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incorporated Pd nanowires for
bifunctional electrocatalysis†
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This paper reports the facile synthesis and characterization of carbon supported Pd nanowires with low Ru

contents (nRuPd/C). An anti-galvanic replacement reaction involving the reduction of Ru(III) ions by

nanoporous Pd nanowires to form nRuPd alloy nanowires was observed. A series of nRuPd/C materials

with various Ru/Pd ratios were prepared by the spontaneous deposition of a Ru cluster on a Pd nanowire

core using different Ru precursor concentrations (RuCl3 ¼ 0.5, 1.0, 5.0 mM). The successful formation of

low content Ru-incorporated Pd nanowires without individual Ru clusters were confirmed using

physicochemical characterization. The electrocatalytic activity of the nRuPd/C for the oxygen reduction

reaction (ORR) and hydrogen evolution reaction (HER) in alkaline media was measured by RDE

polarization experiments. The electrocatalytic activity varied greatly depending on the Ru content on the

Pd nanowires. Among the catalysts, the prepared Pd nanowires incorporated with a very small amount of

Ru (ca. 1.4 wt%) exhibited excellent electrocatalytic activity toward the ORR and HER: positive ORR/HER

onset and E1/2 potentials, higher n value, and lower Tafel slope.
1 Introduction

Fossil fuels, the main source of carbon dioxide emissions, are still
being used in large quantities, making it difficult to reduce envi-
ronmental pollution. Low-cost renewable energy, such as energy
conversion reactions to replace fossil fuels, has long been studied,
but fundamental and substantial improvements remain a chal-
lenge.1,2 Moreover, the growing demand for renewable energy
increases the need to develop alternative energy and storage
systems, such as fuel cells,3–6 water splitting,7–10 and metal–air
batteries.11–13 As part of these systems, catalysis and catalyst design
in half-cell reactions, such as the oxygen reduction reaction (ORR),
oxygen evolution reaction (OER), and hydrogen evolution reaction
(HER), have attracted considerable attention and include funda-
mental and applied studies.14–18 In this regard, efficient and
affordable catalysts that can reduce the overpotential and energy
consumption are of particular interest.

Over the last two decades, platinum used in the ORR and HER
has been considered an industrially state-of-the-art catalyst. In
particular, alloying Pt with various metals, including precious
metals such as Au, Ru, and Pd, to achieve higher activity at lower
potentials and enhanced stability has been a major focus of
alternative energy systems.19–22 For example, Zhong et al. reported
the rst example of ultrathin Pt–Au alloy nanowires featuring
composition-tunable and (111) facet-dominant surface properties,
ic Science, Daegu University, Gyeongsan
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
and the electrocatalytic enhancement for the ORR.19 Alloyed PtRu20

and PtPd21 catalysts synthesized by the carbon-based catalyst
supports have been also considered the most efficient catalysts for
HER or ORR. However, they are rarely used as electrocatalysts for
bifunctional ORR/HER.

On the other hand, as demand for Pt increases, it is not
economical in a long-term perspective owing to its high cost
and scarcity. Therefore, extensive research has been conducted
to develop highly active and durable electrocatalysts without Pt.
Pd materials have been considered alternative catalysts because
they have higher methanol tolerance, free from CO poisoning,
excellent catalytic activity, and relatively inexpensive.23–27

Recently, Pd-based bimetallic nanostructures, particularly
PdPt,28–30 PdRu,31,32 PdNi,33–35 PdCo,36–38 and PdAu,39,40 have been
developed widely as promising candidates because of their
strain effects and electronic interplay.41–46

The authors' group also reported ower-like Pt–Pd nano-
structures that exhibited signicantly improved ORR activity
and stability under acidic conditions.47 Bimetallic Ir–Pd alloy
networks supported on carbon (Ir–Pd/C) nanocomposites
exhibited comparable or even better catalytic activity than the
benchmarking catalyst, Pd/C (for the ORR) and Ir/C (for the
OER).48 More recently, Ru nanoparticles supported on Pd
nanoframes (or vice versa) exhibited excellent electrocatalytic
HER performance.49,50 For example, Nanda et al. reported the
galvanic electroless deposition of Pd-coated Ru nanocrystals
supported on an N-doped graphene surface to boost the HER
performance and efficient alcohol tolerant ORR.49 Hong et al.
proposed the controllable synthesis of mesoporous Pd@Ru
core–shell bimetallic nanorods as effective HER catalysts.50
RSC Adv., 2021, 11, 28775–28784 | 28775

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra05577a&domain=pdf&date_stamp=2021-08-25
http://orcid.org/0000-0002-2392-7269
http://orcid.org/0000-0002-5055-578X
http://orcid.org/0000-0002-6734-3564
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05577a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011046


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 7
/3

1/
20

25
 1

0:
56

:3
1 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Indeed, Ru incorporation on another metallic support resulted
in exceptional performance and stability toward the ORR.
Therefore, Ru-based bimetallic nanostructures have the poten-
tial to replace platinum as an alternative ORR catalyst.

This paper reports the synthesis of nanoporous RuPd
nanowires supported on carbon (nRuPd/C) through a facile two-
step process: (1) formation of nPd nanowires using poly-
vinylpyrrolidone (PVP) in a neutral aqueous solution; and (2)
low content Ru incorporation into nPd nanowires with an anti-
galvanic replacement reaction (AGRR). The resulting nRuPd/C
nanowires exhibited comparable or even better bifunctional
electrocatalytic activity than the benchmarking catalyst (Pt/C)
for the ORR and HER.

2 Experimental
2.1. Reagents and characterizations

Palladium(II) chloride (PdCl2) was purchased from Alfa Aesar.
Ruthenium(III) chloride hydrate (RuCl3$xH2O), poly-
vinylpyrrolidone (PVP), potassium tetrachloroplatinate(II)
(K2PtCl4), sodium dihydrogen phosphate (NaH2PO4$H2O), and
sodium hydrogen phosphate (Na2HPO4) were obtained from
Sigma-Aldrich. Potassium hydroxide (KOH), hydrogen peroxide
(H2O2), and hydrochloric acid (HCl, 35–37%) were acquired
from Duksan. Hydrazine (N2H4, 80%) was supplied by TCI. The
carbon support (Vulcan XC-72) and commercial Pt/C (with
a 20 wt% metal loading on Vulcan XC-72) were produced by
Premetek. The compositions and morphologies of all synthe-
sized samples were analyzed by high-angle annular dark-eld
scanning transmission electron microscopy (HAADF-STEM)
and transmission electron microscopy (TEM, Hitachi, HF-
3300). The structural properties and phases of all samples
were determined by powder X-ray diffraction (XRD) using
a Diatome MPD for bulk powder. X-ray photoelectron spec-
troscopy (XPS) was carried out using a ULVAC-PHI Quantera
SXM. The Brunauer–Emmett–Teller (BET) surface area and pore
size distributions of catalysts were analyzed using a BELSORP-
mini II (Mictrotrac-BEL, Japan). All solutions were prepared
using puried water (Milli-Q, 18 MU cm).

2.2. Synthesis of Pd nanowires

In a typical synthesis, 5.0 mL of 112 mM PdCl2 was added to
20.0 mL of deionized water containing 62.6 mg of PVP and
Fig. 1 Schematic diagram of the fabrication process for nRuPd nanow
between the Pd2+ ions. Pd nanowires formed networks as the PVP polym
The Ru metal precursor reacted spontaneously with the formed nPd nan

28776 | RSC Adv., 2021, 11, 28775–28784
0.1 mL of HCl in a 100 mL three-necked ask. The reaction
solution was maintained at pH ¼ 7.0 with vigorous stirring for
30 min. Aer complete mixing, hydrazine (2.0 mL of 80 wt%) as
a reducing agent was added drop-wise to the mixture, followed
by continuously stirring for 12 h. The product was collected by
centrifugation, washed several times with water, and dried
under vacuum overnight at room temperature.
2.3. Synthesis of Ru-incorporated Pd nanowires

A 10 mg sample of nPd nanowires was dispersed in deionized
water (8 mL) by sonication, followed by the addition of 2 mL of
a RuCl3 solution (1.0 mM) under stirring. The reaction proceeded
for 5 h with stirring. The resulting nRuPd were collected by
centrifugation, rinsed with water. The nal product was dried
overnight at room temperature under a vacuum. Carbon-
supported nanoporous PtPd nanowires (nPtPd/C) from Pd nano-
wires were also prepared in the same manner for comparison.
2.4. Electrochemical measurements

All electrochemical measurements were performed at room
temperature. A graphite rod and a saturated calomel electrode
(SCE) were used as the counter and reference electrodes, respec-
tively. All potentials were converted to the reversible hydrogen
electrode (RHE) scale using the Nernst equation. The glassy carbon
(GC) working electrodes were wet-polished using aluminum
powder (particle size 0.05mm) and amicrocloth pad (Buehler) and
sonicated in distilled water for 5 min to remove the residual
aluminum. The ORR measurements were obtained using a BAS
(Bioanalytical Systems) rotating disk electrode (RDE) and RDE-2
rotator (BASi). Cyclic voltammetry (CV) was conducted using
a CHI 601E (CH Instruments). For the ORR/HER measurements,
20 mL of a catalyst suspension (2 mg mL�1) was placed on the
working electrode. The electrochemical data were corrected for the
background current (by subtraction), and the RDE measurements
were recorded at electrode rotation rates of 400–3600 rpm.
3 Results and discussion

Fig. 1 presents the proposed mechanism of the nanoporous Ru
incorporated Pd nanowires (nRuPd) catalyst. In a typical
synthesis, the Pd nanowires were obtained by reducing PdCl2
containing PVP at pH ¼ 7.0, followed by the addition of
ires. Initially, the positively charged PVP led to electrostatic repulsion
er chains were connected to each other at neutral pH (steps 1 and 2).
owire frames through the AGRR, resulting in nRuPd nanowires (step 3).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XRD patterns of nPd/C, nRuPd/C and nPtPd/C catalysts.
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hydrazine. Ru(III) was then added to a dispersed nPd nanowire
solution and le to stand for 5 h, resulting in the formation of
Ru incorporated Pd nanowires. The formation of nPd nanowires
was affected by the pH of PVP because the PVP polymer chains
connected to each other easily as the polymer was neutral.51 For
nRuPd nanowires, Ru was doped spontaneously on the surface
of the Pd nanowires at room temperature, even though the
standard reduction potential of Pd2+/Pd (Eo¼ 0.915 V vs. SHE) is
higher than that of Ru3+/Ru (Eo ¼ 0.60 V vs. SHE).52

Anode (oxidation):

Pd(s) / Pd2+(aq) + 2e� (Eo ¼ + 0.915 V)

Cathode (reduction):

Ru3+(aq) + 3e� / Ru(s) (Eo ¼ + 0.60 V)

Overall:

3Pd(s) + 2Ru3+(aq) / 3Pd2+(aq) + 2Ru(s)

This is opposite to the classic galvanic reaction process,
namely anti-galvanic replacement reaction (AGRR). The nRuPd
catalyst was composed of Pd nanowires as the basic frame of the
network structure decorated with Ru nanoparticles.

Fig. 2 presents typical TEM and STEM mapping images of
nPd and nRuPd nanowires. The as-prepared nRuPd exhibited
a 3D ber-like morphology, which is similar to the backbone
and grains of the pristine nPd nanowires (Fig. 2a and b). No
Fig. 2 TEM images of (a) nPd and (b) nRuPd, illustrating the formation o
taken from the boxed areas in (b). (d–g) STEM image of the fiber-like nR
RuPd, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
signicant isolated nanocrystals were observed, conrming the
high-yield formation of the nPd and nRuPd nanowires. The
nRuPd nanostructures were well-dispersed and appeared to
have a narrow size distribution (5.9 � 0.6 nm). Fig. 2c shows
a HRTEM image of nRuPd nanowires. The lattice fringes
f fiber-like nanostructures. (c) Magnified parts of the typical nanochain
uPd nanowires and corresponding EDS elemental maps of Pd, Ru, and

RSC Adv., 2021, 11, 28775–28784 | 28777
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showed an interplanar spacing of 0.23 nm (for Pd only) and
0.21 nm (for nRuPd), corresponding to the lattice spacing of
face-centered cubic (fcc) Pd (111) facets. In contrast, the Ru(101)
plane showed lattice fringes with an interplanar distance of
0.21 nm. Fig. 2d–g shows HAADF-STEM images and EDS
elemental maps of nRuPd. Pd and Ru in nRuPd showed
a uniform distribution, indicating that Ru(0) tends to form on
the exposed Pd(0) surface rather than form individual Ru(0).
Although it was difficult to identify the grain boundaries
between Ru and Pd in the prepared nRuPd sample aer the
AGRR process, EDS mapping detected Ru deposited on the
surface of the nPd nanowires in nRuPd (Fig. 2g). The measured
atomic ratio (Ru : Pd) of nRuPd nanowires was approximately
1 : 11.8 from EDS (see Fig. S1†). Similar structural behavior was
also observed for nPtPd, prepared in the same manner
(Fig. S2†).

Fig. 3 shows XRD patterns of the nPd/C, nRuPd/C, and
nPtPd/C nanowires. The XRD peaks at 40.06�, 46.55�, and 68.14�

2q correspond to the (111), (200), and (220) crystal planes of fcc
(JCPDS #88-2335) of Pd, respectively. The nPtPd/C catalyst also
displayed similar XRD patterns. No noticeable peaks associated
with Ru at 38.6�, 42.1�, 44.1�, 58.2�, 69.3�, and 78.3� 2q,
Fig. 4 (a) XPS survey spectra for nRuPd. XPS spectrum of (b) Pd 3d, (c)

28778 | RSC Adv., 2021, 11, 28775–28784
corresponding to (100), (002), (101), (102), (110), and (103)
crystal planes, respectively, were observed at nRuPd/C. This is
probably due to the low Ru content and the combination of
a binary alloy from nRuPd. Moreover, the (111) and (200) lattice
peaks for fcc Pd were consistent with those of the XRD patterns
of Ru atoms in the absence of hcp Ru signals.53 On the other
hand, the XRD patterns of nRuPd/C showed a slight peak shi
at 40.15� 2q compared to nPd/C or nPtPd/C (Fig. S3†), indicating
the binary phase of the nRuPd/C alloy. Considering the atomic
radius of Ru (1.34 Å) and Pd (1.37 Å), introducing Ru atoms in
the Pd lattice causes a peak shi to higher angles.

XPS was performed to analyze the surface electronic states of
nRuPd/C. Fig. 4a shows a wide scan survey spectrum of the
nRuPd/C, showing Ru, Pd, and C in the as-prepared sample.
Fig. 4b shows the high-resolution spectra of the Pd 3d electrons
in the nRuPd/C catalyst. The peaks with binding energies at
339.9 eV and 334.7 eV were assigned to the Pd 3d3/2 and Pd 3d5/2
electrons, respectively.54 The peaks at the lower energies of
334.7 and 340.0 eV were assigned to metallic Pd,55 while the
peaks at higher binding energies of 335.7 and 341.1 eV were
ascribed to the Pd (II) species.54,56 The Ru 3p3/2 peak was also
deconvoluted into two components, which were identied as
Ru 3p and (d) Ru 3d.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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RuO2 (462.7 eV) and RuOH (464.3 eV) (Fig. 4c).57 The peaks at Ru
3d5/2 (280.9 eV) and Ru 3d3/2 (284.2 eV) were assigned tometallic
Ru. On the other hand, the peaks at 281.7 and 287.1 eV revealed
the presence of RuO2 (Fig. 4d). This was attributed to the
oxidation of Ru nanoparticles during sample preparation.58,59

Ru metal and RuO2 both give asymmetric Ru 3d peaks shapes,
Fig. 5 (a) RDE polarization curves for oxygen reduction in an O2-saturate
rpm). (b) Koutecky–Levich plots of the ORR corresponding to the RDE vo
measured at 0.41 V vs. RHE. (c) Typical amperometric i–t curves (either at
RHE) recorded as a function of time with several successive injections of
solution (deaerated PBS solution at pH 7.4). (d) Corresponding calibratio
KOH solution with the addition of 1.0 M methanol at 50 s. (f) Chronopote
density of �3 mA cm�2 in 0.1 M KOH.

© 2021 The Author(s). Published by the Royal Society of Chemistry
and the C 1s peak of the carbon support and Ru 3d regions
strongly overlap.

The ORR and HER catalytic activities of the nPd/C, nRuPd/C,
nPtPd/C, and Pt/C were investigated by RDE voltammetry under
alkaline conditions. A series of nRuPd/C with different Ru
concentration (0.5, 1.0, and 5.0 mM of RuCl3) were examined to
d 0.1 M KOH solution at a scan rate of 10mV s�1 (rotation speed¼ 1600
ltammetry data at a range of rotation speeds using the current densities
+1.2 V to induce H2O2 oxidation or +0.5 V to induce H2O2 reduction vs.
a H2O2 standard solution to vary the concentration in the background
n curve. (e) Chronoamperometric responses in an N2-saturated 0.1 M
ntiometry stability tests of nRuPd/C and Pt/C catalysts under a current

RSC Adv., 2021, 11, 28775–28784 | 28779
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Table 1 Electrocatalytic ORR/HER characteristics of the electrocatalysts

Catalysts

ORR HER

E1/2 [V] Eonset [V] n E [at �10 mA cm�2] Eonset [V] Tafel slope [mV dec�1]

nPd/C 0.918 1.021 3.76 �0.348 �0.281 251.1
nRuPd/C 0.936 1.038 3.81 �0.011 0.025 50.1
nPtPd/C 0.920 0.999 3.65 �0.202 �0.128 204.9
Pt/C 0.939 1.060 3.92 �0.038 0.011 56.3
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explore the effects of Ru incorporation in the nRuPd nanowires
on its ORR/HER activity. As shown in Fig. S4a,† the RDE-LSV
curves showed that nRu(1.0)Pd/C had the best ORR activity
among the catalysts in terms of a positive ORR onset and half-
wave potentials (E1/2), which are oen used as criteria for the
catalytic activity. The trend of the HER activity was also similar
to that of the ORR performance (Fig. S4b†). Therefore, nRuPd/C
and nPtPd were prepared in 1.0 mM of the Ru or Pd precursor.

Fig. 5a presents the ORR polarization curves of nPd/C,
nRuPd/C, nPtPd/C, and commercial Pt/C modied GC
Fig. 6 (a) RDE polarization curves for HER in a N2-saturated 1.0 M KOH
Overpotentials (h) at a current density of �10 mA cm�2 for each catalys
nRuPd/C and Pt/C catalysts under a current density of�10mA cm�2 in 1.0
nRuPd/C, (C) nPtPd/C, and (D) Pt/C.

28780 | RSC Adv., 2021, 11, 28775–28784
electrode in O2-saturated 0.1 M KOH at a scan rate of 10 mV s�1

and a rotating rate of 1600 rpm. The resulting E1/2 values for
nPd/C, nRuPd/C, nPtPd/C, and Pt/C were 0.918, 0.936, 0.920,
and 0.939 V, respectively (Table 1). The onset potentials showed
a similar trend to that of the ORR E1/2 values. Indeed, nRuPd/C
showed better ORR activity than nPd/C and nPtPd/C. This
suggests that the limited Ru incorporation into nPd nanowires
altered the Pd lattice slightly,53 resulting in enhanced ORR
activity over pristine nPd/C. The number of electrons trans-
ferred (n) for the ORR was also determined using the Koutecky–
solution at a scan rate of 10 mV s�1 (rotation speed ¼ 1600 rpm). (b)
t. (c) Tafel plots for the HER. (d) Chronopotentiometry stability tests of
M KOH. The electrodes used in the electrocatalytic HER: (A) nPd/C, (B)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Levich (K–L) equation, as shown in Fig. 5b.60 The K–L plots at
0.41 V (vs. RHE) exhibited good linearity, indicating rst-order
kinetics with respect to the reactant concentration. The n
values for nPd/C, nRuPd/C, nPtPd/C, and Pt/C calculated from
the slopes in the K–L plots were 3.76, 3.81, 3.65, and 3.92,
respectively. Hence, oxygen is reduced via a direct 4-electron
transfer pathway in all samples in alkaline solutions. Moreover,
all samples showed similar n values.

The reaction of hydrogen peroxide, known as an intermediate
generated by a 2-electron ORR, is an important factor in evaluating
the catalytic activity. Fig. 5c and d shows the chronoamperometric
i–t response ofH2O2 oxidation (+1.2 V vs.RHE) andH2O2 reduction
(+0.5 V vs. RHE) using the nRuPd/C catalyst. The results revealed
high sensitivity (0.313mA cm�2 mM�1 for oxidation and 0.439mA
cm�2 mM�1 for reduction) and a rapid response time (�2.0 s), low
detection limit (�1.5 mM), and reasonable linear dynamic range.
These results conrm that the catalytic activity of the ORR is
excellent in thermodynamic and kinetic aspects. Moreover, there
was no appreciable change in the current density for nRuPd/C aer
adding MeOH (1.0 M), while a signicant increase in current
density was observed with Pt/C (Fig. 5e). The nRuPd/C catalyst
exhibited a highmethanol tolerance compared to Pt/C because the
methanol oxidation reaction was suppressed. The ORR durability
of the nRuPd/C and Pt/C was conrmed by measuring the steady-
Fig. 7 (a) CV curves recorded in a 0.1 M HClO4 solution deaerated with
charges of Hads (B), Hdes (,), and MOxred (D). (c) BET surface areas and
used in the electrocatalytic ORR and HER: (A) nPd/C, (B) nRuPd/C, (C) n

© 2021 The Author(s). Published by the Royal Society of Chemistry
state polarization stability using the chronopotentiometricmethod
at �3.0 mA cm�2 for the ORR at a rotation speed of 1600 rpm for
more than 9 h. A steady decrease in the overpotential (Dh) of
0.92 mV h�1 and 3.92 mV h�1 was observed for nRuPd/C and Pt/C,
respectively, suggesting that nRuPd/C had reasonable ORR
stability compared to Pt/C (Fig. 5f).

The catalytic performance of nPd/C, nRuPd/C, nPtPd/C, and
Pt/C catalysts toward the HER was also investigated by RDE
voltammetry under alkaline conditions. Fig. 6a presents the
normalized RDE voltammetry curves recorded in the N2-satu-
rated 1.0 M KOH solution at 1600 rpm with each catalyst. The
nRuPd/C catalyst was superior to the nPd/C, nPtPd/C, and Pt/C
catalysts. For example, the overpotential (h ¼ Eo � E) of nRuPd/
C at the benchmark current density of �10 mA cm�2 was less
negative than that of the other catalysts (Fig. 6b): nPd/C (347.8 mV
vs. RHE), nRuPd/C (11.7mV vs. RHE), nPtPd/C (201.8mV vs. RHE),
and Pt/C (37.8 mV vs. RHE). The onset potential for all catalysts
showed a similar trend to that of h, suggesting that nRuPd/C
caused the rapid HER. As shown in Fig. 6c, a lower Tafel slope
of nRuPd/C (50.1mV dec�1) compared to Pt/C (56.3mV dec�1) was
obtained, highlighting the merits of Ru incorporation into nPd
nanowires. Furthermore, nRuPd/C also exhibited superior HER
durability, as revealed by the chronopotentiometric responses at
�10 mA cm�2 for the HER at a rotation speed of 1600 rpm for
N2 purging gas at a scan rate of 20 mV s�1. (b) Plots of the integrated
(d) pore-size distributions of as-prepared electrodes. The electrodes

PtPd/C, and (D) Pt/C.
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more than 9 h. The decay of the Dh values was 4.6 mV h�1 and
15.4 mV h�1 for nRuPd/C and for Pt/C, respectively.

Based on the obtained electrocatalytic performance, nRuPd/
C provided better ORR and HER activity than the other catalysts
in an alkalinemedium due to the incorporation of Ru. Table S1†
shows a list of several reported Ru-based catalysts with various
structural features. On the other hand, the electrochemically
active surface area (ECSA) is also an important factor in evalu-
ating the catalytic activity of an electrocatalyst. The electro-
chemical properties of as-prepared catalysts were investigated
by CV in a N2-saturated 0.1 M HClO4 solution at a scanning rate
of 20 mV s�1 (Fig. 7a). A cyclic voltammogram obtained with
each catalyst showed three distinctive regions: a double-layer
capacitive region, hydrogen adsorption/desorption, and
a metal oxide formation/reduction region. The anodic peaks at
ca. 0.71 V (vs. RHE) corresponded to the formation of metal
surface oxides (MOxred) and the cathodic peak at ca. 0.85 V (vs.
RHE) corresponded to their reduction. Compared to the other
electrodes, a signicant increase in the MOxred charging current
was obtained for nRuPd/C (ca. 55mC cm�2), which was ascribed
to the enlarged surface area of the catalysts (Fig. 7b). For
comparison, nitrogen adsorption–desorption isotherms were
used to obtain the BET surface area and pore size distribution of
the prepared catalysts. As shown in Fig. 7c and d, all the
isotherms were classied as type IV, and the H3 lag loop
appeared at relative pressures (p/p0) from 0.6 to 1.0, indicating
the mesoporous structure of the catalyst. These results sug-
gested the presence of large channel-like pores within a narrow
pore size distribution range.61 Moreover, such pore structures
are critical to improving the electrical performance of materials.
The mesopores can act as a buffer to store the solution and
promote fast mass transport within the porous materials by
minimizing diffusion distances.62,63 The SBET, pore volume, and
pore size of the supported nPd catalyst were 17.782 m2 g�1,
0.069645 cm3 g�1, and 12.3 nm, respectively, and those of the
nRuPd catalyst were 30.341 m2 g�1, 0.091713 cm3 g�1, and
9.4 nm, respectively. These values suggest that the addition of
Ru increased the specic surface area and pore volume, which
likely enhanced the catalytic performance.

4 Conclusions

This paper reported the preparation of a carbon-supported
nRuPd catalyst through a facile two-step process using
a straightforward synthetic strategy. The nRuPd nanowires
produced unique structural features, where the core nPd
nanowires were decorated spontaneously by the ultra-low Ru
contents. The Ru metal precursor reacted spontaneously with
nPd metal nanowires through an AGRR-like mechanism,
resulting in a nRuPd/C. The electrochemical tests showed that
this nRuPd catalyst exhibited excellent bifunctional ORR/HER
catalytic activity with the benchmarking catalyst (Pt/C) for the
ORR and HER: positive ORR/HER onset and E1/2 potentials,
higher n value, and lower Tafel slope. The catalyst also pre-
sented superior ORR/HER stability, as revealed by the chro-
nopotentiometric responses at �3.0 mA cm�2 for the ORR/HER
at a rotation speed of 1600 rpm for more than 9 h. Furthermore,
28782 | RSC Adv., 2021, 11, 28775–28784
ECSA and BET analysis conrmed that adding Ru to the nPtPd
nanowires increased certain surface areas and pore volumes,
resulting in improved catalytic ORR/HER performance.
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