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Jiajun Wang,* Dong Su,* and Xueliang Sun*

Abstract: Single atom tailored metal nanoparticles
represent a new type of catalysts. Herein, we demon-
strate a single atom-cavity coupling strategy to regulate
performance of single atom tailored nano-catalysts.
Selective atomic layer deposition (ALD) was conducted
to deposit Ru single atoms on the surface concavities of
PtNi nanoparticles (Ru-ca-PtNi). Ru-ca-PtNi exhibits a
record-high activity for methanol oxidation reaction
(MOR) with 2.01 Amg 'p. Also, Ru-ca-PtNi showcases
a significant durability with only 16 % activity loss.
Operando electrochemical Fourier transform infrared
spectroscopy (FTIR) and theoretical calculations dem-
onstrate Ru single atoms coupled to cavities accelerate
the CO removal by regulating d-band center position.
Further, the high diffusion barrier of Ru single atoms in
concavities accounts for excellent stability. The devel-
oped Ru-ca-PtNi via single atom-cavity coupling opens
an encouraging pathway to design highly efficient single
atom-based (electro)catalysts. )

Introduction

The electro-oxidation of methyl alcohol plays an important
role in the low-temperature fuel cells, bio-mass conversion
and fine chemistry.l!! Pt—M binary alloy has displayed their
excellent activity towards methanol oxidation reaction
(MOR) by regulating coordinative environment of Pt.”!
However, the main intermediate, CO, drastically poisons the
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catalytic center owing to their strong affinity.’! Although
alloying Pt with oxophilic metal, such as Ru, can mitigate
the CO poisoning issues to a certain extent, Pt—Ru alloy still
suffers from the limited synergistically active center owing
to their random distribution.” For instance, PtRu alloy
featuring a Pt-rich core and a Ru-rich shell, was demon-
strated by the Chen’s group through X-ray absorption
spectra,”! in line with the Danberry’s observation via the
195pt electrochemical nuclear magnetic resonance.!”

Single-atom tailoring strategy is capable to maximize the
active center due to its highly uniform dispersion.” Besides,
the unique electronic structure and unsaturated coordinative
environment has been demonstrated to benefit the CO
removal.®! Karim etal. showcased that Ir single atoms
tailored MgAl,O, exhibited the high activity for low-temper-
ature CO oxidation.”? Ru single atoms modulating CeO,
accelerated the CO removal as compared to CeO,.'"!
Considering Ru single atom is an efficient promoter for CO
oxidation, using Ru single atom to tailor Pt based catalysts is
expected to enhance the methanol oxidation by mitigating
CO poisoning. However, the different intrinsic segregation
energy of Ru in comparison of Pt as well as the high surface
energy of single atoms lead to the poor durability of
achieved catalysts.*""! Up to now, single atom tailoring
metal catalysts have been reported by many groups, but
stabilization of them is rarely explored. Spatial confinement
is one of the strategies for the stabilization of single atom.['!
Several works have utilized the spatial isolation strategy to
fabricate the various metal single atoms supported on
carbon matrix."” For example, Li etal. observed that Ir
single sites were anchored into the nitrogen-doped carbon
through spatial isolation."! Single Pt atoms were success-
fully confined into metal-organic framework by Jiang’s
group.™! Unfortunately, the similar property of metal sur-
face poses a huge challenge towards selectively entrapping
single atoms into the designated confinement sites. Under-
standing single-atom position control chemistry is of signifi-
cance for stabilizing single atom tailoring metal catalysts.
Additionally, the effect of coupling between single atoms
and confined space on electro-catalytical activity is still
unclear and rarely explored.

Herein, we synthesized hybrid catalysts of Ru single
atoms coupled to the surface cavities of PtNi NPs (Ru-ca-
PtNi) via selective ALD technique where the Ru single
atoms were exclusively trapped into the concave domain.
This catalyst shows an improved peak mass activity for
MOR, 2.01 Amg 'y, which is a 5.8-fold enhancement in
comparison with the commercial Pt/C. Transmission elec-
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tron microscopy results suggest that Ru single atoms are
anchored in the concave domains in Ru-ca-PtNi, as
compared to the reference catalysts where Ru single atoms
are located on the smooth surface of PtNi NPs (Ru-su-
PtNi). According to operando FTIR analysis and density
functional theory (DFT) calculations, the Ru single atom-
cavity synergistic coupling efficiently accelerates the CO
removal by optimizing the d-band center position. Further,
our theoretical analysis indicates a high diffusion barrier for
the Ru atoms trapped by cavities, thus, accounting for the
remarkably enhanced stability of Ru-ca-PtNi. This work
demonstrates a single atom-cavity coupling mechanism to
enhance the activity and stability of single atom-based
catalysts.

Results and Discussion

Ru single atoms were deposited into the concavity of PtNi
substrate with corrugated surface, denoted as Ru-ca-PtNi
via surface decoration and followed selective ALD (Fig-
ure 1). Firstly, highly dispersed PtNi NPs on carbon support
was prepared by a wet-chemistry synthetic method (Fig-
ure S1). The PtNi NPs were then dispersed into the ethanol
solution containing oleylamine, where metal substrate sur-
face was decorated with spontaneously adsorbed oleylamine
molecule with the boiling point of 364.4°C (Figure S2). The
oleylamine decorated PtNi NPs were further immersed into
acid solution to corrugate the surface (denoted as ca-PtNi),
as shown in Figure S3. There was no oleylamine decoration
on the new formed concavity owing to the dissolution of Ni
atoms. The Ru atoms can be only deposited into the cavities
during ALD because adsorbed oleylamine and carbon
impeded the deposition of Ru, demonstrated by our
previous work.'"” The element quantification derived from
XPS analysis also demonstrates the absence of Ru for
oleylamine decorated PtNi NPs without acid wash (Fig-
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ure S4). Thus, it is rationally speculated that Ru atoms can
exclusively deposit into the newly formed concave areas of
Ru-ca-PtNi. In the final step, clean Ru-ca-PtNi was obtained
by removing adsorbed oleylamine in acetic acid where the
surface cleanliness was demonstrated by the observation of
Hypp region in the cyclic voltammetry curves (Figure S5).
To verify if Ru single atoms were located in the surface
caves in Ru-ca-PtNi, a reference sample with Ru single atom
deposited on the smooth surface of PtNi was made through
ALD strategy (denoted as Ru-su-PtNi), where the smooth-
ing of metal substrate was achieved by thermal-driven
segregation (Figure S6). It is noted that Ru-ca-PtNi exhibits
a lower value of relative Ru content as compared to Ru-su-
PtNi, likely arising from the suppression of Ru atoms
deposition by oleylamine (Figure S4).

The electro-catalytical performance of Ru-ca-PtNi to-
wards MOR is evaluated in three-electrode system as shown
in Figure 2. The observation of typical H atom adsorption/
desorption and the oxidation/reduction of Pt regions demon-
strates majority of Pt atoms at surface (Figure 2a). MOR
test results demonstrate the highest -electro-catalytical
activity on Ru-ca-PtNi based on the onset potential and
peak current density (Figure 2b). The similar activity
between Pt and PtNi may be attributed to their similar
electronic structure. For Ru-ca-PtNi, the lower work
potential and Tafel slop value are required to achieve the
current density of 5mAcm during MOR, thus, demon-
strating its superior activity (Figure 2c). Further, the
turnover of frequency (TOFs) derived from XPS and ECSA
analysis, quantitatively indicates the highest intrinsic activity
on Ru-ca-PtNi (Figure 2d). Besides, Ru-ca-PtNi exhibits the
highest MOR performance with mass activity of
2.01 Amg'p, at the peak of current density, which is
5.8 times and 3.2 times as compared with that of Pt/C and
Ru-su-PtNi, respectively (Figure 2e). The superior MOR
activity on Ru-ca-PtNi is also demonstrated by the chro-
noamperometry test (Figure S7). Additionally, Ru-ca-PtNi

Ru-ca-PtNi

Ru-ca-PtNi

-

oleylamine

Figure 1. Schematic diagram for fabrication of Ru-ca-PtNi through selective atomic layer deposition.
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Figure 2. a) CV curves of Pt/C, PtNi, Ru-su-PtNi, and Ru-ca-PtNi in argon saturated 0.1 M HCIO,. b) CV curves of Pt/C, PtNi, Ru-su-PtNi, and Ru-
ca-PtNi in argon saturated 0.5 M methanol +0.1 M HCIO, mixed solution. The inset dictates the potential of different catalysts when current

density achieves 0.2 mAcm™

. €) The potential and Tafel slope obtained from MOR polarization curves at the current densities of 5 mAcm

-2

d) TOFs of Pt/C, PtNi, Ru-su-PtNi, and Ru-ca-PtNi on basis of the loaded Pt atoms at different potentials. e) Mass activities of Pt/C, PtNi, Ru-su-
PtNi, and Ru-ca-PtNi for MOR. f) The mass activity and specific MOR activity of Ru-ca-PtNi at peak in comparison of that of other Pt-based

catalysts in literature.

also represents one of the best MOR catalysts on basis of
mass activity and specific activity (Figure 2f), indicating that
the single atom-cavity coupling plays an important role
towards electrocatalytic kinetics of single atoms-based
catalysts.

In order to understand the superior MOR activity on Ru
single atom tailored Pt-rich catalysts, electrochemical oper-
ando FTIR measurements on Ru-ca-PtNi are conducted to
understand MOR at the molecular-level. The negative bands
at ~2300 and 2050 cm™' in operando FTIR tests (Fig-
ure 3a,b, Figure S8), are assigned to CO, and linearly
bonded CO (CO,), respectively.'”? The observation of CO
infrared peaks directly demonstrates that CO is a main
product during MOR process, which subsequently strongly
poisons active sites. It is noted that the ratio of CO, to CO
infrared peak intensity in the case of Ru-ca-PtNi is critically
higher than that of Pt/C (Figure 3c,d). CO and CO, infrared
peak intensity at different potentials are quantified to
understand reaction mechanism (Figure 3e). The first find-
ing is that the CO, peak intensity quickly increases with the
decreasing CO peak intensity, thus signifying the removal of
CO for MOR. The other finding is that the presence of Ru
single atoms benefits the removal of CO, thus accounting
for the significantly enhanced MOR performance on Ru
single atoms tailored nanocatalysts. It is noted that the Ru-
ca-PtNi is more beneficial for the methanol oxidation on
basis of the variation of normalized CO and CO, peak
intensity compared to Ru-su-PtNi (Figure 3e), indicating the
positive effect of single atom-cavity coupling on the CO

Angew. Chem. Int. Ed. 2022, 202207524 (3 of 9)

removal ability of Pt based catalysts. CO stripping tests are
further conducted to evaluate the CO-removal ability of
electrocatalysts (Figure $9)."¥ For Ru-ca-PtNi and Ru-su-
PtNi, the obviously negative shift of onset potential supports
that the presence of Ru atoms is beneficial for the CO
oxidation. Besides, their onset potential is almost the same
as that of PtRu alloy, suggesting that Ru atoms also promote
the CO removal through bi-functional mechanism because
of its high activity towards the water activation (Fig-
ure $9).! Considering the inhomogeneous dispersion of
active center in hetero-catalysts, the average CO oxidation
potential is further calculated to evaluate CO stripping
ability.” The average CO oxidation potential of 0.72 V for
Ru-ca-PtNi is noted to be lower than that of Pt/C by
100 mV, thus significantly enhancing MOR activity by
accelerating the removal of CO.

Exploring the local chemical and coordinative environ-
ment of Ru-ca-PtNi benefits to understand its obviously
accelerated electrocatalytic kinetics. The almost same XRD
patterns of Ru-ca-PtNi and Ru-su-PtNi prove the absence of
Ru and Ru oxides with long-range structure (Figure S10).
XPS as a surface-sensitive characterization is conducted to
study their electronic structure (Figure S11). The Ru 3p XPS
in the case of Ru-ca-PtNi exhibits similar oxidation state in
comparison with Ru-su-PtNi (Figure S12). For the Pt 4f XPS
spectra of Ru-ca-PtNi, the shifted peak towards high binding
energy as compared to c-PtNi and Pt demonstrates the
tailored electronic structure by incorporated Ru atoms
(Figure 4a, S13 and Table S1). The surface electronic

© 2022 Wiley-VCH GmbH
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Figure 3. Three-dimensional operando FTIR spectra on a) Ru-ca-PtNi and b) Pt/C in argon saturated 0.5 M methanol+0.1 M HCIO4 mixed
solution. Operando FTIR spectra on c) Ru-ca-PtNi and d) Pt/C at different potentials in argon saturated 0.5 M methanol+0.1 M HCIO, mixed
solution. e) The normalized CO and CO, intensity of Pt/C, Ru-su-PtNi and Ru-ca-PtNi at different potentials, obtained from the integral of CO and

CO, FTIR peaks.

structure and d-band structure is further studied by using
surface valence band spectra, which is collected on the
nanoparticle monolayers by high-resolution XPS (Fig-
ure 4b).?" The d-band center of Ru-ca-PtNi is positioned at
—298 ¢V, as compared to —3.03eV for Ru-su-PtNi. The
obvious upshift of d-band centers of Ru-ca-PtNi can be
ascribed to the redistribution of surface d-states by the
single atom-cavity coupling.”” In addition, the positive shift
of d-band centers has been observed to benefit the methanol
oxidation through tailoring the binding strength between
catalysts and adsorbates.*

Synchrotron radiation-based X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) are employed to shed light on the
chemical structure of Ru-ca-PtNi. The XANES profiles
demonstrate the similar cationic Ru environment for Ru-ca-
PtNi and Ru-su-PtNi, where their valence state is located
between metallic Ru’ and oxidizing Ru*" (Figure 4c and
Figure S14). For Ru-ca-PtNi, the absence of periodic oscil-
lation excludes the presence of long-range ordered Ru local
structure, evidencing their delocalized nature. The Fourier
transforms (FT) k*-weighted y(k)-function of Ru EXAFS is
shown in Figure 4d. The atomic dispersion of Ru for Ru-ca-
PtNi is demonstrated by the absence of metallic Ru—Ru and
Ru—O—-Ru coordination, which are corresponding to the FT
peak at 2.5 A and 32 A, respectively. Wavelet transform
(WT) of EXAFS oscillation is further performed to gain
more insights pertaining to coordination information. The
maximum in the contour line plot for Ru-ca-PtNi is observed
at k=3.0 A", also demonstrating the formation of mono-
dispersed Ru atoms in the cavities (Figure 4e). The observed

Angew. Chem. Int. Ed. 2022, 202207524 (4 of 9)

shift in the maximum intensity is possibly owing to the
different coordination environment of Ru single atoms for
Ru-ca-PtNi and Ru-su-PtNi, in line with the results of fitting
spectra (Figure S15 and Table S2).

Atomically revealing Ru atoms distribution on Pt based
substrate is beneficial for understanding the structure differ-
ence and further performance enhancement. Aberration-
corrected high angle annular dark field-scanning trans-
mission electron microscopy (HAADF-STEM) has been
conducted to characterize the local structure of catalysts
(Figure 5a and Figure S16). It is observed that the nano-
particles of Ru-ca-PtNi have a multi-grain nature and show
a highly curved surface (Figure 5a), whereas the Ru-su-PtNi
sample are single-grained nanoparticles with smooth surface
(Figure 5c). Enlarged HAADF image of a representative
Ru-ca-PtNi at the edge is shown in Figure 5d while that of
the Ru-su-PtNi sample is shown in Figure 5f. These results
show the Ru-ca-PtNi sample indeed has a corrugated
surface. Although the distribution of Ru can not be directly
distinguished from the contrast of atomic resolution
HAADF images. Its existence can be verified from Fig-
ure Sb and Figure S17 where the electron energy loss
spectroscopy (EELS) signals of Ru—L and Pt—M edges are
shown. In addition, the high-resolution energy dispersive
spectroscopy (EDS) mapping demonstrates atomically dis-
persed Ru single atom (Figure 5¢). These observations are
in line with the XAFS and XPS results, which indicate the
corrugated surface of Ru-ca-PtNi sample can be the host
sites of Ru single atoms.

Besides the STEM results, the partial density of states
(PDOS) for different catalysts with CO adsorption are also

© 2022 Wiley-VCH GmbH
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calculated to further rationalize the differences in adsorption
properties of CO on Pt and Ru-ca-PtNi (Figure 5g and
Figure S18). The Pt d-band centers in the case of Ru-ca-PtNi
locates relatively from the Fermi level in comparison with
Pt, in line with the valence band analysis. In fact, the up-shift
of d-band center leads to the strong adsorption of adsor-
bates owing to the reduced occupancy of anti-bonding
orbitals.”! Ru-ca-PtNi with the up-shifted d-band center
exhibits the strongest binding energy with OH* formed
through water activation, and further boosts the CO*
removal (Figure S19 and $20).°**! The outstanding CO
stripping ability of Ru single atom tailored catalysts demon-

Angew. Chem. Int. Ed. 2022, 202207524 (5 of 9)

strates the bi-functional mechanism owing to its high activity
towards the water activation.'”” And the up-shift of d-band
center is the electronic origin, which strengthens the binding
with OH¥*. Tailored electronic structure and bi-functional
mechanism are proposed to account for the enhanced MOR
activity. It is also speculated that the up-shift of d-band
center for Ru-ca-PtNi accounts for the higher MOR in
comparison with the Ru-su-PtNi, considering that their
similar CO average potential (Figure S9). Besides, the
reaction mechanism of methanol oxidation is further inves-
tigated by density functional theory (DFT) calculations (U=
0.8V vs. RHE, Figure 5h).**% Ry-ca-PtNi exhibits more

© 2022 Wiley-VCH GmbH
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Figure 5. a) The aberration-corrected HAADF-STEM image of Ru-ca-PtNi (the scale bar is 2 nm). The inset is the corresponding FFT pattern (the
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Ru-ca-PtNi. Ru atom, brown ball; Ni atom, green ball; Pt atom, light blue; C atom, black; O atom, red. h) Reaction profile for MOR on different

surfaces.

energetically favorable pathway and lower overpotential in
comparison with Ru-su-PtNi (Figure S21). In addition, all
elementary steps are exothermic, demonstrating the superior
MOR activity on Ru-ca-PtNi though single atom-cavity
coupling.

The segregation of single atom during reaction inevitably
deteriorates the structure of catalytic center, thus, obviously
lowering reaction dynamics.** The corresponding polar-
ization curves after stability tests consisting 3000 potential
cycles between 0V and 1.2V in argon saturated 0.5 M
methanol and 0.1 M HCIO, mixed solution, are shown in
Figure S22. It is worth noting that Ru-ca-PtNi exhibits the

Angew. Chem. Int. Ed. 2022, 202207524 (6 of 9)

considerably enhanced stability with only 16 % performance
loss after stability test in comparison with ~50 % perform-
ance loss for Ru-su-PtNi (Figure 6a). The obvious stability
difference between Ru-ca-PtNi and Ru-su-PtNi can be
reasonably attributed to single atom-cavity coupling inter-
action. The CO stripping with highly surface-sensitive nature
is firstly tested to gain insight into the evolution of surface
structure (Figure S23). The only 20-mV positive shift in
average CO oxidation potential is observed in the case of
Ru-ca-PtNi, in contrast with the observed 70-mV positive
shift for Ru-su-PtNi (Figure 6b). For Ru-ca-PtNi and Ru-su-
PtNi, the obvious difference in the variation of average CO

© 2022 Wiley-VCH GmbH
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oxidation potential is likely associated with the difference of
local environment of active center. The aberration-corrected
HAADF-STEM is further employed to explore their local
environment. The HAADF-STEM coupled with EELS
spectrum evidences the confined Ru single atom by cavities
in the case of Ru-ca-PtNi (Figure 6¢c and Figure S24), in
contrast with the observation of Ru clusters for Ru-su-PtNi
(Figure S25). The absence of Ru clusters for Ru-ca-PtNi
demonstrates the strong confinement of Ru atom in cavities.
Climbing image nudged-elastic-band (CI-NEB) method is
conducted to demonstrate the confinement of single atom
by cavities. Transition states of Ru atoms sintering are then
searched through CI-NEB method (Figure 6d, 6e and Fig-
ure S26). The formation of a Ru, cluster on Ru-ca-PtNi
from the aggregation of Ru atoms requires a barrier of
1.79eV to be overcome, as well as an endothermy of
0.51 eV. However, the diffusion barrier for such a sintering
process is only 0.82 eV with an exothermicity of 0.51 eV in
the case of Ru-su-PtNi. Therefore, the atomical Ru atoms
are dominated in the concavity of corrugated surface during
stability test in compared to the case with absence of cavities

Angew. Chem. Int. Ed. 2022, 202207524 (7 of 9)

owing to the higher kinetic diffusion barrier under the
presence of cavities.

Conclusion

This work unveils the effect of single atom-cavity coupling
on the activity and stability of Ru single atom tailored PtNi
NPs. The atomically dispersed Ru atom anchored into the
cavity, synthesized by selective ALD, is observed through
the aberration-corrected HAADF-STEM images and
XAFS. Also, the extraordinary electrocatalytic MOR activ-
ity is observed on Ru-ca-PtNi, which outperforms most of
published results. DFT calculation and operando electro-
chemical FTIR analysis confirms that immobilized Ru atoms
into concavities efficiently accelerate the removal of CO
during MOR process by regulating the d-band center. In
addition, the only 20 % loss in performance after stability
test is observed on Ru-ca-PtNi, in comparison with nearly
50 % loss for Ru-su-PtNi. Structural characterization con-
firms the atomic dispersion of confined Ru atom in cavities

© 2022 Wiley-VCH GmbH
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without segregation for Ru-su-PtNi. Further, the DFT
simulation indicates that the higher diffusion barrier is
needed to be overcome for Ru-ca-PtNi, beneficial for their
structural stability. The development of Ru-ca-PtNi catalysts
by single atom-cavity coupling represents a highly efficient
approach to design the advanced single atom tailored metal
NPs catalysts with excellent activity and stability.

Experimental Section

Essential Experimental Procedures are provided in the Supporting
Information.
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Single atom-cavity coupling enables the
superior activity and stability of Ru
single atoms tailored PtNi nano-cata-
lysts towards methanol oxidation, syn-
thesized by the selective ALD. The
modulated d-band center and higher
diffusion barrier accounts for the unpar-
allel activity and stability on the Ru
single atoms coupled to PtNi cavities,
respectively.
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