
F238 Journal of The Electrochemical Society, 165 (3) F238-F245 (2018)

Fuel Cell Performance Implications of Membrane Electrode
Assembly Fabrication with Platinum-Nickel Nanowire Catalysts
Scott A. Mauger, 1,=,∗ K. C. Neyerlin,1,=,∗ Shaun M. Alia, 1,∗ Chilan Ngo,2,∗
Siddharth Komini Babu, 3,a Katherine E. Hurst,1 Svitlana Pylypenko, 2,∗ Shawn Litster,3,∗
and Bryan S. Pivovar1,∗,z

1Chemistry and Nanoscience Center, National Renewable Energy Laboratory, Golden, Colorado 80401, USA
2Department of Chemistry, Colorado School of Mines, Golden, Colorado 80401, USA
3Department of Mechanical Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

Platinum-nickel nanowire (PtNiNW) catalysts have shown exceptionally high oxygen reduction mass activity in rotating disk
electrode measurements. However, the ability to successfully incorporate PtNiNWs into high performance membrane electrode
assemblies (MEAs) has been challenging due to their size, shape, density, dispersion characteristics, and corrosion-susceptible nickel
core. We have investigated the impact of specific processing steps and electrode composition on observed fuel cell performance and
electrochemical properties in order to optimize performance. We have found that nickel ion contamination is a major concern for
PtNiNWs that can be addressed through ion exchange in fabricated/tested MEAs or by acid leaching of catalyst materials prior to
MEA incorporation, with the latter being the more successful method. Additionally, decreased ionomer incorporation has led to the
highest performance demonstrating 238 mA/mgPt (0.9 V IR-free) for PtNiNWs (pre-leached to 80 wt% Pt) with 9 wt% ionomer
incorporation.
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Platinum (and Pt alloy) nanoparticles on carbon supports (Pt/C)
are the standard catalysts for polymer electrolyte fuel cells (PEM-
FCs). They are the basis for the thousands of fuel cell vehicles on
the road today as well as tens of thousands of stationary polymer
electrolyte fuel cell power systems. The performance of membrane
electrode assemblies (MEAs) based on Pt/C has been optimized over
multiple decades through tuning several parameters including carbon
type, Pt to carbon loading, ionomer content/type, ink solvent com-
position, and coating/drying parameters.1–6 The implementation of
unsupported metal catalysts in PEMFCs has seen much less investi-
gation, and the application of non-Pt/C catalysts often falls back on
the processes and compositions that have been optimized for Pt/C.
For materials, like the nanowires presented here, it should not come
as a surprise that dramatic differences in size/structure and properties
(density, dispersability, magnetism, surface conductivity, ionomer in-
teractions) significantly impact electrode performance and there is a
need to investigate alternate, optimized fabrication compositions and
approaches.

To date, the motivation for the development and application of ex-
tended surface electrocatalysts in fuel cells has come largely from the
promising work of 3M’s nanostructured thin film (NSTF) materials.7,8

These materials started as Pt thin films, but over the last several years
have shifted to PtNi alloys, with much effort devoted to examining
the sensitivity of activity to the alloy’s composition.9,10 3M’s NSTF is
unique in that it is fabricated on a substrate and hot pressed directly
into the membrane to form a MEA. Poly/single crystal studies of in-
herent catalytic activity and durability of flat metal surfaces further
show significant benefits over nanoparticle catalysts consistent with
findings of NSTF.11–13 The advantages of extended surface catalyst
over supported nanoparticle catalysts are still a matter of some debate,
but have been attributed to a number of different factors, including
the number of low coordinated sites (leading to higher specific ac-
tivity and durability) and surface-enhanced proton conduction (which
aids in ion accessibility and can reduce ionomer adsorption losses
in activity).14–20 Extended surface catalysts have also demonstrated
durability benefits in the Pt sintering (0.6–0.9 V) and carbon corro-
sion (> 1.0 V) regimes, avoiding supports and Pt-carbon point contacts
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which can accelerate carbon oxidation.13 Metal surfaces also allow for
ionomer-free proton conduction,21 suggesting that extended-surface
catalysts may be able to attain a lower oxygen transport resistance
at high current density, allowing for a higher performance at rated
power.

Pt–alloys are the state-of-the-art materials for high activity oxygen-
reduction catalysts. Incorporation of transition metals, particularly
cobalt and nickel, into the Pt lattice, is the primary strategy to im-
prove the activity per Pt site. This approach has been the focus of nu-
merous publications, which have successfully demonstrated enhanced
mass and specific activity on a laboratory production scale with sub-
sequent testing in rotating disk electrode (RDE) experiments22–29 and
in MEAs.30–33 However, alloy catalysts add additional complexities.
Specifically, the alloys are susceptible to transition metal dissolution,
which can decrease catalyst activity and increase membrane resis-
tance, as metal ions displace protons in the ionomer.34–36 Also, the
activity of these catalysts is highly dependent on the ratio of alloy
components. With 3M’s NSTF, there have been many studies related
not only to the composition of the alloy but also the location of the
components within the NSTF whiskers.9,10 Similar to what we have
found in the course of developing our PtNiNW catalyst, the activity
is also influenced by additional annealing treatments of the material
following synthesis.37,38

The PtNiNW materials used as the basis for this work have demon-
strated exceptionally high mass activity and electrochemical surface
area (ECA) in rotating disc electrode (RDE) studies of inherent cat-
alytic properties.37,39 We commonly refer to these catalyst structures
as nanowires, although on many occasions the transition metal core
has been removed and they could alternatively be referred to as nan-
otubes. The nanowires we have investigated generally are up to 10’s
of microns in length (as-synthesized) with diameters typically be-
tween 100–300 nm. The materials used in fuel cell tests fall short
of our previously reported performance of these materials because
the performance of galvanically displaced materials generally scales
poorly at large batch sizes (needed in MEA fabrication), due to a
combination of higher concentration (less water to uniformly disperse
particles) and decreased temperature control during displacement (oil
bath not scaled).40 Optimizing the scale up, processing, and integration
of electrocatalysts that have shown promise for facilitating the oxygen
reduction reaction (ORR) is non-trivial and, as stated in a recent publi-
cation by Kongkanand and Mathias,41 must be commensurate with the
development of the electrocatalyst itself. Few laboratories outside of
commercial suppliers have been able to translate the performance of
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small-batch synthesis catalysts (<100 mg) in RDE to large-batch syn-
thesis catalysts (100 s mg) in MEAs or RDE. Thus, in parallel to our
MEA integration efforts we are also researching scalable production
methods.42

Processing and integration is complex due to the unique nature of
these PtNiNWs. Due to their size, lack of support, and potential for
surface assisted proton conduction, the optimal ionomer to catalyst ra-
tio for these materials remains unclear. Understanding the integration
of PtNiNW electrocatalysts into fuel cell catalyst layers is crucial to
realizing the tremendous potential these materials have demonstrated
for ORR. Additionally, we have observed that potential cycling of
these materials results in loss of the Ni metal core. Thus, from an
MEA standpoint, it is not clear what sort of ex situ processing, if any,
may be required to maximize performance. Due to the differences
between PtNiNW catalyst investigated in this work and other alloy
nanoparticle or extended surface catalysts, the proper ex situ or in
situ processing or ionomer content were not known. Therefore, the
goal of this work was to understand the processing and electrode de-
sign considerations necessary to obtain an MEA that maximizes the
ECA and activity of the catalyst. As such, the experiments reported
here were designed to determine the dependence of fuel cell perfor-
mance on catalyst processing and ionomer content. Through the use
of in situ performance testing, advanced in situ diagnostic techniques,
and electron microscopy these dependencies were determined, lay-
ing a foundation for future development of both the catalyst and the
electrode.

Experimental

Nanowire preparation.—PtNiNWs were prepared through spon-
taneous galvanic displacement (SGD) of nickel nanowires (Plas-
maChem GmbH) as described previously.39 After SGD, the wires
were annealed in a hydrogen environment. The samples were heated
with a 10◦C/minute heating rate to 250◦C and then held there for 2
hours. The pressure was maintained at 500 Torr with flowing 300
standard cubic centimeters (sccm) of 50% H2/50% N2. The materials
obtained are referred to in this paper as as-synthesized.

Ink preparation.—The PtNiNW inks were prepared by weighing
PtNiNWs into a glass vial. This was followed by the addition of
water (0.2 mL/mg PtNi) and 1-propanol (0.8 mL/mg PtNi). The ink-
containing vial was then placed in a beaker filled with ice water,
where the mixture was tip sonicated for 2 min (QSonica Misonix S-
400, 20 kHz, Amplitude = 1). 20 wt% Nafion solution (D2020, Ion
Power) was then added to achieve the desired PtNi:Nafion ratio. The
ink was then tip sonicated again for 3 min.

Pt/HSC (TKK TEC10E50E) inks were prepared by weighing the
catalyst powder into a glass vial. To which water (0.13 mL/mg Pt/HSC)
and 1-propanol (0.1 mL/mg Pt/HSC) were added in that order. The
vial was swirled gently after each addition of solvent to ensure all of
the catalyst was wet. Next, Nafion solution (D2020, Ion Power) was
added (2.11 μL/mg PtHSC). The ink containing vial was then placed
in a beaker filled with ice water, where it was then tip sonicated for
10 s. Subsequently, the ink containing vial was sonicated in an ice bath
for 20 min. in four increments of 5 min. each with gentle swirling of
the vial between increments.

MEA fabrication.—5 cm2 catalyst-coated membrane electrodes
were ultrasonic spray coated (Sonotek Ultrasonic spray system with a
25 kHz Accumist spray head) on to Nafion 212 membranes. Small tabs
were sprayed outside the 5 cm2 area so that the loading and elemental
composition of the cathode could be analyzed without influence of
the anode. The membrane was held on a porous, heated vacuum plate
at 80◦C. The inks were sprayed at 0.3 mL/min and a translational
speed of 50 mm/s. Multiple passes were used to achieve the desired
electrode loadings. The PtNiNW settled very quickly in the inks and
it was not possible to spray continuously. Thus after each pass the
ink was pulled backed into the syringe and shaken to redisperse the
wires. The platinum loading of the cathodes were between 0.1 and

0.2 mg Pt/cm2. All the MEAs tested in this study contained Pt/HSC
anodes with loadings of approximately 0.25 mg Pt/cm2. After coating
the electrode, the hot plate was turned off and the MEAs were allowed
to cool before removal from the vacuum plate.

MEA ion exchange.—To probe the impact and reversibility of Ni
ion contamination, select MEAs were submerged in 1 L of 0.01 M
H2SO4 at room temperature for 17 hrs in order to exchange Ni+ with
H+. After soaking, the MEA was repeatedly rinsed with deionized
water and dried on a vacuum plate at 50◦C until dry.

XRF analysis.—Loading and elemental compositions were an-
alyzed using a Fischerscope XDV-SDD X-ray fluorescence (XRF)
spectrometer with a 50 kV, 50 W X-ray source. Small tabs of elec-
trode material were printed outside the MEA area without the counter
electrode on the other side of the membrane. This allowed for elemen-
tal analysis of each electrode individually.

Rotating disk electrode.—Half-cell tests were completed using
a three-electrode setup. The electrode coating and testing processes
were previously optimized for Pt-Ni NWs.39

Fuel cell testing.—MEAs were assembled into single test cells
using Sigracet SGL 25BC gas diffusion layers (25% compression)
and poly(tetrafluoroethylene) gaskets. The active area was 5 cm2

with single serpentine flow channels. Prior to testing, all the MEAs
were preconditioned via voltage cycling using previously published
protocols.43 Electrochemical surface area (ECA) was determined
from the hydrogen underpotential deposition (HUPD) region of cyclic
voltammograms recorded at 50 mV/s using either a Gamry or Au-
tolab potentiostat. ECA was determined at 30◦C, 150 kPa total cell
pressure, 100%RH, H2/N2 at 0.20/0.05 slpm respectively. Hydrogen-
oxygen and hydrogen-air polarization curves were measured at 80◦C,
100%RH, 150 kPaabs, and 0.4 slpm. For selected MEAs, after con-
ditioning and performance testing, limiting currents were measured
using 200 μm thick teflonated carbon fiber gas diffusion layer pos-
sessing a 30 μm microporous layer. The gas diffusion layer was
compressed at 15%. A straight pass flow field was used as previously
described by Baker et al.44 Limiting current data was taken at 80◦C,
101 kPa total cell pressure, at 75, 60 and 45% RH, under total flows
of 1.0/3.144 slpm for the anode and cathode respectively. While the
anode gas was pure H2, the cathode gas was varied to obtain limiting
current measurements at 2, 3, 5, 10 and 15 kPa pO2. Due to differences
in hardware geometry between the standard and differential cell, the
active area for limiting current measurements was 3.24 cm2.

PtNiNW acid preleaching.—For some MEAs, soluble Ni was
leached from the PtNiNWs prior to MEA incorporation (preleaching)
by soaking the PtNiNWs in 1 M H2SO4 at a concentration of 40 mg
PtNi/mL H2SO4. The PtNiNWs and H2SO4 were added to a 20 mL
glass vial. The vial was placed on a roller for the entire leaching
processes in an attempt to keep the PtNiNW dispersed and reduce
any diffusion limitations. In preliminary experiments to determine the
required soaking times to achieve the desired amount of Ni removal
it was noticed that lower pH (higher molarity) increased flocculation
of the PtNiNWs. To break up the flocs, the vials were periodically
removed from the rollers and vigorously shaken. To achieve 81wt%
Pt, PtNiNWs were soaked for 2 hours. Leaching for longer than two
hours did not remove additional nickel. The mixture was subsequently
diluted with deionized water, poured into a centrifuge tube and cen-
trifuged at 2500 rpm for 15 min. The supernatant was poured off and
more water was added. This process was repeated two more times.
Following centrifugation, the rinsed wires were transferred to glass
vials and were dried in a vacuum oven at 110◦C and a gauge pres-
sure of −20 inches of Hg. Portions of the wires were annealed after
soaking.

Electron microscopy.—Wire morphology and distribution was
evaluated by scanning electron microscopy (SEM) using a JEOL
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JSM-7000F field emission SEM. Cross-sectional SEM samples were
prepared by freezing membranes in liquid nitrogen and cutting
across them with a razor. Scanning transmission electron microscopy
(STEM) and X-ray energy dispersive spectroscopy (EDS) analysis
were obtained using an FEI Talos S/TEM operated at 300 kV and
equipped with ChemiSTEM detector.

Results and Discussion

The following sections detail our research to understand the
processing steps and electrode composition needed to maximize
the performance of PtNiNW catalyst layers. In the As-synthesized
and post-leached PtNiNW fuel cell performance section we explore
the influence of ionomer content and show the influence of nickel
contamination and post-leaching of MEAs to alleviate contamination.
In the Pre-leached PtNiNW fuel cell performance section, we use
pre-leaching of the PtNiNW catalyst, prior to electrode fabrication, to
mitigate Ni contamination. Finally, in the Oxygen transport resistance
section we perform limiting current measurements to understand
transport mechanisms and limitations in the catalyst layers

As-synthesized and post-leached PtNiNW fuel cell
performance.—As-synthesized PtNiNW MEAs were fabricated with
varying Nafion contents: 9, 16, and 23 wt% ionomer (relative to total
catalyst mass), in order to investigate the role of ionomer content
on performance. For comparison, a 50 wt% Pt on high surface area
carbon electrode with an ionomer:carbon ratio between 0.8 and 1
(typical for standard PEM fuel cell MEAs) contains approximately
30 wt% ionomer. Lower Nafion contents were initially targeted in
this study due to morphological differences of PtNiNWs and their
potential to exhibit surface proton conduction. Figure 1 shows SEM
images of the cross-section of an MEA along with a top-down image
of the PtNiNW cathode. Figure 1 and the subsequent discussion
focuses on the 16 wt% Nafion MEA, however other ionomer loadings
showed qualitatively similar trends. The cross-sectional image of
the MEA in Figure 1a shows that the cathode is approximately
4 μm thick for a 0.13 mgPt/cm2 electrode, which is similar to the
thickness of Pt/C (50 wt% Pt) of the same loading. The highly
porous and contiguous mat of PtNiNWs is readily apparent from the
top-down image in Figure 1b. Notably, the diameter and lengths of
the PtNiNWs in the MEAs appear unchanged from the as-synthesized
PtNiNWs.

The as-synthesized PtNiNW MEAs were assembled into fuel cells
for further characterization and were periodically removed from the
fuel cell hardware for ion exchange and XRF assessment of Pt/Ni
content. Cyclic voltammograms (CVs) were particularly useful for
studying the impact of Ni ion contamination on observed properties
and performance. Figure 2a shows CVs for a 16 wt% Nafion MEA
following a break-in procedure for the as-synthesized MEA and then
after two subsequent ion exchanges (as described in the experimental
section) after further cell testing. The initial CV lacks classic Pt hy-
drogen underpotential deposition (Hupd) features, indicating an access
or reactivity problem characteristic of a ‘poisoned’ sample. For 3M’s
NSTF catalyst, it has been observed that the low surface area makes
them more susceptible to poisoning than higher surface area catalysts,
which is likely the case here, too.45 In order to remove Ni ions con-
taminating the ionomer (in electrode and membrane) the MEA was
soaked in a dilute sulfuric acid solution (0.01 M) to ion exchange the
Ni ions with protons. After the initial ion exchange, the CV shows
clear HUPD features with a significant increase in ECA (Figure 2b).
From CV features and the measured ECA, the first ion exchange has
a significant impact, but the second ion exchange had a much smaller
effect. Similar behavior was observed for the 9 wt% and 23 wt%
Nafion MEAs.

The elemental composition of the cathode of 16 wt% Nafion MEA
as a function of testing and processing steps was measured using
X-ray fluorescence spectroscopy (XRF) and is reported in Table I.
The as-synthesized MEA was found to have a composition of 14.5
wt% Pt and 84.8 wt% Ni (these PtNiNWs contain a small amount of

Figure 1. Scanning electron microscope images of the 16 wt% Nafion MEA
recorded for the as-prepared MEA in (a) cross-sectional and (b) top-down
of the cathode. (c) Top down image of the PtNiNW cathode after perfor-
mance testing and two ion exchanges. The layer thicknesses reported in (a) are
approximate.

iron, which is present in the NiNW starting material). Following initial
testing, the Ni content decreased significantly from 84.8 (as synthe-
sized) to 57.5 wt%, clearly showing that exposure to cell break-in and
operating conditions liberates a substantial portion of Ni from the Pt-
NiNWs. Interestingly, this showed that even before ion exchange that
a substantial portion of the Ni is no longer present within the MEA
active area. Ion exchanging the MEA further decreased the amount
of Ni within the sample, but by a much smaller amount from 57.5 to
54.4 wt%. This corresponds to the removal of 1.75 μmol of Ni. We
estimate there are only 0.8 μmol of sulfonic acid sites in the cathode,
so this small percentage of Ni is large enough to block every sul-
fonic acid site, though we cannot say with certainty this was the case.
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(a)

(b)

Figure 2. (a) Cycling voltammograms of PtNiNW MEA with 16 wt% Nafion
in the cathode. Voltammograms were measured at 50 mV/s after the initial
testing cycle and testing cycles following ion exchange in 0.01 M H2SO4. (b)
Electrochemical surface areas (ECAs) for all of the PtNiNW MEAs.

Though, this would explain why prior to this ion exchange procedure
the PtNiNWs showed no catalytic activity. This fact highlights how
little Ni, as a percentage of the starting catalyst material, is required
to completely contaminate the cathode. Additional testing and ion
exchange steps showed further removal of Ni from the system, but
the majority of Ni was removed in the initial testing step. The loss
of Ni from the PtNiNWs is also evident in the SEM image of the
cathode following testing and ion exchanges as shown in Figure 1c.
The PtNiNWs appear to have hollowed and a compaction of the elec-
trode is also apparent.

While CVs and XRF measurements are useful for interpreting
observed properties, it is ultimately fuel cell performance that is of
primary concern. Figure 3a displays the oxygen polarization curves for
the 16 wt% ionomer MEA previously discussed for as-prepared MEAs
and after the 1st and 2nd ion exchanges. In the initial testing, the as-
prepared cell performance was essentially non-existent, as might have
been expected given the lack of electrochemical features observed by
CV. This initial behavior of as-prepared MEAs was observed for all
ionomer contents studied. (Supporting Information, Fig S1), There is
a clear trend of increasing performance after the first and second ion
exchanges, which was consistent with CV and XRF data discussed
previously. The increase in performance after the first ion exchange
can attributed to two main causes. The first is an increase in the ECA
of the catalyst, which was shown in the voltammograms in Figure 2,
that produced an increase in mass activity of the catalyst. The second

Table I. Weight fraction of Pt and Ni in the cathode of a 16 wt%
Nafion MEA measured after different processing and testing steps.

Preceding Process Step Pt wt% Ni wt%

As-synthesized 14.5 84.8
Initial Testing 41.5 57.5
1st Ion Exchange 44.3 54.4
2nd Testing 60.3 38.1
2nd Ion Exchange 59.9 38.5
3rd Testing 64.2 34.2
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Figure 3. (a) Oxygen polarization curve for the 16 wt% Nafion MEA mea-
sured initially and after soaking in 0.01 M H2SO4 baths. (b) Mass (im0.9 V) and
specific (is0.9 V) activities measured at 0.9 V for PtNiNW MEAs with 9 wt%,
16 wt%, and 23 wt% Nafion.

is high frequency resistance (HFR). Ion exchanging the MEA reduced
the HFR from 480 m�-cm2 during initial testing to 247 m�-cm2 after
the first ion exchange. The HFR changes could only account for some
of the observed performance losses, and the large overpotential losses
are probably most related to catalyst site availability, consistent with
other studies of metal ion contamination in fuel cells.46

With the second ion exchange there is again an improvement in
performance. Consistent with voltammograms, which did not show
much change in ECA between the first and second ion exchange, there
is only a slight increase in mass activity of the catalyst. Most of the
change in the polarization curves between the first and second ion
exchanges is in the ohmic and mass-transport regions. The second
ion exchange further decreased the HFR to 118 m�-cm2 after the
second ion exchange. Also, metal ion contamination has been shown
to increase the oxygen transport resistance in the ionomer, which
would results in mass-transport losses.47 Together, the reduction in
HFR and oxygen transport resistance would explain the increase in
performance following the second ion exchange These results show
that Ni contamination effects not only the catalyst but the ionomer in
the catalyst layer as well as the membrane.

The mass activity at 0.9 V (im
0.9 V) and surface area specific activity

at 0.9 V (is
0.9 V) measured as-synthesized and following ion exchange

are shown in Figure 3b for all three Nafion-content MEAs tested.
After two ion exchanges, there is a general trend of increasing mass
and specific activity with decreasing ionomer content, with the 9 wt%
Nafion content MEA showing the highest performance on a mass
activity basis, 133 mA/mgPt (0.9 V IR-free). For comparison, PtNi
nanoparticles supported on carbon have achieved mass activities over
600 mA/mgPt, so additional refinements in the catalyst processing
and electrode design are needed to improve the performance of these
PtNiNWs in MEAs. The 9 wt% Nafion MEA had about three times less
ionomer (on a mass basis) than a standard Pt/C electrode, suggesting
that there may be fundamental difference between the structures of
PtNiNW and Pt/C electrodes.

The catalyst performance metrics after two ion exchanges are
shown for all three Nafion content MEAs in Table II, along with
the RDE-measured values for these PtNiNWs to highlight some of
the disparity between MEA and RDE performance.40 Comparisons
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Table II. Electrochemical surface area (ECA), mass activity
(im0.9 V) and specific activity (is0.9 V) for MEAs tested after being
two ion exchanges in 0.01 M H2SO4 baths. RDE data from Ref. 40.

Nafion wt% ECA im0.9V is0.9V

Cathode (m2/g) (mA/mgPt) (μA/cmPt
2)

RDE 54 1400 2600
9 wt% 19 133 697
16 wt% 21 92 427
23 wt% 25 81 330

between RDE and MEA must be made with caution because the
MEA testing conditions are substantially different than the RDE test
conditions, however it is still possible to extract meaningful results.
The RDE mass activity is about an order of magnitude larger than in
an MEA. These differences are much larger that would be observed
when comparing RDE and MEA results for Pt/C electrodes, which
highlights one of the challenges of developing the catalysts and in-
corporating them into MEAs. Some of this difference is that the RDE
measurements of these PtNiNWs do not suffer from Ni ion contam-
ination in the same way as MEAs, because RDE is run with small
catalyst masses and large liquid-electrolyte volumes that maintain Pt
accessibility and proton conductivity regardless of Ni dissolution. In
RDE, the measured ECA is double that measured in an MEA. In previ-
ous RDE measurements we have observed losses in ECA and specific
activity associated with Ni loss from ex-situ acid leaching prior to
testing, which is due to a dealloying effect.37 This is consistent with
measurements of PtNi NSTF, which have also showed that Ni loss
from the core of the material resulted in decreased activity.9 We have
found that PtNiNWs lose less Ni during RDE testing than the MEAs
presented here, which may explain some of this large difference. We
suspect this difference in Ni loss was due to differences in the elec-
trode coating processes between RDE and MEAs. The MEA catalyst
layers were coated using ultrasonic spray. This is a high shear rate
process, which may induce some small cracks or fractures that allow
for easier access to the Ni core. It is also possible that the mechanical
compression of the fuel cell test hardware may strain the materials in
a way that made them more susceptible to leaching of Ni. In any case,
these results show that even after two ion exchanges of the MEA there
is still a large discrepancy between MEA and RDE performances.
This led us to investigate a new approach to processing the catalyst.

Pre-leached PtNiNW fuel cell performance.—While it was pos-
sible to improve the performance of the as-prepared MEAs with ion
exchanges this is time intensive and not feasible in an industrial set-
ting. Therefore, to diminish the potential for Ni contamination the
as-prepared catalyst was soaked in 1 M sulfuric acid for 2 hours to
leach Ni from the core of the PtNiNW. The goal was not to remove
all of the nickel, but the soluble nickel in the core of the PtNiNW
that was not alloyed to the Pt. The resulting material had Pt content
of 81 wt%, as measured by XRF. The pre-leached PtNiNW powder
was analyzed using high-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM). The images in Figure 4a
show that the pre-leached wires retained their cylindrical shape but
appear to have become hollow tubes with lower mass density in the
core. Lower magnification STEM images (not shown) also showed
the wires have fractured and are now about 5 μm in length. This was
also apparent in SEM of the pre-leached PtNiNW cathode in Figure
4b. Energy-dispersive X-ray spectroscopy (EDS) confirmed that both
platinum and nickel were found in the walls of these tubes. This was
consistent with our previous studies of acid leaching.37

MEAs were prepared with the pre-leached PtNiNWs to determine
if the pre-leaching step was sufficient to avoid catastrophic Ni con-
tamination of the ionomer. These MEAs contained 9 wt% Nafion
(relative to the mass of pre-leached catalyst) based on the inverse re-
lationship between ionomer content and mass activity observed for
the as-prepared PtNiNW MEAs. The cross-sectional SEM of this

Figure 4. (a) HAADF STEM of 81 wt% Pt PtNiNWs and EDS maps for Pt
and Ni, Pt, and Ni. (b) Top-down SEM of the pre leached PtNiNW cathode.
(c) Cross-sectional SEM of the pre-leached PtNiNW MEA.

MEA (Figure 4c) showed that this cathode was much thinner (approx.
1 μm) than the as-prepared PtNiNW electrodes (approx. 4 μm), which
is consistent with the higher Pt wt% of the pre-leached catalyst.

Like the previously prepared MEAs, the pre-leached PtNiNW
MEA was tested before and after ion exchange to assess the im-
pacts of pre-leaching the catalyst and potential Ni contamination. The
CV traces and polarization curves from both the initial measurement
and after one ion exchange procedure are shown in Figures 5. The
initial performance with the pre-leached PtNiNWs was significantly
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(a)

(b)

Figure 5. (a) Cyclic voltammograms and (b) oxygen polarization curves of
the pre-leached PtNiNW MEA measured without any additional processing of
the MEA (initial) and after ion exchanging the MEA in sulfuric acid.

improved compared to the MEAs with as-prepared wires. The initial
CV shows the expected HUPD region and the ECA is 22 m2/g, indicat-
ing Ni contamination of the ionomer was not significant in this MEA.
XRF measurement confirmed this and showed that that only a small
amount of Ni was removed during testing. The initial polarization
curve (Figure 5b) showed significantly higher current densities could
be achieved in this MEA with the pre-leached PtNiNWs than any of
the MEAs with unleached PtNiNWs even after multiple ion exchange
processes. The performance metrics from initial testing were a im

0.9 V

= 238 mA/mgPt and is
0.9 V = 1103 μA/cmPt

2. The HFR for this MEA
was 81 m�-cm2 (at 0.6 V in air), which was lower than any of the
as-prepared PtNi MEAs, which measured 118–133 m�-cm,2 even af-
ter they were ion exchanged. This also showed that Ni contamination
was not a significant limitation to activity in this MEA. The activity
of this MEA is lower than MEAs prepared using PtNi nanoparticles
or PtNi NSTF, which have both exceeded the DOE 2020 target of
440 mA/mgPt.30,48 However, as mentioned previously, the large-batch
synthesis used to prepare these PtNiNWs resulted in lower ORR activ-
ity than previous batches prepared in much smaller quantities. Future
work on these materials will use materials synthesized through pro-
cesses that do not exhibit such batch-size dependent losses.42

Ion exchanging the MEA by soaking in acid resulted in minor
changes in the CV and polarization curves. Unlike the MEAs with
unleached PtNiNWs, this ion exchange process did not decrease the
HFR of the pre-leached PtNiNW MEA. This provided further con-
firmation that Ni contamination was not significant with these pre-
leached wires and that pre-leaching can be a successful strategy to
address Ni ion contamination concerns. Additionally, these results
show that MEAs can be fabricated with low ionomer content, which
may have benefits for low-loaded MEAs at high current density.

The observed improvements using pre-leached PtNiNWs, still re-
sulted in mass activity far below that found in RDE measurements
of these PtNiNWs. With unleached PtNiNWs the best RDE perfor-
mance was im

0.9 V = 1400 mA/mgPt (ECA = 54 m2/g, and is
0.9 V =

2600 μA/cmPt
2), as reported in Table II. For a more direct comparison

of RDE and MEA properties, the same ink that was used for MEA

Table III. Comparison of activities and ECA for RDE and MEA
samples fabricated from the same ink with pre-leached PtNiNWs.

Sample ECA im0.9 V is0.9V

Type (m2/g) (mA/mgPt) (μA/cmPt
2)

MEA 21 238 1151
RDE 21 ± 1 518 ± 8 2502 ± 49

fabrication was used to fabricate RDE samples. The results from RDE
and MEA are compared in Table III. Both have similar ECA, but in
RDE measurements the pre-leached PtNiNWs had higher activities
than the MEA. This result is not particularly surprising as electrocat-
alysts in MEAs generally show lower activity than in RDE samples.
The difference in ECA between the pre-leached PtNiNWs (MEA and
RDE) and the unleached PtNiNWs was also not particularly surpris-
ing, as was already noted earlier, previous RDE experiments have
shown that leaching Ni reduces surface area.35,37 It is also possible
that differences in ionomer content between the pre-leached and un-
leached PtNiNW electrodes contributed to this difference. It will be
shown shown in the following section that this MEA is not signifi-
cantly limited by local oxygen-transport at the catalyst surface, thus,
this comparison showed that MEA performance was, at least partially
limited by the intrinsic properties of the catalyst.

Oxygen transport resistance.—To better understand the perfor-
mance of the PtNiNW MEA diffusion-limited current measure-
ments, using methodology described elsewhere, were used to exam-
ine the oxygen transport limitations of the atypical PtNiNW electrode
structures.44,49 The measured limiting currents (ilim) were then con-
verted to total electrode transport resistance (RTotal) by

RT otal = 4FcO2

ilim
, [1]

where F is the Faraday constant and cO2 is the molar concentration
of oxygen in the cathode channels. RTotal values for the PtNiNW elec-
trodes were compared values for traditional 50 wt% Pt on Vulcan
carbon (Pt/Vu) electrodes measured in a separate study.50 It should
be noted that all Pt/Vu electrodes were diluted with Vulcan carbon as
to maintain a constant electrode thickness of about 6 μm, which is
comparable to the approximately 4 μm thickness of the as-prepared
PtNiNW electrode, shown in Figure 1. Figure 6 shows RTotal plotted
versus inverse Pt roughness factor (1/fPt) for 45, 60, and 75% RH.
Limiting current data were measured for 50 wt% Pt/Vu electrodes
at nominal loadings of 0.05, 0.075, 0.10 and 0.125 mgPt/cm2, where
each data point is the average transport resistance of two separate
Pt/Vu electrodes with identical loadings. From Figure 6 it was ob-
served that the measured RTotal values for Pt/Vu were 1) consistent
with those reported elsewhere (see Figure 9 of Reference 49) and 2)
increased with decreasing Pt loading. This increase has previously
been attributed to an oxygen transport resistance at or near the Pt
surface associated with the ionomer.41,49

RTotal values are also shown for the pre-leached PtNiNW MEA and
as-prepared PtNiNW MEAs with 9, 16, and 23 wt% ionomer. These
limiting current experiments were performed following performance
testing and ion exchanges. It was shown that the PtNiNW MEAs had
higher RTotal than the Pt/Vu MEAs for all permutations except for the
pre-leached PtNiNW MEA at 75%RH. There are several possibilities
for this discrepancy that will be discussed below and while they are
discussed individually it is possible they are all contributing to RTotal.

First, these data in Figure 6 show a general trend of decreased RTotal

with decreased ionomer content. However, the pre-leached PtNiNW
MEA has a lower RTotal than the 9 wt% Nafion as-prepared PtNiNW
MEA despite the same ionomer content. If instead of considering
the ionomer content as a function of total initial catalyst mass it is
considered as a function of the mass ratio of Nafion to Pt there is
a clear trend in increasing RTotal with increasing Nafion content in
the electrode, shown in Figure 7. For comparison an optimized Pt/Vu
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Figure 6. Total electrode transport resistance (RTotal) vs inverse Pt roughness factor (1/fPt). RTotal values were determined from limiting current measurements at
101 kPaabs cell pressure, 80◦C, 2 kPa pO2 and 45, 60, or 75%RH. RTotal values are shown for 9 wt% Nafion MEA with pre-leached (PL) PtNiNWs and the 9, 16,
and 23 wt% ionomer PtNiNW electrodes with as-prepared PtNiNW (AP). These measurements were performed following performance testing and ion exchanges.
The dashed lines are the minimum and maximum RTotal values for 50 wt% Pt/Vu electrodes measured in a separate study.50

(50 wt% Pt, 0.5 ionomer:carbon ratio) is 20 wt% Nafion, yet only at
9 wt% Nafion (pre-leached MEA) is RTotal for a PtNiNW electrode
the same as the PtVu electrodes. This suggests that ionomer content
above 9 wt% is excessive. At this point, we have not explored the
role the ionomer content in electrodes with pre-leached PtNiNWs,
so additional improvements in performance may be possible with
further reductions in ionomer. Considering the nanowire materials
have an order of magnitude lower BET surface areas than Pt/Vu it is
not surprising that lower ionomer contents on a mass basis result in
better performance for the PtNiNW MEAs. With the lower surface
area, less ionomer will be needed to create a continuous network for
proton transport.

Additionally, the extended surface nature of these materials en-
ables metal-surface proton conduction, which may reduce the amount
of ionomer necessary to access catalyst sites.21 To determine if
these mateials also exhibit surface proton conduction, we utilized
microstructured scaffolded-electrode (MES) measurements.51 This
unique measurement allows for calculation of the proton conduc-
tivity of catalyst materials with or without ionomer binder. Here, the
conductivity was measured for PtNiNWs without binder. The con-
ductivity was measured at relative humidities from 45 – 150%RH, as
shown in Figure S2a (Supporting Information). As expected, the con-
ductivity increased with increasing RH, until a plateau was reached
once the electrode flooded and all of the catalyst surface was able
to conduct protons. It was observed that the conductivity plateaued
at a lower RH in air than nitrogen due to the local water produc-
tion from the oxygen reduction reaction increasing the local humid-
ity of the electrode. The observations are consistent with previous
MES measurements of ionomer-free Pt black.52 Our measurements
of ionomer-free PtNiNW materials showed equivalent proton con-

ductivity to ionomer-free Pt black (Figure S2b), which is known to
exhibit surface proton conduction, indicating these PtNiNWs also ex-
hibit surface proton conduction.21 Furthermore, the conductivity of
the PtNiNWs was equal to ionomer-bound Pt/C suggesting a contin-
uous ionomer network may not be necessary for continuous proton
conduction pathways in the catalyst layer. Excess ionomer is likely
inhibiting oxygen transport by decreasing electrode pore volume, cre-
ating a thicker ionomer coating on the PtNiNW catalyst, or both. For
optimized Pt/C electrodes the resistance due to Knudsen diffusion in
the pores is small relative to the ionomer resistance, but not enough
research has been conducted to know if the same holds for these
PtNiNW electrodes.53

The second potential cause for increased RTotal is that even though
an ion exchange process was performed to help rid the PtNiNW MEAs
of any contaminating Ni ions, it is possible that some remain, dis-
placing protons inside the ionomer structure and increasing the oxy-
gen transport resistance of the ionomer, which has been observed
for cobalt-contaminated membranes and thin films.47 However, given
strong dependence of RTotal on ionomer content, shown in Figure 7, it
seems like Ni contamination was not the primary influence of RTotal.
Were Ni contamination the dominate cause of higher RTotal, the as-
prepared PtNiNW MEAs would have similar RTotal regardless of their
ionomer content, which is not the case.

The third possibility is that it has been surmised that ionomer
confinement on Pt surfaces may be one of the causes for the observed
increase in transport resistance at low Pt loadings, a phenomena that
may be enhanced on these unsupported, extended surface PtNiNW
MEAs.54,55 However, at this point we do not have enough data on
these samples to say whether or not this is the case. In future work we
will explore limiting current measurements in greater detail to better

Figure 7. Total electrode transport resistance (RTotal) vs Nafion to Pt mass ratio in PtNiNW cathodes measured at 45, 60, and 75%RH. The dashed lines represent
the minimum and maximum RTotal for Pt/Vu electrodes. RTotal values were determined from limiting current measurements at 101 kPaabs cell pressure, 80◦C, 2 kPa
pO2 and 45, 60, or 75%RH.
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understand the transport limitations in these MEAs and reduce losses
at rated power.

Conclusions

This work demonstrated the challenges associated with fabricat-
ing and optimizing PtNiNW MEAs. It was shown that the two keys to
maximizing MEA performance were pre-leaching of Ni from the core
of the PtNiNW and a low ionomer content to minimize oxygen trans-
port limitations. These results are likely also relevant to other novel
electrocatalysts that may have similar electrode optimization con-
cerns. When these two limitations were mitigated, MEA performance
was primarily limited by the intrinsic electrochemical characteristics
of the catalyst. Future studies will focus on PtNiNWs produced using
production methods that produce higher activity catalysts in the large
quantities needed for MEA studies. The learnings from this initial
study will be applicable to these materials, allowing for easier inte-
gration of the materials to MEAs. Furthermore, since these catalyst
layers are so thin, the addition of carbon black or other materials to
catalyst layer will be explored as means to mitigate potential flood-
ing issues. These studies would not be possible without the initial
learnings presented here.
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