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Metallic nanorings (NRs) with open hollow structures are of particular
interest in energy-related catalysis due to their unique features, which
include the high utilization of active sites and facile accessibility for
reactants. However, there is still a lack of general methods for synthe-
sizing Pd-based multimetallic NRs with a high catalytic performance.
Herein, we develop a template-directed strategy for the synthesis of
ultrathin PdM (M = Bi, Sb, Pb, BiPb) NRs with a tunable size. Specifically,
ultrathin Pd nanosheets (NSs) are used as a template to steer the
deposition of M atoms and the interatomic diffusion between Pd and
M, subsequently resulting in the hollow structured NRs. Taking the
ethanol oxidation reaction (EOR) as a proof-of-concept application, the
PdBi NRs deliver a substantially improved activity relative to the Pd NSs
and commercial Pd/C catalysts, simultaneously showing outstanding
stability and CO tolerance. Mechanistically, density functional theory
(DFT) calculations disclose that the incorporation of Bi reduces the
energy barrier of the rate-determining step in the EOR C,-path, which,
together with the high ratio of exposed active sites, endows the PdBi
NRs with an excellent EOR activity. We believe that our work can
illuminate the general synthesis of multimetallic NRs and the rational
design of advanced electrocatalysts.

Introduction

Designing catalysts with both high activity and durability is of
crucial importance to advance the development of electrochemical
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New concepts

Ultrathin NSs have been regarded as efficient catalysts due to their high
atomic utilization associated with their unique structure. Owing to the
effective exposure of atoms at both exterior and interior surfaces, NRs
with a hollow structure can provide a promising approach to transcend
the atomic utilization ceiling of ultrathin NSs, which can further enhance
the electrocatalytic performance. However, a general strategy for synthe-
sizing Pd-based multimetallic NRs with a high catalytic performance
remains lacking because of the intrinsically isotropic growth behavior of
metals. In this work, we report a universal route for the synthesis of
ultrathin PAM (M = Bi, Sb, Pb, BiPb) NRs with tunable sizes that uses
ultrathin Pd NSs as the template. To the best of our knowledge, the
prepared PdBi, PdSb, and PdBiPb multimetallic NRs in our work are new
ultrathin Pd-based NRs, which can expand the library of this unique Pd-
based nanostructure. We anticipate that our universal strategy can be
extended to synthesize other multimetallic NRs, which can advance the
design of remarkable electrocatalysts.

energy conversion devices."™ So far, noble-metal-based materials
(e.g, Pt, Pd, Rh) are still regarded as the most effective candidates
for various electrocatalytic reactions, such as the ethanol oxidation
reaction (EOR),”” the oxygen reduction reaction (ORR),* *° and the
methanol oxidation reaction (MOR).""'> However, the high cost
that arises from the unaffordable use of noble metals seriously
retards the commercial applications of devices.">'* Accordingly, it
is of great importance to explore electrocatalysts with an improved
catalytic activity and stability to enhance the utilization efficiency
of noble metals.

One promising solution is to alloy the noble metal with a
second metal, which can tune the electronic structure and thus
improve the intrinsic activity.">™'® In addition, fabricating
favorable nanostructures, such as 0D (e.g., polyhedral),"**° 1D
(e.g., nanowires),”"**> 2D (e.g., nanosheets),**>* and 3D struc-
tures (e.g., nanoflowers),>>*® has also been found to be an
effective way of increasing the number of active sites, which
can promote the catalytic performance. Among those nano-
structures, ultrathin NSs have received widespread academic
interest due to their high utilization efficiency and electron

This journal is © The Royal Society of Chemistry 2023
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mobility.>”*® To further enhance the catalytic performance of
noble metals, many studies have been focused on ultrathin NSs
to maximize the number of active sites. Decreasing the thick-
ness of ultrathin NSs is an effective strategy to achieve this
target but leads to insufficient stability during the reaction.?®™*?
An alternative strategy is to construct hollow structures, such as
NRs. NRs, which have a hollow structure, can utilize more
catalytic sites at both exterior and interior surfaces compared
with those with a solid structure, and is expected to boost the
catalytic activity.>*>® For instance, the PtCu NRs have been
successfully produced through the galvanic replacement approach,
and delivered a superior MOR performance owing to the hollow
NR structure and the ligand effect.** In another notable case, Guo
and co-workers recently reported a sequential reduction strategy
for generating ultrathin PdPtCu NRs, and the boosted the ORR
performance, which can be ascribed to the combination of the
unique structure and the alloyed Cu atoms.*” Despite some
achievements in the synthesis of metallic NRs, a general method
for generating the ultrathin Pd-based NRs is still lacking.

Herein, we report a template-directed method for the gen-
eral synthesis of ultrathin Pd-based (Pd-M, M = Bi, Sb, Pb, BiPb)
NRs with a tunable size. Selecting PdBi NRs as a typical
example, a time-dependent study was conducted to reveal the
formation mechanism of the NR structure. As a proof-of-
concept reaction, the PdBi NRs were applied as EOR electro-
catalysts, and exhibited significantly enhanced activity, stability
and CO-tolerance towards the EOR. Moreover, based on both
experimental results and density functional theory (DFT) calcu-
lations, the optimized electronic structure arising from the
introduced Bi atoms and the greater number of active sites
offered by the NR structure account for the enhanced EOR
performance.

Results and discussion
Synthesis and structural characterization of PdBi NRs

The ultrathin PdBi NRs were prepared via a two-step template-
directed approach using Pd NSs as the template. In the first
step, ultrathin Pd NSs were produced according to the pre-
viously reported method® (see the Experimental section in the
ESIt for details). Transmission electron microscopy (TEM)
images revealed the successful production of ultrathin NSs with
an average lateral dimension of 31.5 nm and a thickness of 1.0 nm
(Fig. S1 and S2, ESIY), where the thickness was determined through
measuring the vertical standing NSs directly. Subsequently, the PdBi
NRs were obtained by heating a mixture solution containing the pre-
synthesized Pd NSs, bismuth neodecanoate (Bi(C;,H;90,)3), poly-
vinylpyrrolidone (PVP), ascorbic acid (AA), ethylene glycol (EG) and
N,N-dimethylacetamide (DMAC) at 140 °C for 3 h (see ESI{ for
details).

Fig. 1a and b show the morphology of the PdBi NRs based on
TEM and high-angle annular dark-filed scanning transmission
electron microscopy (HAADF-STEM), respectively, demonstrating
the good uniformity of the as-synthesized NRs. According to direct
counting, the average lateral dimension and thickness of the
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resulting products was estimated to be 23.3 and 2.1 nm, respec-
tively (Fig. S3, ESIt). To verify the formation of PdBi NRs, the
chemical composition of the NRs was analyzed. The atomic ratio
of Pd/Bi was estimated to be 88.3/11.7 using inductively coupled
plasma-atomic emission spectroscopy (ICP-AES), in line with the
value of 90.15:9.85 obtained via STEM energy-dispersive X-ray
spectroscopy (STEM-EDX), manifesting the successful introduction
of Bi. The X-ray diffraction (XRD) pattern in Fig. 1c shows that the
diffraction features are similar to those of typical Pd (JCPDS No.
46-1043), indicating the face centered cubic (fcc) crystal structure.
Relative to the ultrathin Pd NSs, the diffraction peaks of the PdBi
NRs present an overall shift towards a lower angle, which can be
ascribed to the lattice expansion upon incorporation of the larger
Bi atoms. It should be noted that, owing to the ultrathin diameter
and strain effect of the ultrathin 2D nanostructures, the diffraction
peaks of pure ultrathin Pd NSs are relatively broad and exhibit a
slightly negative shift compared with those of typical Pd.*”"®
Besides, no characteristic diffraction peaks of Bi or Bi oxides were
observed, confirming the formation of the alloy structure instead
of a heterostructure in the PdBi NRs.*>*°

Atomic-resolution aberration-corrected HAADF-STEM was
performed to reveal the NR atomic-scale structural information
(Fig. 1d and e). The atomic-resolution HAADF-STEM images
display the well-defined crystalline nature of the PdBi NRs. As
depicted in Fig. 1f, the corresponding intensity profiles of the
NRs show lattice spacings of 2.33 A and 1.46 A, which can be
indexed to the (111) and (220) planes, respectively, of fcc Pd.
Note that the larger lattice spacings of the PdBi NRs in contrast
to standard Pd (2.25 and 1.38 A) prove the incorporation of Bi
atoms into the Pd lattice, consistent with the observations from
XRD.*' Fig. 1g depicts the STEM-EDX elemental mapping
profiles gathered from individual PdBi NRs, demonstrating
the uniform distribution of Pd and Bi atoms throughout the
NRs. To further investigate the chemical states in the NRs,
high-resolution X-ray photoelectron spectroscopy (XPS) was
carried out. The high-resolution XPS spectra of Pd 3d and Bi
4f clearly display that most of the Pd and Bi is in their metallic
states, while a small amount of the oxidized state co-exists
because of the surface oxidation of ultrathin PdBi NRs after
exposure to air (Fig. 1h).”> Note that the Pd 3d peaks exhibit a
negative shift compared with the Pd NSs (Fig. S4, ESIY),
suggesting electron transfer from Bi to Pd in the PdBi NRs.*
Such an electron transfer process may regulate the electronic
structures of Pd, which can optimize the adsorption behavior of
the reaction intermediates and thus be expected to improve the
catalytic activity.**** In addition, we also used Pd NSs with
diverse lateral dimensions as templates to synthesize the PdBi
NRs. As illustrated in Fig. S5 and S6 (ESIt), PdBi NRs with
lateral sizes of 11.9 and 32.7 nm can be derived from 18.2 nm-
and 43.0 nm-sized Pd NSs, respectively, demonstrating the
suitability of the template-directed method for flexibly control-
ling the structure of the NRs.

Formation mechanism of the PdBi NRs

To understand the formation mechanism of the PdBi NRs, we
investigated the time-dependent structure evolution from the
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Fig. 1 Structural and compositional characterization of the ultrathin PdBi NRs. (a) Low-magnification TEM image. (b) HAADF-STEM image. (c) XRD
patterns. (d) Atomic-resolution aberration-corrected HAADF-STEM image. (e) Enlarged atomic-resolution HAADF-STEM image taken from the area
marked by the white rectangular box in (d). (f) Intensity profiles taken along the atomic layers marked by the corresponding green and orange arrows in
(e). (g) STEM-EDX elemental mapping images of a representative PdBi NR. High-resolution XPS spectra for (h) Pd 3d and (i) Bi 4f.

Pd NSs to the PdBi NRs during the template-directed synthesis.
During the first stage of the reaction (Fig. 2a, 1 min), the as-
prepared ultrathin Pd NSs broke up into smaller NSs. When the
reaction time was prolonged to 5 min, the fragile NSs became
thicker, and some tiny pores were formed on the NSs (Fig. 2b).
As the reaction time was extended to 15 min, the pores were
gradually enlarged and merged to create the hollow feature and
some NRs structures (Fig. 2c). After reaction for 180 min, the
porous NSs were totally transformed into the NRs with high
uniformity (Fig. 2d). Based on TEM images of the intermedi-
ates, we find that the resultant NRs inherited well the two-
dimensional structure of the Pd NS seeds, demonstrating that
the Pd NSs acted as templates to guide the evolution of the
morphology. The compositions of the NRs obtained at different
stages were also analyzed based on ICP-AES (Fig. 2e), where the
atomic percentage of Bi started from zero, and gradually
increased to the final composition of the PdBi NRs after
180 min. Taking the homogeneous distributions of Bi and Pd
in the PdBi NRs into consideration, the results demonstrate the
interatomic diffusion behavior between Bi and Pd during the
reaction process. Moreover, time-dependent XRD patterns

1418 | Mater. Horiz., 2023, 10, 1416-1424

(Fig. 2f) also showed the continuous negative shift of the
diffraction peaks with increasing reaction time, caused by the
gradual incorporation of Bi to expand the Pd lattice.**** Taking
these results together, we can conclude that the template-
directed growth and the subsequent interatomic diffusion
contribute to the formation of ultrathin NRs.

However, one question for understanding the formation
mechanism still remains: how is the hollow structure con-
structed? We thus conducted a set of control experiments that
used the standard procedure except for the absence of the Bi
precursor, to investigate the effect of the incorporated Bi atoms
on the morphological evolution. Interestingly, as shown in
Fig. S7 (ESIt), only fragile NSs with few pores were obtained.
Because the Br~ ions selectively absorbed on the side facets,
and protected them from oxidation, the oxidative etching
initially began at the surface region.*® Therefore, the fragmen-
tation of the NSs and the formation of surface pores can be
ascribed to oxidative etching by the residual O, during
synthesis.>* By comparing the morphology in the presence
and absence of Bi, we noticed that the Bi atoms played an
important role in the formation of the NR structure. It was

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Formation mechanism for the PdBi NRs. Representative TEM images of the PdBi NRs obtained at various reaction times of (a) 1 min, (b) 5 min,
(c) 15 min, and (d) 180 min at 140 °C. (e) Plot showing the time-dependent compositional evolution for formation of the PdBi NRs, determined via ICP-
AES. (f) XRD patterns of the PdBi NRs collected at various reaction times. (g) Schematic illustration showing the synthesis mechanism of the PdBi NRs

using the template-directed strategy.

speculated that the deposited Bi atoms on the Pd NSs may lower
the diffusion barrier of Pd and thus accelerate the migration of Pd
atoms.” To test this hypothesis, we conducted a control experi-
ment using the standard procedure by increasing the amount of Bi
precursor from 2 mg to 3 mg. Interestingly, the obtained PdBi
possessed a nanowire-like structure (Fig. S8, ESIT). This may be
attributed to the excessive migration of Pd atoms, thus resulting in
severe fragmentation of the Pd NSs. On the basis of these results,
we can reasonably give a picture of the PdBi NR formation
mechanism as illustrated in Fig. 2g. To be specific, at the initial
stage, fragmentation and small pores appeared on the ultrathin Pd
NSs. Meanwhile, due to the selective absorption of Br~ ions on the
side facets, the Bi atoms mainly deposited and diffused on the
surface region of the Pd NSs. The deposited Bi atoms accordingly
lowered the diffusion barrier, and thus promoted interatomic
diffusion including the migration of Pd atoms. With the migration
of Pd atoms, the pores were continuously enlarged and finally the
PdBi NRs were formed.

Generality of template-directed approach for synthesizing the
PdM NRs

The synthetic approach was generalized to obtain other ultra-
thin PdM bimetallic NRs, including PdSb NRs and PdPb NRs,

This journal is © The Royal Society of Chemistry 2023

where we replaced the corresponding metal precursor in the
standard synthesis. The morphology, composition and struc-
ture of the PdSb NRs and PdPb NRs were characterized via
TEM, ICP-AES, XRD and STEM-EDX, as shown in Fig. 3 and
Table S1 (ESIT). The TEM images clearly demonstrate that the
synthesized PdM (M = Sb and Pb) NRs all show typical a NR
structure (Fig. 3a and d). According to the ICP-AES results in
Table S1 (ESIT), the atomic ratio of Pd/Sb and Pd/Pb is 93.7/6.3
and 75.9/24.1, respectively, indicating the successful incorpora-
tion of Sb and Pb atoms. As illustrated in Fig. 3b and e, the XRD
diffraction peaks of the PdSb NRs and the PdPb NRs match well
with the fece structure of Pd, and show a shift compared with
pure Pd NSs due to the incorporation of Sb, and Pb atoms,
demonstrating the formation of the alloy structure in each
case.’®™*® Furthermore, the uniform distribution of Pd and
Sb/Pb throughout the NRs was confirmed in the STEM-EDX
elemental mapping profiles (Fig. 3c and f). Beyond bimetallic
NRs, the synthetic approach can be further generalizable for
trimetallic systems. The successful synthesis of PdBiPb trime-
tallic NRs was verified through structural and compositional
characterization (Fig. 3g-i and Table S1, ESIT). Taken together,
we confirm the generality of our template-guided synthetic
approach to obtain Pd-based NRs. It is believed that this

Mater. Horiz., 2023, 10, 1416-1424 | 1419
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Fig. 3 Structural and compositional characterization of the obtained PdSb NRs, PdPb NRs and PdBiPb NRs. (a—c) TEM image, XRD pattern and STEM-
EDX elemental mapping images of the PdSb NRs. (d—f) TEM image, XRD pattern and STEM-EDX elemental mapping images of the PdPb NRs. (g—i) TEM
image, XRD pattern and STEM-EDX elemental mapping images of the PdBiPb NRs.

universal method can be extended to other Pd-based multi-
metallic NRs beyond our work.

EOR performance

Taking the EOR as a model reaction, the electrocatalytic activity
of the PdBi NRs was then inspected. The Pd NSs and commer-
cial Pd/C were also investigated as reference catalysts. Before
electrochemical testing, the as-obtained PdBi NRs and Pd NSs
were loaded on Vulcan XC-72R carbon to prepare carbon-
supported catalysts (20 wt%). Fig. 4a presents the cyclic vol-
tammograms (CVs) recorded in N,-saturated 1 M KOH electro-
lyte at a scan rate of 50 mV s~ '. The electrochemically active
surfaces areas (ECSAs) of the three catalysts were determined
based on integration of the PdO reduction peak. Owing to the
NRs having a high ratio of exposed atoms, the PdBi
NR/C possesses the largest ECSA (74.14 m? g~ 'pq), compared
with Pd NS/C (35.34 m> g 'pq) and commercial Pd/C
(40.37 m* g 'pg). The ECSA of the Pd NS/C is lower than
expected, probably on account of the aggregation of two-
dimensional ultrathin NSs. Moreover, to evaluate the EOR
catalytic activity, the CVs were obtained at room temperature

1420 | Mater. Horiz., 2023,10, 1416-1424

in N,-saturated 1 M KOH containing 1 M CH;CH,OH at a scan
rate of 50 mV s~ ". The Pd mass-normalized CV curves show that
the PdBi NR/C catalyst exhibits the lowest onset potential
compared with Pd NS/C and Pd/C, suggesting that the EOR
over PdBi NR/C has a decreased activation barrier (Fig. 4b).*°
Fig. 4c and Fig. S9 (ESIt) display that the PdBi NR/C catalyst
shows the highest mass activity (MA) of 3.21 A mg 'pq, which is
3.41 and 4.52 times higher than that of Pd NS/C (0.94 A mg ™ 'pq)
and the commercial Pd/C catalyst (0.71 A mg™ 'pq). Moreover,
the EOR mass activity of PdBi NR/C exceeds most of the
reported catalysts (Table S2, ESIf). For the specific activity
(SA; normalized to the corresponding ECSA), it is demonstrated
by Fig. S10 (ESIT) that the PdBi NR/C catalyst also delivers an SA
of 4.33 mA cm™?, 2.47 times higher than that of commercial
Pd/C (1.75 mA cm™?). These results together confirm the good
catalytic activity of PdBi NRs toward the EOR in an alkaline
medium, which can be traced back to the NR features and Bi
incorporation.

Considering the significance of the stability term for prac-
tical applications, we then conducted chronoamperometry tests
at 0.725 Vgyg to assess the EOR stability of the developed

This journal is © The Royal Society of Chemistry 2023
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KOH with 1 M ethanol at a potential of 0.725 Vgye.

catalysts. As shown in Fig. 4d, the PdBi NR/C maintains the
highest activity among all the catalysts. Specifically, the current
density of PdBi NR/C retains 49.4% of its initial value, while
commercial Pd/C and Pd NS/C retain only 21.2% and 4.2%,
respectively, after 3600 s of stability testing. Besides, the
morphology and composition of PdBi NR/C show a negligible
change after the aforementioned stability measurement
(Fig. S11 and Table S3, ESIT), in line with the retained activity.
Interestingly, the PdBi NR/C catalyst can easily be reactivated by
sweeping for several cycles using a fresh KOH electrolyte.
Fig. S12 (ESIT) depicts five consecutive reactivation cycles for
PdBi NR/C, where this catalyst shows only a slight drop in EOR
activity after five cycles. The aforementioned results reveal the
enhanced EOR stability of the PdBi NRs/C catalyst.
CO-tolerance is another important parameter for an ideal
catalyst towards the EOR because CO will absorb strongly on
the active sites and thus will have a negative impact on the EOR
performance of the catalyst.””° As is well known, the ratio
between the forward current density (Iy) and the backward
current density (I,) reflects the CO anti-poisoning ability of a
catalyst.>>' From the CV curves in Fig. 4b, the I¢/I;, value of PdBi
NR/C was calculated to be 1.46, which is higher than that for Pd
NSs (1.00) and the commercial Pd/C (1.05), indicating that the

This journal is © The Royal Society of Chemistry 2023

. (c) Mass activities recorded at the corresponding peak potentials in the CV curves in (b). (d) Chronoamperometry stability testing in 1 M

PdBi NRs may have an enhanced tolerance to CO poisoning. We
also conducted CO-stripping experiments to further study the
CO-tolerance performance of PdBi NR/C, as shown in Fig. S13
(ESIY). In the case of commercial Pd/C, the peak ranging from
0.76 to 1.0 Vryg in the first scan can be ascribed the CO
oxidative removal.>® For the PdBi NR/C, the peak ranging from
0.70 to 0.82 Vgyyg in the first scan can be attributed to the CO
oxidative removal, and the peak around 0.9 Vgyg can be
recognized as a combination of CO oxidative removal and
oxidation of the PdBi surface.** It can be seen that the PdBi
NR/C shows a lower onset potential compared with commercial
Pd/C, indicating that CO can be easily removed from the
surface of such a catalyst. The doping of the Bi atoms may
weak the adsorption of CO, and thus enhance the CO-tolerance
performance.*® Taken together, the PdBi NR/C possesses excel-
lent activity, stability and CO-tolerance towards the EOR owing
to the incorporation of Bi atoms and the efficient utilization of
Pd atoms in the NR structure.

Mechanistic understanding

To further provide in-depth insight into the enhanced EOR
activity of the PdBi NR/C catalyst, density functional theory
(DFT) calculations were performed on Pd (111) and PdBi (111)

Mater. Horiz., 2023,10, 1416-1424 | 1421
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PdBi (111).

slabs, which represent the corresponding catalysts.**** Fig. 514
(ESIT) and Fig. 5a exhibit configurations of the reaction inter-
mediates involved in both the C;- and C,-paths of the EOR. The
free energies of the intermediates on the Pd (111) and PdBi
(111) slabs were calculated to gain further insight. As shown in
Fig. 5b and c, the Gibbs free energy difference in the
*CH3CO — *CH,CO branch (C;-path, Pd: 0.97 eV, PdBi:
1.27 eV) is much higher than that in the *CH;CO -
*CH3COOH branch (C,-path, Pd: 0.17 eV, PdBi: 0.08 eV),
indicating that the C, pathway should be the dominant reac-
tion pathway for all catalysts.>">® Therefore, we specifically
analyzed the C, pathway reaction in the following. Based on
the calculated free energy profiles, it is observed that the
second dehydrogenation of ethanol (*CH;CHOH — *CH;COH)
was the rate-determining step (RDS) of the C,-path of the
EOR.”*>® Notably, PdBi exhibits a lower free energy demand
(0.51 eV) in the RDS relative to that of pure Pd (0.88 eV),
verifying that the incorporation of Bi atoms can thermodyna-
mically promote the RDS and thus the C, pathway in the EOR.
This can be attributed to the redistribution of electron charge
and the optimized electronic structure of Pd arising from the
alloyed Bi.*>** Taking all of these analyses together, the ligand
effect from the incorporated Bi atoms consequently endows
PdBi with an excellent intrinsic activity, which, together with

1422 | Mater. Horiz., 2023, 10, 1416-1424

the unique structure of the NRs and the high percentage of
exposed atoms, ultimately results in the enhanced electrocata-
Iytic EOR performance of the PdBi NRs.

Conclusions

In summary, we have developed a universal method for the
synthesis of ultrathin PAM (M = Bi, Sb, Pb and BiPb) NRs with
tunable sizes through a template-directed strategy. The for-
mation of the NR structure relies on the deposition of foreign
atoms on the Pd NS templates and subsequent interatomic
diffusion to create hollow structures and the final NRs. As a
proof-of-concept application, the PdBi NR/C catalyst exhibits a
substantially enhanced activity compared with Pd NS/C and the
commercial Pd/C catalyst for the electrocatalytic EOR in an
alkaline medium. Meanwhile, the PdBi NR/C also shows good
stability and CO-tolerance, indicating its good suitability for
practical applications. Mechanistically, it is disclosed that the
incorporation of Bi can reduce the energy demand of the RDS
in the EOR C,-path, which, together with the abundant active
sites exposed by unique NR structure, endows the PdBi NRs
with an excellent catalytic EOR performance. We believe this
work provides a general and effective strategy for the synthesis

This journal is © The Royal Society of Chemistry 2023
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of Pd-based multimetallic NRs, and can further illuminate
the design of advanced electrocatalysts for energy-related
applications.
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