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Electrochemically dealloyed PtCu alloy nanoparticles successfully meet the automotive technology target
of having four times higher Pt mass activity for the electroreduction of molecular oxygen compared to
current state-of-the-art platinum catalysts [1]. However, the catalysts must also maintain their activity
throughout the aggressive automotive drive-cycles in order to be implemented in fuel cells cars. Here, the
durability of dealloyed PtCu catalysts was systematically evaluated under various voltage-cycles using a
rotating ring disk electrode. The stability of the non-noble metal alloy component was proven at electrode
potentials below 0.6 V. The platinum stability was evaluated at potentials up to 1.1V to avoid carbon
corrosion and then up to 1.2V to be closer to the more aggressive cycles developed in startup/shutdown
events of the fuel cells. The major known failure modes such as non-noble metal dissolution, platinum
dissolution, and particle growth/agglomeration were monitored in order to understand closely the PtCu
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nanoparticles behavior under different potential cycles and to provide a degradation fingerprint.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Cost-competitive fuel cells vehicles require cheap and durable
cathode catalyst for oxygen reduction reaction (ORR). In the last
decade, Pt particles modified with a second metal resulting in Pt-
alloy or Pt core-shell catalysts, allow fuel cell operation having low
noble metal loading thus lower costs of the system [1,2]. However,
if the platinum-based particles cannot maintain their structure
over the lifetime of the fuel cell, changes in the morphology of
the bimetallic catalyst are likely to result in a loss of electrochem-
ical activity. One of the main issues of the Pt-alloy systems is the
non-noble metal stability [3]. Leaching of the non-noble metal in Pt-
alloys occurs, since base-metals are thermodynamically unstable
under polymer electrolyte membrane fuel cell (PEM FC) potentials
in acidic electrolytes [4]. Therefore, a pre-leaching of the alloys in
acidic media was proposed by Mukerjee and Srinivasan to minimize
the contamination of the membrane with base-metals precipitate
[5]. Ball et al. [6] showed that the pre-leaching process removes
the non-noble metals only from the 1 to 2 surface layers of the
particles, resulting in Pt-skeleton catalysts [7-9]. However, under
normal fuel cells operations (0.4V and 0.9V) pre-leached Pt-alloy
catalysts would experience further base-metals loss as an effect of
the potentials conditions [10].
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A new preparation method by voltammetric dealloying was
developed [11-13] to provide more stable electrocatalysts sys-
tems. The dealloying process originates from the phenomenon of
corrosion [14-18] but recently it has been proved to be a highly
controllable route to nano-structured core-shell catalysts [19-24].
A deliberate partial electrochemical dissolution of the less noble
components Cu atoms is achieved, resulting in Pt-enriched shell
and alloy core nanoparticle catalysts. Dealloyed PtCu nanoparticles
were studied intensively and showed ORR mass activity enhance-
ments of 5 times compared to carbon supported Pt nanoparticles
[11,12]. This great achievement alone is not sufficient to employ the
catalysts in fuel cell stacks, another important aspect that must be
address is catalysts durability. Although fuel cells catalysts perfor-
mance loss is unavoidable, the degradation rate could be minimized
based on a better understanding of the relevant failure mode affect-
ing the stability. In addition to the idle load-cycles occurring during
the vehicle life time, the cathode catalysts are exposed as well
to more stressful conditions like startup/shutdown [25,26]. Under
these conditions, besides the leaching of the non-noble metals, the
catalysts may lose activity due to a decay of the electrochemical
surface area. In general the Pt electrochemical surface area (ECSA)
loss could be caused by Pt dissolution and Pt particle growth or
agglomeration, which could be the effect of migration/coalescence
or carbon corrosion [27]. Therefore, in order to develop cathode
catalysts with tailor-made properties for automotive fuel cells it
is extremely important to elucidate the existing knowledge gaps
regarding the Pt-alloys degradation mechanisms. The purpose of
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Fig. 1. Profiles of consecutive steps for the preparation of three different systems
PtCu bulk alloy, skeleton and core-shell. After synthesis of PtCu alloy in the first col-
umn, the bulk alloy can be directly used as cathode catalysts in the fuel cell system,
or it could be chemically leached to a Pt skeleton structure as in the second col-
umn, or electrochemically dealloyed in the third column to a core-shell. Pt-skeleton
could also be used directly as cathode but under fuel cell conditions will become a
core-shell.
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this research is to clarify the stability of copper platinum catalysts
and establish the basic data for formulation of catalysts composi-
tion for fuel cells applications. The degradation fingerprint method
developed recently in Daimler [28] for evaluation of catalysts under
severe simulated fuel cell operation conditions had to be employed.
The knowledge achieved in this research constitutes the basis for
the pre-selection of cathode catalysts with potential interest for
employing in fuel cells for electromobility.

2. Experimental
2.1. Catalyst preparation

In this research three different systems PtCu alloy bulk,
Pt-skeleton and PtCu core-shell were prepared following the con-
secutive steps given in Fig. 1. Carbon supported 22wt.% PtCu
bulk alloy was prepared according with literature [11,29-32] by
an impregnation/freeze drying route and annealing following the
first column steps in Fig. 1. Preparation started with impregnation
and sonication of a commercial 28.1 wt.% Pt/HSC catalyst (Tanaka
Kikinzoku International, Inc.) with aqueous metal-salt solutions
(Cu(NO3),, Sigma-Aldrich, Inc.). The stoichiometry between Pt and
Cu was optimized to 1:3 ratio. Once the slurry was sonicated, the
impregnated catalysts were frozen in liquid N, and subsequently
freeze-dried under a moderate vacuum. Reduction and alloying of
Pt with Cu on the carbon support was thermally driven under a
reductive H, atmosphere (4% H,, Ar balance) using a Lindberg/Blue
tube furnace at temperatures of 800 °C for 7 h. Commercially avail-
able Pt/HSCwas also exposed to an H, atmosphere at 800 °Cto aid in
comparisons of ECSA loss. This procedure has been shown to be an
effective strategy to modify the surface electrocatalytic reactivity of
Pt bimetallic nanoparticles [13,31-37]. The alloy prepared is further
chemically leached to a Pt-skeleton structure or electrochemically
dealloyed to a core-shell structure. The chemical leaching of the
alloys was performed in acidic media. We extended a method for
the controlled removal of the non-noble metal Cu from the surface
layers of Pt-based alloy nanoparticles following the second col-
umn steps in Fig. 1. The 22 wt.% PtCu catalyst was leached in 0.5 M
H,S04, at room temperature for 1 h. To assure that 1 h was enough
to remove the Cuions that were not alloyed and/or from the surface
of the catalyst particles, a further leaching was performed for 24 h.
Afterwards, the leaching media was analyzed for the dissoluted
Cu amount. The electrochemical dealloying process was performed

using a rotating ring disk electrode (RRDE), according to literature
[11] and following the third column in Fig. 1. The working electrode
was swept repeatedly at 1000 mV s~! for 200 cycles between 0.05
and 1.1V, until the hydrogen adsorption area became stable and
similar to a Pt/C surface. A second potential window between 0.05
and 1.2V was proposed and used for the dealloying in this research.
In order to understand the effect of the voltage window proposed
over the dealloying process, a comparative study was initially per-
formed. The potential window of 0.05-1.2V was compared with
0.05-1.0V previously reported in literature [11]. During the deal-
loying the Cu atoms leaches out from the PtCu precursor material,
diffusing in the liquid electrolyte 0.5M H;SO,4 that was removed
and exchanged with fresh electrolyte before each degradation test.

2.2. Thin film electrode preparation

A catalyst ink was prepared by ultrasonicating 15min an
aqueous solution corresponding to 2 mgcatalystcm™3 deionized
water [38-41]. The Pt loading on the working electrode of
28 pugpe CM 2 04 Was achieved by dispersing the corresponding
amounts of suspension onto a 5mm diameter mirror-polished
glassy carbon disk (Sigradur GmbH, Germany). After the catalyst
thin-film has dried under nitrogen, an aqueous Nafion solution was
added over the catalysts film, according to the method proposed by
Schmidt et al. [42]. Since the Nafion film has a low thickness, its dif-
fusion resistance is negligible [42]. After the Nafion film was dried
in nitrogen, the working electrode was transferred to a RRDE. In this
study the initial state of the platinum is considered after the elec-
trocatalyst was either voltammetrically dealloyed or chemically
leached.

2.3. Stability tests

To better understand the behavior of PtCu catalysts under fuel
cell operating conditions, three different testing protocols were
considered using RRDE. Firstly, the stability of the less noble metal
Cu was investigated under low potential windows 0.05-0.6V for
both Pt-skeleton and Pt core-shell catalyst. Secondly, the cata-
lysts stability was investigated under 0.6-1.1V and 0.6-1.2V. The
cycling measurements were triangle wave cycling at a scan rate of
1Vs~1, for 10,000 cycling. Stopping at 0, 500, 1000, 2000, 5000,
8000, 10,000 cycles in order to measure the surface area and the
ORR, as well to collect the working electrolyte to be analyzed for Pt
and Cu content.

2.4. RRDE measurements

The electrochemical measurements were performed in a three-
compartment electrochemical cell setup. A Pt wire and a hydrogen
reference electrode were used as counter and reference electrode,
respectively. The working electrode was installed into a commer-
cial ring disk head with an exchangeable disk of 5 mm, surrounded
by an insulating Teflon U-cup and embedded Pt ring. The poten-
tials were controlled by a bi-potentiostat (Pine Instruments). The
electrolyte used was 0.5M H,S04. All measurements were con-
ducted at room temperature. At the beginning of electrochemical
measurements, the electrocatalysts were immersed into the elec-
trolyte under potential control and held at 0.05V, in a deaerated
N, atmosphere electrolyte. The ECSA of each catalyst sample was
determined using the mean integral charge area of the hydrogen
underpotentially deposited (Hypq). The measurements scan rate
was 10mV s~! at room temperature and the charge used to deter-
mine the ECSA was of 210 wCprocm?,, assuming the hydrogen

Pt
coverage of 0.77 ML [43,44]. The normalized kinetic ORR currents
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at the disk electrode given as active mass or specific kinetic ORR
currents were determined from Tafel plots.

2.5. Elemental and structural analysis

The amount of dissolved cupper and platinum from the working
electrode in to the electrolyte was determined by Inductively Cou-
pled Plasma Mass Spectroscopy (ICP-MS) with a platinum detection
limit of 0.001 mgl-1. The electrolyte sampling was collected at 0,
500, 1000, 2000, 5000, 8000, 10,000 cycles for analysis.

Transmission electron microscopy (TEM) images were obtained
using a Philips CM 20 microscope operated at 200 kV. Particle size
and size distribution was obtained in the beginning and end of the
measurements counting 500 particle per sample.

3. Results and discussion
3.1. Catalyst formulation

A new method, the voltammetric dealloying, was proposed for
the preparation of catalysts with high potential for fuel cells appli-
cations [45] and it was closely investigated in our group because of
its advantages. The method successfully solves two very important
issues for the automotive fuel cells industry. The first advantage is
the increased catalytic activity is increased by a factor of 5 com-
pared to Pt/C state-of-the-art catalysts, achieving the required fuel
cells vehicles targets for cathode catalysts. The second advantage
is the increased stability of the transitional metal, due to formation
of a Pt-shell that protects the Cu from leaching out. Nevertheless,
the preparation of the membrane electrode assembly (MEA) cata-
lyst layers for application in PEMFC requires additional steps. PtCu
bulk alloy are first applied to a polymeric membrane as a cath-
ode layer and assembled in a cell. The MEA is then subjected to
voltammetric cycling while the Cu ions are selectively removed
from the precursor particles and trapped at the negatively charged
SO3~ inside the membrane. Finally, the membrane electrode is dis-
assembled and immersed in liquid acid to ion exchange the Cu ions
with an excess of protons. Due to the post treatment of the MEAs
the method follows a systematic which is laborious for large indus-
trial application. A preferred strategy to deliberately modify the
surface catalytic properties of Pt-based alloys, for automotive appli-
cations is a chemical treatment of the nanoparticles. This method
was extended in our group, in which the bimetallic alloy precur-
sor materials were subject to acidic corrosion media. In this way
we achieved to remove the Cu atoms from the PtCu nanoparticle
surface and to develop a Pt-skeleton. The compared characteris-
tic of the catalyst prepared with both methods is presented in the
following.

3.2. Electrochemical stability

The Pt-skeleton sample initially showed low surface area of
43 4+ 5m? g;tl because the Pt surface is blocked by the presence
of Cu atoms that were not completely removed during the acid
treatment. Nevertheless, as soon as voltage cycling is applied to the
sample the Cu atoms starts to leach out and more platinum becomes
available for hydrogen interaction resulting in a gradual increase in
surface area. Depending on the potential window used, it takes dif-
ferent number of cycles to reach a maximum of 76 + 4 m2 gl;tl. The
leaching rate increases with the upper potential limit and a max-
imum surface area is reached after 500 cycles when a potential
cycling of 0.6-1.1V was used and after 300 cycles for potentials of
0.6-1.2V.

In case of the dealloying process two different voltages cycles
were applied and compared in Fig. 2, the first 0.05-1.1V was pro-
posed previously in literature [11] and a second one of 0.05-1.2V
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Fig. 2. ECSA loss during potential cycling 0.6-1.1V with 1Vs~!, in H,SO,4 for 10,000
cycles of the Pt-skeleton (squares), of the core-shell which was electrochemically
dealloyed at 0.5-1.1V (triangle up) and at 0.5-1.2V (triangle down) and for Pt/C
catalysts (circles).

which was proposed for this research. When 200 dealloying cycles
between 0.05 and 1.1V were applied, the initial surface area found
was of 61 +2m? gl;tl. Considering same 200 numbers of cycles
but increasing the upper potential limit to 1.2V the initials sur-
face area was of 70 + 7 m? gl;t1. After the two different dealloying
cycles both core-shell systems were exposed to degradation cycles
of 0.6-1.1V. The ECSA for the first core-shell systems increased
to a maximum of 74 + 7 m? grjtl during the first 200 degradations
cycles. The second core-shell system reached a maximum surface
area of 76 + 4m? gl;tl, after 100 degradation cycles. This behavior
suggests that a further Cu leaching with simultaneous roughness
of the Pt structure occurs after the dealloying and that the leach-
ing rate increases with the upper potential limit. The leaching rate
increases with the upper potential limit. This behavior has also been
observed previously in literature [46]. In this research the dealloy-
ing potential window used is 0.05-1.2V considering 200 cycles,
since this procedure provides more stable core-shell. The begin-
ning of life is considered to be the maximum surface area reached
for each of the catalysts.

The carbon supported platinum which was heat treated to have
particle size of 3.6 +£ 0.2 nm similar to PtCu catalyst, initially has a
surface area of 78 + 4 m? gl;tl similar to the maximum surface 76 +

4m? g[jtl determined for the core-shell nanoparticles.
In the following we investigated the Cu stability during cycles

under potential window of 0.05-0.6V. Fig. 3 displays the ECSA

80

(o2}
o

ECSA / m2ig,,
=

]

(=)
o
o
(g
o
o
o

PtCu core-shell Pt-skeleton

Fig. 3. ECSA losses determined under low potential scans 0.05-0.6 V for core-shell
catalyst dealloyed under 0.5-1.2V and Pt-skeleton where (a) first cycle, (b) after
10,000 cycles, (c) after 400 potential cycling cleaning of 0.5-1.1V.
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loss determined under low potential scans for the core-shell
and the Pt-skeleton samples. The low potential window has the
purpose to investigate the stability of the second metal Cu with-
out affecting Pt stability. The base-metals are unstable in acidic
electrolytes and fuel cells potentials, leaching out of the cata-
lyst particles [3,4]. During potential cycling, the surface area of
the core-shell apparently decreases due to Pt surface contam-
ination that usually occurs at these low potentials. Cycling the
electrode at higher potentials as 1.1V, the Pt surface is cleaned
and the maximum value of the surface area is recovered. How-
ever, the ECSA of the Pt-skeleton sample increases and becomes
similar with the core-shell, suggesting further Cu leaching. ICP-
MS was used to determine the Pt and Cu composition for the
initial bulk alloy, Pt-skeleton and core-shell materials. An initial
bulk composition was determined to be of Pt4oCugg. During chem-
ical leaching a 33% of initial cupper was lost in the electrolyte
while during electrochemical dealloying 67% was removed. After
dealloying the nanoparticles composition was determined to be
PtgoCuyg, in agreement with literature data [29]. After low poten-
tial cycling, very small amounts of 0.8 ug Cu were found in the
electrolyte, for both core—shell and Pt-skeleton samples. Increasing
the upper potential limit to 1.1V during cleaning, the dissolu-
tion of the second metal from Pt-skeleton catalysts occurs and a
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Fig. 4. ECSA losses of the Pt-skeleton (squares), PtCu core-shell dealloyed at
0.5-1.2 V(triangles)and for Pt/C catalysts (circles), during potential cycling 0.6-1.2 V
with 1Vs~1, in H,SO,4 for 10,000 cycles.

2.4 ngcy was found in the electrolyte. In core-shell catalyst, the
noble metal shell protects the non-noble atoms from the core
against dissolution and only 0.4 g Cu were found in electrolyte
after cycling.
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The stability of the PtCu regarding Pt dissolution and agglom-
eration was investigated under potentials cycling of 0.6-1.1V and
0.6-1.2V as illustrated in Figs. 2 and 4. It can be observed that the
chemical leaching process affects only the break-in time which is
the time it takes the catalyst to obtain its maximum ECSA. After a
maximum surface area was reached using 300-500 degradations
cycles, the Pt-skeleton behaves similar to Pt core-shell. Neverthe-
less, the break-in time has a major impact on automotive fuel cells
since the second metal that leaches out will be found in the ionomer
phase leading to increased kinetic losses, thus lowering fuel cell
performance of the MEA [3,47]. It becomes inherently clear from
the results that there is a stability advantage of approximately 20%
for PtCu catalyst over Pt/C under degradation cycles of 0.6-1.1V.
This advantage comes particularly from alloying the Pt metal with
Cu and not as a particle size effect. Both catalysts have similar uni-
form particle size due to the heat treatment of the Pt/C similar to
PtCu catalyst. However, this great advantage is lost by increasing
the potential window with 100 mV. Potential cycling up to 1.2 V has
from the beginning a higher impact over the catalyst degradation
rate. While the total 30% loss of ECSA is obtained at the end of 10,000
cyclesunder 0.6-1.1V, it takes only 2000 cycles at 0.6-1.2 Vtoreach
the same value. Furthermore after degradation the Pt-skeleton and
core-shell catalysts acts similarly to Pt/C and the overall degrada-
tion is ~80% surface area loss. For more detailed insight regarding
the trends in ECSA loss, a breakdown of the degradations mecha-
nisms was performed.

3.3. Quantification of the degradation failure modes

Several mechanisms appear to be responsible for the loss of Pt
ECSA and the most significant are Pt dissolution and Pt agglomera-
tion/growth [48-51]. To understand which of the mechanism has a
bigger impact over the ECSA loss, a quantification of the individual
failure mode was performed. TEM was used in order to character-
ize the particle size at initial and final state as shown in Fig. 5a.
Assuming a spherical particle, the mean particle size for all three
samples PtCu bulk material, core-shell and Pt-skeleton was found
to be similar 3.4 +£0.6,3.5+ 0.1 and 3.8 + 0.4 nm in good agreement
with literature data for PtCu bulk alloy annealed at 800°C [23]. The
mean particle size of the heat treated Pt/C was determined to be
3.6+ 0.2 nm.

In general TEM analysis gives valuable information regarding
the particle size and distribution of Pt on the carbon support;
nevertheless they are time and cost consuming. In this research
the dispersion was used as a parameter that provides information
about the changes in particle size and its relationship to ECSA loss.
Based on the known definition, the dispersion is given by the ratio
between the active Pt surface atoms and the remained Pt atoms
at the working electrode. The latter is determined by subtracting
the amount of Pt loss determined from ICP-MS data, from the ini-
tial Pt amount at the working electrode. The former is determined
applying the flowing relationship:

Qn
Apt:( F“Pd> x Nj

where Ap; is the number of active platinum atoms or surface
atoms, QHup 4 is the hydrogen under potential deposition charge
(C) determined from the measured basic voltammograms, F is
the faraday constant F=96,485Cmol~! and N, is the Avogadro
constant 6.02 x 1023 mol~!. Therefore, an initial core-shell disper-
sion experimentally determined D = 0.26 was found in agreement
with the dispersion determined from TEM data Dygy =0.29. Fur-
thermore, the initial core-shell mean particle size, from TEM
analysis, of 3.5+ 0.1 nm corresponds to a theoretical surface area
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Fig.6. Breakdown ofthe different degradation mechanismrepresented by the losses
of ECSA 33% (squares), Pt dissolution 32% (circles) and dispersion 2% (triangles),
versus the number of cycles for PtCu core-shell catalysts under potential cycling
0.6-1.1V. The core-shell was obtained by dealloying at 0.5-1.2V.

SAr =77 + 4m? gljtl, in good agreement with the experimental
maximum surface area SAp = 76 + 6 m? gljtl determined from Hypq.

Potential cycling of 0.6-1.1V for the core-shell catalyst is rep-
resented in Fig. 6 showing the losses of ECSA, Pt dissolution and
dispersion. The percentage losses are normalized to the corre-
sponding cycling intervals where the process was stopped to collect
the electrolyte for ICP analysis. It can be observed that the trend of
Pt dissolution is similar to ECSA loss and the change in dispersion is
negligible. The total Pt mass loss was approximately 32% and a 30%
loss in the ECSA was recorded, while the change in dispersion was
only 2%. This behavior leads to the conclusion that the main effect
causing the ECSA loss is platinum dissolution. This hypothesis is
confirmed by TEM pictures performed at the end of the degrada-
tion, Fig. 5b. The mean particle size determined is 3.8 + 0.4 nm with
Drep=0.27 in good agreement with the dispersion experimentally
determined D¢ =0.26.

Potential cycling of 0.6-1.2V for the core-shell catalyst is rep-
resented in Fig. 7 showing the losses of ECSA, Pt dissolution and
dispersion. The percentage losses are normalized versus the corre-
sponding cycling interval. It is interesting to note that for the first
500 cycles the trace of ECSA loss is similar to dissolution, while
the change in dispersion is negligible. Therefore, the decrease in
ECSA loss initially is dominated by the dissolution of Pt. After 500
cycles, a small change in the dispersion can be observed, the cat-
alyst particles starts to grow/agglomerate and the contribution of
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Fig.7. Breakdown of the different degradation mechanism represented by the losses
of ECSA 81% (squares), Pt dissolution 54% (circles) and dispersion 64% (triangles),
normalized versus the corresponding number of the cycles of potential cycling
0.6-1.2V for PtCu core-shell catalysts, which was dealloyed previously at 0.5-1.2 V.
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Fig. 8. ICP-MS data of Pt (white columns) and Cu (red columns) atoms lost under potential cycling of 0.6-1.2V, where (a) represents the Cu lost during dealloying under
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Pt dissolution over the ECSA loss starts to decrease. At the end of
the degradation Pt dissolution still occurs but with lower rates as
an effect of the particle growth. These results are in agreement
with the known behavior that the growth of the platinum parti-
cle favors the stability against dissolution [52] and with previous
fingerprint data for Pt/C determined under start/stop fuel cell con-
ditions [28]. From the total remaining 46% platinum mass on the
electrode, 42% was found to be agglomerated. Therefore, at the end
of the degradation cycles the ECSA loss is predominantly affected
by growth/agglomeration. During potential cycling, the PtCu cat-
alyst is highly degraded and at the end of 10,000 cycles very few
particle are left on the carbon support. These particles are spheri-
cal with size of 5 nm and non-spherical agglomerates with a size of
7 nm as illustrated in Fig. 5c. The total Pt mass loss was 81%, with
a total 54% of the ECSA loss, while the change in dispersion was
64%. Similar degradation behavior under potential of 0.6-1.2 V was
found for Pt/C reference material. Initially the ECSA loss is domi-
nated by Pt dissolution and after 5000 cycles the most dominant
failure mode becomes agglomeration/growth of the particle. This
behavior as mentioned before is dependent on the initial Pt amount
and its distribution on the surface of the support material. At the
end of the degradation cycles the losses recorded were 84% for
ECSA, 58% for Pt mass and 63% for dispersion. Fig. 8 shows that
for Pt/C catalysts the total amount of 4.4 j.gp; Pt loss is comparable
to 4.1 pgp; Ptloss in case of core-shell and to 4.0 p.gp; Pt loss for the
Pt-skeleton. Moreover, the trend of Pt dissolution over the number
of cycles is similar for all samples Pt/C, Pt-skeleton and core-shell.
A great impact over the recorded high loss of the catalysts particle
could be, the high surface nature of the carbon supporting material.
Linse et al. [47] showed an approximately doubling of the CO, con-
centration evolution from ~6 ppm at 1.1V to ~13 ppm at 1.2V for
a high surface area carbon Therefore the similarity in Pt mass loss
for all three samples could be also the results of carbon corrosion
as discussed in literature [45].

The life time behavior of the PtCu nanoparticles under different
potentials conditions is illustrated in Fig. 9. Starting from a Pt-bulk
alloy (A structure) the nanoparticles could be chemically leached
to Pt-skeleton (B structure) or electrochemically dealloyed to Pt
core-shell (C structure). The Pt-skeleton under potential cycles is
subjected to further Cu leaching leading to Pt core—shells. Based on
the behavior of both systems at low 0.05-0.6 V and higher 0.6-1.1V
potentials, discussed previously in this research, it can be concluded
that the Cu atoms within the core-shell particle are protected by
platinum and do not leach out as long as the Pt shell is not restruc-
tured. ICP-MS was performed during the 10,000 degradation cycles
at 0.6-1.1V. A total number of 4 x 10!> Cu atoms, representing 50%
loss, were dissoluted in electrolyte, which was slightly smaller com-
pared to 7.5 x 101> Pt atoms. Considering the initial TEM particle

size distribution the provenience of the 30% Pt atoms lost at the
end of test, corresponds to 98% dissolution of 1 nm particles and
50% dissolution of 2 nm particles. Assuming spherical particle size,
Ostwald Ripening dissolution mechanism [53] and that the 1 nm
particle are free of Cu after dealloying, it was estimated that the
dissolution of 0.1 ML Pt leads to 16 Cu atoms leaching out from
a 2 nm particle. Therefore, once Pt starts dissolute, the Cu will be
again prone to leaching.

3.4. Electrocatalytic reactivity

It is already proved that Pt mass and specific activity of the
core-shell particles exceeds that of state-of-the-art Pt electrocata-
lyst by more than a factor of 4 and thus meets performance targets
for fuel cell cathode electrodes [2,26,31]. Therefore, in this paper
we only focused on how the different potential windows affect the
activity of the different PtCu system and more importantly how
to quantify the effect of Pt dissolution and agglomeration over the
mass activity losses.

The specific and mass activities of the initials state and after
degradation of the Pt/C, core-shell and Pt-skeleton are related in
Table 1. During low potential cycling of 0.05-0.6V an apparent
increase in the specific activity of the core-shell associated with
the decrease in the ECSA due to the adsorption of impurities on
the surface was observed. After cleaning at 1.1V both samples,

e CuoPt
Electrochemical

dealloyin

Fig. 9. Behavior of the PtCu as cathode material in fuel cells. PtCu bulk alloy could
be leached in acidic media to Pt-skeleton, or electrochemically dealloyed to PtCu
core-shell. Pt-skeleton under fuel cell operational condition will develop into a
core-shell structure. PtCu core-shell is stable as long as the shell is not restructured.
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Table 1
The specific and mass activities of the initials state and after degradation of the Pt/C,
PtCu core-shell and skeleton.

Core-shell Pt-skeleton Pt/C

Specific activity (mA cm~2)

BoL? 0.55 0.60 0.14

EoL’@ 0.05-0.6 V 0.55 0.55 0.14

Eol@ 0.6-1.1V 0.28 0.29 0.14

Eol@ 0.6-1.2V 0.25 0.24 0.13
Mass activity (mA mg,')

BoL 487 512 138

EolL@ 0.05-0.6V 470 490 137

Eol@ 0.6-1.1V 400 403 98

EolL@ 0.6-1.2V 89 91 61

2 BoL - beginning of life.
b EoL - end of life, after degradation.

the core-shell and Pt-skeleton, showed similar specific and mass
activities corresponding to the initial core-shell recorded values,
supporting the statement that the Pt shell is protecting the Cu
against leaching. Potential cycles of 0.6-1.1V, showed initially a
great advantage for Pt-skeleton with 6x higher specific activity
then Pt/C catalyst. However, the activity decreases at the end of
the degradation and reaches similar values to the core-shell cat-
alyst. The specific activities of both Pt-skeleton and core-shell, at
the end of cycling exhibits 1.5x factor compared to Pt supported
bulk catalysts. Similarly, both PtCu samples exhibit the mass activ-
ity compared to Pt/C, with a factor of 2.5 at the end of test. Potential
cycles as 0.6-1.2V are in general more stressful for the catalyst sta-
bility, leading to accelerated degradation rate as shown above. From
the specific and mass activity data it is observed that potentials as
1.2V have a detrimental effect on the ORR activity. This is likely
attributable to the enhanced dissolution/agglomeration probably
caused by carbon corrosion.

The quantification of the mass activity losses for Pt/C at 0.9V
normalized to initial catalyst amount, the remained catalyst at the
working electrode and to the dispersion factor are displayed in
Fig. 10. The total loss considering the initial Pt amount is about 56%
being caused by Pt dissolution and agglomeration. Normalizing the
ORR current to the remaining Pt amount at the working electrode,
the total loss becomes 51% corresponding to agglomeration and
growth of the particles. The trace of mass activity normalized versus
the remained Pt amount, shows small losses for the first 500 cycles
corresponding to the behavior shown previously for PtCu where
agglomeration starts after the first 500 cycles. After 5000 cycles
the activity loss is enhanced due to agglomeration, becoming the
most predominant cause. When normalizing the ORR current to
dissolution and dispersion factors, the trace of the mass activity
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Fig. 10. Mass activity loss of Pt/C catalysts normalized versus initial catalysts
amount (empty squares), Pt amount left at the working electrode (circles), and
dispersion factor (full squares), considering potential cycling 0.6-1.2 V.
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Fig. 11. Mass activity loss of PtCu core-shell, dealloyed at 0.5-1.2V, normalized
versus initial catalysts amount (empty squares), Pt amount at the working electrode
(circles), and dispersion factor (full squares), considering potential cycling 0.6-1.2 V.

losses becomes constant and the absolute value of the mass activ-
ity corresponds to the initial value 160 mA mgp1 In case of PtCu
core-shell the ORR current after being normalized to Pt dissolution
and agglomeration, as illustrated in Fig. 11, is not constant but rep-
resents the losses corresponding to the electronic changes within
the particles. Therefore, at the end of degradation, 10% of mass
activity loss is due to Pt dissolutions, the growth/agglomeration
contribute about 25% and 50% are attributed to the deactivation of
the core-shell particles.

4. Conclusions

PtCu core-shell nanoparticle electrocatalyst is an important
advancement in the development of active cathode catalysts for
PEMFCs. In comparison with Pt-skeleton electrocatalysts, they
show an additional gain in non-noble metal stability and they are
characterized by mass activities of up to a factor of 5 versus carbon
supported Pt catalysts.

The degradation fingerprint method developed and utilized here
is a practical approach of general applicability for the evaluation
and benchmarking of potential catalysts for fuel cell applica-
tions. Our data suggests that the non-noble metal inside the core
has a good stability against leaching under the applied condi-
tions with the core being very well protected by the Pt shell.
We also showed that the Pt dissolution rate is clearly lower
in core-shell architectures compared to state-of-the-art carbon-
supported Pt nanoparticle. The origin of the enhanced stability
could be attributed to the electronic effects and geometric structure
of the Pt atoms upon alloying Pt with Cu.

PtCu core-shell catalysts are a promising approach to meet
the automotive activity and stability targets under normal
driving conditions at open circuit voltage. Nevertheless, the
high cathodic potentials developed during startup/shutdown
significantly affect the catalysts stability and therefore their imple-
mentation in fuel cell stacks. This dependence of the stability on the
startup/shutdown conditions imposes the need to develop effective
mitigation strategies to avoid high cathode potentials.
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