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Abstract

Compositions and morphologies of Pt-based electrocatalysts have great impact
on the electrocatalytic activity and stability of oxygen reduction reaction
(ORR). Herein, we report a novel design of one-dimensional (1D) Pt-Pd
dendritic nanotubular heterostructures (DTHs) by controlling the degree of
Pt**-Pt reduction reaction and Pd-Pt galvanic replacement reaction with
uniform Pd nanowires as sacrificial templates. The obtained Pt-Pd bimetallic
DTHs catalyst exhibited uniform and dense Pt dendritic nanobranches on the
surface of 1D hollow Pt-Pd alloy nanotubes, possessing superior catalytic
activity for ORR compared to state-of-the-art commercial Pt/C catalysts.
Typically, the Pt,Pd DTHs catalyst showed efficient mass activity (MA, 1.05 A
mgp, ) and specific activity (SA, 1.25 mA cmp, %) at 0.9V (vs. RHE), and the
catalyst exhibited high stability with 90.4% MA retention after 20 000 potential
cycles. The Pt-Pd bimetallic DTHs configuration combines the advantages of
1D hollow nanostructures and dense Pt dendritic nanobranches, which results
in rich electrochemical active surface sites, fast charge transport, and multiple
dendritic anchoring points contact on carbon support, thus boosting its
catalytic activity and stability towards electrocatalysis.

KEYWORDS

dendritic hollow heterostructures, electrocatalysis, one-dimensional nanowires, oxygen
reduction, proton exchange membrane fuel cells

Mingwei Wang, Zhiyi Hu, Jieheng Lv, and Zhiwen Yin contributed equally to this work.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2024 The Author(s). Interdisciplinary Materials published by Wuhan University of Technology and John Wiley & Sons Australia, Ltd.

Interdisciplinary Materials. 2024;3:907-918.

onlinelibrary.wiley.com/r/interdisciplinarymaterials 907


http://orcid.org/0000-0001-8474-0652
http://orcid.org/0000-0002-1469-0757
mailto:liuyong3873@whut.edu.cn
https://onlinelibrary.wiley.com/r/interdisciplinarymaterials
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fidm2.12212&domain=pdf&date_stamp=2024-08-23

M—WILEy—lnterdisciplinary Materialsy— ===

1 | INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) have
attracted a great deal of attention and are considered
promising electrochemical energy conversion devices
due to their high efficiency over Carnot cycle and
without any pollution emissions. The oxygen reduction
reaction (ORR) in PEMFCs exhibits sluggish kinetics and
requires highly efficient electrocatalysis. Although plati-
num (Pt) nanoparticles supported on carbon black (Pt/C)
are commercially the most efficient electrocatalysts, the
Ostwald ripening process during the electrochemical
cycle results in irreversible structural agglomeration
and severe degradation of electrocatalyst activity.'=>!
In addition, the resource scarcity and high cost of Pt also
hamper wide application of PEMFCs. To date, extensive
efforts have been devoted to improving the performance
of ORR catalysts. Alloying Pt with non-noble transition
metal (M = Ni, Fe, Co, etc.) was considered an effective
strategy for enhancing the catalytic activity and signifi-
cantly increasing the utilization efficiency of Pt by
precisely optimizing the composition and morphology.
Alloying Pt with other metals can effectively reduce
the unit area loading of Pt; unfortunately, the stability
problem of Pt-based catalysts has not yet been solved or
even more serious.'**! Hence, it is of great importance to
design excellent Pt-based nanostructures that endow
high activity, efficient Pt utilization, and long-term
stability, which is highly desirable for applications in
fuel cell catalysis reactions.

The geometric structural engineering of catalysts is
an effective strategy for boosting electrocatalytic
reactions. Considering the superior properties of one-
dimensional (1D) nanostructure, such as inherent
anisotropic merits, high surface area, fast charge transfer,
superior flexibility, and good resistibility to dissolution,
1D Pt-based alloy nanostructures, including nanowires,
nanofibers, nanorods, and nanotubes, are expected to be
ideal structure for improving both the electrocatalytic
activity and stability.!®”! In particular, 1D dendritic
nanotubular heterostructures (DTHs), which ideally
integrate 1D hollow nanotubes with nano-sized den-
drites, have attracted significant attention due to their
unique structural advantages. Specifically, DTHs can
maximize the active sites and offer fast transport paths
for ions and electrons to boost the electrocatalytic
activity. The aggregation and Ostwald ripening can be
efficiently alleviated, and nano-sized dendrites endow
multiple anchoring points to contact the carbon support
for ORR in DTHs, leading to enhanced stability.!®~'!
However, the rational design and construction of
DTHs with controllable compositions and well-defined
morphologies are still challenging.

WANG ET AL.

Herein, we chose 1D Pd NWs as starting sacrificial
template to successfully design highly efficient Pt-Pd
bimetallic DTHs electrocatalysts. Interestingly, by control-
ling the degree of the reaction of L-ascorbic acid (AA) with
[PtCL,]*~ to form dendritic Pt nanobranches on the surface
of Pd NWs and the galvanic replacement reaction of Pd
with [PtCL,J*~ to yield a hollow structure,''? we
prepared three different 1D Pt-Pd heterostructures: Pt,Pd
DTHs with dendritic dense Pt nanobranches, Pt;Pd DTHs
with dendritic short Pt nanobranches and Pt,Pd dendritic
solid nanowire heterostructures (Pt,Pd DSHs). The Pt,Pd
DTHs/C showed the highest mass activity (MA) of
1.05 Amgpt_1 and a specific activity (SA) of 1.25mA
cmp, > at 0.9V versus reversible hydrogen electrode (vs.
RHE), which is 4.8 and 4.3 times higher than that of
commercial Pt/C (0.22Amgp ' and 0.29 mA cmp, 2,
respectively). Impressively, the Pt,;Pd DTHs exhibited
superior electrocatalyst stability, with only a 5.1 mV shift
in ORR polarization curves (maintaining 90.4% MA) over
20 000 potential cycles.

2 | RESULTS AND DISCUSSION

The synthesis of Pt-Pd bimetallic hollow DTHs and solid
DSHs with different configurations is illustrated in
Figure 1. First, single-crystalline Pd nanowires (NWs)
were prepared through a hydrothermal reduction of
sodium tetrachloropalladate (Na,PdCl,) with sodium
iodide (Nal) and polyvinylpyrrolidone (PVP) in an
aqueous solution (see details in Section 4).'3 Then, the
Pt,Pd DSHs, Pt;Pd DTHs, and Pt,Pd DTHs were
successfully synthesized by using the as-synthesized Pd
NWs as starting templates and AA as reducing agent. In
the absence of AA, Pt;Pd DTHs were obtained by Pd-Pt
galvanic replacement reaction (PtCl,>” +Pd — Pt+
PdC1,*) for 32h due to the higher reduction potential
of [PtCl4]*"/Pt (0.74V vs. the RHE) than [PdCl,]*"/Pd
(0.62 V vs. the RHE).l"*'*) When 10 mM AA was regarded
as the reductant, Pt,Pd DTHs were obtained by competing
Pt**-Pt reduction reaction (CgHgOg+Pt?" — Pt+
CeHgOg+2H") with Pd-Pt galvanic replacement
reaction.'*'”! However, when excess AA (60 mM) was
added to the reaction mixture, all [PtCl,]>~ ions were
preferentially reduced by AA, and no extra [PtCl,]*” ions
were involved in galvanic replacement reaction, producing
1D Pt,Pd bimetallic dendritic solid nanowire heterostruc-
tures (Pt,Pd DSHs).!'51°!

The transmission electron microscopy (TEM) images
showed that the starting Pd were nearly 100% in nanowire
(NW) shape with uniform diameter of 9.4+ 0.5nm
(Supporting Information SI: Figure S1). Aberration-
correction high-resolution scanning tansmission electron
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FIGURE 1
heterostructures; DTHs dendritic nanotubular heterostructures.

microscopy (AC-HRSTEM) further revealed that the Pd
NWs had typical face centered-cubic (fcc) Pd (111) lattice
spacing of 0.228 nm (Supporting Information: Figure S1f),
indicating that Pd NWs are enclosed by (111) facets along
its whole length.*>?! AC-HRSTEM images also con-
firmed that the Pd NWs have a rough (111) surface with a
high density of surface atomic steps/defects, which can
provide rich active sites for subsequent Pt nucleation
and/or galvanic replacement (Supporting Information:
Figure Sle,f).?>?*! These defective Pd NWs were then
used as sacrificial templates for the formation of Pt-Pd
DTHs. Compared with the starting Pd NWs in Figure 2A,
the TEM images in Figure 2B-D showed that the as-
synthesized Pt,Pd DSHs, Pt,Pd DTHs, and Pt;Pd DTHs
had a much rougher surface with average diameters of
25.1, 25.5, and 18.1 nm, respectively. The average lengths
of the dendritic branches of the Pt,Pd DSHs and Pt,Pd
DTHs were calculated to be 7.85 and 8.05 nm, respectively.
From the low-magnification TEM images, it was found
that DSHs and DTHs nanostructures were the dominant
products, with yields approaching near 100% after AA
reduction and/or galvanic replacement reaction (Support-
ing Information: Figure S2).

To reveal the detailed structural characteristics and
the element distribution of the Pt-Pt DTHs sample,
high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) and the correspond-
ing energy-dispersive X-ray spectroscopy (EDS) mapping/
line-scanning profiles were carried out (Figure 2).
After only AA reduction reaction, the EDS mapping and
line-scanning profile revealed that the resultant Pt,Pd
DSHs were solid dendritic nanostructure consisting of a
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Schematic illustration of the synthesis of Pt,Pd DSHs, Pt,Pd DTHs and Pt;Pd DTHs. DSHs, dendritic solid nanowire

core rich in Pd and a number of nanoarms rich in Pt
(Figure 2B,F,J,N), confirming the presence of a dendritic
solid nanowire heterostructure. However, after AA reduc-
tion reaction combined with galvanic replacement
reaction, the resultant Pt,Pd DTHs (Figure 2C,G,K,0)
and Pt;Pd DTHs (Figure 2D,H,L,P) both exhibited strongly
enriched Pt/Pd atoms at the edge, and Pt was mainly
distributed on the surface of the Pt-Pd bimetallic
nanowires in the form of dendritic branches, confirming
their dendritic Pt-Pd bimetallic hollow nanowire hetero-
structure. The elemental mapping of a single Pt,Pd DTHs,
Pt;Pd DTHs, and Pt,Pd DSHs reveals the dendrites on the
outer wall of the nanotube are composed of Pt atoms, the
inner wall of the nanotube is composed of Pd atoms, and
the interface is Pt-Pd alloy phase, indicating that the
formation of the heterostructure. (Supporting Informa-
tion: Figure S4). The molar ratios of Pt to Pd on the Pt,Pd
DSHs, Pt;Pd DTHs, and Pt,Pd DTHs were calculated to be
67.8:32.2 (~2:1), 74.2:25.8 (~3:1), and 79.8:20.2 (~4:1) by
TEM-EDS, respectively, which are consistent with the
inductively coupled plasma optical emission spectrometer
(ICP-OES) results (Supporting Information: Figure S3 and
Table S1).

We further characterized crystalline nature and
surface feature of Pt-Pd bimetallic DTHs samples by
AC-HRSTEM. The AC-HRSTEM images showed that
the exteriors of all DTHs samples are well covered by Pt
dendrites with an average diameter of 2nm (Figure 3
and Supporting Information: Figure S5). The Pt den-
drites are highly branched in various directions,
resulting in the porous wall in each individual DTHs
entity. Figure 3C,F showed the Pt dendrites exhibit high
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FIGURE 2 Structural and compositional characterization of Pd NWs, Pt,Pd DSHs, Pt;Pd DTHs, and Pt,Pd DTHs. TEM images, high-
angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images, the energy-dispersive X-ray spectroscopy
(EDS) elemental mapping and the corresponding line-scanning profile of Pd NWs (A, E, I, and M), Pt,Pd DSHs (B, F, J, and N), Pt,Pd DTHs
(C, G, K, and 0), and Pt;Pd DTHs (D, H, L, and P). DSHs, dendritic solid nanowire heterostructures; DTHs dendritic nanotubular

heterostructures; NWs, nanowires.

crystallinity with well-resolved lattice spacing of
0.23 nm, corresponding to the (111) lattice plane of fcc
Pt.2°28] Impressively, the resultant dendritic Pt;Pd and
Pt,Pd DTHs had well-developed hollow tubular inter-
iors, which quite differed from the starting Pd NWs
sample with solid interiors (Figure 3B-G). The Pt
dendrites exhibit the lattice spacing of 0.23 nm, corre-
sponding to the Pt (111) and the lattice fringe of

0.228 nm and 0.195 nm, corresponding to the Pd (111)
and (200) (Figure 3D,G and Supporting Information:
Figure S6). The HRSTEM images of the hollow tubular
walls for Pt;Pd and Pt,Pd DTHs have (111) lattice
spacings of 0.22 and 0.21 nm, respectively, which are
slightly smaller than that of the (111) lattice plane of Pt
(0.23 nm). The powder X-ray diffraction (XRD) patterns
of the Pt,Pd DSHs, Pt,Pd DTHSs, and Pt;Pd DTHs also
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FIGURE 3 AC-HRSTEM images of (A) Pd NWs, (B-D) Pt,Pd DTHs, (E-G) Pt;Pd DTHs. (H) X-ray diffraction (XRD) patterns of Pt,Pd
DSHs, Pt;Pd DTHs, and Pt,Pd DTHs. AC-HRSTEM, aberration-correction high-resolution scanning transmission electron microscopy;
DSHs, dendritic solid nanowire heterostructures; DTHs dendritic nanotubular heterostructures; NWs, nanowires.

showed an fcc structure (Figure 3H), with diffraction
peaks slightly shifted to higher angle value compared
to Pt, which could be attributed to the decrease in lattice
distance when smaller Pd atoms were alloyed with Pt
atoms in the lattice.?°~3!

The surface chemical states and electronic structures
of the Pt,Pd DSHs, Pt,Pd DTHs and Pt;Pd DTHs were
further investigated by X-ray photoelectron spectroscopy
(XPS). The survey spectrum demonstrated the presence
of only Pt and Pd elements in the as-synthesized DTHs
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samples (Supporting Information: Figure S7a-c). The
high-resolution Pt 4f and Pd 3d spectra can be fitted into
two spin-orbit doublets and two shake-up satellites
(Supporting Information: Figure S7d-i). Compared with
standard bulk Pt, the Pt 4f peaks for all Pt-Pd bimetallic
DTHs samples shifted to a lower binding energies,
whereas the peak of Pd 3d displayed a positive shift in
comparison with the standard bulk Pd. The above
remarkable shift of the binding energies for Pt 4f and Pd
3d in Pt-Pd bimetallic DTHs samples demonstrated that
electrons were transferred from Pd to Pt. The above
electron transfer synergistic effect of the Pt-Pd alloy may
downshift the Pt d-band center, weaken the bonding
strength between Pt and oxygen species, which can
significantly optimize the catalytic performance of the
Pt-Pd bimetallic DTHs for electrochemical reactions.*-

To better understand the structural evolution from
the starting Pd NWs to Pt-Pd bimetallic DTHs, the
morphology/composition of the intermediate Pt,Pd
DTHs were taken out from the solution as a function
of reaction time and analyzed by TEM and STEM-EDS.
The TEM images showed different stages of the Pt**-Pt
reduction/Pd-Pt galvanic replacement reaction between
Pd NWs and K,PtCl, (Supporting Information: Fig-
ure S8). Only well-defined Pd NWs existed in the
reaction solution when the reaction time was less than
2 min (Supporting Information: Figure S8b,h). When the
reaction time reached 3 min, Pt nanobranches (~4 nm)
began to appear on the surface of Pd NWs by means
of the deposition and epitaxial growth of Pt atoms,
which were reduced by AA (Supporting Information:
Figure S8c). When the reaction time was extended to 2 h,
the density and length of the Pt nanobranches (~6 nm)
increased, and some parts of Pd NWs started to form
hollow voids (Supporting Information: Figure S8d). The
above results indicated that AA was completely con-
sumed, and the residual [PtCl,]*~ immediately started a
galvanic replacement reaction with Pd NWs (Supporting
Information: Figure S8d,i). Figure S8e-g,j showed the
galvanic replacement reaction was completed when the
reaction proceeded to 32h, and Pt dendrites became
denser, and the length increased to approximately 8 nm,
eventually leading to the formation of high-quality
dendritic Pt-Pd tubular heterostructures (Pt,Pd DTHSs).
The diameter changes of the Pt,Pd DTHs at different
reaction times are shown in Supporting Information:
Figure S9. Based on the above observations at different
periods, the possible growth mechanism of Pt,Pd DTHs
could be inferred as follows (schematic illustration of the
formation of Pt,;Pd DTHs in Supporting Information:
Figure S8a). First, the Pt atoms were preferentially
reduced and selectively deposited on the surface of Pd
NWs by reduction reaction between Pt** and AA due to

WANG ET AL.

the high rate of Pt reduction. Meanwhile, once Pt
nucleates on the surface of Pd NWs, the Pt nuclei can
serve as catalytic sites for further reduction of [PtCl,]*",
and deposition preferentially occurs on the Pt nuclei to
form well-defined Pt nanobranches.'">**! After exhaustion
of AA, the remaining [PtCl,]*~ and Pd atoms underwent
a galvanic replacement reaction (PtCl,~ +Pd — Pt+
PdCl,*"), resulting in the continuous dissolution of Pd
atoms from Pd NWs, leaving behind hollow voids in the Pd
NWs as galvanic replacement reaction proceeded.l*¢~*!
Finally, high-quality dendritic Pt-Pd nanotubular hetero-
structures were obtained as a result of completer consump-
tion of [PtCly]*~ and sacrificing Pd NWs after 32h. In
addition, the selection of Pd as the starting material for the
sacrificial template because of its suitability for the galvanic
replacement reaction to form hollow nanotubes, its ability to
provide a rough surface for Pt nucleation, and the potential
to create various heterostructures by controlling the reaction
conditions.

The electrocatalytic properties of Pt,Pd DSHs, Pt;Pd
DTHs, and Pt,Pd DTHs catalysts for ORR was evaluated
and benchmarked against the commercial Pt/C (20 wt
% Pt on a Vulcan XC-72 carbon support, Pt particle size
of 2-5nm), and the results are compared in Figure 4
and Supporting Information: Figure S10-15. All the
catalysts were dispersed in a mixture of ethanol/Nafion
and homogeneously deposited on a glassy carbon
electrode before electrochemical measurements. The
cyclic voltammetry (CV) curves of all catalysts (tested
in N,-saturated 0.1 M HCIO, solution at scan rates of
50mVs™') showed two distinctive potential regions
associated with the underpotentially deposited hydrogen
(Hypa, H"+e” =Hypa, 0<E<0.37€eV) and absorbed
hydroxyl species (OH,q, 2H,0=OH,q+H;0" +e",
E>0.7¢eV) (Figure 4A). The electrochemically active
surface area (ECSA) calculated by the Hyq of the Pt Pd
DTHs/C catalyst was 90.1 m” gp, ', which is substantially
higher than that of Pt,Pd DSHs/C (83.8m”gp "),
Pt;Pd DTHs/C (39.4m?gp, ') and the commercial Pt/C
(70.5m? gp ") catalysts. The above ECSA results demon-
strated that the dense and long dendritic Pt nano-
branches as well as hollow tubular nanostructures of the
Pt,Pd DTHs catalyst endowed more available exposed
activated catalytic sites for electrocatalytic reaction.

Figure 4B showed the ORR polarization curves of the
samples tested in O,-saturated 0.1 M HCIO, aqueous
solution using a glass carbon rotating disk electrode
(RDE) at room temperature. The half-wave potential
(Ey) of the Pt,Pd DTHs (E,,, =0.891V), Pt,Pd DSHs
(E1/» =0.871V), and Pt;Pd DTHs (E, » = 0.886 V) showed
a significant positive shift compared with commercial
Pt/C (E;/, =0.851V), demonstrating the enhanced ORR
catalyst activities for the Pt-Pd bimetallic DTHs catalyst.
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FIGURE 4 Electrocatalytic performance of Pt,Pd DTHs/C, Pt,Pd DSHs/C, Pt;Pd DTHs/C and commercial Pt/C catalysts for ORR.
(A) CV curves. (B) ORR polarization curves. (C) Mass and specific activities. (D) Mass and specific activity evolutions for Pt,Pd DTHs/C
before and after different potential cycles. (E) CV curve evolutions for Pt,Pd DTHs/C before and after 20 000 potential cycles. (F) ORR
polarization curve evolutions for Pt,Pd DTHs/C before and after 20 000 potential cycles. CV, cyclic voltammetry; DSHs, dendritic solid
nanowire heterostructures; DTHs dendritic nanotubular heterostructures; ORR, oxygen reduction reaction.

Subsequent Koutecky-Levich (K-L) plots of various
catalysts originating from polarization curves at differ-
ent rotation rates present a linear relationship between
J' and @ "2 The number of transferred electrons
calculated from the K-L equation was approximately
4.07, 4.02, 4.03, and 4.13 for commercial Pt/C, Pt,Pd
DTHs/C, Pt,Pd DTHs/C, and Pt;Pd DSHs/C, respec-
tively, which suggested an efficient 4-electron reaction
process for the above four catalysts (Supporting
Information: Figure S14, S15). The specific activities
(SA) of Pt,Pd DTHs/C, Pt,Pd DSHs/C, Pt;Pd DTHs/C

and commercial Pt/C were 1.25mA cmp, 2, 0.82mA
cmp 2, 0.74mA cmp, 2, and 0.31 mA cmp, > at 0.9V
versus RHE respectively. The mass activities (MA) of
Pt,Pd DTHs/C, Pt,Pd DSHs/C, Pt;Pd DTHs/C, and
commercial Pt/C were 1.05A mgp, ', 0.69 A mgp ',
0.26 A mgp, !, and 0.22 A mgp,~ " at 0.9V versus RHE
(Figure 4C and Supporting Information: S10-S13),
respectively. The above RDE test clearly confirmed that
the ORR activity of the Pt;Pd DTHs sample was much
higher than that of the state-of-the-art commercial Pt/C
catalyst, indicating that the 1D Pt-Pd bimetallic DTHs
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catalyst were among the most active electrocatalysts for
ORR reported to date.

The electrocatalytic durability of all the catalysts was
tested by applying potential sweeps between 0.2 and
1.1V versus RHE in 0.1 M HCIO, solution at 50 mV s ..
The CV and ORR polarization curve evolutions of Pt,Pd
DTHs/C before and after potential cycling in Figure 4E,F
showed that the half-wave potential decreased by 5.1 mV
after 20 000 potential cycles. The SA and MA of the Pt,Pd
DTHs/C decreased by only 9.7% and 9.6%, respectively
(Figure 4D). The TEM images showed that the morphol-
ogy and size of the Pt,Pd DTHs/C did not change
much after 20000 cycles (Supporting Information:
Figure S16c). In contrast, Pt,Pd DSHs/C showed 11%
loss in SA and 10.9% loss in MA, along with 11.7 mV
negative-shifted half-wave potential after 20 000 potential
cycles (Supporting Information: Figure S11). After 20 000
cycles, Pt;Pd DTHs/C showed a larger loss in SA
(40.1%) and MA (39.4%), with a negative shift in the
half-wave potential of 19.8 mV (Supporting Information:
Figure S13). However, the commercial Pt/C showed a
considerably larger negative shift (23.8 mV) in the ORR
polarization curves, with 41.1% loss of SA, 41.6% loss of
MA, and severe carbon corrosion (Supporting Informa-
tion: Figure S10). The durability of Pd,Pt DTHs/C, Pd,Pt
DSHs/C, Pd;Pt DTHs/C, and commercial Pt/C toward
the ORR was then evaluated through chronoampero-
metric (CA) measurements. The Pd,Pt DTHs/C and
Pd,Pt DSHs/C showed minimal degradation of the
current density (5.7% and 10.1%, respectively), whereas
the Pd;Pt DTHs/C and the commercial Pt/C catalysts
maintained 73.4% and 66.2% of the current density,
respectively (Supporting Information: Figure S17a).
Compared with those of the as-prepared catalysts, the
difference in the steady current density may be because
the irreversible structural agglomeration of the Pd;Pt
DTHs/C and Pt/C catalysts resulted in a decrease in the
active surface area of these catalysts and severe degrada-
tion of electrocatalyst durability, while the interaction
between the Pt branch shell and the Pd nuclear substrate
regulated the surface Pt electronic state, and Pt branches
restrained dissolution and aggregation during long-term
operation.*®! The slower current density decay mani-
fested a much better stability of the Pd,Pt DTHs/C and
Pd,Pt DSHs/C catalysts toward the ORR.

The Pd, Pt DTHs/C, Pd,Pt DSHs/C, Pd;Pt DTHs/C,
and commercial Pt/C were subjected to antipoisoning
tests in the presence of 0.5 M CH;OH. After the addition
of CH;OH to the O,-saturated electrolyte at nearly 1305,
the Pd,Pt DTHs/C showed a stable current response
(only a decrease of 7.5%), whereas the current responses
of the Pd,Pt DSHs/C, Pd;Pt DTHs/C, and commercial
Pt/C decreased by 15.1%, 24.7%, and 26.4%, respectively
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(Supporting Information: Figure S17b). Pd,Pt DTHs/C
have strong resistance to methanol poisoning, mainly
due to their unique structure and composition. First, the
hollow structure of this catalyst can provide more active
sites, thereby improving the catalytic efficiency and
selectivity. Second, because of the composition of the
Pt-Pd alloy, the catalyst exhibited excellent resistance to
methanol poisoning. The synergistic effect of Pt and Pd
can effectively prevent the catalyst surface from being
covered by methanol molecules and maintain the activity
of the catalyst surface. In addition, the dendritic structure
also helps to increase the surface area of the catalyst,
further enhancing its antipoisoning ability.**! Overall,
Pd,Pt DTHs/C possess excellent antipoisoning ability and
catalytic selectivity and much higher ORR activity than
Pd,Pt DSHs/C, Pd;Pt DTHs/C and commercial Pt/C,
making them the best Pt-based catalysts without any
poisoning for fuel cell applications.

Compared with commercial Pt/C, we believe that the
high catalytic activity and durability originates from its
unique structure. (1) The hollow and porous tubular
Pt-Pd bimetallic heterostructure can maximally expose Pt
atoms on the inner and outer surfaces and provide plentiful
active sites for high-efficient ORR catalytic reaction.*'**! (2)
The anisotropic 1D nanodendritic configuration could lead
to multipoint contacts with the carbon support and reduce
movement and aggregation, contributing to the excellent
durability.[***! (3) The Pt nanobranches anchored on the
Pd nanotube were interwoven and preferentially exposed
(111) active facets, which could weaken Pt-O binding
strength, leading to superior ORR activity.[**")

3 | CONCLUSION

In summary, we developed a general and robust
approach for synthesis of a new class of 1D Pt-Pd
dendritic nanotubular heterostructures by controlling
the degree of Pt®*-Pt reduction reaction and Pd-Pt
galvanic replacement reaction with uniform Pd nano-
wires as sacrificial templates. The Pt-Pd dendritic
nanotubular heterostructures exhibited considerably en-
hanced ORR activity compared to state-of-the-art
commercial Pt/C catalysts. The as-prepared Pt,Pd
DTHs/C displayed an enhanced MA of 1.05A mgp
and SA of 1.25 mA cmyp, 2 at 0.9 V versus RHE, nearly 4.8
and 4.3 times higher than that of the MA and SA of
commercial Pt/C catalysts, respectively. Impressively,
given its unique anisotropic 1D nanodendritic hollow
configuration, the obtained Pt,Pd DTHs/C are highly
stable for ORR with negligible activity decay and
structural degradation over the long-term course of
20000 cycles. The Pt,Pd DTHs/C catalyst also shows
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excellent methanol tolerance surpassing that of the state-
of-the-art Pt/C catalyst. We believe that this work will
open up exciting opportunities toward the rational design
of Pt-Pd bimetallic dendritic hollow nanostructures and
will help guide the future development of electrocatalysts
for their practical applications in renewable-energy-
related devices and beyond.

4 | EXPERIMENTAL SECTION

4.1 | Chemicals and materials

Na,PdCl, (98%), sodium iodide (Nal, 99.99%), isopropa-
nol (AR, >99.5%), and Nafion (5wt%) were purchased
from Macklin. K,PtCl, (98%) and perchloric acid
(HCl1Oy4, AR, 70.0% ~ 72.0%) were purchased from Alad-
din. r-ascorbic acid (C¢HgOg, 99.99%), ethanol (C,HgO,
AR, 299.7%), methanol (CH,O, AR, 99.5%) and acetone
(C3HgO, AR, 299.5%) were purchased from Shanghai
Aladdin Chemical Reagent Company. Polyvinylpyrroli-
done (PVP, Mw = 55 000) was purchased from Aldrich.
Commercial Pt/C catalyst (20 wt%, 2-5nm Pt nanopar-
ticles) was purchased from Johnson Matthey (JM)
Corporation. Deionized water (18.2 MQ cm™") was used
for all experimental processes, and all chemical reagents
were used without further purification.

4.2 | Synthesis of Pd NWs

Na,PdCl, (1.63mg/mL), PVP (55.56 mg/mL), Nal
(16.67 mg/mL), and 18 mL of deionized water were
evenly mixed into a 25 mL Teflon-lined stainless-steel
autoclave under vigorous stirring for 10 min. The
sealed vessel was heated at 190°C for 2.5 h, and the Pd
NWs suspensions were collected by centrifugation
(10000 rpm, 10 min) with ethanol/acetone/isopropa-
nol (1:2:1) and further washed twice with ethanol/
isopropanol (1:2). The product was obtained by
centrifugation and washing for further use in the
preparation of dendritic Pt-Pd bimetallic nanotubular
heterostructure nanowires.

4.3 | Synthesis of Pt-Pd bimetallic NWs
For the Pt,Pd DTHs, 2mL of Pd NWs solution (10 mM),
1mmol of PVP aqueous solution (1ml), 0.25mmol of
L-ascorbic acid aqueous solution (5mL) and 12mL of
ultrapure water were added to 50 mL of a two-necked flask
and heated to 90°C under vigorous stirring. Meanwhile,
0.27 mmol K,PtCl, aqueous solution (5mL) was rapidly
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injected into the flask by a micropipette and heated at 90°C
for 32h under vigorous stirring. For the Pt;Pd DTHs and
Pt,Pd DSHs, samples can be obtained by changing the
content of r-ascorbic acid only to 0 mM and 60 mM. The
prepared samples were collected by centrifugation
(10000 rpm, 10 min) with ethanol/isopropanol (1:2) and
further washed twice with ethanol/isopropanol (2:1). The
products were obtained by centrifugation and washing for
further use in the characterization and electrochemical
measurements.

4.4 | Characterization

X-ray diffraction (XRD) characterization was performed
on a Bruker D8 X-ray diffractometer with Cu-Ka
radiation (A =1.54056 A) operated at 40kV and 40 mA.
Transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM),
energy-dispersive X-ray spectroscopy, high-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM), EDS mapping and line-scanning pro-
files were obtained using a Thermo Fisher Scientific
Titan Themis G2 electron microscope fitted with aberra-
tion correctors for both probing lens and imaging lens at
300 kV. X-ray photoelectron spectroscopy (XPS) was
recorded with a Thermo Scientific Ko XPS spectrometer
employing a monochromatic Al-Ka X-ray source (hv =
1486.6 eV). Inductively coupled plasma—optical emission
spectrometry (ICP-OES) was used to determine the
actual Pt loadings.

4.5 | Electrochemical measurements

All electrochemical measurements were performed on a
CS310H electrochemical workstation with a three-electrode
system with a rotating disk electrode (RDE) system. A
graphite rod was used as the counter electrode, Ag/AgCl
and Hg/HgO were used as the reference electrodes, and a
glassy carbon electrode (@=5mm, S=0.196cm >) was
used as the working electrode. The glassy carbon electrode
was first polished by alumina powder with diameters of 1.5,
0.5, and 0.05um for 15min and subsequently rinsed by
sonicating in isopropyl and deionized water. Then, 0.98 mg
of carbon-loaded catalyst was mixed in 20 ul of Nafion
ionomer (5wt%, Macklin) and 980 ul of ethanol solution
(AR, 299.7%) to form the catalyst ink, and then 5 uL of the
ink was dropped onto the surface of the glassy carbon
electrode using a micropipette after sonication for 30 min in
an ice bath. The catalyst ink was dried to deposit a high-
quality catalyst thin film for electrochemical measurements
with a rotation rate of 17 rpm for at least 15 min under
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ambient conditions. The electrochemical tests for
the Pt;Pd DTHSs, Pt,Pd DSHs, Pt,Pd DTHs, and Pt/C (20
wt%, JM) catalyst were measured under the same experi-
mental conditions. The actual Pt loading for all the catalysts
was kept at 6.5ugcm > All the loading masses were
normalized over the geometric electrode area of 0.196 cm 2.

Cyclic voltammograms (CVs) were obtained by
scanning between 0.03 and 1.1 V versus RHE at a sweep
rate of 50 mV s! in N,-saturated 0.1 M HClO, electrolyte
solution. Linear scanning voltammetry (LSV) was
performed from 0.2 to 1.1V versus RHE at a sweep rate
of 10mVs™ in an O,-saturated 0.1 M HCIO, electrolyte
solution with a rotation rate of 1600 rpm. The ORR
accelerated durability tests (ADTs) were performed by
cycling the potential between 0.2 and 1.1V versus RHE
in an O,-saturated 0.1 M HCIO, for potential cycles at a
sweep rate of 50 mV s~ at room temperature.

The catalysts on the working electrodes were
sonicated and dispersed in ethanol to observe the
changes in morphology after the durability tests.
The potential measured by the Ag/AgCl electrode could
be transformed to the reversible hydrogen electrode
(RHE) potential by the following equation:

E (vs. RHE) = E(vs. Ag/AgCl) + 0.197 + 0.059 (1)

The specific ECSA was calculated based on the
following equation:

ECSA = Qu/m x C, ()

where Qg is the charge of Hy,q adsorption, m is the Pt
loading on the working electrode and C (210 uC cm™?)
is the charge obtained for monolayer adsorption of
hydrogen on the Pt surface.

The specific kinetic current densities (j) can be
obtained by the Koutecky-Levich equation:

1/j = 1/j, + 1/j; = 1/j, + 1/Ba'/?, 3)

where j is the experimentally measured current and jg is
the diffusion-limited current density. The parameter B
was defined as follows:

B = 0.201nFC,D,2/3v=1/6, 4)

where 0.201 for w in units of rpm, # is the overall number
of electrons, F is the Faraday constant (96 485 C mol ™),
C, is the concentration of molecular oxygen in the
electrolyte (1.26 x 10 °molcm™), D, is the diffusion
coefficient of the molecular O, in 0.1 M HCIO, solution
(1.93x10°cm?s™"), and v is the viscosity of the
electrolyte (1.009 X 1072 cm? 7).

WANG ET AL.

The stability of the catalysts was investigated by
chronoamperometry in O,-saturated 0.1 M KOH electro-
lyte solution for 10h by applying a potential
of 0.6V. To test methanol effects on ORR activity,
the as-synthesized catalysts determined by the addition
of methanol during the chronoamperometry test at
1600 rpm and a scan rate of 10mVs™" in O,-saturated
1M KOH.
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