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a b s t r a c t

Dealloyed Pt bimetallic nanoparticles are highly active electrocatalysts for the electroreduction of molec-
ular oxygen (ORR), the key barrier to more efficient polymer electrolyte membrane fuel cells (PEMFCs).
Most previous studies of dealloyed Pt alloys focused on the structure and mechanism of dealloyed Pt–Cu
bimetallic materials. Also, stability concerns related to Cu prompted the search for alternative non-noble
metal components for dealloying.

Here, we report on a comparative study of dealloyed binary PtM3 (M = Co, Cu, Ni) electrocatalyst for
use in PEMFC cathodes. We also study synergistic effects of a third metal in ternary PtNi3M (M = Co,
Cu, Fe, Cr) cathode electrocatalysts. All catalyst precursor materials were prepared by an impregnation,
freeze-drying, annealing route. After deployment of the catalyst precursor in single PEM cells, the active
dealloyed form of the catalysts was obtained through a voltammetric dealloying protocol. Dealloyed
binary PtM3 catalysts showed more than a threefold activity improvement for ORR for M = Co, Cu, and
close to a threefold improvement for M = Ni in terms of the Pt-mass activity (A mg−1

Pt ) of the single fuel cell,
compared to a 45 wt% Pt/C reference cathode catalyst. Improvements in specific surface area normalized
activities (A cm−2

Pt ) followed those in Pt-mass activity. All ternary catalysts, except the Fe containing
one, showed clearly improved catalytic ORR performance compared to PtNi3, in particular PtNi3Co and
PtNi3Cu. A previously unachieved four- to fivefold activity improvement in real single MEAs was observed.

Near-surface (XPS) and bulk (EDS/ICP) compositional characterizations suggested that the degree of
dealloying of Pt–Co and Pt–Ni binary precursors is lower than that of Pt–Cu compounds. Pt–Co and Pt–Ni
still showed 15–20 at.% non-noble metal near the surface and in the bulk of the dealloyed particles,
whereas, under the chosen dealloying conditions, Pt–Cu formed core–shell structures with a Pt-rich

surface and a Pt–Cu core. Of the selectively characterized Pt–Ni–Co and Pt–Ni–Cu ternaries, the near-
surface composition of dealloyed Pt–Ni compounds showed an atomic ratio of about 1:1, compared to
about 5:1 in the bulk, pointing to a Ni enrichment at the surface with only small residual amounts of Co
or Cu.

Our study highlights a number of novel active cathode catalyst compositions and underscores the
sensitive dependence of the ORR activity of dealloyed Pt binary and ternary nanoparticle electrocatalysts

comp
on the nature and initial
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osition of the non-noble alloy component.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen polymer electrode membrane fuel cells (PEMFCs)
are a green alternative to fossil-fuel operated thermal combustion

engines for powering vehicles, because the byproduct of hydrogen
fuel cell power is simply water. A problem with using hydrogen
fuel cells is their high cost, largely due to the use of the expensive
element platinum on both the fuel cell anode and cathode. Large
amounts of platinum, up to several grams of Pt/kW power out-
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ut, are required at the cathode of a hydrogen fuel cell in order to
atalyze the sluggish electrocatalytic reduction of molecular oxy-
en molecules into electricity and water at a sufficiently high rate.
he kinetics of the oxygen reduction reaction (ORR) is therefore
urrently a major barrier to more cost-efficient PEMFCs. The most
ctive proven cathode ORR electrocatalyst is currently the nano-
tructured thin-film catalyst (NSTF) concept introduced a few years
go by 3M [1–3]. This catalyst concept does not rely on high surface
rea carbon supports. Instead, organic perylene whiskers offer sup-
ort to sputtered extended Pt and Pt alloy films of Pt–Co, Pt–Mn–Co.
ecently, 3M has extended their metal alloy catalyst of choice to a
t-poor Pt–Ni [3]. NSTF catalyst have achieved some of the highest
t-mass (0.4 A mg−1

Pt for Pt3Ni7 at 900 mV) and specific activities
2500 �A cm−2

Pt at 900 mV) ever observed in single MEAs under
ealistic conditions.

Dealloyed Pt nanoparticle electrocatalyst are a recently devel-
ped class of nano-structured alloy catalysts, which are highly
ctive for ORR in acidic media [4–7]. Dealloying is the partial selec-
ive removal of a less noble alloy component from a bimetallic
recursor [8–14]. In contrast to Pt-rich precursors, such as Pt3M
15–20], Pt-poor precursors show massive removal of the less noble
omponent from the bulk of the precursor materials associate with
rastic rearrangement of Pt-surface and bulk atoms by surface dif-
usion. Hence, the electrochemical dissolution is not limited to the
urface layer of the catalyst. Precursors include disordered alloys
solid solutions) or ordered alloys (intermetallic compound). Upon
ealloying of the less noble (more active) component, the more
oble alloy component is left behind under significant atomic rear-
angement and loss of long range atomic order, accumulating near
he catalytic interface the dealloyed material [21–25].

Dealloyed Pt–Cu nanoparticle electrocatalysts were studied
ntensively and showed Pt-mass-based as well as Pt-surface area-
ased ORR activity enhancements of 4–6× compared to pure Pt
anoparticles in both rotating disk electrode (RDE) set-ups [7] as
ell as single membrane electrode assembly (MEA) measurements

4–7]. At 900 mV/RHE, Pt-mass-based ORR activities ranged beyond
.6 A mg−1

Pt and Pt-surface area-based ORR activities reached over
000 mA cm−2

Pt . The sixfold mass activity increase will allow the
eduction of the Pt related cost at the cathode by more than 80%.

The mechanism of the catalytic enhancement of bulk-dealloyed
article catalysts is not based on roughening, that is, an increase in
he real surface area of the catalytic interface, as is often found
or Pt-rich bimetallic ORR catalysts [15]. The activity benefit of
ealloyed Pt–Cu particles lies in the nanoscale structure of the deal-

oyed particles. Dealloyed Pt–Cu nanoparticles showed a core–shell
tructure after dealloying with a Pt-rich particle shell and a Pt–Cu
lloy core [4]. The interatomic distance in the Pt-rich particle shell
as found to be smaller than expected based on the chemical

omposition of the particle shell, which evidence the presence of
ompressive strain in the particle shell. This compressive strain was
ound to be a controlling factor of the ORR activity of dealloyed
t–Cu particles. Durability studies of dealloyed Pt–Cu particles
evealed superior Pt-mass-based activities after thousands of hours
f operation compared to commercial pure Pt [12,26]. However, a
isadvantage of dealloyed Pt–Cu alloy catalysts is that once Cu ions
re leached into the fuel cell membrane they can reach the anode
nd subsequently electrodeposit there as metallic Cu film, based
n its more positive corrosion potential compared to hydrogen.
ased on that, less noble alloy components, such as Co, Ni, Fe, or
r were hypothesized to offer advantages over Cu in terms of their
edium and long-term Pt-mass-based and Pt-surface area-based

erformance at PEMFC cathodes.

Here, we test this hypothesis and present a comparative study of

he PEMFC performance of dealloyed PtM3 (M = Cu, Ni, Co) nanopar-
icle catalysts as well as dealloyed ternary PtNi3M (M = Cu, Co, Fe,
r) catalysts in single fuel cells; precursor alloy materials were
urces 196 (2011) 666–673 667

deployed in membrane electrode assemblies (MEAs) and subse-
quently dealloyed by voltammetric potential sweeps. The ternary
compounds were selected based on the stability of Ni-based alloys
and the similarity of the atomic radii of the used transition metals.
The ternary study was designed to investigate synergistic effects of
two non-noble transition metals for the ORR.

2. Experimental methods

2.1. Synthesis and characterization of Pt alloy precursors

PtM3 and PtNi3M alloy precursors were prepared by an
impregnation/freeze-drying route followed by annealing. Prepara-
tion started with impregnation of a commercial 30 wt% Pt/C catalyst
(Tanaka Kikinzoku Kogyo International, Inc.) on high surface car-
bon with an aqueous solution of a metal nitrate(s) (Sigma–Aldrich,
Inc.), followed by freezing in liquid N2 [4,6,27]. The frozen sam-
ple was subsequently dried under a moderate vacuum (10−3 Torr).
Pt and M were finally annealed under a reductive H2 atmosphere
using a Lindberg/Blue tube furnace. The bulk atomic composition
of the catalysts was determined using a JEOL JSM6330F energy dis-
persive spectrometer (EDS) after calibrating with the respective
pure metal standards. Alternatively, a VARIAN 820-MS inductively
coupled plasma-mass spectrometer (ICP-MS) was utilized to deter-
mine bulk catalyst compositions. Surface atomic composition of
the nanoparticles was performed by PHI Model 5700 X-ray photo-
electron spectrometer (XPS). X-ray diffraction (XRD) analysis of the
alloy precursor was performed by a Siemens D5000 diffractometer.
The Cu K� source was operating at a potential of 35 kV and a current
of 30 mA.

2.2. Membrane electrode assembly (MEA) fabrication

Catalyst inks were prepared following procedures defined in
earlier reports [6]. Inks were made by blending carbon-supported
catalyst precursors with cold isopropyl alcohol (refrigerated for
15 min prior to use) followed by 5 min ultrasonication. A 5 wt%
Nafion® solution was then added achieving a Catalyst:Nafion® dry
weight ratio of 3:1, followed by additional sonication. Cathodes
were composed of the synthesized Pt alloy precursor or a 45 wt%
Pt/C commercial benchmark catalyst (TKK Inc.), while the anodes
were made using commercial 40 wt% Pt/C (E-tek Inc.) throughout.
MEAs were prepared by spraying these inks through an atomizing
nozzle directly onto the 50 �m thick Nafion® NRE212 membrane
using a high-precision robotic machine (PVA 350, PVA Inc.), fol-
lowed by heat treatment (drying) at 80 ◦C for 24 h.

2.3. Single cell build, electrochemical dealloying and fuel cell
testing

The prepared MEAs with active area of 10 cm2 were then assem-
bled into a single fuel cell using two gas diffusion media (GDL 10BC,
Sigracet®, SGL Carbon Inc.) and three-channel serpentine flow field
blocks (Poco® graphite blocks, supplied by Fuel Cell Technologies
Inc.) equipped with gold-coated current collectors [6].

The Pt alloy cathode precursor materials were electrochemi-
cally dealloyed during a break-in humidification step followed by
a potential sweep. First, the MEA was activated at 80 ◦C, 100% RH
(H2/O2), 101.3 kPa(abs) with cell potential held constant at 0.6 V for
3 h. Then, the MEA conditions were changed to T(Cell) = 80 ◦C, 100%
RH (H2/N2), 101.3 kPa(abs). Using a potentiostat (GAMRY Ref. 600)
attached to the MEA, the cathode potential was cycled 200× at

100 mV s−1 between 0.5 and 1.0 V vs RHE to dissolve non-noble
metals from the surface of the cathode electrocatalysts. Thereafter,
the MEA was disassembled and treated twice with 1 M H2SO4 at
80 ◦C for 1 h. After rinsing of the ion exchanged MEA with copious
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mounts of deionized water, the MEA was re-assembled with a new
as diffusion media for fuel cell testing of the dealloyed catalyst
ayers.

For fuel cell testing, the relative humidity of the feed stream
or anode and cathode was set at 100% for 80 ◦C cell tempera-
ure. The MEAs were activated with a 24 h potentiostatic hold at
.6 V under 150 kPaabs pressure before recording current-voltage
haracteristics at 150 kPaabs. Polarization curves were taken using
toichiometric flows of � = 2/10 (H2/O2) for i ≥ 0.2 and 0.2 A cm−2

ows for i < 0.2 A cm−2. The performance of the fuel cell was moni-
ored by a data acquisition system from start to stop. IR correction
as done by correcting the cell voltage with measured ohmic resis-

ance of the fuel cell by an inbuilt AC impedance analyzer operating
t 1 kHz frequency.

.4. Electrochemical characterization after MEA testing

The H2 crossover current in the MEA was determined at the
nd of the test protocol by linear sweep voltammetry (LSV) for
cell = 80 ◦C, RH = 100%. The potential was swept at 2 mV s−1 from
.05 to 0.6 V. At >0.4 V the resulting hydrogen oxidation current is
urely limited by the H2 permeation rate.

Cyclic voltammetry (CV) was applied between 0.05 and 1.2 V
s RHE (Tcell = 30 ◦C, RH = 100%, 20 mV s−1) in order to measure the
lectrochemical Pt-surface area (ECSAPt) of the cathode electrocat-
lysts. The charge for monolayer hydrogen adsorption/desorption
as assumed to be 210 �C cm−2

Pt . For the CV and the LSV character-
zations, the H2 anode served as a counter and reference electrode
nd the N2-purged cathode was the working electrode, with gas
ows of H2/N2 = 160 mL min−1. All the voltages of CV and LSV exper-

ments are reported relative to the reversible hydrogen electrode
RHE).

. Results and discussion

.1. Structural characterization of PtM3 and PtNi3M catalyst
recursors
Fig. 1 displays the X-ray diffraction pattern of PtCo3, PtNi3
nd PtCu3 alloy precursors annealed at 600 ◦C for 7 h. The pro-
les suggest the formation of disordered face centered cubic solid
olutions of Pt and Cu, Co, and Ni. The (1 1 1) fundamental reflec-
ions of the three alloys fall between the values of pure Pt 39.8◦

ig. 1. X-ray diffraction patterns of carbon-supported binary PtM3 (M = Co, Ni, Cu)
anoparticle catalyst precursors. The fundamental (1 1 1) reflection of face centered
ubic Pt, Cu, Ni, and Co are indicated by vertical lines.
Fig. 2. X-ray diffraction patterns of carbon-supported ternary PtNi3M (M = Co, Cu,
Fe, Cr) nanoparticle catalyst precursors. The fundamental (1 1 1) reflection of face
centered cubic Pt and Ni are indicated by vertical lines.

(solid vertical line) and those 2� values of the pure base metals
[28]. This reflects a reduced lattice parameter by the incorpora-
tion of smaller metal atoms into the Pt lattice. In addition to the
solid solution alloy peaks, PtCu3 precursor shows the presence of
large pure Cu crystallites ((1 1 1) reflection of pure Cu at 43.3◦),
whereas PtCo3 and PtNi3 shows the existence of at least one other
Co and Ni-rich crystalline alloy phase, evidenced by (1 1 1) reflec-
tions just left of those of pure Co (44.4◦) and Ni (44.5◦). Fig. 2 shows
the diffraction profiles of the ternary PtNi3Co, PtNi3Cu, PtNi3Fe
and PtNi3Cr catalyst precursor alloys. All ternaries show complex
multiphase alloy structures with one sharp reflection near the
pure Ni (1 1 1) position indicating large Ni-rich crystallites and at
least one Pt-rich alloy phase. There is no indication of superlat-
tice peaks at smaller 2� values and hence of ordered intermetallics.
PtNi3Cr exhibited weak reflections characteristic for chromium
oxide.

3.2. Voltammetric dealloying of Pt alloy precursor cathode

Fig. 3 shows three cyclic voltammetric profiles of the as-
prepared and dealloyed catalyst inside the MEA. The solid trace
represents the initial dealloying CV of the MEA cathode contain-
ing the freshly prepared PtCu3 precursor material. Initially, the
electrode potential was scanned anodically from 0.05 to 1.2 V and
back. Around 0.37 V vs RHE the electrochemical dissolution of
pure Cu crystallites as well as Cu surface atoms in a predomi-
nantly Cu environment can be discerned. As observed in previous
studies, there is no indication of the characteristic H desorption
peak in the so-called Hupd region (0.05–0.4 V/RHE). At more pos-

itive electrode potentials, an anodic voltammetric waves around
0.7 V can be attributed to the dissolution of Cu atoms coordinated
predominantly by Pt atoms. This is similar to the dissolution of
underpotentially deposited Cu atoms on pure Pt surfaces. At elec-
trode potentials of 0.8 V and higher, anodic voltammetric waves
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Fig. 4. V–I characteristics (polarization curve) of single cell MEAs prepared using
carbon-supported PtCo , PtNi , and PtCu alloy precursors on the cathode. The V–I
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ig. 3. Cyclic voltammetric profiles of a single MEA prepared using a PtCu3 alloy
athode catalysts measured during the first scan of in situ dealloying (solid), after
ealloying (dashed) and after ion exchange (dotted).

ndicate the formation of oxygenated surface species, such as
t–OH and Pt–O, and Pt-surface oxides in agreement with previ-
us reports. In the reverse cathodic scan, the desorption of the
xygenated species appears at around 0.65 V, while some Cu2+

eposition may occur at around 0.3 V. After recording the initial
oltammetric response, the cathode is continuously electrochem-
cally dealloyed by continued potential cycling between 0.5 and
.0 V/RHE to strip away any pure Cu phase and dealloy the Cu-
ich Pt alloy phases. The lower turning potential of 0.5 V was
hosen in order to stay well above the onset of Cu reduction
otential and hence to avoid any Cu plating. The course of the
ealloying process was continued until a time stable CV profile
as obtained. During this process, the base metal rich surface is

radually electrochemically dealloyed (selective dissolution of Cu
toms) leaving a Pt-enriched catalyst surface behind. Full range
0.05–1.2 V) cyclic voltammograms (not shown) taken at regular
ntervals during the dealloyed process revealed the emergence of
he typical underpotential ad/desorption of hydrogen atoms on the
ealloyed Pt-enriched catalyst. The voltammogram taken at the
nd of the dealloying process resembles that of pure Pt (Fig. 3,
ashed line). Finally, after the dealloying process the MEA was
isassembled and ion exchanged with a mineral acid in order
o remove any residual Cu2+ ions in the ionomer of the catalyst
ayer (see Section 2.3). After reassembly of the MEA, the cath-
de catalyst shows a subtle improvement in interfacial capacity
Fig. 3, dotted line), however, the CV shows that the basic Pt
ike surface features of the dealloyed catalysts remained after ion

xchange. An identical procedure was used for all other alloy pre-
ursor materials, however, due to the negative oxidation potential
f Ni0 → Ni2+ [−0.25 V], Co0 → Co2+ [−0.28 V], Fe0 → Fe2+ [−0.44 V]
nd Cr0 → Cr3+ [−0.74 V] we were not able to monitor the oxida-
ive/reductive current for these non-Pt alloy components directly.

able 1
haracteristics of carbon-supported binary PtM3 (M = Co, Ni, Cu) nanoparticle fuel cell cat
lloy precursors and final electrocatalysts after dealloying, electrochemically active surfa
aterial is a commercially available 45 wt% carbon-supported Pt catalyst.

Nominal composition EDS composition
(as prepared) [at.%]

XPS composition
(as prepared) [at.%]

ICP composition
(after dealloying)
[at.%]

Pt – – –
Pt25Co75 Pt26Co74 Pt42Co58 Pt83Co17

Pt25Ni75 Pt18Ni82 Pt38Ni62 Pt82Ni18

Pt25Cu75 Pt35Cu65 Pt87Cu13
3 3 3

curves were measured after in situ voltammetric dealloying of the cathode catalysts.
Conditions: 80 ◦C, 100% RH, H2/O2, 10 cm2 area, geometric Pt loadings are given in
parentheses.

After ion exchanging, the MEA is free of metal cations and ready for
further testing.

3.3. Activity of the electrochemically dealloyed PtM3
nanoparticles

Performance testing of electrochemically dealloyed Pt–M alloy
cathodes were carried out at 80 ◦C, 100% RH, and 150 kPaabs (i.e.
reactant gas pressures close to the reference pressure of 101 kPaabs)
with pure (99.99%) H2 and O2. These are standard conditions rec-
ommended recently by leading fuel cell developers [29]. Fig. 4
illustrates that MEAs with dealloyed Pt cathodes show compara-
ble or improved current densities over a broad current density
range despite their drastically reduced geometric Pt loadings
(0.1–0.17 mgPt cm−2 for Pt–M vs 0.3 mgPt cm−2 for Pt). In particular,
Fig. 4 shows that the dealloyed catalysts do not cause detrimental
effects in the ohmic and mass transport region of the polariza-
tion curve. To contrast the kinetic activity of dealloyed Pt catalysts
against that of commercial pure Pt cathode catalysts, the kinetic
current density of the single cell measurements of Fig. 4 was nor-
malized with respect to both the Pt loading of the electrode, yielding
mass activity values (Fig. 5a) and the real Pt-based ECSA, resulting
in values of the specific activity (Fig. 5b). PtCo3 and PtCu3 are clearly
more active that PtNi3, as is evident by their 3–4× enhancement in
mass and specific activity, compared to the commercial “state-of-

the-art” 45 wt% Pt/C catalyst. The absolute values for the activities
for the electrochemically dealloyed MEA cathodes at 0.9 V (IR cor-
rected) are summarized in Table 1. The ECSAPt values of Pt–Co and
Pt–Cu were about 70 m2 g−1, comparable to 45 wt% Pt/C, that of

hode electrocatalysts: selected bulk and near-surface compositional of as-prepared
ce area after dealloying (ECSA), and electrocatalytic performance. The standard Pt

XPS composition
(after dealloying)
[at.%]

ECSAPt

[m2 g−1
Pt ]

Mass activity @
0.9 V [A mg−1

Pt ]
Specific activity @
0.9 V [�A cm−2

Pt ]

– 63 0.104 166
Pt86Co14 70 0.346 491
Pt77Ni23 111 0.275 248
Pt98Cu2 72 0.340 472
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Fig. 6. Cyclic voltammetric profile of dealloyed PtCo3, PtNi3, and PtCu3 cathodes.

lysts, whereas PtNi3Fe and PtNi3Cr show comparable performance
ig. 5. Tafel plots derived from V–I curves in Fig. 4 comparing the catalytic perfor-
ance of dealloyed PtCo3, PtNi3, and PtCu3 cathodes with a standard Pt cathode. (a)

t-mass activity (A mg−1
Pt ) and (b) specific activity (�A cm−2

Pt ).

t–Ni was about 50% higher indicating a higher degree of roughen-
ng of the dealloyed Pt–Ni surface compared that of Co or Cu. Note
hat specific activities are normalized to the ECSA values; hence,
he Pt–Ni catalyst showed a 3× increase in specific activity despite
he higher ECSAPt. The Pt-mass-based activities of single fuel cells
eported in Table 1 range among the highest activities ever reported
or single PEMFC under realistic conditions.

The atomic compositions of the as-prepared PtM3 alloys deter-
ined by EDS analysis were close to the nominal values with Pt

eing between 20 and 30 at.% (see Table 1, column 2), while the
ear-surface composition of selected precursors was around 40 at.%
t, hence slightly Pt-enriched compared to the bulk (see Table 1,
olumn 3). After electrochemical dealloying the composition of the
ase metal atoms on the surface and in the bulk was drastically
educed (see Table 1, columns 4 and 5). The overall base metal con-
ent in the bulk and at the surface for the Pt–Co and Pt–Ni was now
round 15–20 at.%. Pt–Cu showed a highly depleted Cu content near
he surface compared to the bulk, in line with a reduced Pt-surface
egregation tendency in Pt–Cu bimetallic alloys [30–33]. Cu bulk
toms appear to leach more readily and to a larger extent from Cu-

ich alloy nanoparticles compared to Ni or Co alloys, in line with
t–Ni and Pt–Co showing a preference of Pt atom segregation to
he surface, thereby slowing down the extent and possibly rate of
ulk Co and Ni.
Scan rate was 20 mV/s. Inset shows significant anodic shift of the voltammetric
wave associated with water activation/surface OH formation when dealloyed binary
cathode electrocatalysts were utilized. Standard Pt cathode catalysts are shown for
comparison.

Fig. 6 compares and contrasts the cyclic voltammetric profiles
of the individual PtM3 cathode electrocatalysts after performance
testing, with the Pt-mass-normalized current density plotted at
the y axis. The relative ECSA values represented by the integral
charges in the H(upd) region, 0.05–0.4 V/RHE follow the measured
trends prior to performance testing (Table 1, column 6). The inset
shows a blow up of the water activation/M–OH formation region
on the anodic scans. For all the electrochemically activated Pt–M
catalyst Fig. 6 reveals a distinct anodic shift in the peak electrode
potential of the voltammetric wave associated with the water acti-
vation/surface OH formation. Compared to the pure Pt catalyst,
peak potential shifts range up to 50 mV. This shift has been asso-
ciated with a weakened interaction between oxygenated surface
species, such as O and OH, and the dealloyed Pt-surface; the shift is
a common feature of improved ORR catalysts [34]. Also, the voltam-
metric charge associated with the anodic peak current densities of
the surface M–OH and M–O formation, especially that for PtNi3 and
PtCu3, were higher than that for Pt reflecting the trends in ECSA.

3.4. Activity of the electrochemically dealloyed PtNi3M
nanoparticles

Large ECSA values of dealloyed PtNi3 cathode catalyst combined
with the voltammetric stability of Ni alloys in acidic and alkaline
solutions [35,36] make these materials ideal for further optimiza-
tion of ORR performance. On the other hand, Pt–Cu alloys were
found to dissolve to a larger extent than Pt–Co or Pt–Ni introducing
favorable Pt enrichment for ORR (see Table 1). Clearly, the combi-
nation of both features, stability and high activity is desired and
hence ternary dealloyed PtNi3M materials with M = Cu, Co, Fe, and
Cr were prepared and in situ dealloyed inside MEAs and subse-
quently tested for performance and catalytic activity.

The performance of the electrochemically dealloyed PtNi3M
ternaries were compared with PtNi3 binary and state-of-the-art
commercial 45 wt% Pt/C catalysts. From Fig. 7, it is apparent that
PtNi3Co and PtNi3Cu outperform commercial 45 wt% Pt/C cata-
even with only 1/3 of geometric Pt loading of the commercial cata-
lysts. No mass transport limitations were discernible over the entire
current density range. On comparing the mass and specific activ-
ities (Fig. 8a, b and Table 2) in the kinetic region, there is clear
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ig. 7. V–I characteristics (polarization curve) of single cell MEAs prepared using
tNi3M (M = Co, Cu, Fe, Cr) alloy precursors on the cathode. The V–I curves were
easured after in situ voltammetric dealloying of the cathodes. Conditions: 80 ◦C,

00% RH, H2/O2, 10 cm2 area, geometric Pt loadings are given in parentheses.

ynergy between the Pt–Ni bimetallic alloy and additional third
lloying components. The largest activity advantage over PtNi3 was
bserved for PtNi3Co and PtNi3Cu ternaries with a Pt-mass activ-
ty improvement of 1.7× over PtNi3. PtNi3Cr still showed 1.3×
mprovement and PtNi3Fe showed negligible advantage in mass
ctivity over the Pt–Ni compounds. Synergistic effects of combin-
ng Co, Cu or Cr with the PtNi3 amounted to previously unobserved
nd unprecedented Pt-mass activity improvements of a factor of 5×
or PtNi3Co and PtNi3Cu and 3.5× for PtNi3Cr compared to pure Pt
see Table 2). Similar to the binary compounds, a 50–60 mV anodic
hift of the Pt–OH formation was evident for all dealloyed ternary
ompounds at the end of the performance tests (Fig. 9).

To better correlate activity enhancements of the ternary cata-
ysts with atomic scale compositional changes during dealloying
nd testing, bulk and near-surface characterization of the catalysts
efore and after dealloying was performed. The bulk atomic com-
ositions of most of the as-prepared PtNi3M ternaries were close
o the nominal compositions. XPS analysis shows the atomic com-
osition of Pt at the surface of the as-prepared alloy precursors
nalyzed was about 40 at.% Pt irrespective of the detailed nature of
he alloying components. The 40:40:20 atomic ratio of the Pt:Ni:Co
r Pt:Ni:Cu suggests some Pt segregation to the surface of the
nnealed precursors in accordance with predictions of the surface
egregation behavior of Pt [33]. After electrochemical dealloying

nd performance testing the bulk and surface atomic composition
f Pt clearly increased in all catalysts, as expected, due to surface
nd bulk dealloying of the less noble metals.

Pt bulk compositions rose to 75–86 at.% in accordance with
esults from the binary compounds, the remainder being split

able 2
haracteristics of carbon-supported ternary PtNi3M (M = Co, Cu, Fe, Cr) nanoparticle fu
s-prepared alloy precursors and final electrocatalysts after dealloying, electrochemically
tandard Pt material is a commercially available 45 wt% carbon-supported Pt catalyst.

Nominal
composition

EDS composition
(as prepared) [at.%]

XPS composition
(as prepared) [at.%]

ICP composition
(after dealloying)
[at.%]

XPS
(afte
[at.%

Pt – – – –
Pt25Ni75 Pt18Ni82 Pt38Ni62 Pt82Ni18 Pt77

Pt20Ni60Cu20 Pt19Ni56Cu25 Pt38Ni40Cu22 Pt82Ni15Cu3 Pt48

Pt20Ni60Co20 Pt14Ni65Co21 Pt41Ni37Co22 Pt86Ni11Co3 Pt45

Pt20Ni60Fe20 Pt20Ni60Fe20 – – –
Pt20Ni60Cr20 Pt14Ni49Cr37 – Pt75Ni3Cr22 –
Fig. 8. Tafel Plots derived from V–I curves in Fig. 7 comparing the catalytic perfor-
mance of dealloyed PtNi3M (M = Co, Cu, Fe, Cr) cathodes with a standard Pt cathode.
(a) Pt-mass activity (A mg−1

Pt ) and (b) specific activity (�A cm−2
Pt ).

between Ni and the third non-noble metal. The most active deal-
loyed catalysts, Pt–Ni–Co and Pt–Ni–Cu ternaries retained very
small amounts of Cu and Co in the bulk. Dealloyed Pt–Ni–Cr showed
higher final content in Cr (22 at.% in bulk) than in Ni (3 at.%), under-
lining the corrosion resistance of Cr due to oxide formation possibly
accelerating the dissolution of Ni surface atoms. Near-surface XPS

compositional analysis of the ternary cathode catalysts after elec-
trochemical dealloying revealed a very similar surface at.% value
for Pt as for Ni, typically around 48–49 at.% for the sample inves-
tigated. Hence, their relative surface composition ratio remained
stable near 1:1 before and after dealloying; this underscores the

el cell cathode electrocatalysts: Selected bulk and near-surface compositional of
active surface area after dealloying (ECSA), and electrocatalytic performance. The

composition
r dealloying)
]

ECSAPt [m2 g−1
Pt ] Mass activity @

0.9 V [A mg−1
Pt ]

Specific activity @
0.9 V [�A cm−2

Pt ]

63 0.104 166
Ni23 111 0.275 248
Ni48Cu4 116 0.473 406
Ni49Co6 145 0.472 326

65 0.289 447
92 0.366 396
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Fig. 9. Cyclic voltammetric profile of dealloyed PtNi3M (M = Co, Cu, Fe, Cr) cath-
odes. Scan rate was 20 mV/s. Inset shows significant anodic shift of the voltammetric
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ave associated with water activation/surface OH formation when dealloyed binary
athode electrocatalysts were utilized. Standard Pt cathode catalysts are shown for
omparison.

tability of Pt and Ni in ternary alloys, and highlights the “sacrificial
ature” of the Co or Cu alloy components in the ternary catalysts.
ealloying reduced primarily the Co and Cu content of the cata-

yst resulting in a final near-surface composition of only 4–6 at.%.
he benefits of adding Co and Cu in the dealloyed catalysts are
eflected in the resulting ECSA values of the Pt–Ni–Cu and Pt–Ni–Co
atalysts. As Table 2 shows, the third metals further enhance the
esulting ECSA, but at the same time enhance the ECSA normal-
zed specific activity values. This means that the dealloyed Pt–Ni–M
M = Cu, Co) catalyst surface is in fact rougher than that of the Pt–Ni
inary catalyst. However, roughening cannot explain the 3–6×

mprovement of the specific activity enhancement which accounts
or the changes of the ECSA. A more favorable arrangement of the
esulting Pt–Ni surface layer, possibly compressive surface strain
ombined with ligand effects between Ni and Pt are likely to shift
hemisorption energies of the ORR intermediates into the direc-
ion of reduced overpotentials [4,18,37–39]. The ECSA values of
he Cr and Fe containing compounds after dealloying (Table 2) are
omparable to the pure Pt cathode catalyst reflecting the corro-
ion stability of Cr and Fe additions and reduced roughening of
he interface. The specific activity of the Fe containing compound
as found highest, while its Pt-mass activity was comparably
oor.

. Conclusions

Dealloyed Pt alloy nanoparticles are a highly promising class
f electrocatalysts for the electroreduction of molecular oxygen at
athodes of PEMFC. In particular, dealloyed PtCu3 catalysts have
hown unprecedented ORR activities in rotating disk electrode
RDE) measurements [4,7,8].

Here we have extended and generalized the study of dealloyed
t nanoparticle electrocatalysts demonstrating that dealloying of
tM3 and PtNi3M nanoparticles result in catalyst materials with
ignificantly improved activity compared to commercial pure Pt
atalysts. Specifically, we have shown that PtM (M = Cu, Co, Ni)
3
imetallic and PtNi3M (M = Cu, Co, Fe, Cr) ternary nanoparticle alloy
lectrocatalysts offer previously unachieved Pt-mass-based as well
s Pt-surface area (specific) activities for the electroreduction of
olecular oxygen in fuel cell gas diffusion electrodes.
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Co and Cu containing dealloyed binary and ternary catalysts
showed drastic dissolution of these metals after dealloying; based
on their comparable ORR activities it is reasonable to assume that
Cu and Co play similar functional roles in the formation of the final
active catalytic interface. We suspect that, similar to Cu [4], the
selective dissolution of Co creates a Pt-rich surface with geomet-
ric and chemisorption characteristics, which are more favorable for
the ORR.

Due to their corrosion stability, the origin of the improved ORR
activity of dealloyed PtNi3 is not fully understood. Clearly, in the
case of dealloyed Pt–Ni compounds the surface contains signifi-
cant amounts of Ni atoms (Table 1). However, the current study
shows that functional roles, such as stability of Ni, can be synergis-
tically combined with activity enhancing alloy components, such
as readily dissolving Cu and Co atoms resulting in overall improved
electrocatalysts.

The MEA performance and ORR activity of dealloyed Pt
nanoparticle cathode electrocatalysts is currently only rivaled by
nano-structured-thin-film (NSTF) cathode catalysts developed by
3M Corporation. In particular, NSTF ORR activities [3] of a Pt3Ni7
alloy NSTF catalysts were reported to be as high as 0.4 A mg−1

Pt and
2500 �A cm−2

Pt at 900 mV cell voltage. We suspect that the origin of
this ORR activity is in parts based in a partial bulk dealloying of the
Ni alloy component from the catalyst film resulting in a catalyti-
cally active Pt-enriched dealloyed film structure. We want to point
out that electrochemical surface area (ECSA) gains after dealloying
of alloy thin films are typically much more pronounced (factor 50
and higher) than those for nanoparticles. Hence, ECSA gains play a
more important role in the enhancement of dealloyed thin films.

Our study underscores the viability of dealloyed Pt electro-
catalysts in H2/O2 operated PEMFCs under realistic conditions; it
also highlights previous conclusions that dealloyed Pt catalysts are
currently the most active nanoparticle fuel cell cathode catalyst
concept [40].
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