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W
ith the growing attempts to
make fuel cell technology eco-
nomically competitive, much at-

tention has been focused on lowering the

cost of the electrocatalysts used for electro-

chemical reactions. The most common elec-

trocatalyst used in proton exchange mem-

brane fuel cells (PEMFCS) is Pt supported on

electrically conductive porous carbon (Pt/C)

because it has high activity toward oxygen

reduction and it is corrosion-resistant in the

acidic environment1 below 1.2 V. Highly

loaded Pt/C catalysts (�20 wt % Pt) are of-

ten used in PEM fuel cells to increase the

relatively slow oxygen reduction reaction

(ORR)2�6 and decrease the overpotentials

which may approach 0.3 V. Two possible

methods to decrease Pt loading are to in-

crease the fraction of surface Pt atoms/to-

tal Pt atoms (i.e., increase Pt catalyst disper-

sion) and to increase the specific activity

toward the ORR of the deposited Pt (nor-

malized to Pt surface area).

Many different preparation techniques

have been used to increase Pt dispersion

by reducing the Pt particle size.7�13 In some

cases,7�9,11,13 Pt particle sizes have been de-

creased to less than those of the best com-

mercially available catalysts. Note that the

relationship between Pt dispersion and Pt

particle size shows that 100% dispersion is

achieved at a diameter of approximately 1.1

nm. Therefore, any further reduction in di-

ameter will not increase Pt dispersion.14

These calculations do not account for the

thermodynamic or kinetic stability of such

small particles on the surface of carbon, and

theoretical and experimental studies of

these interactions would be helpful to un-

derstand the compromise between disper-

sion and durability.

On the other hand, several sources have
suggested that the specific activity of ORR
for very small Pt particles (1�2 nm diam-
eter) is less than that for larger Pt particles
(�4 nm).3,4,15�22 The origin of the particle
size dependency on the kinetics of oxygen
reduction has been attributed to higher ac-
tivity of the Pt(111) and Pt(100) surface
planes versus corner/edge/defect sites. Van
Hardeveld and Hartog23 have shown that
the fraction of corner and edge sites dra-
matically increases as particle sizes become
smaller, which should result in less active
catalysts (normalized to active surface area)
for ORR.

The other method to decrease Pt load-
ing is to increase the specific ORR activity
by combining Pt with another metal in a bi-
metallic composition. There are many re-
ports of bimetallic Pt�M/C catalysts with in-
creased ORR activity where M is a transition
metal such as Fe,24�27 Ni,25�33

Co,25�27,29�32,34�39 or Cu.26,27,40 The source of
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ABSTRACT Cobalt core/platinum shell nanoparticles were prepared by the electroless deposition (ED) of Pt

on carbon-supported cobalt catalyst (Co/C) and verified by HRTEM images. For a 2.0 wt % Co/C core, the ED

technique permitted the Pt loading to be adjusted to obtain a series of bimetallic compositions with varying

numbers of monolayers (ML). The tendency for corrosion of Co and the electrochemical (i.e., oxygen reduction

reaction (ORR)) activity of the structures were measured. The results from temperature-programmed reduction

(TPR) analysis suggest that a single Pt ML coverage is formed at a Pt weight loading between 0.5 and 0.7% on the

2.0% Co/C. HRTEM analysis indicates that the continuity of the Pt shell on the Co core depends on the precursor

Co particle size, where “large” Co particles (>10 nm) favor noncontinuous, three-dimensional Pt structures and

“small” Co particles (<6 nm) favor layer-by-layer growth. For these larger core�shell particles, Co was observed

to quickly corrode in 0.3 M H2SO4. Surface area specific ORR activity, measured by chemisorption techniques,

revealed that the Pt�Co/C catalysts performed better than a commercial Pt/C catalyst; however, on a Pt mass

basis, only the lower Pt:Co atomic ratio Pt�Co/C catalysts outperformed the Pt/C catalyst.

KEYWORDS: electroless deposition · platinum · cobalt · core/shell · bimetallic
catalyst · oxygen reduction reaction

A
RTIC

LE

www.acsnano.org VOL. 3 ▪ NO. 9 ▪ 2841–2853 ▪ 2009 2841



the enhanced oxygen reduction activity has been at-
tributed to a compression of the Pt�Pt bond
distance28,29,34,41�43 and/or an increase in the Pt 3d or-
bital vacancy,25,27,30,34,43�46 both of which should make
oxygen reduction more facile. Moreover, it has been
shown through DFT calculations47,48 that a weaker
Pt�OH bond is the cause of activity enhancement be-
cause the adsorbed OH group destabilizes ORR inter-
mediates and blocks adsorption sites. A lower density
of states near the Fermi energy level results in a less
stable Pt�OH bond. DFT calculations also showed that
a decreased Pt�Pt bond distance results in a lower den-
sity of energy states at the Fermi level and therefore a
destabilized Pt�OH bond. Unfortunately, the highly
acidic environment of a PEM fuel cell rapidly corrodes
any surface-accessible base metals resulting in leaching
of the base metal.39,49�51

Another possible method to simultaneously gain
an enhancement in oxygen reduction activity, limit cor-
rosion of the base metal, and increase Pt dispersion is
to combine Pt with a base metal in a way that creates
a structure of the catalyst nanoparticles with a base
metal core and a thin Pt shell. In this way, the base
metal should be protected from corrosion by the Pt
shell. This core/shell structure52�61 also permits high Pt
dispersion regardless of the particle size since the Pt is
located only as a shell on the particle surface. If the Pt
shell were only one monolayer (ML) thick, then Pt dis-
persion would be unity regardless of the overall particle
diameter (note that the probability of corrosion of a
base metal core for such single ML structures has not
been explored and may still be large). In addition, an-
other possible advantage of this structure is that high
Pt dispersions existing as a shell should also exhibit
greater resistance to sintering, a problem that affects
very small Pt particles. Last, this structure with a thin Pt
shell should permit the surface Pt atoms to interact
electronically with the underlying base metal atoms to
increase oxygen reduction activity through either a con-
traction of the Pt�Pt bond distance or greater Pt 3d or-
bital vacancies.

In this article, we produce nanoparticles with a base
metal core/Pt shell structure by using electroless depo-
sition (ED), a catalytic or autocatalytic process whereby
a chemical reducing agent reduces a metallic salt onto
specific sites of a catalytically active metal.62 The overall
reaction (reaction 1) for electroless deposition is a com-
bination of anodic and cathodic electrochemical par-
tial reactions,63,64 which are given as reactions 2 and 3,
respectively. In the anodic reaction (reaction 2), an
aqueous reducing agent (RA) is catalytically activated
at the surface of metal M= to produce electrons (the ac-
tive reducing species is usually a hydride/chemisorbed
H on the surface of metal M=). The electrons then reduce
the aqueous reducible metal salt (Mz�) on the surface
of metal M= (reaction 3). The overall reaction of electro-
less deposition is thermodynamically favorable but is ki-

netically limited by the anodic reaction 2 and is con-

trolled by activation of the reducing agent. Since the
deposited metal in reaction 3 is often catalytic for reac-
tion 2, further reduction can occur (autocatalysis), po-
tentially resulting in formation of multiple layers of the
reducible metal if reaction conditions permit. Previous
studies have shown that there is no deposition of Pt on
the catalyst support in the absence of a precursor cata-
lyst; therefore, essentially all supported particles pre-
pared by ED are bimetallic in composition.8,65�68

Previously,8,66 we have used noble metal (Rh or Pd)
precursor catalysts for the electroless deposition of Pt
to produce smaller Pt-containing bimetallic particles.
However, to potentially achieve an increase in oxygen
reduction activity and avoid using expensive noble
metals as the precursor catalysts, Co is used here as
the precursor catalyst. To resist the corrosion of Co, a
complete shell of Pt is necessary, but a Pt shell that is
too thick will decrease the Pt dispersion and present a
Pt surface with catalytic properties no different than
bulk Pt. Below we present a methodology for the syn-
thesis of Co core/Pt shell bimetallic catalysts by electro-
less deposition of Pt on Co; extensive characterization
of these particles confirms the formation of a core/shell
morphology. These particles are tested for resistance
to Co corrosion, and finally, ORR activities are measured
and compared to a commercially available Pt/C catalyst.

RESULTS AND DISCUSSION
ED Synthesis Parameters. It was observed that the Co

weight loadings of the Pt�Co/C bimetallic composi-
tions prepared by ED of Pt on Co/C were significantly
lower than the Co/C loading prior to electroless deposi-
tion. To limit this loss of Co during the ED process, the
temperature of ED was lowered from 80 to 25 °C. The re-
sults presented in Table 1 indicate that, while the tem-
perature of ED had only a small effect on the extent of
Pt deposition, final Co weight loading was strongly af-

TABLE 1. Effect of Temperature on Final Pt and Co Weight
Loadings after ED of Pt on Co/Ca

temperature(°C) final Pt wt loading (%) final Co wt loading (%)

80 4.9 2.5
50 4.3 4.3
25 4.2 6.4

aConditions of experiment: 1:10:5 � PtCl6
2�/DMAB/citrate mole ratio; 1/2 of

DMAB added at 0 and 20 min. Deposition time � 40 min. Precursor catalyst was
7.0% Co/C prereduced in NaBH4 solution. Theoretical maximum Pt loading � 4.9%
(if all PtCl6

2� is deposited).

Mz+(aq) + RA(aq)98
M'

(M0 - M') + RAz+(aq) (1)

RA(aq)98
M'

RAz+(aq) + ze- (2)

Mz+(aq) + ze- f (M0 - M') (3)
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fected by temperature. To better understand the mech-
anism of Co loss, liquid samples were withdrawn from
the ED bath at certain intervals and analyzed by atomic
absorption to monitor the appearance of Co. The re-
sults are given in Table 2. Before the Co/C was added
to the solution, there was no Co in the bath; 20 min af-
ter the Co/C was added, less than 1% of the Co from the
precursor catalyst had leached into the ED bath, indicat-
ing there is essentially no corrosion of Co in the ED
bath at pH 11 and that Pt does not deposit by displace-
ment deposition (oxidation of Co to reduce PtCl6

2� to
Pt0). Once the DMAB was added to the ED bath, the Co
was leached into the ED bath. The Co leaching is likely
the result of reduction of Con� to Co0 by the DMAB
which would remove any electrostatic attraction be-
tween Con� and the support to permit some of the Co0

to erode into the ED bath.
Core/Shell Structure. HRTEM images were taken of

Pt�Co/C samples with high Pt:Co atomic ratios so that
if Co core/Pt shell structures were formed, they
would be easier to observe by electron micros-
copy. Sample images of Pt�Co/C are given in
Figure 1a�c; there is clearly a darker center in
the middle of each particle indicating the pres-
ence of a lower atomic weight species, Co in
this case. Surrounding the Co core is a brighter
shell of Pt (higher atomic weight). For compari-
son, Figure 1d shows a sample of 20 wt % Pt/
XC-72 Vulcan carbon, a commercially available
catalyst often used in fuel cell studies. As ex-
pected for a monometallic Pt catalyst, there is
no contrast in the imaged particle. Further,
even though all Pt�Co/C samples were pre-
pared at T � 80 °C, the Pt shell exists in a well-
ordered, periodic lattice structure. This indi-
cates that the deposition of Pt occurs in a
controlled fashion and not in a spontaneous
manner. Usually such order in supported par-
ticles is found for samples exposed to much
higher temperatures.

While Figure 1 clearly shows that the elec-
troless deposition of Pt on Co/C produces Co
core/Pt shell nanoparticles, the observed shells
were too thick to give high Pt dispersion and
the desired modification of the Pt surface by
the Co core. A thinner but still complete Pt shell

would give higher Pt dispersion and a greater likeli-
hood of Co�Pt interaction. Because ED methods per-
mit controlled rates and amounts of Pt on precursor
surfaces,65,66 it should be possible to form a thin shell
of Pt on the Co core if the surface area of the Co par-
ticles can be determined. Unfortunately, H2 chemisorp-
tion, the preferred method for measuring the active sur-
face areas of metal catalysts, cannot be used for Co/C
because the Co must be completely reduced to the me-
tallic state prior to H2 chemisorption. The literature rec-
ommends reduction in H2 at high temperatures (�400
°C) for 4 to 16 h.69�72 Such high temperatures would al-
most certainly result in sintering and agglomeration
(in addition to possible catalytic reduction of the car-
bon support to CH4) and do not represent conditions
similar to the reduction of the Co in the ED bath imme-
diately prior to Pt deposition.

To estimate the surface area of the Co particles dur-
ing electroless deposition, Co particle sizes of different
weight loadings of Co/C samples were measured by
TEM after ex situ reduction in a sodium borohydride
bath at room temperature. The Co particle size distribu-
tions are shown in Figure 2; a statistically relevant num-
ber of particles was counted for each sample. The par-
ticle size distributions are all coincidental and show
maxima at approximately 5 nm diameter, indicating
that increasing the Co weight loading from 0.05 to 0.5
wt % resulted in a greater number of similar-sized Co
particles and not Co particle growth. These particle size
distributions correspond to an average Co diameter of

Figure 1. HRTEM images of Pt�Co/C (a�c) samples prepared by the electroless
deposition of Pt at 80 °C: (a) 12.5% Pt on 1.0% Co/C; (b) 8.0% Pt on 1.0% Co/C; (c)
4.5% Pt on 1.0% Co/C; and (d) commercial 20% Pt/XC-72 carbon shown for
comparison.

TABLE 2. Effect of Bath Composition on Erosion of Co in
ED Batha

condition of ED bath when liquid sample taken �g Co in ED bath

PtCl6
2� � citrate � DI-H2O, pH � 11, T � 80 °C 0

above � 20 min after Co/C added 21
above � 5 min after 1st batch of DMAB added 1027
above � 20 min after 1st batch of DMAB added 1148

aConditions of experiment: 1:10:5 � PtCl6
2�/DMAB/citrate mole ratio; 1/2 DMAB

added at both 0 and 20 min. Deposition time � 40 min. Temperature of ED � 80
°C; 2500 �g of Co on precursor catalyst when added to ED bath.
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approximately 6.0 nm; the active Co surface area, or

the area upon which Pt can be electrolessly deposited,

is statistically calculated from the particle size distribu-

tions. The Co surface area of each different particle size

is computed individually and normalized by the frac-

tion of that particle size relative to the total number of

particles counted. The total surface area is then deter-

mined by summation of all the particle size areas. For a

2.0% Co/C catalyst and assuming monodisperse Pt

deposition, approximately 1.1 wt % Pt corresponds to

a single Pt monolayer (ML) coverage. This estimate is

only approximate and may be higher than the actual

amount of Pt actually needed for monolayer coverage

since the Co weight loading of 2.0% is greater than
those shown in Figure 2 and there may be some par-
ticle growth of Co between 0.5 and 2.0% Co. Still, this
calculation provides a useful starting point for estimat-
ing the amount of Pt necessary for complete encapsu-
lation of the Co core.

To better determine the Pt weight loading and Pt:Co
atomic ratio that results in one monolayer of Pt cover-
age on a 2.0% Co/C sample, a series of Pt�Co/C
samples were prepared using the same 2.0% Co/C pre-
cursor catalyst; 0.3, 0.5, 0.7, 1.2, and 11.6 wt % Pt were
electrolessly deposited to give the corresponding Pt:Co
atomic ratios of 0.05, 0.08, 0.11, 0.18, and 1.75, respec-
tively. The Pt�Co/C and Co/C samples were then ana-
lyzed by temperature-programmed methods. Prior
studies indicated that the differences in temperature
of H2O desorption (as a reaction product) during Pt and
Co reduction are large enough to distinguish between
the two metals. The H2O desorption/Pt reduction peak
for Pt/C occurs between 25 and 100 °C while that for
Co/C is approximately 400 °C. Before temperature-
programmed reduction, all samples were pretreated in
flowing Ar at elevated temperatures (350 or 425 °C) to
remove all physically adsorbed H2O on the catalyst; af-
ter this Ar pretreatment, the appearance of H2O during
TPR can be attributed to Pt or Co reduction. Immedi-
ately before the TPR experiments, all samples were pre-
treated in flowing 2% O2/balance He by heating the
samples at 10 °C/min to 200 °C to ensure surface oxida-
tion of the metallic components. The TPR experiments
in 2% H2/balance Ar are summarized in Figure 3.

Others have shown72,73 that Pt-assisted reduction of
Co lowers the temperature for reduction of Co oxides,
which is apparent from the TPR curves in Figure 3. The
Co/C monometallic catalyst shows a Co oxide reduction

peak centered at approximately 420 °C. After the ad-
dition of only 0.3% Pt on 2.0% Co/C, the H2O peak
is shifted to approximately 290 °C due to Pt-assisted,
Co oxide reduction. Increasing the Pt weight load-
ing to 0.5% on 2.0% Co/C further reduces the tem-
perature of the H2O peak to 270 °C, consistent with
additional Pt-assisted, Co oxide reduction. Con-
versely, when the Pt loading is increased to 0.7% Pt
on 2.0% Co/C, the H2O peak shifts to higher temper-
atures (335 °C), suggesting the presence of diffu-
sional resistance of H2 to the Co oxide core and/or
diffusion of H2O from the Co core due the existence
of a Pt shell. A further increase in temperature of
the H2O peak to 352 °C is observed for 1.2 wt % Pt
on 2.0 wt % Co/C, indicating the formation of a
thicker Pt shell as more Pt is deposited. When the
Pt loading is increased further (11.6% Pt�2.0% Co/
C), no H2O peak is observed, consistent with the for-
mation of a thick Pt shell at these Pt loadings.

The conclusions from Figure 3 suggest that a
complete shell of electrolessly deposited Pt is
formed on 2.0 wt % Co/C at a Pt weight loading

Figure 2. Particle size distribution curves for 0.5, 0.2, 0.1, and 0.05% Co/C.
Co particles were observed using TEM and size distributions determined
manually. Between 100 and 200 particles were measured for each sample.

Figure 3. Co reduction/H2O desorption during temperature-programmed re-
duction in 2% H2/balance Ar after oxidation in 2% O2/He at 200 °C. Samples are
(from top to bottom) 0.3% Pt�2.0% Co/C, 0.5% Pt�2.0% Co/C, 0.7% Pt�2.0%
Co/C, 1.2% Pt�2.0% Co/C, 11.6% Pt�2.0% Co/C, and 2.0% Co/C. Co reduction/
H2O desorption temperatures are marked on the plots with vertical lines.
Pt�Co/C samples were ramped from 30 to 350 °C, and Co/C was ramped from
30 to 425 °C during TPR at rates of 10 °C/min.
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between 0.5 and 0.7 wt %. These two samples
(0.5 and 0.7 wt % Pt on 2.0 wt % Co/C) were then
investigated using HRTEM. Sample images repre-
sentative of the two samples are shown in Fig-
ure 4. The 0.5% Pt�2.0% Co/C (left) sample ap-
pears to have only partial Pt coverage; Pt atoms
can be clearly identified by the difference in con-
trast (Pt is brighter). There is much Pt in the cen-
ter, but Co is seen to be surface-accessible on the
perimeter of the particle and spreads out over
the carbon surface. Because ED of Pt occurs only
on Co sites and not on the carbon support, the
outline of the underlying Co particle can be de-
termined by the existence of Pt. Thus, it is obvi-
ous there is only a partial Pt shell. The image of
0.7% Pt�2.0% Co/C (right) suggests complete
encapsulation of the Co by the Pt; there is no evidence
of uncovered Co. The higher loadings of Pt on Co
shown in Figure 1 reveal the formation of thicker Pt
shells. There appears to be a critical loading of Pt to
form complete Pt ML coverage between 0.5 and 0.7 wt
% Pt on 2.0% Co/C, which corresponds to a Pt:Co atomic
ratio of approximately 0.1. This weight loading is some-
what less than that predicted by estimation of the Co
particle size diameter which predicted that �1.1 wt %
Pt would be necessary to completely encapsulate a
2.0% Co/C sample but is certainly within experimental
error given the complexity of this system and assump-
tions made in the calculations of Co surface areas for
different Co weight loadings.

Corrosion Characterization. One of the advantages of a
core/shell structure is that a complete Pt shell should
stabilize a base metal core such as Co from corrosion in
an acidic environment. As shown in Figures 1 and 4,
ED of sufficient Pt on Co/C should produce bimetallic
particles with Pt-encapsulated Co cores.
The extent of Co protection by Pt can be
determined by immersing the Pt�Co/C
compositions in an H2SO4 bath, while liq-
uid analysis tracks the extent of Co leach-
ing into the acid bath as a function of
time. The results in Figure 5 show the re-
sults from a typical corrosion experi-
ment, where the Co from a Co/C precur-
sor catalyst and different Pt�Co/C
compositions are leached into the acidic
solution. As expected, the Co/C precursor
catalyst loses essentially all Co in the
first minute. However, substantial frac-
tions of Co are also leached from all of
the Pt�Co/C catalysts, with the largest
amount of that loss occurring within the
first minute. While there is a clear trend
that increasing the Pt:Co atomic ratio in-
creases the resistance to Co corrosion, all
samples initially have Pt:Co atomic ratios
greater than �0.1 and should have

greater resistance to Co corrosion. The extent of corro-
sion does decrease with increasing Pt coverages, how-
ever, indicating that the presence of Pt does lower Co
corrosion.

Since nearly all of the corrosion is rapid and occurs
in the first minute, it suggests that not all Co/C atoms
were encapsulated by Pt. If some of the Co exists as lone
atoms or very small particles, they may not be capable
of activating the reducing agent (DMAB) that precedes
Pt deposition. Earlier work by Lelental74,75 indicated that
a precursor catalyst particle must contain at least two
to four (noble metal) atoms to activate DMAB. To test
the possibility that some of the Co particles were sub-
critical in size for Pt deposition, a Co/C precursor cata-
lyst, normally prereduced in a NaBH4 bath at room tem-
perature, was prereduced in H2 at 400 °C for 2 h to
effect sintering of Co to form larger particles. Roughly
equal masses of Pt were then electrolessly deposited on
the NaBH4-reduced and the H2-reduced Co/C precur-
sor catalysts. These different Co/C and Pt�Co/C

Figure 4. HRTEM images of 0.5% Pt�2.0% Co/C (left) and 0.7% Pt�2.0% Co/C (right)
prepared by ED. The 0.5% Pt partially covers the Co as indicated by the bright
patches in the middle; however, surface accessible Co remains oxidized and spread
out over the carbon surface; 0.7% Pt results in apparent Co coverage by the Pt,
and there is no indication of exposed Co on the carbon surface.

Figure 5. Fraction of Co leached from Pt�Co/C and Co/C samples in 0.3 M H2SO4 solution
that was deaerated with bubbling N2 before leaching experiments.
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catalysts were subjected to the same
corrosion test as used for Figure 5, and
the results are given in Figure 6. Both the
H2- and NaBH4-reduced Co/C samples ex-
hibited very high extents of corrosion in
the first minute, although, as expected,
the higher loadings of Pt gave lower lev-
els of Co corrosion. Surprisingly, the
Pt�Co/C catalysts prepared from the H2-
reduced Co/C samples had less resistance
to Co corrosion than the analogous cata-
lysts prepared by NaBH4-reduced Co/C.
The high temperature reduction in H2 did
form very large Co particles as corrobo-
rated by HRTEM, so subcritically sized Co
particles unable to activate DMAB are
not responsible for the Co corrosion in
Figure 5. Further, the larger Co particles
formed by H2 reduction have less sur-
face area compared to the Co particles
formed by NaBH4 reduction, so the Pt
shells should be thicker for the H2-
reduced Co particles. The corrosion re-
sults in Figure 6 are not consistent with
this hypothesis.

Figure 6. Effect of Co reduction methods on fraction of Co leached in 0.3 M H2SO4 solution that was deaerated with bub-
bling N2 before leaching experiments. The Co/C catalysts were prereduced in NaBH4 at room temperature or in H2 at 400 °C
(top left) and subjected to ED of Pt to form Pt:Co atomic ratios of 0.05 (top right), 0.15 (bottom left), and 0.30 (bottom right).

Figure 7. Effect of electrolessly deposited Pt on the rate of Co leaching from Pt�Co/C in 0.3
and 0.03 mM H2SO4. Co is leached from a 7.3% Co/C (NaBH4-reduced) precursor catalyst (top
left), 1.4% Pt�7.2% Co/C (Pt:Co atomic ratio � 0.06, top right), and 3.1% Pt�6.6% Co/C (Pt:Co
atomic ratio � 0.14, bottom left). A comparison of the rates of Co leaching for 0.03 mM H2SO4

is given in the bottom right.
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To determine whether the deposited Pt
lowered the rates of Co corrosion within the
first minute, a more dilute H2SO4 solution was
used. The 0.3 M H2SO4 solution was diluted by
factors of 103 and 104 to 0.3 and 0.03 mM con-
centrations, respectively, and the results are
given in Figure 7 for the Co/C precursor
sample and different coverages of Pt on Co/C
(same samples as in Figure 6). As expected, the
rates of Co leaching were lower for the 0.03
and 0.3 mM H2SO4 solutions. When Co leach-
ing rates for the different samples are com-
pared for 0.03 mM H2SO4, it is clear that the
presence of the Pt does restrict the rate of Co
loss compared to the Co/C precursor catalyst.
However, the difference in rates of Co leaching
for the two Pt�Co/C samples is quite small
and implies a mechanism of Pt growth that is
not layer-by-layer encapsulation of Co.

Several contradictions arise from the corro-
sion data in Figures 5�7 and the HRTEM im-
ages presented in Figures 1 and 4. The thicker
Pt shells deposited on H2-reduced Co/C do not
result in improved Co resistance to corrosion,
but actually result in more Co leaching than for
the thinner Pt shells deposited on NaBH4-
reduced Co/C. Further, while the presence of
Pt on Co/C does lower the rate of Co leaching,
additional deposition of more Pt does not ap-
preciably increase the resistance of the Co to
corrosion, although the much higher Pt load-
ings present in Pt0.54Co and Pt2.26Co samples
(Figure 5) do substantially suppress Co leach-
ing. To resolve these conflicts, the structures of
several Pt�Co/C catalysts were further exam-
ined with HRTEM. Figure 8 presents a compila-
tion of several different Pt�Co/C catalysts pre-
pared by electroless deposition of Pt at room
temperature. Figure 8a�d shows images of different
particles from 1.2% Pt�7.6% Co/C (NaBH4 reduced)
which correspond to a Pt:Co atomic ratio of 0.05. From
the data in Figure 3, a Pt:Co atomic ratio of 0.05 should
form slightly less than 1 ML of Pt coverage on the Co/C
precursor catalyst, assuming the Co particle sizes for
7.6% Co/C are not appreciably different than those for
2% Co/C. In Figure 8a,b, Pt appears to be deposited as
a partial shell over the Co core. However, Figure 8c,d,
which shows larger Co particles from the same sample,
indicates that Pt is deposited as three-dimensional ag-
gregates on the Co surface. Figure 8e,f shows two dif-
ferent particles from a sample containing 4.8% Pt�5.6%
Co/C (NaBH4-reduced) that has a much higher Pt:Co
atomic ratio of 0.26. The particle in Figure 8e shows
complete encapsulation of the Co core by a Pt shell,
suggesting layered Pt deposition; conversely, Figure 8f
shows extensive Pt aggregation on the Co core. These
images represent a consistent trend observed with

other HRTEM micrographs in which “small” Co par-

ticles (�6 nm) result in Pt shell formation, while “large”

Co particles (�10 nm) favor the formation of Pt aggre-

gates on the Co surface. This marked difference in ap-

pearance of Pt�Co particles suggests the mechanism of

Pt deposition is dependent on Co particle size.

There are two potential reasons why larger Co pre-

cursor particles favor deposition of Pt as aggregates,

rather than as a shell. First, the “large” Co particles may

be just an agglomeration of smaller particles creating

an irregular surface which makes it very difficult to de-

posit Pt as a layer. Second, if the “large” Co particles are

actually large single particles and not an agglomera-

tion of smaller particles, the surfaces would more

closely resemble that of a Co single-crystal surface.

Much of the Pt�Co work to date has focused on vapor

deposition of Pt on Co single-crystal surfaces such as

Co(0001), which has been found to favor formation of

Pt aggregates.76�79

Figure 8. HRTEM images of 1.2% Pt�7.6% Co/C (a�d) and 4.8% Pt�5.6% Co/C
(e,f) prepared by ED of Pt at room temperature. The partial shell coverage of small
Co particles by Pt in (a) and (b) contrasts with the three-dimensional Pt aggre-
gates on the larger Co particles in (c) and (d). (e) Complete encapsulation of a
smaller Co particle compared to extensive Pt aggregation on a larger Co particle
in (f).
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Because the structure of Pt�Co particles appears to

change with Co precursor particle size, it is necessary

to measure the effect of acid treatment on different-

sized particles instead of the catalyst as a whole. To de-

termine the atomic composition of individual Pt�Co

particles both before and after Co leaching in 0.3 M

H2SO4 for 1 h, small and large Pt�Co particles from a

1.2% Pt�7.6% Co/C catalyst (Pt:Co atomic ratio � 0.05)

were imaged with HRTEM and the atomic composi-

tions were determined by energy dispersive X-ray (EDX)

analysis. These results are presented in Figures 9 and

10 for a small Pt�Co/C particle and a large Pt�Co/C

particle, respectively. Only one EDX spectrum and HR-

TEM image are shown for each particle size before and

after acid treatment; however, the calculated composi-

tion which is included in the figure represents an aver-

age of several such particles that were analyzed. The

stoichiometry of the sample prior to acid treatment is

found at the top of each figure, while after acid treat-

ment, the stoichiometry is shown at the bottom. Inte-

gration of the Co and Pt peak areas provides an atomic

composition for a given particle. This calculation is per-

formed by the EDX control program (INCA software)

and includes a calculation of the theoretical relative

X-ray emission efficiencies of Pt and Co to make a more

accurate estimate of the particle composition in Table

3. Note that in Table 3 and Figures 9 and 10 we show

atomic compositions as Pt1.0Cox to more easily com-

pare compositions before and after acid treatment

since Pt is not leached during acid treatment (con-

firmed by AA analysis).

For the small Pt�Co particle before acid treatment

(top of Figure 9), both Co and Pt peaks are clearly iden-

tifiable to give a calculated estimate of Pt1.0Co0.9 compo-

sition for this small particle. After corrosion of Co (bot-

tom of Figure 9), the Co peaks are much smaller than

the Pt and Cu (from the Cu grid on which the sample

was placed) peaks, indicating loss of Co; the calculated

composition is Pt1.0Co0.2 representing a 78% loss of Co.

By comparison, the fraction of Co leached from the

large Pt�Co particle is much greater, as shown in Fig-

ure 10. In Figure 10, the Co peak before acid treatment

is larger than the Pt and Cu peaks; however, after acid

treatment, the Co peaks are barely observed. Further,

the calculated composition drops from Pt1.0Co5.0 (before

acid) to Pt1.0Co0.1 (after acid), a loss of 99% of the Co, a

Figure 9. EDX spectra and HRTEM images for small Pt�Co/C
particle from 1.2% Pt�7.6% Co/C before (top) and after (bot-
tom) acid treatment in 0.3 M H2SO4. The Pt:Co atomic ratio
changes from 1.0:0.9 to 1.0:0.2, a loss of 77% of the Co.

Figure 10. EDX spectra and HRTEM images for large Pt�Co/C
particle from 1.2% Pt�7.6% Co/C before (top) and after (bot-
tom) acid treatment in 0.3 M H2SO4. Pt:Co atomic ratio
changes from 1.0:5.0 to 1.0:0.1, a loss of 99% of the Co.

TABLE 3. Composition of 1.2% Pt�7.6% Co/C (Bulk
Composition) as a Function of Co Particle Size Prior to and
after Immersion in 0.3 M H2SO4 for 1 h

particle Co:Pt atomic ratio (Pt1.0Cox) % Co lost after acid treatment

small,a before H2SO4 0.9:1 n/a
small,a after H2SO4 0.2:1 77
large,b before H2SO4 5.0:1 n/a
large,b after H2SO4 0.1:1 99

aSmall particle �6 nm. bLarge particle �10 nm.
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much greater compositional change
than observed for the small Pt�Co par-
ticle. This result supports a growth
mechanism of Pt aggregates on larger
Co particles and layered deposition of
Pt to form shells on smaller Co particles.
This results in at least partial encapsula-
tion by Pt of the smaller Co particles,
while the larger Co particles are not ad-
equately protected by the Pt against
corrosion. However, even the strongly
implied existence of Pt shells over a Co
core does not completely protect the
Co core from corrosion, indicating fur-
ther work is needed to prepare optimal
compositions of Pt shell/Co core par-
ticles. The relatively uneven and poor
control over Co particle sizes also indi-
cates that much work remains to be
done to determine the factors that af-
fect Co particle formation. For this bi-
metallic system, the electroless deposi-
tion of Pt appears to be better
understood than Co particle formation.

ORR Activity Characterization. The ORR

activity of several Pt�Co/C catalysts

was determined and compared to a commercially avail-

able E-tek Pt/C catalyst using a rotating disk electrode

(RDE). The electrolyte was saturated with O2 prior to

each recorded polarization curve; six polarization curves

were taken for each catalyst film, all at 1000 rpm. Tafel

regions in the polarization curves, identified by the lin-

ear section from a plot of overpotential versus ln ik, were

analyzed to determine the Tafel slope, the exchange

current density, and the cathodic transfer coefficient.

The Tafel region was between approximately �0.1 and

�0.2 V of overpotential, while mass transfer effects be-

came apparent at overpotentials less than �0.3 V. Over-

potentials were calculated by subtracting the open cir-

cuit voltage of the cathode relative to the reference

electrode at the beginning of each experiment from

the voltage at a particular current during the experi-

ment measured relative to the reference electrode. The

calculations to determine the kinetic coefficients can

be found in the literature.80 The calculated exchange

current density (i0), an excellent tool to compare the

relative activities of different electrocatalysts, is given

in Figure 11 as a function of the Pt:Co atomic ratio (the

commercial Pt/C data are represented by horizontal

lines). The exchange current density is normalized to

both the Pt mass (left axis) and the Pt surface area (right

axis), which was determined by H2 chemisorption. The

TPR data presented in Figure 3 indicate that O precov-

ered Co will not reduce at temperatures less than 225

°C. Thus, pulsing H2 over the O precovered Pt�Co/C

catalysts at ambient temperature will titrate only the

Pt surface sites and not Co, permitting determination

of the Pt surface area.

Three different groups of Pt�Co/C catalysts were

tested: three Pt�Co/C samples prepared from H2-

reduced Co/C (Co corrosion tested in Figure 6), three

Pt�Co/C samples prepared from NaBH4-reduced Co/C

(Co corrosion tested in Figure 6), and a second set of

Pt�Co/C samples prepared from a different NaBH4-

reduced precursor catalyst. Previous work indicated

that the 0.1 M HClO4 electrolyte used in the RDE experi-

ments leached Co as effectively as the 0.3 M H2SO4

acid used in the corrosion experiments. Therefore, the

kinetic data reported in Figure 11 take into account the

initial loss of Co that was observed in Figure 6. For all

three sets of Pt�Co/C samples, the highest ORR activ-

ity was achieved at the lowest Pt:Co atomic ratio, indi-

cating that the sample with the thinnest Pt shell yields

the greatest activity enhancement. On a Pt mass basis,

only those Pt�Co/C catalysts with the lowest Pt:Co

atomic ratios for the H2-reduced and NaBH4-reduced

Co/C groups have ORR activities higher than that for the

commercially available Pt/C catalyst. Conversely, on a

Pt surface area basis, all Pt�Co/C samples exhibit

higher ORR activities than the E-tek Pt/C catalyst. Since

most of the Co has already been corroded when these

measurements were taken, the small fraction of remain-

ing Co must cause the ORR activity enhancements and

be fully encapsulated by a Pt shell (otherwise it would

be fully corroded). Last, it is interesting to note that the

Pt site specific i0 values for the catalysts prepared with

NaBH4-reduced Co/C are relatively greater than the

Figure 11. Exchange current densities of Pt�Co/C and Pt/C catalysts expressed as a
function of the Pt:Co atomic ratio (Pt/C data represented by horizontal lines). Exchange
current densities are normalized to the mass of Pt (left axis, filled markers, solid lines)
and the number of surface sites (right axis, hollow markers, dotted lines) as measured
by H chemisorption.
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mass specific i0 and that this trend is reversed for the
catalysts prepared with H2-reduced Co/C. This observa-
tion underscores the effect that large Co particles (a
greater fraction of which are present in the H2-reduced
Co/C than the NaBH4-reduced Co/C) result in three-

dimensional Pt growth (which have no activity en-
hancement after Co leaching), while small Co particles
encourage layer-by-layer Pt deposition at room temper-
ature (and would maintain an activity enhancement af-
ter Co corrosion).

METHODS
Catalyst Synthesis. Using the general procedure of previous

work,8,66 Vulcan XC-72 (254 m2/g81) from Cabot Corporation was
cleaned and oxidized in 5 M HNO3 for 2 h at 50 °C and then rinsed
with deionized water (DI-H2O) and dried under vacuum. This oxi-
dative treatment forms carboxylic acid (RCOOH) groups on the
carbon surface. The carbon was then treated at 50 °C in a pH 14
bath for 60 min to deprotonate the carboxylic acid groups to
form the corresponding carboxylate (RCOO�) surface species,
which electrostatically interact with cationic metal salts to form
more highly dispersed metal precursor catalysts (after a reduc-
tion treatment) as demonstrated previously.66 Cobalt was im-
pregnated on the support by dissolving an appropriate quan-
tity of CoCl2 in approximately 20 mL of ethanol and then
slurrying with the pretreated carbon support. Excess solvent
was removed by rotary evaporation at 65 °C under vacuum. The
Co was then reduced by either room temperature exposure to
an aqueous sodium borohydride bath (molar ratio of BH4

�/Co2�

� 10) or in flowing H2 at 400 °C in a tubular reactor. Platinum was
electrolessly deposited on the cobalt using an ED bath contain-
ing H2PtCl6, dimethylamine borane (DMAB), and sodium citrate,
where DMAB is the chemical reducing agent and sodium citrate
is the stabilizing agent. All electroless deposition baths were
composed of a 1:10:5 molar ratio of Pt/DMAB/citrate at an ini-
tial pH of 11; half of the DMAB was added initially and the re-
maining DMAB added 20 min later. Deposition times were kept
constant at 40 min, and the temperature was maintained at 80
°C, 60 °C, or ambient temperature; previous work had indicated
that deposition of Pt was essentially complete after 30 min.

Characterization Methods. Percent weight loadings of Pt and Co
(defined as 100 � gmetal/gcatalyst) were determined by atomic ab-
sorption (Perkin-Elmer 3300 spectrometer) using conventional
analysis protocols. HRTEM images were taken with a JEOL JEM
2100F 200 kV FEG-STEM/TEM equipped with a CEOS C corrector
on the illumination system. Geometrical aberrations were mea-
sured and controlled to provide less than a �/4 phase shift of the
incoming electron wave over the probe-defining aperture of
15.4 mrad. High angle, annular dark-field (HAADF) STEM images
were acquired on a Fischione Model 3000 HAADF detector with a
camera length such that the inner cutoff angle of the detector
was 50 mrad. The scanning acquisition was synchronized to the
60 Hz ac electrical power to minimize 60 Hz noise in the images;
finally, a pixel dwell time of 32 �s was selected.

Temperature-programmed reduction studies were con-
ducted using approximately 50 mg of powdered sample that
was loaded into a miniature Pyrex or quartz reactor that was
placed in a custom, split tube furnace capable of being heated
at linear rates from 2 to 50 °C/min. Sample temperatures were
measured by a thermocouple embedded in the catalyst bed. All
gases were supplied by National Welders and passed through
H2O and O2 scrubbers (with the exception of the 10% O2/He gas
mixture which was passed through only the H2O scrubber) sup-
plied by Restek. Gas flow rates over the samples were controlled
with Brooks mass flow controllers, and an MDC variable leak
valve was used to adjust gas leak rates into an Inficon Transpec-
tor 2 residual gas analyzer. Mass intensity data for the gases of in-
terest and sample temperature were collected and stored in a
dedicated computer. Before TPR analysis, all samples were pre-
treated in flowing Ar at elevated temperatures, 350 °C for bime-
tallic Pt�Co/C and 425 °C for Co/C samples, to remove physically
bound H2O. The samples were then cooled to 30 °C in flowing
Ar, and the gas flow changed to 2% O2/balance He (50 sccm).
Samples were ramped to 200 at 10 °C/min before cooling to am-
bient temperature. The purpose of this step was to ensure oxy-
gen coverage of the Pt and Co surfaces before temperature-

programmed reduction. After flushing in flowing Ar, TPR
experiments (10 °C/min) in 2% H2/balance Ar (50 sccm) were
conducted.

For corrosion experiments, 0.01 g of the Co/C precursor cata-
lyst or the ED Pt�Co/C catalyst was immersed in 150 mL of 0.3
M, 0.3 mM, or 0.03 mM H2SO4 solutions. The acidic solution was
deaerated prior to and during all experiments by bubbling N2 to
remove any interference from the oxygen electrode on corro-
sion of the Co by the hydrogen electrode. Liquid samples were
withdrawn from the solution at different time intervals and
passed through a 0.2 �m pore filter to remove any solids. The
Co concentration of the samples was measured by atomic ab-
sorption (Perkin-Elmer atomic absorption spectrometer 3300) us-
ing conventional analysis protocols. After the corrosion experi-
ments were completed, the samples were filtered, washed
repeatedly, and dried under vacuum.

Electrochemical characterization was conducted using a
glassy carbon, rotating disk electrode (RDE) with a surface area
of 0.287 cm2 attached to a Pine Instruments AFASR rotator and
a Princeton Applied Research PAR-283 potentiostat. Catalyst
films were deposited on the RDE from sonicated aliquots of a
suspension containing 5 mg catalyst/mL solution (1:1 volume ra-
tio of H2O/isopropyl alcohol) to give a film containing 5 �g of
Pt per film. The catalyst films were fixed to the RDE with aliquots
of a Nafion solution (1:20 isopropyl alcohol/Nafion) such that
the ratio between the volume of Nafion solution and the mass
of catalyst in the film was always 0.1 �L/�g catalyst. This was to
ensure that all reported ORR activities were not affected by dif-
ferent O2 diffusional resistances caused by the Nafion, which was
shown to have an order of magnitude effect on ORR activity.
Three replicate films for each sample were used to obtain the ki-
netic data. A standard calomel electrode, isolated from the sys-
tem by a Luggin capillary, was used as the reference electrode,
and voltages were reported relative to the standard hydrogen
electrode (SHE). The counter electrode was a Pt wire which was
also isolated by enclosure in a glass tube with a fritted tip. The
electrolyte (0.1 M HClO4) was saturated with O2 prior to measur-
ing polarization curves that were taken at 5 mV/s at a rotation
speed of 1000 rpm. All ORR measurements were taken at ambi-
ent temperature.

To normalize the ORR activity to the Pt surface area, the Pt
site concentrations for the Pt�Co/C and Pt/C samples were de-
termined by H2 chemisorption using a Micromeritics AutoChem
2920 chemisorption analyzer. The Pt component (but not the Co)
was readily reduced in H2 at 150 °C before being exposed at 25
°C to O2 from a flowing 10% O2/90% He gas stream. Hydrogen
was then pulsed over the oxygen precovered Pt surface, and up-
take of H2 was measured by a thermal conductivity detector.
The number of Pt surface sites was determined using a stoichi-
ometry of 1 Pt atom�3/2 H2 molecules according to reaction 4
given below.
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