules.” On the other hand, the acti-
vation of oxygen is related to the surface charge of the cata-
lyst,">*> and the increased charge density of the catalyst
promotes electron transfer to the anti-bonding w* orbital of
oxygen, weakening the molecular bonds of oxygen, and then
forming active oxygen species.** Based on these insights, DFT
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was used to calculate the effect of OH groups on the local charge
concentration of the CeO, surface. As shown in Fig. S10a, when
the OH group was introduced into the CeO, supercell model
(Str. 2_w/o), the Fermi level of CeO, (Str. 1_OH) shifted close to
the conduction band and the total density area increased,
indicating the increased charge density of CeO, with an OH
group. The charge density contour plots projected from the cut
plane visually revealed that the contour line of the charge
density of the Ce atom next to OH was distorted (Fig. S10b¥).
The charge density of Ce with an OH group was clearly higher
than that of the pristine CeO,, implying that oxygen molecules
would be more easily activated near OH. To sum up, OH not
only anchors the metal loading sites, but also facilitates the
activation of the reactants, resulting in the enhanced reactivity
of different Pd species on the OH-modified CeO,.

3. Conclusions

In summary, the CeO, support modified by OH groups is
beneficial for stabilizing the loaded Pd and increasing the active
species for CO oxidation. Pd/OH-CeO, maintained excellent
sintering resistance over a wide operating temperature range
(RT - 800 °C) during a 10-cycle test and exhibited stable activity
for 60 min under low-temperature catalytic conditions. The
relationship between the excellent activity and structure is
shown in Fig. 5. After correlating the results of XAFS, quasi in
situ XPS and DFT calculations, it was found that functionalized
ceria (OH-CeO,) can disperse and stabilize Pd species much
better than non-modified ceria because of the formation of the
stable OH-Pd;0, structure, which was resistant to sintering in
high-temperature cycling tests. In situ DRIFTS measurements
indicated that both Pd single atoms and clusters on Pd/OH-
CeO, were active sites for CO oxidation at low temperature, as
a result of property regulations of the metal and support
promoting the activation process of the reactants, and the
increased Pd active species also explained the sustainable low-
temperature activity. Pd/OH-CeO, with excellent properties
towards CO oxidation also has potential applications in several
important heterogeneous reactions that require
temperature catalytic oxidation performance, including the
purification of exhaust emissions, the removal of CO from gas
streams, and water-gas shift reactions for fuel cells.***** In
addition, these studies revealed that modifying the support to
regulate the properties can have a substantial impact on both

low-
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metal loading and catalytic performance. We believe that the
research on the relationship between unique structure and
excellent performance in this manuscript provides a certain
reference for regulating more efficient single-atom catalysts.
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