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Abstract
One-dimensional platinum–cobalt alloy nanowires (PtCoNWs) are prepared by electrospinning,
which provides a versatile platform for the synthesis of nanowires with tunable diameters and
atomic compositions. PtCoNWs with a near unity stoichiometric ratio, excellent atomic
distribution and an average diameter of 28 nm were evaluated for oxygen reduction reaction
(ORR) activity in 0.1 M HClO4 electrolyte. Over a four-fold enhancement in Pt mass-based
activity at an electrode potential of 0.9 V vs. RHE is obtained in comparison to pure PtNWs,
highlighting the beneficial impact of the alloying structure. A near 7-fold specific activity
increase is also observed in comparison to commercial Pt/C catalyst, along with improved
electrochemically active surface area retention through repetitive (1000) potential cycles.
Electrospinning is thereby an attractive approach to prepare morphology and composition
controlled PtCoNWs that could potentially one day replace conventional nanoparticle catalysts.
& 2014 Published by Elsevier Ltd.
Introduction

Operating with high efficiency and zero emissions, polymer
electrolyte membrane fuel cells (PEMFCs) are considered
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among the most promising clean energy conversion tech-
nologies for a variety of applications, including transporta-
tion and stationary power generation. The widespread
commercial success of PEMFCs is however still hindered
by two primary technical challenges: the high system costs
and poor operational durability. Of the overall fuel cell
stack cost, the high surface area carbon supported platinum
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nanoparticle (Pt/C) catalysts comprise over 30% [1], with
the majority of Pt content required at the cathode to
catalyze the inherently sluggish oxygen reduction reaction
(ORR). Additionally, the harsh oxidizing conditions lead to
significant deterioration of Pt/C by carbon support corrosion
and Pt nanoparticle surface area loss by agglomeration or
dissolution [2–4]. This results in detrimental performance
loss and PEMFC system reliability that falls significantly
short of the 5000 h operational lifetime target set by the
Department of Energy [5].

To address these challenges, significant research efforts
have focused on the development of new ORR catalyst
technologies that can either reduce or eliminate the
amount of Pt required at the cathode [6–8]. While great
progress has been realized towards the development of non-
precious metal based catalyst technologies [9,10], this
approach remains a long term objective, owing primarily
to significant shortcomings in terms of operational durabil-
ity. Therefore the development of highly stable Pt-based
catalysts that can provide improved ORR activity represents
the most viable solution [11], as it will allow for reduced Pt
contents to achieve practical fuel cell performance. This
likely requires a fundamental shift from conventional zero-
dimensional Pt nanoparticle based systems to new catalyst
designs and architectures, which has been a focus of recent
research endeavors [12–17].

To this end, one-dimensional (1D) Pt and Pt-alloy catalysts
are considered promising cathode catalysts for PEMFC tech-
nologies [18–23]. Increased activity is commonly observed on
this new paradigm of nanostructured catalysts [24–26], owing
to the relatively smooth surfaces on the atomic scale that
consist of Pt atoms with high coordination numbers. This
effectively weakens the adsorption strengths of oxygen
species on Pt, thereby reducing overpotentials for the ORR.
These smooth Pt surfaces also have reduced surface energies,
rendering them less prone to activity loss by dissolution and
agglomeration during PEMFC operation; and their self-
supported nature can eliminate the detrimental impact of
carbon corrosion. Even further activity enhancements can be
realized by effectively coupling 1D nanostructure control
strategies with Pt-alloying using relatively inexpensive tran-
sition metals such as Fe, Co and Ni [27–30]. Understanding
and optimizing the exact structural and compositional factors
underlying the performance of 1D Pt-alloy catalysts however
still remains a challenge [31], yet holds promise to generate
improved catalysts that can perpetuate the technological
advancement of PEMFC systems. Establishing reliable tech-
niques in order to prepare Pt and Pt-alloy nanowires with
readily controllable diameters and atomic compositions is
desirable, and would provide a versatile platform for both
fundamental and practical investigations in order to develop
unique catalyst systems with excellent activity and stability
towards the ORR.

Electrospinning has been used as an effective technique to
prepare a wide array of nanowire and nanofiber structures
including metal oxides [32], non-precious metal ORR cata-
lysts [33,34] and Pt-based materials [33,35]. In the present
study, using Co as the choice alloying element owing to the
high activity of Pt3Co surfaces towards the ORR [36], we
report the first development of PtCo nanowires (PtCoNW)
by the electrospinning technique. PtCoNWs with near unity
stoichiometric ratios were investigated for ORR activity by
half-cell electrochemical evaluation, and were found to
provide significantly improved Pt-mass and surface area
specific activities in comparison to commercial Pt/C and
pure PtNWs. Catalyst surface area retention of PtCoNWs
during electrochemical cycling was also improved in compar-
ison to commercial Pt/C, highlighting their promise as ORR
electrocatalysts for PEMFC applications. We furthermore
demonstrate the versatility of the electrospinning process
in order to prepare PtCoNWs with varying Pt:Co stoichio-
metric ratios and nanowire diameters, providing a valuable
platform for future studies in order to elucidate and optimize
the effects of 1D nanostructure, chemical composition and
atomic distributions on ORR activity.

Materials and methods

PtCoNW fabrication

Platinum–cobalt nanowires (PtCoNW) were prepared by
electrospinning a methanol/water solution of polyvinylpyr-
rolidone (PVP, MW=1,300,000), hexachloroplatinic acid
hexahydrate and cobalt acetate tetrahydrate. The use of
cobalt acetate tetrahydrate could also be substituted for
cobalt nitrate with no changes observed to the nanofiber
morphology. In a typical process, 34.9 mg of PVP was
dissolved in 0.9 mL of methanol, and 18.75 mg of hexa-
chloroplatinic acid hexahydrate and 8.15 mg of cobalt
acetate tetrahydrate were dissolved in 0.1 mL of DDI water.
These values correspond to a precursor solution containing
4 wt% PVP, 3 wt% metal salts, and a Pt to Co molar ratio of
53:47 that were used as the standard in the present study. It
was necessary to use water as a co-solvent to eliminate
precipitation of PVP in methanol solution upon addition of
the metal precursor salts. The prepared DDI water solution
was then added to the methanol/PVP solution, and the
entire mixture was stirred magnetically for 1 h. This solu-
tion was then loaded into a syringe with a stainless steel tip
for subsequent electrospinning.

The electrospinning process was carried out inside an
acrylic chamber, and in order to ensure successful nanofiber
formation, it was necessary to decrease the relative humid-
ity to below ca. 40% by introducing dry nitrogen gas. The
syringe tip was stationed 6 cm from the aluminum foil
collection substrate and the power source was set to 6 kV.
The solution flow rate was set to 0. 25 mL h�1, during which
time a beige film formed on the aluminum foil surface. After
completion, the electrospun film was peeled off the alumi-
num foil and loaded into a 0.5 in. diameter quartz tube.
This tube was then loaded into a large tube furnace and the
temperature was increased to 480 1C at a heating rate
of 0.5 1C min�1. After removal of PVP, the resultant black
materials were collected, and subjected to hydrogen treat-
ment in a tube furnace at 150 1C for 2 h, and the resultant
PtCoNWs were collected for subsequent characterization.

Physicochemical characterization

Scanning electron microscopy (SEM) was carried out on a
LEO FESEM 1530, and TEM images were collected on a JEOL
2010F equipped with electron diffraction imaging and x-ray
analysis capabilities. X-ray diffraction patterns (XRD) were
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collected on an Inel XRG 300 diffractometer using a Cu x-ray
source. Inductively coupled plasma (ICP) spectroscopy was
conducted using a Teledyne Leeman Labs Prodigy High
Dispersion ICP system. Atomic concentrations were evalu-
ated by digesting PtCoNW powder in an aqua regia solution.
Measurements were done in triplicates, and the obtained
spectra were calibrated with respect to two separate
commercial standard solutions to ensure accuracy.

Electrochemical characterization

PtCoNW catalyst ink was prepared by mixing 3 mg of
PtCoNWs and 3 mg of Vulcan XC-72 carbon black in 2 mL
of ethanol containing 4 μL of 15 wt% Nafion solution. 10 μL
of the prepared catalyst ink solution was then deposited
onto a polished glassy carbon disc electrode (geometric
surface area of 0.19635 cm�2) leading to a loading of
59.9 μgPt cm�2, and allowed to completed dry under ambi-
ent conditions. The electrode was them immersed into
0.1 M HClO4 maintained at 30 1C by a circulating water
bath, and all electrochemical testing was carried out using a
reference hydrogen electrode (RHE) and a platinum wire
counter electrode. In order to evaluate oxygen reduction
reaction (ORR) activity, the potential of the electrode was
scanned at 10 mV s�1 in the positive direction under oxygen
saturated electrolyte conditions and at electrode rotation
rates varying from 100 to 1600 rpm. In order to remove
capacitative contributions, background currents obtained
under the same conditions except for with nitrogen satura-
tion were removed, and the resultant ORR current densities
were corrected for uncompensated electrolyte resistances
using a technique reported previously [37]. Accelerated
degradation testing (ADT) was conducted by repeatedly
cycling the electrode potential from 0.05 to 1.3 V vs. RHE
at a scan rate of 50 mV s�1. Electrochemically active sur-
face area estimates were determined by the Hupd technique
[38]. Commercial carbon supported platinum (Pt/C, TKK)
was tested for comparison using an electrode loading of
20 μgPt cm�2, a commonly utilized value for high surface
area commercial Pt catalysts [39].

Results and discussion

PtCoNWs were prepared by electrospinning a solution contain-
ing PVP as the carrier polymer, owing to its ability to complex
with metal salt precursors. To produce long, uniform nanofi-
bers, the metal salt concentration was maintained at 3 wt%
and an optimal PVP concentration of 4 wt% was determined
systematically through scanning electron microscopy (SEM)
imaging of the prepared materials (Figure S1). We found that
by varying the concentration of metal salts added into the
solution between 1 and 5 wt%, no changes to the as prepared
PtCo–PVP nanofibers were observed (Figure 1); however after
PVP removal, significant variations in the average PtCoNW
diameters occurred (Figure 2). At 1 wt% metal salt, no
nanowires were obtained (not shown), indicating that the
concentration of Pt and Co in the PtCo–PVP nanofibers was too
low to achieve good interconnectivity during heat treatment.
Increasing the metal salt concentration from 2 to 5 wt%
resulted in an increase in the average nanowire diameters
from 24 to 41 nm, in a near linear fashion (Figure 2c, inset).
Unless specified otherwise, as the standard for subsequent
investigations, PtCoNWs were prepared with a metal salt
concentration of 3 wt%, PVP concentration of 4 wt% and a
Pt:Co atomic ratio of 53:47. Additionally, a sufficiently slow
rate of temperature increase (0.5 1C/min) for PVP removal
was necessary, as higher rates of temperature increase would
result in the nanowires melting together into 3-dimensional
agglomerate structures (Figure S2).

TEM images of PtCoNWs after PVP removal and hydrogen
reduction are displayed in Figure 3a and b. Nanowires with
micrometer scale length and an average diameter of ca. 28 nm
are clearly observed, and a polycrystalline structure was
indicated by the select area electron diffraction (SAED) pat-
terns (Figure 3b, inset) and high resolution TEM (Figure 3c).
After PVP removal, both Pt (fcc) and Co3O4 (cubic) crystalline
phases were observed by XRD (Figure 3d). After hydrogen
treatment at 150 1C, disappearance of the Co3O4 peaks was
observed and the Pt(fcc) peak locations were shifted to higher
diffraction angles indicating the successful incorporation of Co
into the Pt-alloy phase structure [40,41]. Both Pt and Co were
well distributed throughout the entirety of the PtCoNWs
evidenced by electrode dispersive x-ray (EDX) color mapping
(Figure 3e). The overall EDX spectra is displayed in Figure S3,
indicating a Pt:Co ratio of approximately 54:46, in close
agreement with the 53:47 ratio used in the electrospinning
solution. ICP analysis on a bulk sample of nanowires confirmed
these results, showing that the PtCoNWs are composed of
52.96 at% Pt and 47.04 at% Co.

It was also possible to prepare PtCo–PVP nanofibers with
readily tunable Pt:Co atomic contents, along with pure
Pt–PVP nanofibers. SEM images of Pt–PVP, Pt53Co47–PVP,
Pt36Co64–PVP and Pt27Co73–PVP nanofibers are displayed in
Figure 4a, b, c and d, respectively. Consistent nanofiber
morphology, diameters and uniformity are observed, high-
lighting once again the versatility of the PtCoNW electro-
spinning process. Drawing on this, the Pt–PVP nanofibers
were heat treated in air to produce pure PtNWs for
comparative purposes, with TEM and high resolution TEM
images provided in Figure 4e and f, respectively. Like
PtCoNWs, PtNWs displayed a polycrystalline structure as
highlighted by the SAED pattern provided in Figure 4e
(inset). The EDX spectra (Figure S4) indicated the atomic
purity of the PtNWs. It should also be noted that for pure
PtNWs, a relatively lower heat treatment temperature of
450 1C was used to remove PVP. In the case of PtCoNWs
however, at this slightly lower temperature, residual PVP
remained on the surface of the nanowires as evidenced by
TEM imaging (Figure S5) and large oxidative currents
observed during electrochemical testing at potentials above
ca. 0.6 V vs. RHE. This indicates some sort of interaction
occurring between PVP and the cobalt precursors, and is
also evidenced by the thermogravimentric analysis (TGA)
where a very minor weight loss is observed for the Co
containing samples in this 400–480 1C temperature range
(Figure S6). To overcome this challenge, a slightly increased
PVP removal temperature of 480 1C was utilized for PtCoNW
preparation.

ORR activities of the nanowire samples were investigated by
electrochemical half-cell testing in 0.1 M HClO4 at 30 1C. The
PtCoNW electrode preparation process was investigated and
optimized, whereby Figure S7 provides insight into the various
parameters (electrode loading, carbon incorporation) that must



Figure 1 SEM images of PtCo–PVP nanofibers prepared with (a) 1, (b) 2, (c) 4 and (d) 5 wt% metal salts in the precursor solution.
For PtCo–PVP nanofibers electrospun with 3 wt% metal salt precursor solution please refer to Figure 4b.

Figure 2 SEM images of PtCoNWs prepared using metal salt concentrations in the precursor solution of (a) 2, (b) 3, (c) 4 and
(d) 5 wt%. (c-inset) Plot of average nanowire diameter vs. metal content of precursor solution.
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be considered when dealing with extended surface Pt nanos-
tructures [42]. Following background current and uncompen-
sated electrolyte resistance correction [37], Figure 5a provides
performance evaluation of PtNW and PtCoNW at electrode
metal loadings of 76.4 μg cm�2 and catalyst to carbon black
weight ratios of 1:1 (morphology depicted in Figure S8).
Notably, PtCoNWs demonstrate an on-set potential and half-
wave potential of 1.01 and 0.92 V vs. RHE, respectively,
representing 40 mV increases over that of PtNW. These
activity enhancements are observed despite a lower overall



Figure 3 (a,b) TEM, (c) high resolution TEM images and (b-inset) SAED patterns of PtCoNWs. (d) XRD diffraction pattern of (black)
PtCoNWs before and (red) after reduction in hydrogen at 150 1C. (d) EDX color map of PtCoNWs.
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Pt electrode loading for PtCoNW (59.9 μgPt cm�2), highlight-
ing the dramatic activity gains realized by alloying Pt with Co
atoms. The increase in ORR activity of the PtCoNWs can most
likely be attributed to the modified electronic and structural
properties of alloy surfaces in comparison to pure Pt [43].
These modulated features in turn tune the adsorptive proper-
ties of the catalytically active surface structure, weakening
the binding with spectator oxygen containing species (i.e.,
OHad), thereby freeing up more active sites for the ORR and
enhancing the reaction kinetics [36]. Additional ORR activity
improvements for PtCoNWs are realized by the partial
replacement of expensive Pt atoms in the nanowire core,
reducing the catalytically active Pt content that is not
accessible to reactant oxygen species. ORR polarization plots
for PtCoNWs and PtNWs at electrode rotation rates varying
from 100 to 1600 rpm are also provided in Figure S9.

Figure 5b provides the ORR performance of PtCoNWs in
comparison to commercial Pt/C with a lower electrode loading
of 20 μgPt cm�2, a value typically used for commercial catalyst
testing [39]. To account for different mass loadings of Pt on
the electrode and provide quantitative evaluation, Tafel plots
displaying mass-transport corrected kinetic current densities
(ik) [44] on a Pt mass basis are provided in Figure 5c. Figure 5d
also provides the calculated Pt-based mass and specific
activities of PtCoNWs and Pt/C evaluated at 0.9 V vs. RHE.
Notably, PtCoNWs demonstrate a specific activity of 1.6 mA
cmPt

�2, an almost 7-fold improvement in comparison to
commercial Pt/C (0.23 mA cmPt

�2). In addition to these sig-
nificant specific activity improvements arising from the pre-
viously discussed alloy configuration, it is highly likely that the
anisotropic nanostructure of the PtCoNWs provides distinct
performance advantages as well. Extended surface structures
such as nanowires have a larger portion of high coordination
number surface atoms in comparison to zero-dimensional
nanoparticles with numerous low coordinated surface atoms
and defects. The elongated nanowire structure therefore
provides a relatively smooth surface that can mimic the
extended surface structure of bulk polycrystalline films,
enhancing the ORR kinetics of the catalyst by supressing the
adsorption of active site blocking spectator species [30,31]. At



Figure 4 SEM images of (a) Pt–PVP, (b) Pt53Co47–PVP, (c) Pt36Co64–PVP and (d) Pt27Co73–PVP nanowires. (e) TEM and (f) high
resolution TEM images of PtNWs, with (e-inset) SAED pattern.
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all current densities evaluated, PtCoNWs also provide higher
Pt mass based activities than commercial Pt/C, including a
65% improvement at 0.9 V vs. RHE (200 mA mgPt

�1 vs. 121 mA
mgPt

�1, respectively). It should also be noted that using lower
electrode loadings of PtCoNW could result in higher Pt-mass
based activities. Performance as high as 260 mA mgPt

�1 was
obtained at an electrode loading of 29.9 μgPt cm�2 (900 rpm,
Figure S7a), most likely due to increased catalyst utilization
under these conditions. Achieving the theoretical mass-
transport limited current densities predicted by the Levich
equation (ca. 4.3 at 90 0rpm, 5.7 at 1600 rpm) were however
not possible at lower catalyst loadings owing to incomplete
electrode coverage, an observation consistent with previous
findings [45] and inherent with relatively low surface area
catalysts.

The stability of PtCoNW was investigated by electroche-
mical accelerated degradation testing (ADT). The potential
of the electrode was swept 1000 times between 0.05 and
1.3 V vs. RHE at 50 mV s�1 with the electrolyte temperature
maintained at 30 1C (Figure 5e). Electrochemically active
surface areas (ECSAs) were determined by measuring the
charge transfer for hydrogen adsorption/desorption [38].
Figure 5f provides the normalized ECSA remaining as a
function of cycle number. After 1000 cycles, PtCoNWs
retained 75% of the initial ECSA, compared to 59% for
commercial Pt/C. This indicates that the extended surface
mimetic structure of PtCoNWs can potentially mitigate Pt
dissolution and agglomeration in addition to overcoming the
detrimental impact of carbon corrosion owing to the their
self-supported nature.
Conclusions

In summary, PtCoNWs were prepared by electrospinning and
found to provide excellent activity and stability towards the
ORR in acidic electrolytes. The benefits of alloying were
demonstrated by comparing the activity of PtCoNWs with
that of pure PtNWs, whereby over a 4� improvement in Pt
mass-based activities at 0.9 V vs. RHE was achieved with the
incorporation of Co into the 1D Pt nanostructure. An almost
7-fold improvement in specific activity was observed for



Figure 5 RDE polarization curves for (a) PtCoNW and PtNW and (b) PtCoNW and commercial Pt/C in 0.1 M HClO4. (c) Mass-transport
corrected Tafel plots for all materials on a Pt-mass basis and (c-inset) determined Pt-based mass and specific based activities at
0.9 V vs. RHE for PtCoNW and Pt/C. (d) Normalized ECSA values remaining for PtCoNW during ADTwith commercial Pt/C provided for
comparison. (inset) CV polarization data collected intermittently during ADT for PtCoNWs.
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PtCoNWs in comparison to commercial Pt/C, along with
improved ECSA retention (75% vs. 59%, respectively) mea-
sured through ADT cycling. A 65% increase in Pt mass based
activity was also obtained for PtCoNWs in comparison to
Pt/C, despite the relatively low surface area arising from the
thick diameter of these nanowire catalysts. It is expected
that further mass activity improvements can be achieved by
careful control of the morphology (i.e. diameter) and atomic
compositions of the PtCoNWs, capabilities that have been
demonstrated herein by the versatile electrospinning tech-
nique. This provides a valuable platform for systematic
structure-property investigations and optimization in order
to combine the specific activity enhancements observed for
extended Pt-alloy surfaces with increased Pt utilization by
nanostructure control strategies, with the ultimate goal of
preparing highly active, operationally stable 1D Pt-alloy
nanowires to potentially replace conventional nanoparticle
catalysts.
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