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PtCo catalysts with composition varying bet~veen Pts0Coz0 and Ph0Cog0 were prepared by electrochemical
underpotential codeposition. The lYmaetallic catalysts were subjected to 1000 electrochemical cycles in 0.5 M
HC104 at room temperature. The activity and stability of these electrodes for oxygen reduction was determined,
in conjunction with the characterization of these catalysts with energy dispersive X-ray spectroscopy, X-ray
photoelectron speclroscopy, and transmission electron microscopy. Although Pt-rich electrodes had better
activity in the initial stages of potential cycling, highe~ Co ato~nic ratios led to higher stalYdity and higher
oxygen reduction reaction (ORR) activity after electrochemical cycling. Ph0Cog0 turned out to be the best
ehictfode among the alloys considered, in teems of ORR activity and stability, wl~lch is linked to a higher
concentration of Co on the surface.

1. Introduction

The technical status of the proton exchange membrane fuel
cell PEMFC today is such that it can be successfully applied in
vehicles, micro-combined heat and power (micro-CHP) systems
as well as portable applications, offering relatively high conver-
sion efficiency without harmful emissions. Major hurdles that
hinder mass market introduction are cost and durability,
especially for its application in transport. When the focus is at
reducing cost and improving duralYffity, the PEMFC cathode
deserves special attention.~ Especially when clean hydrogen is
used as fuel, the platinum loading at the cathode is the highest,
while at the same time most degradation mechanisms take place
at the cathode, such as platinum dissolution, particle growth,
and carbon corrosion.2 In addition, operating the fuel cell at
higher voltages for the sake of improving the cell efficiency is
only viable when alternative catalysts are found that are able
to reduce oxygen at a lower overpotential.3

Alloying Pt with transition metals such as Co, Ni, Cr, Mn,
and Fe has proved to be a better alternative for supported Pt
catalysts hi terms of electrocatalytic activity and cost.4 7
Mukerjee et al. investigated various Pt bimetallic alloys sup-
ported on carbon and found a 2-3-fold increase in the oxygen
reduction reaction (ORR) activity for the alloy catalysts under
PEMFC operating conditions)

PtCo bimetallic catalysts have been studied exhaustively
during the past decade as it is one of the most promising catalytic
composition for oxygen reduction. It was reported that Pt alloyed
with Co on a carbon support yields better catalytic activity than
pure Pt, where Pt:Co ratios of 1:1 to 3:1 are most studied.~,9-1L

Few reasons for the high catalytic activity for these alloys are
ascribed to the modification of the electronic structure of Pt on
alloying with Co and the "structural effect~’ on Pt even though
the exact cause is s011 unclear,s’t2 Non-noble metal rich alloy
catalysts with a Pt monolayer/skin on the surface or Pt-endched
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nanoparticles shell with a bimetallic core are gaining interest
nowadays owing to their unusually high catalytic activity with
less Pt content.6,1a-t6 Very recenfly, a study has been published
in which alloy catalysts with a wide variety of Pt:Co of 9:1 to
1:9 compositions were electrodeposited on a carbon sublayer
and tested for their activity in a PEMFC.~7 Catalysts with a high
Pt content were shown to be the most active in this report.

To succeed commercially as an alternative for supported Pt
catalysts, the st al~dity of these alloy catalysts has to be examined
without bringing down the perfomaance. One of the difficulties
in drawing ultimate conclusions is the complex structure
introduced in the form of catalyst support in the system being
investigated. It was reported that the Pt ORR activity depends
on the method of preparation, the microstructure, particle size,
and shape.~8,~9 Indeed, model catalysts are often employed to
reduce this complex nature of the system and to study the
catalytic behavior and the interactions between the metal
particles exchisively.6

The aim of the present work is to deposit unsupported PtCo
bimetallic alloys with various Pt:Co ratios through electrodepo-
sition and study the ORR kinetics and stability of alloys in
comparison to pure Pt prepared with the same procedure. The
alloy electrodes were stressed through many potential cycles,
and the ORR kinetics and the change in the Pt:Co ratio was
investigated at regalar intervals using energy dispersive X-ray
spectroscopy (EDS) and X-ray photoelectron spectroscopy
(Xr’S).

2. Experimental Section
2.1. Electrode Preparation. PtCo alloys were deposited on

a homemade 7 mm diameter Au rotating disk electrode (RDE)
by underpotential electrochemical codeposition of Pt and Co
following the procedure as described by Mallett et al.2° Using
this method, the Pt:Co ratio can be tuned by changing the
deposition potential in the range of 0--100 atom % of Co. The
polished Au substrate was cleaned electrochemically in 0.5 M
HzSO4 by scanning between 0 and 1.7 V vs reversible hydrogen
electrode (RHE). The catalyst layers were then grown from a
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solution consisting of 25 g/L cobalt chloride, 1.5 g/L chloro-
platinic acid, and 30 g/L sodium chloride. The pH of the
electrolyte was maintained at 2.5 at 20 °C by the addition of
HC1 and NaOH. Pt tlfin films were also prepared using the same
procedure but without cobalt chloride for comparison with PtCo
alloys. The three-electrode cell used for electrodeposition
consists of a platinized Pt foil as the counter electrode and a
saturated calomel electrode (SCE) as the reference electrode.

The electrolytic bath was completely saturated with argon to
remove the dissolved oxygen before the deposition of the
catalysts. Galvanostatic electrochemical codeposition of PtCo
thin films was carried out with current densities varfmg between
280 and 1000 uPdcm2 depending on the desh’ed composition
of Pt and Co; the deposition lime was fixed constant at 550 s.
This method resulted from a separate study, aimed at the
reproducible deposition of PtCo electrodes. Galvanostatic
deposition was found to yield a higher reproducibility than
potentiostatic deposition. At the same time, galvanostatic
deposition during a predetermined period leads to a constant
electrode thickness at a given PtCo composition. An experi-
mentally established relation between deposition current density
and deposition potential allowed the tuning of the Pt:Co
composition by setting the deposition current density. This
relation is shown in the Results section.

2.2. Electrochemical Characterization. Cyclic voltammo-
grams (CVs) of the alloys were recorded at room temperature
between 20 mV and 1.3 V vs RHE at a scan rate of 50 mVs ~
under Ar atmosphere. The ORR kinetics of the deposited alloys
were studied at room temperature through hydrodynamic
voltammetric measurements by employing a rotary system in
the potential range of 200 mV to 1.1 V vs RHE in the positive
direction with a scan rate of 5 mVs-~. The electrochemical cell
was flushed with 02 for 45 rain before the experiment, and the
flow was maintained during the course of experiments to obtain
an 02 saturated solution. The rotation speed of the disk electrode
for each ORR experiment was 1000 rpm. While the limiting
current is depending on the rotation speed of the disk electrode,
it was determined that, in the current range of interest, wfiere
the current is not influenced significantly by diffusion, higher
rotation speeds had no influence on the current measured. Both
the CV and RDE experiments were conducted in 0.5 M HCIO4,
where a SCE was used as the reference electrode and a Pt foil
was used as the counter electrode.

The haft-wave potential Ettz, the potential at which the current
is 50% of the limiting current, is used as a measure for the
overpotential for oxygen reduction on a parlichlar electrode.

2.3. Stability Studies. The electrodeposited bimetallic elec-
trodes were subjected up to t000 electrochemical potential
cycles to examine the stability in terms of real platinum surface
area, ORR kinetics, and the change in the composition of Pt
and Co in the electrode. The potential cycling was intercupted
in between to record the CV and RDE voltammograms. CV
and RDE voltaramograms of all the catalysts were recorded after
1, 15, 65, and 1000 potential cycles. The real surface area of
active Pt was calculated for all the samples from the recorded
CVs. The real surface area of the catalysts was determined by
calculating the total charge under the hydrogen desorption region
in the CV, using 210/tC cm-2. The elemental composition of
all the electrodes after each CV and RDE experiments were
measured with EDS. A0 the potential cycling experiments were
carded out at room temperature and ambient pressure.

2.4. Elemental Analysis. Pt and Co atomic percentages of
all the alloy catalysts were determined by EDS and XPS.

The bulk compositions of all the electrodes were determined
with a scanning electron microscopy (SEM) Philips XL-30-FEG
(field emission gun) equipped with EDS. This EDS has a Si
(Li) detector which is cooled by liquid nitrogen. The detector
was positioned a few mflllmeters away from the surface of the
sample to be analyzed. At least six different individ~aal spots
were focused and measured for their composition on every
sample. It was found that the Pt and Co were homogeneously
distributed over all the particles taken for measurement with a
maximum of 1% error.

High-resolution elemental analysis on the surface of the
catalysts was performed by applying XPS. The XPS measure-
ments were carried out on a Kratus AXIS Ultra, equipped with
a monocinomatic AI Kct X-ray source and a delay-line detector
(DLD). Spectra were obtained using the aluminum anode
Kct -- 1486.6 eV) operating at 150 W, with survey scans at a
constant pass energy of 160 eV and with region scans at a
constant pass energy of 40 eV. The surface of the catalysts were
etched for a few seconds with in situ ion beam sputtering using
purified argon to remove the surface impurities. During sput-
tering, the sample was rotated, the pressure was increased to 3
× 10-8 mbar Argon, while die emission current was set to 15
mA with beam energy of 4 kV. For a limited number of
compositions, the elemental composition was examined as a
function of the sample depth by applying in situ XPS ion beam
sputtering. Ira this method, the surface was sputtered to remove
subsequent layers, foliowed by the characterization of the
resulting surface. This sputtering and elemental analysis steps
were carried out several times to get the elemental depth profile,
in order to examine the homogeneity of the catalyst layer in
terms of Pt:Co composition, before and after the electrochemical
cycling.

2.5. Partite Size Analysis by Transmission Electron
Miereseopy (TEM). The effect of particle size on the ORR
activity for selected catalysts before and after potential cycling
was analyzed by TEM. The catalysts were scratched from the
Au substrate, dispersed in ethanol, and grounded well. The
dispersed particles were then mounted on a carbon-coated Cu
grid (200 mesh) and dried at room temperature to remove the
ethanol. A Technal-Sphera microscope with a voltage of 200
kV was used to analyze the particle size of Pt, Pt75Co2~, and
Ptl0Cog0 before and after 1000 potential cycles.

3. Results and Discussion
3.1. Characterization of Fresh Catalysts. As described in

the experimental section, electrodes could be deposited most
reproducibly by galvanostalic deposition. Figure 1 shows the
relation between the deposition current density and the resulting
deposition potential. As can be seen from Figure lb, the
deposition potential was almost constant during the PtCo
composition.

EDS analysis for the bulk electrode and XPS analysis for
the surface of the electrode under various PtCo deposition
potenlials is shown in Figure 2. From the XPS data, for PtvsC~z~
and Ptt0Cog0, the average composition of Pt and Co over the
depth of the catalyst layer was used for comparison. For other
catalysts, only the surface Pt and Co composition was taken,
as no depth profile was made for these catalysts. The elemental
compositions measured using these techniques were highly
comparable with very minimum difference. Figure 3 shows the
depth profile of freshly deposited Pt75Coz5 catalyst. It was found
that the distribution of Pt and Co was homogeneous throughout
the bulk of the catalyst with a very slight Pt enrichment on the
top surface layer, as long as the Au substrate was fully covered
by electrodeposited PtCo.
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Figure 1. (a) Relation between cuvzent density and depc~sition potential.
(b) Pt:Co compositions can be altered by galvanostatic deposition: 1 Pt,
2 Pts0Coz0, 3Pt75Co~_5, 4~Pt~Co4o, 5-Pt~0CoTo, 6-Ph0Co~0.

o EDS
¯ XPS

At.% Co

Figure 2. Elemental compositions of freshly deposited Pt and PtCo
bimetallic alloys analyzed with EDS and XPS.

Figure 3. XPS depth profile of fresh PtTsCoz~ deposited on Au.

TYlYlcal CVs of Pt, P%Co20, P%Coz~, Pt~Co40, and Pt30Co~0
catalysts immediately after preparation are shown in Figx~re 4.
The potential range between 20 and 400 mV in both forward
and reverse scans reveals that these Pt-based alloy catalysts have
a comparable hydrogen adsorption/desorption charge, irrespec-
tive of the Pt:Co ratio. "Ihe oxide reduction peak does, however,
vary significantiy with the Co composition without a clear

02 04 U6 08 I 0 12
Potential, V~s RF~

Figure 4. CVs of flesh Pt and PtCo aJioys. Conditions: 50 mV/s, 20
°C, 0.5 M HC104; 1-Pt, 2-Pt80Co20, 3-PbsCo~, 4 Pto3Co4o, 5 Pt30CoT0.

relation between the alloy composition and the size of the Pt
oxide reduction peak. q~e leaching of Co from the catalyst
surface during the first electrochemical cycle leads to a well-
defined Pt surface even for Co-rich catalysts.

Pb0Cog0 appeared to show a marked difference between the
first and the second scan as shown in Figure 5a. PtjoCog0 has
two very distinct peaks, one at 650 and the other at 950 mV at
the anodic sweep of first CV which was not observed for other
compositions. These peaks correspond to the dissolution of
excess Co compounds from the as-prepared surface of the
catalyst. The area under the HL~O of both cycle 1 and cycle 2
corresponds to a platinum surface area, which is even higher
than which is present in all other Pt:Co alloy compositions. The
dissolution of Co from the surface during the first CV does not
expose any additional Pt to the surface, which was evident from
the presence of similar hydrogen oxidation region in the anodic
portion of both the CVs. The Co dissolution peaks disappeared
during the second CV, and the profile resembles that of the pure
Pt surface. The presence of excess Co on the fresh electrode-
posited surface of Ph0Cog0 was supported by the XPS depth
profile study on the sample as shown in Figure 5b. The surface
of the as-prepared catalyst consists of nearly 97% cobalt. Upon
sputtering, the amount of Co tends to decrease from 97 atom
% to around 90 atom % and then the bimetallic atomic
composition remains homogeneously dispersed. These observa-
tions lead to the conclusion that, although Co is abundant in
the fresh catalyst, it does not cover die Pt particles, as Co
oxidation and dissolution does not lead to an increase in
platinum surface area.

3,2. ORR Kinetics. 3.2.1. Fresh Catalysts. RDE studies
were carried out to obtain ORR kinetics for various PtCo
compositions. Figure 6a shows the anodib sweeps of all the
catalysts under oxygen atmosphere measured after 15 potential
cycles. The ORR kinetic profile after 15 CVs was taken, as
this better represents a fresh fuel cell catalyst that has been in
fuel cell operation for a short time, i.e., the effects of surface
impurities and excess Cobalt being present after preparation are
being excluded. Figure 6a depicts a prominent reduction in the
overpotential for the ORR by alloying Co with Pt, as claimed
by many researchers in terms of enhancement factors.5’9’1°’22
Depending on the Co percentage, a reduction of around 50--200
mV in the overpotential was achieved for the ORR compared
to pure Pt catalyst at the half-wave potential E~t2. The results
indicate that, during the initial cycling, the catalysts with ca.
25 and 20 atom % Co have better electrocatalytic activities than
the others. The exception is Ptt0Cog0, which shows the same
and even better activity as that of Pt75Co~ and PtsoCo~0,
respectively. In contradiction to these observations, Saejeng et
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Figure 5. (a) CVs of Ptl~Co~ after 1 and 2 potential cycles. Conditions: 50 mV/s, 20 °C, 0.5 M HCIO4. (b) XPS depth profile of fresh Ptl0Cogo
deposited on Au.
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Figure 6. Potentiodynarfflc voltammograms of Pt and PtCo alloys after
(a) 15 CVs (b) after 1000 CVs. Conditions: 5 mV/s, 20 °C, oxygen
saturated 0.5 M HCIO4, 1000 rpm; 1 = Pt, 2 = PtsoCoz0, 3 -- PtTsCozs,
4 = Pt~Co~0, 5 ---- PtaoCoT0, 6 = PtmCo~.

al. observed a very low performance for their electrodeposited
Pt:Co alloy with 10:90 atomic ratio when used in the PEMFC
cathode.17 ’lqae difference in the performance of these two studies
can be attributed to the different electrodeposited procedures
adopted and the introduction of support material. The observed
contradiction emphasizes further the critical roles of catalyst
preparation conditions and the support materials on the
performance.

3.2,2. Influence of Cycling. Figure 6b shows the oxygen
reduction activity of all the catalysts aa anodic sweeps under
oxygen atmosphere measured after 1000 potential cycles.

It is a known that Co or any other non-noble metal alloyed
with Pt will dissolve at a faster rate than Pt under fuel cell
conditions.3~ It is often reported that the dealloying of non-
noble metal ufight increase the ORR activity of bimetallic
alloys.5’24 So it is very important to study the stability of alloying
elements in the catalysts at regular intervals and equate them
with their performance.

0,2 0.4        0.6        0.8        1,0
potential, V ’,,’s RHE

Figure 7. Potentiodynamic voltammograms of (a) Pt75Co~5 and (b)
PtloCo~0 during potential cycling. Conditions: 5 mV/s, 20 °C, oxygen
saturated 0.5 M HCIO4, 1000 rpm; 1 = I CV, 2 = 15 CVs, 3 = 65
CVs, 4 -- 1000 CVs.

As can be concluded from comparing Figure 6a and b, Pt-
rich bimetallic electrodes could not relain their initial higher
ORR activity after 1000 potential cycles. Figure 7 compares
the stability of Pt75Co25 with PhoCogo under cycling conditions.
For Pt75Coz~, Figure 7a, a negative shift of around 220 mV is
measured when comparing the haft wave potential for oxygen
reduction of a fresh electrode to that after 1000 cycles. While
tiffs shift is much higher than for pure platinum (135 mV), the
oxygen reduction activity of Pt75Co25 after 1000 cycles is still
higher than that of pure Pt. Co rich l~maetallic catalysts show
greater stability after 1000 CVs as the shift of the half wave
potential is around 100 inV. The greater activity and stability
shown by PhoCogo in Figure 7b right from the initial cycles is
interesting in both the research and economic point of view as
the platinum content is very low while still offering a higher
activity than all the other alloys. A comparable effect was
reported by Strasser et al. for Pt25CuTs, which had a higher
activity than other Pt rich bimetallic catalyst.~ The author
reported about the formation of Pt-enriched nanoparticlas shell
and a Cu core by the leaching of Cu from die surface during
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Figure 8. Cyclic voltammograms of Pt and PtCo alloys after 1000
CVs. Conditions: 50 mV/s, 20 °C, 0.5 M HCIO4; 1 = Pt, 2 = PtsoCo~0,
3 -- PtT~CO,~, 4 -- Pt~Co40, 5 -- PresCOTt, 6 -- Ptl0Co~o.

50 mY/s, 20 °C, 0.5 M HCIO4; 1 -- 1 CV, 2 = 15 CVs, 3 = 65 CVs,
4 = 1000 CVs.

potential cycling. The primary reason for the higher activity of
dealloyed Cu-rich Pt-Cu nanoparticles was believed to be due
to the modified geometric and electronic properties of the Pt-
enriched nanoparticles. Further studies such as surface composi-
tion analysis in the likes of formation of Pt skin monolayer or
the Pt shell-Co core particle ensembles are needed.

3.3. Influence of Potential Cydlng on Electrode Composl-
ti0n. 3.3.1. Cyclic Voltammeiry and EDS. The CV profile of
the bimetallic catalysts after 1000 potential cycles is shown in
Figure 8. The striking difference between Ptl0Cog0 and all other
compositions was the high Pt oxidation and Pt oxide reduction
charge while the charge associated with hydrogen adsorption
was lower than or equal to other samples. Connecting this to
the exceptional activity of Ph0Cog0 as noticed in Figures 4 and
5, the high catalytic activity of Ptl0Co90 might be linked to the
enhanced oxygen adsorption on this composition in comparison
to all the other compositions.

Figure 9 shows the change in CV profile of PtvsCozs as the
result of potential cycling. The electrochemical active surface
area of Pt in the catalyst decreases with an increase in number
of cycles which is attributed to the leaching of both platinum
and cobalt from the catalyst particles from the surface of the
catalyst as well as agglomeration of Pt particles and particle
growth. The dissolution of platinum ions during the anodic
sweep from the catalyst surface and redeposhion on a different
particle while reversing the potential would increase the particle
size, the process of which is referred to as Ostwald ripening.
However, cobalt, which is easily soluble in this environment,
will not redeposit and hence does not contribute to the Ostwald
ripening process. The CVs also expose the distinct appearance
of the strong and weak Ht~o peaks of Pt with potential cycling.

J. Phys. Chem. C, VoL 113, No. 47, 2009 20375

Fq~q Alter 1000 CV

Electrode
Figure 10. Available active Pt surface area of Pt and Pt:Co alloys
during potential cycling.

This could be due to die complete dissolution of the non-noble
alloying metal from the surface of the catalyst layer. Increasing
the number of cycles shifts the platinum oxide reduction peak
potential toward high potentials, thus suggesting an increase in
the average particle size of Pt.a~

The active Pt surface area of all the electrodes calculated after
respective potential cycles is shown in Figure 10. It can be seen
that fight from the first potential cycle, pure platinum electrodes
show a lower surface area than the other bimetallic catalysts.
The presence of traces of Co on the surface of other bi~netallic
catalysts which could block the adsorption of hydrogen atoms
does not affect the effective surface area. After cycling up to
15 potential cycles, the active Pt surface area of all the catalysts
decreases drastically. Pure Pt catalysts loose about half of their
platinum active surface area after 15 cycles, and two-thirds after
65 cycles. The bimetallic catalysts lose only about 50% of their
active Pt surface area after 65 cycles, irrespective of their
compositions. The rapid dissolution of Co in the initial cycles
does not have a direct influence in increasing the active Pt
surface area. "Pne active Pt surface area after 1000 potential
cycles is comparable for all the electrodes.

Figure 11 shows the comparison between the oxygen reduc-
tion activity as given by the half wave potential Eu2, and the
elemental composition as deterrothed by EDS. All the bimetallic
catalysts loose their Co rapidly during the initial CV cycles.
Pt80Co20 loses almost half of its ofi~nal Co content after 15
CVs, and the rest of the catalysts loose about 30 atom % of
their Co. This initial selective dealloying of Co from the surface
helps electrodes with high Co content to improve their activity
or at least to keep their initial ORR acti’~,ity after 15 CVs (Figure
7), even while the platinum surface area decreases. The
bimetallic catalysts other than Pt80Co~0 (which lost about two-
thirds of Co) lost almost 60 atom % Co of initial coroposition
after 65 cycles. PtsoCo20 has only 6 atom % Co left after 65
cycles, while PtvsCozs has 11 atom % after 65 cycles. This
difference might help Pt75Co25 to have a half-wave potential,
which is 30 mV more positive, even though both catalysts had
die same active Pt surface area. Interestingly, all the catalysts
show a negative shift of 30--60 mV after 65 CVs other than
Pt3oCoT0, which shows a shift of only 5 mV; hence Pt30CoTo
shows better stability for dynamic potential scans. After t000
potential cycles, N-rich alloys end up with trace amounts of
Co, while Co-rich alloys end up with a Co composition between
10 and 15 at%. The consolidated amount of Co in these catalysts
present after 1000 CVs might explain their enhanced stability
as shown in Figures 6 and 7.

3.4. XPS Depth Profiles. The XPS depth profile of PtTsCo2s
and Ph0Co90 after 1000 CVs was evaluated by the same
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Figure 11. (a) Performance loss and (b) change in Pt:Co composition
during potential cycling.

procedure as mentioned for the fresh electrodes. The absence
of cobalt on the surface and from the underlying layers of
PtvsCoz~ is clearly observed in Figure 12a. But after 600 s of
sputtering, exposing the core of the Pt:Co electrode, the amount
of Co rises until an atomic ratio of Pt:Co of 3:1, ms present in
these electrodes before potential cycling, is reached. This
substantiates the dissolution of Co from the bimetallic electrode
surface during cycling, resulting in a Pt-rich layer. This Pt-rich
layer in turn protects the Co from the bulk of the alloy from
further dissolution. As there is no Co present in the subsurface
layers after 1000 cycles, the electrode surface will have the
properties that resemble that of pure platinum, with the
concomfitant decrease in oxygen reduction activity. The average
amount of Co present in this electrode after dissolution studies
was ~9 atom % and does not exactly match the result from
EDS, which show only 2 atom %.

The depth profile of Ptt0Cog0 shown in Figure 12b was quite
different to that of Pt75Co~5 with respect to the Co content.
Pq0Cog0 still has a significant amount of Co left on the surface
as compared to the bulk of the electrode. The amount of Co in
the alloy tends to increase from 10 atom % on the surface to
35 atom % as the sputtering continues toward the bulk of the
electrode. This presence of Co on the surface of PtmCog0 helps
the alloy to retain its ORR activity and enhanced stability as
compared to other bmietallic alloys considered. The average
Co composition for this sample is almost comparable with that
of the EDS, and the amount is 17 atom % from XPS study and
15 atom % from EDS analysis.

The core level spectrum of Pt 4f7,~ was used to estimate the
shift in binding energy as a result of alloying with respect to
pure platinum. Figures 13 and 14 and Table 1 summarize the
binding energies computed by standard peak fitdngs for Pt, Co
metallin, and Co oxides from Co 2p3iz spectra for both fresh
and cycled Pt75Coz5 and Ph0Cog0. Co 2p spectra acquired before

Jayasayee et al.

and after sputtering the fresh Pt75Coz5 and Pt]0Cog0 yielded a
Co 2p3~z spectrum that contained confilbutinns of metallic cobalt,
with a peak between 778.1 and 778.4 eV, as well as of oxidic
cobalt, with a peak between 780.1 and 780.9 eV. The ratio of
oxidized versus metallic cobalt was higher on the surface than
it was after sputtering.

The shift in binding energy of Pt 4fT/z for Pt after alloying
with transition metals such as cobalt is interesting as it helps
in correlating the change in the electronic strtacture of Pt vis-
~-vis catalytic activity.]8’z6,z7 The Pt 4fT/z spectrum of fresh
PtvsCoz5 before sputtering shows a strong peak with a binding
energy of 71.2 eV, which is representative of pure metallic
platinum, thus suggesting Pt enrichment on the surface as
shown in Figure 3. After sputtering, however, the peak
position of Pt 4f7/z is shifted to 71.6 eV, i.e., in the bulk of
the catalyst, platinum has a higher interaction wit~ cobalt
than on the surface. As expected, the position of the Pt 4fT/z
core level spectrum of fresh Pt10Cog0 shifts to an even higher
binding energy of 71.8 eV on both the surface and bulk of
the electrode, indicating a strong electronic interaction of Pt
and Co. Cobalt being more electropositive than Pt will donate
its electrons easily, and so the binding energy of Pt should
shift toward lower binding energy. But here in the bulk of
these alloys, a positive shift in tbe binding energy of Pt 4f7/~
for Pt is observed, hinting to a loss of electrons from
platinum. Similar observations were reported by Wakisaka
et al.26 for the unsupported Pt~sCo4z alloy, by Duong et al.z8
for a commercially available unsupported PbCo alloy, and
by Toda et al. for Pt alloyed with Co, Ni and Fe.27 This kind
of behavior was also confirmed by Mukerjee et aL with in
situ X-ray absorption near-edge stuacture (XANES) for alloys
of Pt with transition metals. The investigation revealed higher
Pt 5d-orbital vacancies for the alloys than for the PdC
catalyst.~8

At the surface of cycled Pt75Cozs. a binding energy shift o1"
Pt 4f7a to 70.9 ~V was obtained, which might suggest that there
is no Co left on the surface. The positive shift in the position
of Pt 4f7~ for to 71.5 eV in the bulk of cycled Pt75Co~ indicates
the interaction of Pt and Co in the core of the electrode.

Also, in the case of cycled Ph0Cog0, metallic Pt is the
dominant species at the surface and a measurable platinum-cobalt
interaction is measured in the core with Pt 4fva binding energy
of 71.0 eV at the surface and 71.7 eV in the bulk. However, in
contrast to Pt75Coz% both metallic and oxidized cobalt are present
on the surface of the Ph0Cog0. On the basis of the XPS depth
profile measurements, the electronic interaction among Pt and
Co enhances the stability of Pq0Cog0 even after 1000 potential
cycles, thus making it favorable for ORR kinetics.

3.5. Effect of Particle Size on ORR Activity. 3.5.1. Fresh
Electrodes. The particle size distribution for freshly prepared
and cycled Pt, PtT5CO~, and Ptl0COg0 electrodes is given in
Figure 15. The particle size and thr standard deviation of
freshly prepared Pt, Pt75Co~5, and Ph0Cog0 was found to be
4.5 d= t.24, 4.7 d= 1.57, and 2.9 -[- 1.06 nm, respectively.
The particle sizes of Pt and Pt75Co~5 was found to be similar,
but, as discussed earlier, the performance of Pt75Co~5 in the
initial stage of potential cycling was far superior when
compared to that of pure Pt. At the same time, PqoCog0 has
a far smaller average partinle size than Pt75Co25, which does
not translate into an activity far higher than that of Pt75Co2s.
The role of Co as art alloying element with Pt to improve
ORR kinetics can therefore not be associated with a particle
size effect.
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Figure 12. XPS depth profile of (a) Pt75Co~5 m~d (b) Ptl0Cogo after 1000 CVs.
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Figure 13. Co 2p XPS spectra before and after sputtering (a) PtTsCc~ and (b) PqoCog0 after 1000 CVs.
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Figure 14. Pt 4f XPS spectra before and after sputtering (a) Pt75Co~ and (b) PtmCogo after 1000 CVs.

3.5.2. Cycled Electrodes. The particle sizes of Pt, Pt75Coz~,
and Ptl0Co~ become almost similar (~5 ran) after 1000 potential
cycles with a standard deviatio~ of ~2.2 rim. T’ne particle size

Pt 4f

analysis show a broad distribution of 2-15 nm ~or cycled
catalysts, a substantial increase from the 2-9 nm of the fresh
catalysts. However, upon comparing the ORR activity, the
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TABLE 1: XPS Binding Energies for Pt75Co25 and Ptl0Co91~ before and after Potential Cycling
BE Co2p~n

EDS X~S BE Pt4fvr2 before sputter~ag after sputtering

electrode        at%Pt at% Co at%Pt at%Co before sputtering after sputtering metal oxides metal oxides

PtvsCoz5 fresh 73 27 74 26 71.1 71.3 778.1 780.9 778.4 780.4
Pt75Co~5 1000 CVs 98 2 91 9 71.1 71.4 778.5 780.7
Ptl0Cogo fresh 9 91 11 91 71.8 71.8 778.4 780.1 778.4 780.2
Pb0Cego I000 CVs 85 15 83 17 71.1 71.6 778.4 781.7 778.8 781.9
pure Pt foil 71.2

performance of PttoCog0 is far better than that of Pt and PtTsCozs.
Thus, the enhanced activity and stability of Ph0Cog0 seems more
related to the presence of Co (Figure 13) on the surface of the
electrode after 1000 potential cycles, rather than on a difference
in particle size.

3.6. Reproducibility. In order to study the reproducibility
of the electrodes, all the experiments were repeated in terms of
catalyst preparation, ORR activity, and the stability. PtTsCo~
and Ph0Cog0 were prepared and tested at least three times, and
all the other catalysts were tested twice. Figure $3 (see

Supporting Information) shows the ORR activity of Pt75Cozs
and Ph0Cog0 me~sured after 1000 potential cycles. The terms
S1, $2, $3, and $4 represents the number of samples considered.
It was found that the catalysts are highly reproducible with
similar activities throughout the stability studies. The maximum
deviation in the ORR potential of different samples with the
same Pt:Co composition at any current is approximately -I-25
mV, and is much smaller than the variation of the ORR between
various compositions, i.e., the measured effects are significant.
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Figure 15. Particle size histograms of Pt and PtCo alloys, before and after 1000 CVs.
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TABLE 2: Comparison of active Pt Surface Area, Half-Wave Potential E~z, and Elemental Composition of Pt and PtCo Alloys
in Intervals of 1, 15, 65, and 1000 Potential Cycles

Pt

paxayaeters F 15 65

rea! surface 16.7 10.8 6 2

Co atom %

1000 F 15

5.4 20 14.5

625±20 900±20 900~.20

0.3 40.8 56.3

65 1000 F

6.0 4.2 22.5

6 2 27
835±20 680~-20 900±20

15.2 1.3 497

220 ± 20

15 65 1000

15.1 6.3 4.2

900±20 860±20 685~- 15

74.2 51.7 1.13

220 ± 20

parameters F 15

real s~trface 22.9 15.1

Co atom % 42 28
half-wave 820 ± 15 840 ± 15

65 1000 F

7.4 4.4 19.1

17 6 72
805 :k 20 735 ± 15 800 ~_ 20

9.5 2.7 3.2

110 ± 20

15 65 1000

14.9 8.2 5.2

47 31 8
810±20 795~-15 700±20

F 15 65 1000

28 16.2 8.7 5.1

89 60 42 15
920±20 915±20 885~_20 840±25

42.9 74 79.5 318

75:E25

3.7. Effect of Co Dissolution to Use in Fuel Cells. Leaching
of Co from the cathode catalyst layer during the operation of
the fuel cell can lead to the diffusion of Co into the electrolyte
membrane and also to the anode side of the membrane electrode
assembly (~[EA).3’23’29 The excllange of protons by cobalt ions
will result in an increase of membrane resistance, while
deposition of Co on the anode will lead to a decrease in
hydrogen oxidation activity.

The present work shows the rapid dissolution of Co from
the alloy catalysts during initial potential cycles. To prevent
the deWimental effects of dissolved cobalt on membrane and
anode, preleaching of Co from the catalyst before incorporating
them into the fuel cell electrode seems mandatory. Preleaching
can be performed by treating the bimetallic catalyst in aqueous
acid solution as reported by Gasteiger et al., who noticed a very
sllarp decrease in the dissolution of Co from a multiple
preleached PtCo/C catalyst compared to a fresh unleached one)
The pretreatment of the catalyst was carded out with 0.5 M
H2SO4 at 90 °C. Lee et al. pretreated his Pt shell-Co core
catalyst with 20% H2SO4 and observed a signillca~at decrease
in the Co dissolution and a higher ORR activity,la Ball et aI.
preleached their carbon supported PtCo alloys in 0.5 M H2SO4
at 90 °C for 24 h before making the MEA and found that
preleached catalysts lost their activity compared to their
unleached analogues.29

Tile present work shows that high Co loading catalyst might
be preleached while still offering a large performance gain
compared to Pt.

4. Summary and Conclusions

An overview of the measured elemental composition, surface
area, and oxygen reduction activity for all samples is given in
Table 2. It shows that PtCo alloys with widely varying
composition show a widely varying activity and stability for
oxygen reduction. Platinum-rich alloys show a high initial
activity, but lose a large part of this enhanced activity when
exposed to potential cycling. The loss of cobalt from the top
layers of the caudysts is likely to be the cause of this loss in
activity.

Ptt0Cog0 electrodes showed superior activity and stability
compared to all other compositions. In contrast to platinum-
rich alloys, Co is still present in tlfis electrode oven after 1000
potential cycles. As the particle size as well as the platinum
surface area did not vary significantly among different composi-
tions, the likely explanation of the enhanced activity is the
change in electronic structure as long as Co is present on the
surface or subsurface of the catalyst. XPS data suggest a clear
positive shift in the binding energy of platinum when cobalt is
present in sufficient anaounts.
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