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Voltammetrically Dealloyed Pt—Cu—Co Nanoparticles™*
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The electrocatalytic oxygen reduction reaction (ORR) on
noble metal surfaces [Eq. (1), RHE =reversible hydrogen
electrode] is one of the most widely studied reactions in
electrochemistry. Its fundamental scientific and technological
importance is based on the fact that the oxygen/water half-cell
reaction is a strongly oxidizing and ubiquitous redox couple.
Combined with an electron-supplying redox process, such as
shown in Equation (2), a direct electrochemical conversion of

0, +4H* +4e~ —2H,0 E, = +1.23V vs. RHE 1)
H, »2H'+2e E,=0V vs. RHE, 2)

the overall Gibbs energy of reaction into electrical potentials
is achieved. This conversion is the scientific basis for electro-
chemical conversion in fuel cells!! or metal-air batteries.*’l
The ORR is also used in oxygen depolarization cathodes
(ODC) in modern chlorine technologies,*”! in which it
replaces the hydrogen evolution process to improve electrical
efficiencies. The reverse ORR process, that is, the evolution of
oxygen from water, is crucial for efficient water (photo)-
electrolysis!®” into hydrogen or in metal electrodeposition
processes in the semiconductor industry.”

In polymer electrolyte membrane fuel cells (PEMFCs),
the ORR electrode catalyst material of choice has been
platinum for decades. The ORR on Pt, however, is irrever-
sible, thus causing overpotentials and losses in fuel-cell
efficiency. Much research has been dedicated to the identifi-
cation of more efficient catalysts, that is, materials with
reduced precious-metal content and improved ORR activ-
ity Pt-rich alloys, most prominently Pt-Co formulations,
have shown promise, with state-of-art activity improvements
of two to three times over pure Pt.”'” However, a material
with an at least fourfold activity improvement, deemed
crucial for automotive applications, has remained elusive to
date.!""
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Herein, we report on carbon-supported Pt—Cu—Co ternary
alloy nanoparticle electrocatalysts with  previously
unachieved four- to fivefold ORR activity improvements.
We demonstrate the catalytic activities on rotating disk
electrodes (RDEs) as well as in real H,/O, fuel-cell devices.
The active catalyst phase is formed insitu from Pt-poor
(ca.20 atom % Pt) alloy precursors by voltammetric de-
alloying, that is, partial metal dissolution. In particular, we
consider three alloy precursors: Pt,,CugCosy, Pty;Cu,;Cog,
and Pt,;Cuy,Co,. The dealloying procedure selectively dis-
solves base metal atoms near the particle surfaces [Egs. (3)
and (4), NHE =normal hydrogen electrode] and forms Pt-

Cu — Cu*" +2e E,=+0.34V vs. NHE (3)
Co — Co** +2e~ E,=—0.28V vs. NHE 4)

enriched core-shell particle structures. Since metal dissolu-
tion into the membrane electrolyte has very detrimental
effects in fuel cells, we also developed a new procedure to
form the active catalyst phase insitu inside a fuel-cell
electrode layer without compromising the membrane con-
ductance.

Figure 1 schematically illustrates our novel three-step
procedure for preparation of the active catalyst phase. In
step 1, the alloy precursor is applied in the cathode of a fuel-
cell membrane—electrode assembly (MEA). During step 2, a
cyclic voltammetric treatment selectively dissolves the less-
noble metal atoms (mostly Cu) from the alloy particle surface.
The Cu atoms migrate into the nafion polyelectrolyte and get
trapped at negatively charged sulfonic acid groups. In step 3,
the MEA is chemically treated with an inorganic acid, which
results in complete exchange of Cu ions inside the polyelec-
trolyte with protons. After step 3, the catalyst has been
converted into its active phase and is ready for use.

To evaluate the intrinsic activities of the ternary Pt alloy
catalyst precursors, we performed steps 1-3 using thin cata-
lyst/nafion films attached to a glassy carbon RDE in liquid
acid electrolytes. RDE studies allow accurate correction of
ohmic and transport overpotentials and therefore yield
reliable estimates of upper bounds of intrinsic catalytic
activities.'™' Since a liquid acid electrolyte is used in RDE
tests, steps 2 and 3 occur simultaneously during the voltam-
metric pretreatment of the precursor. Figure 2 shows the
ORR activity during sweep voltammetry of the three ternary
catalysts. The sigmoidal shape of the ORR current-voltage
characteristic is shifted to more positive potentials, indicating
ORR activity at much lower overpotentials. Comparison of
their Pt-surface-area-based activities and their Pt-mass-based
activities (inset) with pure Pt revealed an unprecedented four-
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Figure 1. A novel three-step procedure for in situ voltammetric de-
alloying of base-metal-rich Pt-Cu—Co nanoparticle catalysts inside fuel-
cell electrode layers. The top frame illustrates a membrane—electrode
assembly of a H,/O, fuel cell. In situ formation of the active catalyst
phase involves the following steps: Step 1: Base-metal-rich Pt-alloy
nanoparticles (red balls) are used as cathode catalysts for the oxygen
reduction reaction. Step 2: The active phase of the catalysts is formed
in the dealloying process. Step 3: Because leached Cu ions inside the
fuel-cell membrane or electrode are detrimental, they are removed by
chemical ion exchange.
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Figure 2. Oxygen reduction reaction (ORR) activity measurements of
Pt—Cu—Co ternary alloy nanoparticle catalysts in an RDE setup. Inset:
Pt-mass-based activities (Amgp, ') over a range of electrode potentials
for which the surface catalysis is rate-determining (kinetically control-
led region).

to fivefold improvement over a wide potential range. For
instance, dealloyed Pt,,Cu,,Co,, exhibited 0.6 A mgy ' com-
pared to 0.12 Amgp, "' for pure Pt.

For more detailed insight in the early stages of the Cu
dealloying process inside a fuel-cell membrane—electrode
assembly, we studied the system by cyclic voltammetry (CV,
Figure 3). The initial trace (solid line) showed strong bulk Cu
dissolution on the anodic scan between 0.3 and 0.5 V as well as
some Cu redeposition (0.05-0.3 V) on the return scan. This
result is consistent with the fact that much Cu had segregated
to the Pt—Cu alloy surface of the annealed precusor particles.
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Figure 3. Selective electrochemical dissolution of Cu from Pt,,Cug,Co,o
precursor catalysts during voltammetric pretreatment (voltammetric
dealloying). Initial scan (—), trace after five potential cycles of Cu
dealloying (-----), trace after 250 potential cycles (s«+++). The Pt-like
voltammogram after dealloying indicates completion of Cu/Co dissolu-
tion. Conditions: T, =30°C, anode H,, cathode N,.

After five scans, the response of the dealloyed catalyst started
to resemble that of a Pt-rich catalyst surface with hydrogen
adsorption and desorption emerging in the 0.05-0.4 V region
and in the platinum oxide formation region above 0.7 V
(dashed line). After dealloying over about 250 cycles (dotted
line), the resulting voltammogram resembles that of pure Pt,
thus supporting our hypothesis that the dealloying process
results in a stable catalyst with an essentially pure Pt surface.
Compositional studies of dealloyed Pt—Co have shown that
Co atoms are more stable than Cu atoms against dissolution
from Pt lattices,” resulting in a Pt- and Co-atom-enriched
active catalyst surface.

Structural X-ray diffraction analysis was consistent with
our voltammetric dealloying study. As Figure S1 in the
Supporting Information shows, all three alloy-particle cata-
lysts showed face-centered cubic (fcc) disordered alloy
structures with the (111) reflection shifted to higher 2 6 values
compared to pure Pt. Residual unalloyed Cu (PtyCug,Coyy
and Pt,,Cu,Co,y) and Co particles (Pt,,Cu,,Cog,) with large
size showed sharp characteristic reflections.

Figures 4 and 5 and Table 1 demonstrate the cell perfor-
mance and the catalytic ORR activity of the carbon-
supported dealloyed catalysts (20-28 wt% Pt loading) in
fuel-cell environments benchmarked against a carbon-sup-
ported 30 wt% and a 45 wt% Pt standard. The 45 wt%
catalyst is commonly used as the Pt standard cathode
electrocatalyst.'’! We also compared our ternary catalysts to
a Pt,sCo; catalyst to show the synergies between Co and Cu.
All three ternary alloy catalysts exhibited much higher cell
potentials (Figure 4) over the entire range of current den-
sities. The high-current region, in which gas and proton
transport determines the overall current, gives evidence that
the dealloying procedure had no detrimental effect on the
transport characteristics of the fuel-cell electrodes or mem-
brane.
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Figure 4. Polarization curves of 10-cm? single H,/O, fuel cells using
dealloyed ternary Pt—Cu—Co cathode catalysts. Conditions: T, =80°C,
Py =150 kPa; see the Supporting Information for details. The stan-
dard Pt cathode electrocatalyst is indicated by *.
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Figure 5. Oxygen reduction catalysis activities of dealloyed ternary
alloys expressed in a) Pt-mass-based activity (Amgp,"') and b) Pt-
surface-area-based (specific) activity (WAcm™?). The cell potential is
plotted over the corresponding intrinsic catalyst activities in the
potential region in which the surface chemistry is rate-determining.

Detailed catalytic ORR activities on a Pt-surface-area and
Pt-mass basis are reported in Figures5 and S2a,b in the
Supporting Information and in Table 1. All dealloyed base-
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Table 1: Alloy composition, electrode Pt loadings, surface areas, and
ORR activities at 0.9 V for ternary Pt—-Cu—Co alloy nanoparticle electro-
catalysts.

Pt Cu Co Cathode Pt  ECSA Mass Specific
loading activity activity
[atom %] [gnem ™}  [m?g]  [Amgy ] [wAcmy Y

20 60 20 0.183 112 0.37 337
20 40 40 0.150 117 0.39 340
20 20 60 0.150 111 0.49 441
25 0 75 0.146 70 0.34 491
100 0 0 0.149 79 0.16% 209
100 0 0 0313 62 0.10" 165

[a] 30 wt 9% Pt. [b] 45 wt % Pt.

metal-rich catalysts exhibit previously unachieved"* > four-
to fivefold Pt-mass-based activity improvements over Pt.
Figure 5 also reports the significant activity improvement of
about 50% at 0.9V caused by adding Cu to a Pt,;Cos
catalyst.

The electrochemical surface-area data of the alloy cata-
lysts (Table 1 and Figure S2c in the Supporting Information)
show that the dealloying process resulted in an almost twofold
increase in active-particle surface area compared to the
45 wt % standard catalyst. This increase might be caused by
surface roughening or particle break-up during dissolution.
While contributing to the improved activity, the surface-area
change fails to fully account for the observed four- to fivefold
activity gains. We therefore suspect that more favorable
structural characteristics, such as Pt—Pt surface interatomic
distances of the dealloyed particles, play a key role in the
enhancement mechanism.

To arrive at a structural hypothesis for the dealloyed
catalysts, we invoke our structural and compositional analysis,
which indicates that the dealloying procedure removed base
metal atoms from the particle surface. The thickness of the
dealloyed region is likely to dependend on the starting
stoichiometry, alloy uniformity, and detailed dealloying con-
ditions. We hypothesize that the active catalyst phase is
represented by a core-shell particle as illustrated in Figure 6.

Pt-Cu-Co

core-shell

Figure 6. Formation of a Pt-enriched core—shell alloy nanoparticle by
voltammetric dealloying of a Cu-rich alloy precursor (Pt gray, Cu red,
Co blue).

A Pt-enriched shell (with some residual Co atoms)
surrounds a base-metal-rich particle core. The distinct struc-
tural and electronic characteristics of the alloy core are likely
to affect those of the surface Pt layers, thus modifying
chemisorption energies and activation barriers of elementary
steps of the ORR process.!"!7]
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We also evaluated the electrochemical stability of the de-
alloyed catalysts by monitoring the changes in electrochem-
ical surface area during voltage cycling (Figure S3 in the
Supporting Information). Generally, the surface area of Pt-
particle catalysts in electrochemical environments decreases
significantly owing to Ostwald growth or dissolution.!'>!
Voltage cycling between 0.5 and 1V resulted in a relative
surface area loss of about 15% after 10000 cycles and 35 %
after 30000 cycles for the Pt Cu,,Cog, and Pt,,Cu,,Coy, alloy
catalysts. This finding is very similar to the observed losses of
pure Pt.""12! Cycling between 0.5 and 1.2 V resulted in a
severe decrease in surface area by 60% after 10000 cycles,
again in line with Pt stability measurements.'*!

In conclusion, we have reported a new class of voltam-
metrically formed Pt-poor ORR alloy particle electrocata-
lysts and presented a preparation method that lends itself well
to PEMFC electrode layers. In fuel cells, the catalysts
exhibited unprecedented ORR activities of up to
0.5 Amgp, . Considering the technological PEMFC Pt mass
activity target of 0.44 Amgp, '[!l the presented catalyst class
holds promise to help overcome today’s performance chal-
lenges in automotive fuel-cell catalysis.

Experimental Section

Alloy precursors with Pt/Cu/Co stoichiometries of 20:60:20, 20:20:60,
and 20:40:40 were prepared from commercial carbon-supported Pt
nanoparticles (30 % Pt by weight, TKK Inc.) mixed with Cu and Co
salt solutions through an impregnation-freeze-drying—reductive-
annealing method."!

RDE activity measurements were performed in a three-electrode
configuration on a 5 mm glassy carbon disk electrode in 0.1m HCIO,
electrolyte.

Fuel-cell measurements were carried out using 10-cm? catalyzed
cells, nafion membranes (NRE 212), 40 wt% Pt anode catalysts
(0.4 mgp,cm?), and the ternary alloy precursor employed as cathodes.
Voltammetric dealloying was performed at room temperature by
cycling the cathode potential between 0.5 and 1V vs. RHE under
nitrogen flow. Ion exchange was performed using 1M sulfuric acid at
80°C for 2 h.

Detailed descriptions of all experimental procedures are given in
the Supporting Information.
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