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Abstract

The preparation of platinum-free electrocatalysts with ideal oxygen reduction reaction (ORR) activity is of great significance
for cost-effective fuel cells. Herein, we synthesize a series of Pd-based (PdFe, PdCo, PdNi, and Pd) nanowires (PdM NWs).
Their diameters are about 10 nm. And the lengths are up to even micrometers. The mass activity of the series of Pd-based
catalysts followed the descending order: PANi NWs/C > commercial Pt/C >PdCo NWs/C >PdFe NWs/C > pure Pd NWs/C.
The optimal half-wave (E,,,) of PANi NWs/C (839 mV) is positive shift 138 and 25 mV compared with pure Pd NWs/C
(701 mV) and commercial Pt/C (814 mV), respectively. The mass activity (MA) of PANi NWs/C only dropped 28% after
10,000 potential cycles between 0.6 and 1.1 V versus RHE in acid medium. This work provides a promising and reliable
strategy to synthesize high performance Pd-based electrocatalyst, which is promising alternative to expensive Pt-based

electrocatalysts for fuel cells.
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Introduction

Proton exchange membrane fuel cells (PEMFCs), due to their
high energy conversion efficiency, low operating temperature,
and low pollution emissions, are important for energy equip-
ment (such as renewable vehicles and portable electronic
devices) in solving current energy crises [1-4]. The research
of catalyst has mainly focused on Pt and Pt-based materials in
the past long time due to the most effective performing of Pt in
ORR [5-8]. However, the scarcity of resources and high price
hinder the widespread use of Pt in fuel cells [9-13]. Recently,
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some non-precious catalysts or single atom-based catalysts are
studied replace Pt [14—17]. The Pd element belongs to the same
main group as the Pt element, which has similar characteristics
with Pt in many aspects [18-23]. And the more abundant of
Pd-based nanomaterials represent a class of prospective and
available catalysts for ORR, which have equal or even superior
electrocatalytic performances than Pt-based catalysts [24-26].
An interesting conclusion is reported that the ORR activity of Pd
is strongly correlated with the morphology [22, 27]. The activity
of one-dimensional (1D) Pd NWs is 10 times higher than that
of Pd nanoparticles and has comparable activity to commercial
Pt/C at fuel cell operating potential [28-31].

On the other hand, Pd and transition metal (M) alloyed
catalysts (such as Co, Fe, or Ni) could change the Pd—Pd
atomic distance and charge distribution, which make
the catalyst surface species and form more active sites
favoring ORR [2, 32-35]. Not only reduce the Pd load-
ing but also significantly improve the catalytic activity of
catalysts [36—39]. Hence, Pd-based bimetallic materials
such as PdNi, PdCo, PdZn [40-42], and more complex
components of catalysts such as Pd-skin/Pd;Fe (111) and
Pd-skin/PdCo were serviceable for ORR [43, 44], but still
not widely used in acidic electrolytes. To this end, the fab-
rication of 1D PdM nanowires with ideal electrochemical
performance in acidic electrolytes is highly necessary, yet

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-023-05159-9&domain=pdf

4826

lonics (2023) 29:4825-4833

remains challenging. Pd-based nanowires, which has the
characters of anisotropy and mechanical flexibility, with
high activity and stability, are expected to replace tradi-
tional Pt-based catalysts and solve the problem of resource
scarcity.

Taken together, we successfully prepare a series of PAM
(M =Fe, Co, Ni) nanowires (PdAM NWs) with respectable
activity and stability for ORR in acid medium. The PdAM
NWs were prepared by a straightforward hydrothermal
method [45]. Briefly, the PAM nanowires were prepared
through the reaction of PdCl, and MCI, aqueous solutions
in 220 C keep 160 min. Benefiting from the combination of
morphological advantages and bifunctional group effects,
the as-synthesized PANi NWs was extraordinarily improved
activity for ORR performance, and exhibited more positive
half-wave potentials (839 mV) which compared with both
pure Pd NWs (701 mV) and commercial Pt/C (814 mV) in
acid mediun, respectively.

Experimental section
Materials

Nickel chloride (NiCl,, 99.995%), iron chloride (FeCl,),
cobalt chloride (CoCl,, 97%), palladium chloride (PdCl,,
Pd 59-60%), ascorbic acid (AA), and sodium iodide
(Nal) were purchased from Aladdin. Poly (vinyl pyrro-
lidone) (PVP, mw = 1-1300000). Perchloric acid (HCIO,,
70%) 99.999% were purchased from Sigma-Aldrich.
Commercial Pt/C catalyst (20% metal) were purchased
from JM. Deionized (DI) water obtained from Wahaha
was used in all our experiments. All materials were
obtained from commercial suppliers and used without
further purification.

Synthesis of the PANi NWs

PdCl, (17.7 mg), NiCl, (10.7 mg), PVP (1000 mg,
mW = 1-1300000), Nal (300 mg), and AA (45 mg) are added
to a beaker containing 20 mL of water under ultrasonically
for 30 min, and then transferred to a reaction vessel contain-
ing a Teflon-lined reactor. Reaction at 210 “C keeps 160 min
and spontaneous cooling to room temperature. The black
product is obtained by ethanol/acetone, and centrifuged
2-3 times at 9000 rmp to obtain PdNi NWs. The PdFe and
PdCo NWs replace NiCl, with FeCl; and CoCl,, and then
are prepared in the same way. Removal of AA and the sec-
ond metal precursor to synthesize the pure Pd NWs in the
same condition.

@ Springer

Characterization

The morphology of Pd-based catalyst analyzes using trans-
mission electron microscopy (TEM) (HITACHI HT7700
at an accelerating voltage of 120 kV). The elements are
attached to the transmission microscope by an energy
dispersive X-ray detection content and a proportional
spectrometer (EDX) analyzer. X-ray diffraction (XRD)
patterns are recorded at Rigaku D/MAX-2500 powder dif-
fractometer with Cu-Ka X-ray source between 10 and 100
degrees (~20) at the speed of 4°/min. The compositions of
the catalysts are measured by inductively coupled plasma
atomic mass spectrometer (ICP-AES) (710-ES, Varian).
The X-ray photoelectron spectroscopic (XPS) spectral
conducts using a Thermo Scientific ESCALAB 250Xi
photoelectron spectrometer with a Mg-Ka as the excit-
ing source (1253.6 eV). High-resolution TEM (HRTEM),
high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM), and energy dispersive
X-ray spectroscopy (STEM-EDS) mapping are carried out
on JEOL (JEM 2100 plus and JEM-F200).

Electrochemical measurement

Electrochemical performance test is performed at 25 C
using CHI 760 electrochemical analyzer (CH Instruments,
Chenhua Co., Shanghai, China). A common three-elec-
trode system, Pt plate as the counter electrode, 3.5 M Ag/
AgCl as the reference electrode, and the working electrode
is a rotating disk electrode (RDE) with a working area of
0.196 cm? with a diameter of 5 mm. Various Pd-based
nanowires are mixed with XC-72 C to prepare catalyst
powders with a metal content of about 20%. The previ-
ously prepared catalyst powder is dissolved in a mixed
solution of isopropyl alcohol/water with 0.5% of Nafion
to preparing a mixture of 1 mg c1ys/mL, and ultrasonic
for 30 min to obtain a well-proportioned ink. The rotating
disk electrode (RDE) is polished with alumina powder and
ultrasonically cleaned. A total of 10 uL of the catalyst ink
is applied to the surface of the electrode to have a catalyst
loading of 10 ug cm~2. The catalyst layer was dried at 25
°C for electrochemical testing.

Results and discussions

As Fig. 1 shows, there are three major steps to synthesize
PdM NWs. First, the mix solution of PdCl,, MCl,, Nal, AA,
and PVP is ultrasonic treatment for 30 min until dissolve
completely. Then, the uniform dark red mixed solution is
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Fig.1 Schematic illustration of * s e
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transferred to hydrothermal reactor, which is heated at 200
°C for 160 min. Finally, the PAM NWs is obtained by cen-
trifugal separation.

The morphology and structure of the PAM NWs take
using transmission electron microscope (TEM), high resolu-
tion transmission electron microscopy (HRTEM), high-angle
annular dark-field scanning TEM (HAADF-STEM), X-ray
photoelectron spectroscopy (XPS), and X-ray diffraction
(XRD). Using PdNi NWs as an example, the TEM image
is shown in Fig. 2a. The length of the PANi NWs is several
microns and the distribution is extraordinary even. Figure 2b

Fig.2 Structural and compo-
sitional analysis of PANi NWs.
a Low- and b and ¢ high-mag-
nification TEM images, inset
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pattern. h XPS spectra of Pd 3d
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and c show the highly megascopic TEM image; the diameter
of the PANi NWs is approximately 10 nm, which has smooth
surface and uniform thickness. The diameter of the PdNi
nanowire is slightly larger than that of the pure Pd nanowire
(about 6 nm, Figure S1), which considered to be affected by
the second metal doping. As shown in Fig. 2d (the HRTEM
image is obtained from the blue box in Fig. 2c), the lattice
fringes are clearly visible. The interplanar spacing displays
0.193 nm and 0.223 nm slightly lower than that of the (200)
and (111) plane of fcc Pd, revealing the formation of PdNi
NWs, which in line with the result of XRD (Figure S2).
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The fast Fourier transform (FFT) pattern is shown inset of
Fig. 2d. Figure 2e shows the STEM energy-dispersive X-ray
spectroscopy (STEM-DES) elemental mapping images of
PdNi NWs, which indicates the homogeneous distribution
of Pd and Ni the NWs. Figure 2f shows the TEM-EDS,
the atomic percent of Pd and Ni in NWs is confirmed to
84/16, which agrees with the result from inductively coupled
plasma-atomic emission spectroscopy (ICP-AES, 84.6/15.4,
shown in Table S2). A typic face-centered cubic (fcc) crystal
phase is verified by XRD (Fig. 2g). All the characteristic
diffraction peaks of PANi NWs are positive shift to higher
diffraction angle compared to Pd (JCPDS No. 46-1043),
confirming a lattice contraction due to the formation of PdNi
NWs [41, 42]. The XPS spectra of PANi NWs illustrate the
presence of Pd and Ni of PANi NWs. Figure 2h shows the
Pd 3d spectrum, with the Pd 3d 3/2 and Pd 3d 3/2 peak at
339.8 eV and 334.5 eV, respectively. Figure 2i shows the Ni
2p spectrum, the peak of transition element is not obvious in
XPS, we think these may be due to the magnetic properties
of the element and the surface content of the PANi NWs.
The present synthetic method is also suitable for the prep-
aration of different types of PAM NWs, including PdCo and
PdFe. The XRD pattern in Figure S2 shows that all the PdAM
NWs in this work (Pd, PdFe, PdCo, PdNi) can be assigned
fce crystal phase. The average width of PdFe NWs is 10 nm,
and length up to microns (Fig. 3a). Figure 3b,—b; show the

Fig.3 Structural and compositional analysis of PdFe and PdCo NWs.
a TEM image, inset is diameter histogram of PdFe NWs. b;-b;
STEM-EDS elemental mapping images of Pd and Fe. by HRTEM
image. ¢ TEM-EDS spectrum of PdFe NWs. d TEM image, inset is
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STEM-DES elemental mapping images of PdFe NWs, indi-
cating the homogeneous distribution of Pd and Fe in the
NWs. The HRTEM image of PdFe NWs exhibits the lattice
spacing of 0.223 nm (Fig. 3b,), determining to the (111)
plane of fcc Pd. TEM-EDS estimates that the composition
ratio of Pd/Fe is 83/17 (Fig. 3c). By replacing the CoCl, with
FeCl;, the PdCo NWs with semblable structure and mor-
phology is made. Figure 3d shows the TEM image of PdCo
NWs, which has similar morphology to PdFe NWs. Fig-
ure 3e,—e; show the STEM-DES elemental mapping images
of PACo NWs. The lattice spacing of 0.222 nm of PdCo
NWs is obtained from HRTEM image (Fig. 3e,). Figure 3f
shows the TEM-EDS. For comparison, the Pd NWs is also
prepared in the same condition, which except dropping AA
and MCI,. Figure S1 shows the average width of 6 nm and
length of several micron of Pd NWs. The lattice spacing of
0.198 nm can be assigned to (111) plane (Figure S1c). The
XRD pattern (Figure S2) of Pd NWs can match well with
the peaks of Pd material (JCPDS No. 46—-1043). Figure S1d
shows the TEM-EDS spectrum of Pd NWs.

To investigate the ORR performance, the PdFe NWs,
PdCo NWs, PdNi NWs, and Pd NWs are loaded onto com-
mercial carbon (C, Vulcan XC-72) and then under mag-
netic stirring overnight. Washing the mixture with water/
ethanol 5 times to remove excess surfactant and ionic
species, and then anneal at 200 “C for 80 min to obtain
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the catalyst with clean surface. The resulting electrocata-
lysts are PdFe NWs/C, PdCo NWs/C, and PdNi NWs/C
electrocatalysts for ORR, which compares with pure Pd
NWs/C and commercial Pt/C. The electrochemical per-
formance of the series of catalysts is performed with the
rotating disk electrode (RDE) method. Before the electro-
chemical measurements, the electrocatalyst is activated in
N,-sturated 0.1 M HCIO, for 500 cycles at a sweep rate
of 500 mV S~! between 0.05 and 1.1 V versus reversible
hydrogen electrode (RHE). Cyclic voltammograms (CVs)
of different catalysts are shown in Figure S3. Consider-
ing that Pd is accompanied by the absorption of H in the
hydrogen desorption charge (H* + ¢~ = H,,;) process, the
H,,q method cannot be used to calculate electrochemical
active surface area (ECSA) of Pd-based materials. We
depict the ECSA values of PAM NWs/C by the following
equation:

ECSA = <2

mC
where Q is the charges involves with the reduction region
of PdO and m is the mass of Pd loading on the surface of
glassy carbon electrode (GCE). C is assumed to be 0.424
mC cm™2, which represents for the electrical charge constant
associated with the reduction of PdO monolayer [22, 46, 47].
Although this assumption may generate some uncertainties,
it is acceptable when the content of the second metal (M)
in the catalyst is much lower than that of Pd (the proportion
of M to total mass is less than 25%) [41]. According to the
CVs, the ECSA of the series of PAM NWs/C exceed to be

greater than Pd NWs/C (Figure S4), indicating that such
PdM NWs/C catalysts possessed more electro-chemically
active sites than pure Pd NWs/C.

The ORR polarization curves of the series of catalysts are
collected with RDE in an O,-saturated 0.1 M HCIO, solu-
tion under a rotating rate of 1600 rpm. Two distinguish-
able potential ranges in Fig. 4a are the diffusion-controlled
range below 0.7 V with a diffusion limited current density
5-6 mA cm~2 and the mixed kinetic/diffusion-controlled range
of 0.7-1.0 V. The half-wave potential (E,,,) of each catalyst
is summarized in Fig. 4b: PANi NWs/C (0.839 V) > PdFe
NWs/C (0.821 V)>commercial Pt/C (0.814 V)>PdCo
NWs/C (0.774 V) >pure Pd NWs/C (0.701 V), indicating con-
spicuously enhanced ORR activity of PANi NWs/C and has a
smaller overpotential than pure Pd NWs/C or commercial Pt/C.
Likewise, the corresponding mass activity (MA) of different
PdM NWs/C catalysts at 0.9 V vs. RHE is shown in Fig. 4c.
The MA of each catalyst follows the sequence of PdANi NWs/C
(140 mA mg™") > commercial Pt/C (130 mA mg_1)>PdFe
NWs/C (102 mA mg~")>PdCo NWs/C (70 A mg™')> pure
Pd NWs/C (16 A mg™"). PANi NWs/C exhibits the highest MA
among all catalysts, which is 1.07 and 8.75 times higher than
those of commercial Pt/C and pure Pd NWs/C. It shows that
M doping in PAM NWs can significantly improve the ORR
performance. Furthermore, the PANi NWs/C exhibits high-
est kinetic current density among all studied catalysts in this
work (Fig. 4d). And the comparison table of half-wave poten-
tial of recently reported palladium-based catalysts is shown
in Table S3. Figure 4e shows the linear sweep voltammetry
(LSV) polarization curves of PANi NWs/C at rotating speeds

a4 b C .~ 250
g'] —rwc 0.85] 0-1MHCIO, PdNi 3 I Pt NWs/C
g’ .4] ——PdNwsiC PdF — Eo0o. [ Pd NWs/C
S —— PdFe NWs/C Pt/C ~dre =4 Il PdFe NWs/C
< —— PdCo NWs/C — £ I PdCo NWs/C
2 ¢ 0.80 <
g —— PdNi NWs/C s = 150+ [ PdNi NWs/C
>3 T =, PdCo £
= g >
® w £ 100
g 4] 0.75| S
S g
E 5 © 50
o 0.70] Pd 2
5 64 : : : : 2 o
O o2 0.4 0.6 0.8 1.0

Potential (V vs. RHE)

d p— o0 f
vos :;/(i‘w " o 01 0284 = 03V n=3.82
.94 — s o - 2
——pdreNwsic | E 14 026 * g;:/’ "_g'gz x
s —— PdCo NWs/C : ) . * ey "‘3'64
\ " -24 o~ . X n=3.
% 0.924 —— PdNi NWs/C §, g 024 ¥
© > ¥ < 0224 s
n = 800 rpm <
> g 4] €
> 0901 S 1200 rpm £ 0.20
w ; -5 1600 rpm = 048]
/
0.88 S | 2000%om
E 0.16-
1E-3 0.01 o1 1 O o2 04 0.6 08 10 007 008 009 010 0.1
JAmg ") Potential (V vs. RHE) 10" (™ rad™

Fig.4 ORR performance of PAM/C NWs, pure Pd NWs/C, and com-
mercial Pt/C. a ORR polarization curves. b Comparison of half-wave
for different catalysts. ¢ Comparison of mass activity at 0.9 V. d Tafel

plots. e Linear sweep voltammetry polarization curves at various
rotation rates. f Koutecky-Levich plots of PANi NWs/C at different
potentials
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ranging from 800 to 2000 rpm. The LSV curves in Fig. 4e
reveal that diffusion-limiting current rises with the increasing
rotation speeds. The mass-transport limited current density at
a given rotation speed in turn, jgigusions 1S given by:

. 2/3.,—-1/6 1/2
]diﬁitsian = xnFD / v / C0260 /

where o is rotation speed, n is the number of transferred
electrons, F is the Faraday constant, D is the diffusion coeffi-
cient, v is the kinetic viscosity, and Co2 is the bulk concentra-
tion of O,. Therefore, diffusion-limiting current j g gion F1S€S
with the increasing rotation speeds . The Koutecky-Levich
(K-L) plots obtained from Fig. 4e, as shown in Fig. 4f, which
displays the nearly parallel fitting lines, revealing the elec-
tron transfer rate independent of potential and the first-order
reaction kinetics for ORR related to O, concentration. The
number of electron transfer is confirmed to be 3.64-3.82
in the potential region of 0.3-0.6 V vs. RHE, exhibiting a
decent four-electron transfer pathway and a minimal per-
oxide formation. A comparison table of the current sam-
ples with reported Pd-based electrocatalysts in ORR activ-
ity is shown in Table S1. The excellent electrochemical
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performance of PAM NWs/C can be ascribed to the follow-
ing aspects: (1) the unique morphology of 1 D nanowires
provides a direct channel for electron transfer in the electro-
chemical reaction process, which is conducive to the ORR
activity of materials. (2) The formation of PdNi alloy would
be favorable to increase the d-band vacancy and reduce the
d-band center (ligand effect), which enhance the ORR activ-
ity [48, 49]. (3) The strain effect of Pd and Ni shrink the
lattice, weaking the excessive adsorption of Pd to O, and
further enhance the ORR activity in view of its mechanism
[2, 50].

Additionally, for an ideal ORR catalyst, the tolerance effect
of small-molecule fuels is important; we further performed the
methanol tolerance test in Figure S9. The chronoamperometric
responses of the catalysts to the addition of 2 M methanol at
0.55 V versus RHE 0.1 M HCIO4 solution were recorded. There
was no obvious change in the current density on PdNi NWs/C
catalyst electrode after injecting 2 M methanol into the electro-
lyte, indicating that PANi NWs/C catalyst was nearly free from
the methanol penetration effect.

The durability of different PAM NWs/C catalysts
is evaluated by performing accelerated durability test

04 ——Pd Nws/C
—— PdFe NWs/C
-11 —— PdCo NWs/C

—— PdNi NWs/C

0.2 0.4 0.6 1.0

0.8
Potential (V vs. RHE)

Initial
After 10 K cycles

Mass activity (mA

?&x\

Fig.5 Stability of different catalysts after 10,000 potential cycles between 0.6 and 1.1 V (RHE). a CVs. b ORR polarization curves. ¢ Compari-

son of half-wave and d mass activity at 0.9 V
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(ADT) in 0.1 M HCIO, under a sweep rate of 200 mV s7!,
at the potential ranges of 0.6—-1.1 V. The CVs of differ-
ent PAM NWs/C catalysts after 10 000 cycles are shown
in Fig. 5a, and the ECSAs of different PAM NWs/C
catalysts are shown in Figure S5. The ORR polariza-
tion curves of different catalysts before and after 10,000
potential cycles are shown in Fig. 5b. The E,,, of PdNi
NWs/C exhibits 35 mV negative shift (AE,,), in contrast
to that of PdCo NWs/C (36 mV), PdFe NWs/C (58 mV),
and Pd NWs/C (91 mV), as displayed in Fig. 5c and
table S3. Especially, the overpotential of PANi NWs/C
at—3 mA cm~? increased from 372 to 406 mV after
10,000 potential cycles (Figure S6). The PANi NWs/C
still afford MA of 101 mA mg~! at 0.9 V after 10,000
potential cycles, dropping only 28% compared with
initial value. By comparison, the PdCo NWs/C, PdFe
NWs/C, and Pd NWs/C drop 29%, 61%, and 77% of their
initial value (Fig. 5d). We performed TEM tests on the
samples before and 10,000 potential cycles (Figure S7).
Obviously, the results show that the morphology of PdNi
NWs/C is the most complete after accelerated durabil-
ity test. The smooth surface of PANi NWs/C becomes
rough, but the overall 1D structure is almost no change,
which is probably caused by the dissolution of Ni on the
nanowire surface during operation in acidic medium. In
contrast, the morphologies of PdCo NWs/C and PdFe
NWs/C have changed dramatically. The acid corrosion
degree and location of different catalysts are different,
indicating that their active sites may be different. We
also performed the chronoamperometry test at 0.55 V in
Figure S10. The current density for sample PANi NWs/C
loses 39% of its original current density after 5 h holding
test. However, commercial Pt/C loses 69% of its original
current density. This result indicates that PANi NWs/C
shows higher stability than Pt/C. The preferable durabil-
ity of PAM NWs/C can be attributed to its unique mor-
phology: (1) the anisotropy of the 1D nanostructure can
effectively reduce the activity reduction caused by the
agglomeration and accumulation of the catalyst. The size
of the nanoparticles increased significantly after 10,000
potential cycles, indicating the nanoparticles tend to
agglomerate (Figure S8b, d). (2) The excellent mechani-
cal toughness of 1D nanowires can inhibit mechanical
degradation during the ORR process and extend the cycle
life of the catalysts.

Conclusion

In summary, we synthesized a series of PAM 1D nanostruc-
ture using a simple hydrothermal method, improving the
ORR performance of Pd-based nanowires by doping Fe,

Co, or Ni. The length of the Pd-based nanowires is several
microns and the diameter is approximately 10 nm. Here-
into, the E;,, of PANi NWs/C exhibits (0.839 V) is positive
shift 25 mV and 138 mV than commercial Pt/C (0.814 V)
and pure Pd NWs/C (0.701 V) in acid medium. The PdAM
NWs/C shows better stability than pure Pd NWs/C after
10,000 potential cycles. We anticipate that this research
will inspire the rational design of the usable high-efficiency
platinum free catalysts, and widely used in the field of cost-
effective fuel cells.
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