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Fuel Cells
Jeff N. Soderberg,a Aislinn H. C. Sirk,a Stephen A. Campbell,b,* and
Viola I. Birssa,*,z

aDepartment of Chemistry, University of Calgary, Calgary, Alberta, Canada T2N 1N4
bBallard Power Systems, Burnaby, British Columbia, Canada V5J 5J9

A route toward the synthesis of several Pt/Co-based catalysts for the oxygen reduction reaction �ORR� in proton exchange
membrane �PEM� fuel cells is described here. The composition of these catalysts has been determined by X-ray diffraction studies,
while their electrochemical activity was established using slow sweep cyclic voltammetry in 0.5 M H2SO4 at room temperature.
We have found that by mixing a Co oxide sol precursor with Pt supported on carbon �Pt/C�, followed by heat-treatment at 700 or
900°C, the active PtCo alloy catalyst is formed. In contrast, when exactly the same procedure is followed but a Co oxide
sol-derived Co/N/C catalytic material is employed, Pt3Co alloy catalysts, which are somewhat less active toward the ORR, are
formed. Catalysts formed by heating at 900°C are more active than those formed at 700°C, and all of our Pt/Co catalysts are more
active toward the ORR than pure Pt on carbon.
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Hydrogen-fueled proton exchange membrane �PEM� fuel cells
demonstrate great promise as future energy sources, as they convert
chemical energy to electrical energy with a significantly greater ef-
ficiency than in standard combustion processes. Furthermore, as
PEM fuel cells run on clean H2 at low temperatures �below 100°C�,
they produce no particulates, NOx, SOx, or CO2, and are therefore
considered to be environmentally friendly. The only by-products of
the PEM fuel cell are heat and water. However, the widespread
commercialization of PEM fuel cells has been hindered by a number
of factors, including the challenges of implementing a hydrogen
infrastructure, the cost of fuel cell manufacturing, and limitations in
terms of fuel cell performance and durability.

Currently, both the anode and cathode electrocatalysts in the
PEM fuel cell are composed of Pt distributed on a high-surface-area
carbon support. While H2 oxidation is kinetically rapid at the Pt
anode, a significant voltage loss occurs at the Pt cathode, as the
kinetics of the O2 reduction reaction �ORR� are extremely sluggish,
even at Pt catalysts. Therefore, there is a substantial effort currently
underway to develop an alternative, more efficient, and lower cost
cathode electrocatalyst for the ORR in PEM fuel cells.

One promising area of investigation has involved the alloying of
Pt with transition metals such as Co,1-13 Ni,7,10,14 Cr,1,5 Co–Cr,2,6

and Co–Ni.8,9 Many of these catalysts were initially developed for
the ORR in phosphoric acid fuel cells15 but have also been found to
perform well in PEM fuel cells, giving reported enhancements in
activity of as much as five times.1,10,11 A number of explanations for
the improvement in activity by the addition of less noble metals to
Pt have been given, including the lowering of the Pt oxidation state,6

the suppression of Pt oxide formation,6,9 the formation of a new
electronic structure with higher Pt 5d orbital vacancies,5 a decrease
in the Pt–Pt distance, and therefore a more favorable adsorption of
O2,5 and the formation of a catalytic, thin Pt skin on the surface of
the alloy.3,4,11

Another avenue of pursuit in replacing pure Pt cathodes has in-
volved the use of N- and C-containing metal �Co, Fe, etc.� macro-
cycles, which after heat-treatment to 500–1000°C in an inert atmo-
sphere, also produce active, fairly stable ORR catalyst materials.16

This heat-treatment step is known to partially or completely break
down the macrocyclic ring, although the nature of the active sites
which result are still the subject of much debate.17 It has further
been demonstrated that simpler Fe-18,19 and Co-based precursors20-23

can yield good ORR electrocatalysts, as long as C and N are also
present. Methods that have been used to prepare such catalysts in-
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clude sputtercoating Co and C together in a N2 atmosphere,23 incor-
poration of anionic Co species into an oxidized polypyrrole film,20

heat-treatment of Co salts on carbon powder,22 and electric arc pro-
duction of carbon-coated Co nanocrystallites21 under flowing
acetonitrile.

In this direction, we have recently synthesized some promising
ORR catalysts using a Co oxide sol as the starting material, followed
by the addition of relatively simple N- and C-containing ligands,
such as ethylenediamine or 1,2-phenylenediamine24-26 into the sol,
and then heat-treating these materials under a N2 atmosphere to-
gether with carbon powder. These Co oxide sol-derived catalysts
were found to be more active toward the ORR than any previously
reported Co-based catalysts. However, while the cost of these cata-
lysts is clearly significantly lower than Pt �500–1000x�, their activity
is still less than Pt and less than required for many applications.

Therefore, the primary goal of this work was to combine our
sol-derived Co-based catalyst with Pt and to determine whether any
synergistic catalytic effects or unique catalytic materials could be
generated. We have found that by mixing the Co oxide sol precursor
with Pt supported on carbon �Pt/C�, followed by heat-treatment at
700 or 900°C, active PtCo alloy catalysts are formed. In contrast,
when exactly the same procedure is followed but the Co oxide sol is
replaced by an equivalent molar quantity of our Co oxide sol-
derived Co/N/C catalytic material, Pt3Co alloy catalysts which are
somewhat less active toward the ORR result. We therefore report
here on the synthesis, characterization, and evaluation of these
Pt/Co-containing materials as catalysts for the ORR, showing also
that catalysts are more active when formed at 900 vs 700°C.

Experimental

Synthesis of Co-based percursors (Ref. 24, 26).— 4.4 g of
Co�NO3�2·6H2O were dissolved in 15 mL of absolute ethanol
and refluxed �74°C� for 6 h, followed by 18 h of stirring at
room temperature. 15 mL of ethyl acetate was then added to
prepare a 0.5 M Co oxide sol precursor.27 A 1 mol equiv solution
of ethylenediamine �en� or 1,2-phenylenediamine �phen� was added
dropwise as a 10% w/w solution �en� or a 0.5 M solution �phen�
in 1:1 ethanol:ethyl acetate to a refluxing, stirring solution of
the Co oxide sol over 6 h. After removal of the precipitate,26

two more equivalents of ligand were added. The resulting
Co-containing precursor solutions, ranging in concentration from
0.1 to 0.5 M Co, are referred to as Co oxide-en and Co oxide-phen
sols, distinguishing them from the original, pure Co oxide sol.

20% Pt/C powder �Johnson Matthey� was used as the Pt source
for the synthesis of the three Pt/Co catalysts under study here �Table
I�. The three Co sol-based precursors �Co oxide sol, Co oxide-en,
and Co oxide-phen� were applied directly to the Pt/C powder by
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incipient impregnation,28 with the metal components adjusted to
give a 1:1 Pt:Co atomic ratio. The resulting mixture was allowed to
dry in air at room temperature before heat-treatment �see the follow-
ing section�. For comparison purposes, the Co sol-based precursors
�Table I�, without any Pt, were also applied directly to activated
carbon powder �Vulcan XC72R, Cabot Corp.� and allowed to dry at
room temperature in air.

Procedure for heat-treatment (Ref. 24, 26).— The C-supported
catalyst powders, placed in a quartz tube, first sat under a flow of N2
for at least 1 h prior to being moved into a preheated tube furnace.
The temperature was then held at either 700 or 900°C for 2 h, after
which the samples were removed from the furnace and allowed to
cool, all under a flow of N2. The three heat-treated Pt/Co catalysts,
arising from the three different Co sol precursors dispersed on Pt/C
powder, are coded as follows for the remainder of this paper: Co
oxide sol-based catalyst: Pt/Co-I; Co oxide-en: Pt/Co-II; Co oxide-
phen: Pt/Co-III �Table I�.

Preparation of catalyst/Nafion suspension Ref. 24, 26.— An
11% �w/w� Nafion solution �EW 1100� was diluted with absolute
ethanol to give a 1% �w/w� Nafion mixture and was then mixed
in a 1:1 dry weight ratio with the C powder-supported catalysts
and precursors. The suspension was sonicated for �15 min before
application to the electrode.

Electrochemical assessment of catalysts and determination of
ORR activity.—A 7 mm diam glassy carbon �GC� rotating disk
electrode �RDE� was used to test for the ORR activity of the cata-
lysts �Pt/Co-I, Pt/Co-II, and Pt/Co-III, as well as the precursors, Co
oxide sol, Co oxide-en, Co oxide-phen, and the pure Pt/C powder�.
A three-electrode electrochemical cell was used, containing a mesh
counter electrode �Pt or Pt black� and a reversible hydrogen elec-
trode �RHE� reference electrode. The cell solution of 0.5 M H2SO4
was first purged with vigorously bubbling N2 or O2 and then main-
tained under a N2 or O2 atmosphere at a flow rate of 36 mL/min
during the electrochemical measurements.

To apply the sonicated Nafion-containing suspension to the elec-
trode disk, a micropipette was used for a controlled volume appli-
cation �14 �L�, resulting in a loading ranging from 0.12 to
0.14 mg/cm2 of Pt. This Pt loading is within the normal range re-
ported in the literature, typically 0.1–1.0 mg/cm2,1,2,5,8,9,29 although
loadings as low as �0.014 mg/cm210 have also been employed. The
electrode was then dried at room temperature for approximately 15
min before drying at 105°C for 10 min, all in air.

Cyclic voltammograms �CVs� were collected in a N2-purged
aqueous solution at 25°C with no electrode rotationc to obtain a

cRotation of the electrode did not change the electrochemical response in N2-purged 0.5
M H2SO4, except to introduce some noise and a small ORR signal due to leakage of O2
into the cell with prolonged rotation.

Table I. Details of synthesis of Pt/Co catalystsa.

Catalyst type
Co sol-based

precursor

Volume of
Co precursora

added �mL�

Weight of
20% Pt/C
powder �g�

Pt/Co-I Co oxide sol 0.100 0.2964
�3.03 M�

Pt/Co-II Co oxide-en 0.500 0.0807
�0.17 M�

Pt/Co-III Co oxide-phen 1.500 0.2208
�0.151 M�

a The three Pt/Co catalysts were synthesized by supporting the Co
sol-based precursor on Pt/carbon powder, then heating for 2 h to
either 700 or 900°C, and then mixing with Nafion as a binding agent.
baseline for comparison to the ORR data. The standard test regime
involved cycling the potential between 0.05 and 1.1 V at 10 mV/s
until a steady-state signal was obtained. The cell was then saturated
with O2, as described above, and a CV was run at 10 mV/s at
different rotation rates �0–2000 rpm� using a Pine analytical rotor
�model ASR-2�. The RDE measurements were carried out with an
EG&G PARC 175 function generator used in conjunction with a
Hokuto Denko HA-301 potentiostat. The electrochemical data were
recorded by computer software �Chart4 by PowerLab�. All samples
were subjected to duplicate or triplicate electrochemical tests.

Powder X-ray diffraction analysis (XRD).— A Rigaku Multi-
plex X-ray diffractometer, with an operating voltage of 40 kV and
an operating current of 40 mA, was used to collect the spectra. The
software for data analysis was Jade 6.5. The powdered samples were
placed in shallow Al disk sample holders of 0.5 or 1 mm depth.

Results and Discussion

Characterization of Pt/Co catalyst materials by XRD.— The
three Pt/Co catalysts �Table I� were analyzed by XRD to determine
their composition. All were found to possess a broad signal centered
at a 2� of 25° due to the presence of carbon powder, while
the Pt/C sample also showed the signals for pure Pt, as expected.
Also, in many cases, the Al holder contributed to the pattern,
as seen by the sharp peaks indicated in Fig. 1.

Starting with Pt/Co-I, formed by mixing the Pt/C powder with
the Co oxide sol precursor and heating at either 700 or 900°C, the
pattern clearly shows the presence of both pure Pt and a PtCo alloy

Figure 1. �a� XRD diffraction pattern of Pt/Co-I catalyst material formed by
mixing Co oxide sol with Pt/C powder and heat-treating at 700 or 900°C for
2 h. Lines beneath the patterns show reference peaks for ��� pure Pt and ���
PtCo alloy.36 �b� XRD diffraction patterns of Pt/Co-II and Pt/Co-III catalysts
formed by mixing �Co,N,C,O� �phen or en� materials with Pt/C powder,
followed by heat-treatment for 2 h at 700°C. Lines beneath the pattern show
reference peaks for Pt3Co �*�.37
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�1:1 Pt:Co�, as can be seen in Fig. 1a. The particle sizesd for both of
these phases are small, being ca. 33 and 19 nm for the pure Pt phase
for catalysts prepared at 700 and 900°C, respectively, and 12 and 10
nm for the PtCo alloy for these two preparation temperatures. Nor-
mally, nanoparticles tend to sinter more at higher temperatures, and
as the reverse trend is seen here, this may suggest that somewhat
different thermal decomposition processes are occurring at these two
temperatures.

Considering the 1:1 ratio of Pt and Co in the original synthesis,
the presence of both a PtCo alloy and some pure Pt would lead to
the expectation of a signal for metallic Co as well. However, no pure
Co metal is detected, suggesting �see below� that Co is present in
nanoparticulate form and is therefore not detectable by XRD.

When the Co oxide-en and Co oxide-phen solutions were used as
the precursor materials, yielding Pt/Co-II and Pt/Co-III, respec-
tively, the predominant phase present was found to have a different
stoichiometry, i.e., Pt3Co �Fig. 1b�. The particle sizes for the
Pt/Co-II and Pt/Co-III catalysts were found to be ca. 9 and 10 nm,
and 11 and 13 nm, respectively, for the Pt3Co alloy prepared at 700
and 900°C, respectively. In contrast to Pt/Co-I �above�, the expected
increase in particle size is seen with increased sintering at higher
heat-treatment temperatures. In this case, no obvious lines for pure
Pt are seen, and surprisingly, no metallic Co is again detected. In our
prior study of the phen- and en-derived precursors alone, in the
absence of Pt,24,26,30 while the samples were seen to be very rich in
Co metal by scanning electron microscopy/X-ray photoelectron
spectroscopy �SEM/XPS� analysis, no Co metal was detected by
XRD. The only possible explanation for this is that the Co particle
size in all of these samples is small, i.e., �2 nm, or that an amor-
phous phase of Co or Co oxide exists13 such that the Co metal
cannot be detected by XRD.

Characterization of Pt/Co ORR catalysts by CV in N2-purged
acid solutions.—Figure 2 shows the CV response of the three main
carbon-supported Pt/Co catalysts under study here, Pt/Co-I to -III,
as well as of pure Pt/carbon powder and the pure Co oxide sol
precursor on carbon �Table I� in a N2-purged 0.5 M H2SO4 solution.
These CVs, with the current given per geometric area of the elec-
trode, are for catalysts and precursors heated at 700 and 900°C,
respectively, in Fig. 2a and b.

Notably, the CV �Fig. 2a� for the pure Co oxide sol precursor,
adsorbed on carbon and then heat-treated at 700°C, demonstrates no
particular redox activity and only the relatively featureless response
of carbon powder is seen. The CVs for the Pt/carbon powder
sample, heated at either 700 or 900°C, exhibit the typical features of
Pt, including the hydrogen adsorption/desorption �Hupd� peaks at
negative of 0.3 V and the Pt oxide formation/reduction features cen-
tered at 0.8 V, all superimposed on the capacitive response of the
carbon.

Figure 2a shows that for the three Pt/Co catalysts treated at
700°C, the general characteristics of Pt are still present, although the
currents are uniformly lower, regardless of the precursor material
employed. Also, the onset of Pt oxide formation is shifted slightly
positive vs for Pt/carbon alone. This is similar to what has been
reported previously1 for commercial E-TEK Pt/Co materials. Also,
the relative magnitudes and potentials of the Hupd peaks are differ-
ent for the Pt/Co alloys vs that for Pt. In fact, the potentials of the
peaks are generally a little more positive than for pure Pt �the litera-
ture reports a mixed trend, depending on which peak is examined11�.
All of these characteristics of the CVs of Pt/Co catalysts vs pure Pt
have been reported previously for catalysts obtained commercially
�E-TEK�10 and synthesized metallurgically.11

While there is a slightly greater diminishment of the CV currents
in the case of the Pt/Co-I catalyst �Pt plus PtCo alloy, Fig. 1� vs at
the Pt3Co materials �as also reported in prior literature10�, overall,

dCrystallite size was determined from the peak width at half height and calculated using
the Jade software. Error is estimated at ±1 nm.
these CV responses are similar. While this may not be surprising if
the surface of these materials is Pt-rich �considering also the Pt skin
model3,4,11�, these results do rule out any large differences in their
real surface area. As well, this shows that the Pt/Co surface sites are
not altered, perturbed, or blocked for the ORR as a result of our
synthesis.

In the case of the 900°C-heated catalysts, Fig. 2b shows that all
of the CVs, including that of Pt/carbon, are almost identical in over-
all magnitude, indicative of the similar Pt loadings and active sur-
face areas. While it appears from this figure that Pt/Co-III may have
a slightly smaller surface area, in most cases, the Hupd peaks have a
similar magnitude for both Pt/Co-II and -III. Interestingly, the Hupd
peak potentials in Fig. 2b appear to be more different from those at
Pt/C alone for the 900°C �vs 700°C� heated materials. There is also
clearly less evidence for the presence of sites for weakly adsorbed
hydrogen �peak at ca. 0.1 V� at the Co-containing materials vs at
pure Pt/C.

All of the Pt/Co catalysts were found to be stable �at least for 30
min of cycling� under acidic conditions, as long as the potential was
not extended below 0.0 or above 1.3 V. Therefore, experiments were
generally carried out between 0.05 and 1.1 V to prevent any damage
or deterioration of these ORR catalysts.

Figure 2. �a� CVs �10 mV/s� collected in room-temperature, N2-purged
0.5 M H2SO4, of the three Pt/Co catalysts, Pt/C alone, and the Co oxide
precursor �on carbon powder�, all heat-treated for 2 h at 700°C. These
materials were coated on a non-rotated GC electrode. �b� CVs �10 mV/s�,
collected in room-temperature, N2-purged 0.5 M H2SO4, of the three Pt/Co
catalysts and Pt/C, heat-treated for 2 h at 900°C. These materials were
coated on a non-rotated GC electrode.
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O2 reduction activity of Pt/Co catalysts.— Figure 3 shows the
hydrodynamic voltammetric response, corrected for geometric area,
for a selection of the carbon-supported Pt/Co catalysts, all in
O2-saturated 0.5 M H2SO4 solution. The bare GC electrode �curve
e� shows essentially no ORR activity, as expected. In the presence of
the Co oxide precursor alone �curve d�, only minimal ORR activity
is seen, while when the Co oxide-en precursor is examined, the
ORR activity is much more substantial.24,26 The ORR activity
shown in curve c is in the range of that observed for thermally
decomposed N-containing macrocycles containing Fe or
Co.18,19,24,31

The key comparison to be made, however, is between the pure
Pt/carbon catalysts �curve a� and the sol-derived Pt/Co catalysts
�e.g., Pt/Co-I in curve b of Fig. 3�. In the activation-controlled re-
gion �0.8–1.0 V�, these data clearly show that the Pt/Co-I catalyst is
notably more active toward the ORR than is pure Pt, when both are
supported on carbon. Figure 4 shows a more detailed comparison of
the ORR activity of the three Pt/Co catalysts prepared in this work
with that of Pt/carbon �all catalysts heat-treated to 900°C�. In all

Figure 3. Hydrodynamic voltammetry �10 mV/s, 1000 rpm� of Pt/Co-I
catalyst, several precursors, and Pt/C, all heat-treated for 2 h at 900°C
�except Co oxide-en, which was heat-treated at 700°C�, at GC electrodes in
room-temperature, O2-saturated 0.5 M H2SO4: �a� Pt/C, �b� Pt/Co-I, �c� Co
oxide-en, �d� Co oxide sol, and �e� GC electrode.

Figure 4. Hydrodynamic voltammetry �10 mV/s, 1000 rpm� of the three
Pt/Co catalysts and Pt/C, heat-treated for 2 h at 900°C, at GC electrodes in
room-temperature, O2-saturated 0.5 M H2SO4: �a� Pt/C, �b� Pt/Co-I, �c�
Pt/Co-II, and �d� Pt/Co-III.
cases, the incorporation of Co led to an improvement in the ORR
activity above that of Pt/carbon. While our Pt/Co alloys always
exhibited higher ORR activities than did pure Pt in the kinetically
controlled potential region �0.9–1.0 V�, the magnitude of the limit-
ing currents was often somewhat variable. This arises from the fact
that after the drying step, our catalyst coatings did not always fully
cover the RDE surface, leaving some regions of the GC electrode
uncoated. As a result, the projected geometric area of the RDE var-
ied between experiments, thus impacting on the measured current,
consistent with the predictions of the Levich equation.30,32 These
nonuniform coatings can also be expected to affect the surface po-
rosity, which is also known to affect limiting current.30 However, the
kinetic region of the I/E response is not affected by any of these
coating morphology issues, after correcting for surface area as dis-
cussed below. Although not shown in the figures, only trace amounts
of hydrogen peroxide were detected by rotating ring disk ellipsom-
etry during oxygen reduction at our Pt/Co catalysts, and n, the av-
erage number of electrons involved in the ORR, was always greater
than 3.9.

Figure 5 shows the Tafel plots of data obtained in CV experi-
ments, such as shown in Fig. 4, in the potential range between 0.9
and 1.0 V. The raw data, without making any corrections for surface
area, are shown in the inset to Fig. 5 for Pt/Co catalysts heat-treated
at 900°C. It can be seen that all of the alloy catalysts are more active
toward the ORR than pure Pt/C. In this figure �inset, Fig. 5�, the best
catalyst is the Pt/Co-I catalyst �PtCo alloy� derived from the Co
oxide sol precursor.

A visual inspection of the coatings on the GC substrate showed
that some catalysts more fully covered the substrate than others.
Primarily for this reason, it was considered necessary to examine the
trends in activity when the ORR data were normalized for their
differences in real surface area. Therefore, both the double-layer
capacitance currents in the potential range of 0.35–0.45 V and the
Hupd peak charge densities were calculated and assumed to be pro-
portional to the true Pt/Co surface area. The relative ORR current
densities for the various catalysts, determined in this way, are shown
in Fig. 5. It can be seen that the best ORR catalyst is again the PtCo
alloy, arising from the Co oxide sol precursor, while the Pt3Co alloy,
derived from the en and phen precursors �Table I�, is less active.
This is consistent with the prior literature,10 which has shown that
the 1:1 E-TEK Pt:Co alloy is generally between two and three times
more active toward the ORR than the 3:1 alloy material.

Table II provides a summary of the ORR currents at the selected
potential of 1.0 V in the activation-controlled region for the various

Figure 5. Tafel plots �10 mV/s, 1000 rpm� for the ORR at three Pt/Co
catalysts and Pt/C, heat-treated to 900°C, at GC electrodes in
room-temperature, O2-saturated 0.5 M H2SO4. The ORR current densities
were normalized using the double-layer capacitance measured in N2-purged
solution �see Fig. 3�: �a� Pt/C, �b� Pt/Co-I, �c� Pt/Co-II, and �d� Pt/Co-III.
Inset: Tafel plots using raw �geometric electrode area� current densities.
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catalysts under study, heat-treated at either 700 or 900°C. The
corresponding Tafel slopes are also given for the pure Pt/C and
Pt/Co catalysts. It is seen that the same trends in ORR activity
hold for both the 700 and 900°C heat-treated catalysts, i.e.,
Pt/Co-I � Pt/Co-II � Pt/Co-III � Pt/Co. Therefore, PtCo is more
active than Pt3Co, and the Co oxide-en precursor yields a better
ORR catalyst than the Co oxide-phen precursor. Also, it can be seen
that while the ORR activity appears to be approximately the same
for both the 700 and 900°C Pt/C �no Co� catalysts, the Pt/Co cata-
lysts give improved ORR activity at 900 vs 700°C as measured by
current density at 1.0 V.

It is also noteworthy that the Pt/Co catalysts proved to be stable
in oxygenated 0.5 M H2SO4 solution. Over the length of time of
electrochemical testing �at least 30 min of continuous cycling�, a
stable and reproducible ORR response was obtained. As previous
work has shown that non-noble metal and alloy catalysts can be
unstable under acidic conditions, the stability of our Pt/Co materials,
formed via the sol-gel synthesis route, is promising.

Several important questions emerge from this work. A key un-
certainty is why the Co oxide precursor results in the formation
primarily of the PtCo alloy while the en and phen precursors both
produce Pt3Co. One simple argument could be that the phen and en
ligands enhance the binding of Co to the carbon support in the form
of C,N-containing surface catalytic sites,24,26,30 thus leaving less Co
available for alloying with Pt. Also, the Co oxide precursor may be
more readily thermally decomposed, better allowing the Co to form
the PtCo alloy. Another important factor may be the small amount of
evaporation of the phen- and en-containing catalysts, which occurs
during heat-treatment.19 During heat-treatment, a precipitate is seen
to form on the walls of the quartz tube, most likely due to some Co
metal and ligand, thus lowering the Co content and resulting in the
formation of the Pt-rich Pt3Co alloy.

A second question concerns why the 900°C heat-treated Pt/Co
catalysts are all more active than those formed at 700°C. For the
Pt/Co-I catalyst, this may be related to the unusual diminishment of
the alloy particle size �hence increase in area� with temperature, as
seen by XRD �Fig. 1�.The average particle size for the PtCo phase
was 12 and 10 nm for samples prepared at 700 and 900°C, respec-
tively. As argued earlier, the lack of sintering seen here may indicate
that the thermal processes occurring during catalyst synthesis are not
the same at these two temperatures. For the Pt/Co-II and -III cata-
lysts, the reverse trend is seen. For the Pt/Co-II catalyst, the average
particle size was found to be 9 and 10 nm for samples prepared at
700 and 900°C, respectively, while for the Pt/Co-III catalyst, it was
11 and 13 nm at these two heat-treatment temperatures. It has been
suggested in the literature that an increase in particle size and sub-
sequent decrease in specific surface area can lead to an increase in
activity for Pt catalysts, perhaps due to the increasing exposure of

Table II. Oxygen reduction currents at carbon-supported Pt/Co
catalysts and at Pt/carbon, all corrected for real surface area.a

Catalyst

Catalyst
heat-treatment

temperature �°C�

Current
density
at 1.0 V

�mA/cm2�

Absolute
error in
current
density

�mA/cm2�

Tafel
slope

�mV/dec� ± 4

Pt/Co-I 700 −0.067 0.01 80
Pt/Co-I 900 −0.094 0.01 84
Pt/Co-II 700 −0.057 - 78
Pt/Co-II 900 −0.068 0.01 81
Pt/Co-III 700 −0.053 0.02 72
Pt/Co-III 900 −0.061 0.02 78

Pt/C 700 −0.033 0.002 67
Pt/C 900 −0.032 0.003 72

a Currents converted to current densities using either double-layer
capacitance currents or Hupd charge densities �see text for details�.
the Pt�100� face.5 For the Pt/Co-II and -III catalysts this trend is
seen, perhaps explaining the catalytic activity of our catalysts. How-
ever, for PtCo-I �the Co-oxide derived alloy�, the 900°C heat-treated
catalyst consists of smaller particles �10 nm PtCo, 19 nm Pt� than
the 700°C heat-treated catalyst �12 nm PtCo, 33 nm Pt�, and yet it
exhibits the higher ORR activity, as shown in Table II.

The improvement in the ORR activity at higher preparation tem-
peratures could also be due to a change in the surface crystallinity,
which would affect the ORR activity.33 Alternatively, it may be due
to the reduction of residual PtOxHy, which could form spontaneously
upon exposure to atmosphere, to Pt metal.34 This reduction process
would occur over the first day or two as a fuel cell is run,35 and
therefore the initial oxidation state of the Pt is generally not of great
concern in practice. The absence of any signals for PtOxHy in the
XRD data may indicate that it is present only as a surface species on
the Pt nanoparticles, and thus would not be detectable by XRD.

There is also some evidence that the en-based precursor leads to
higher ORR activity vs phen, perhaps due to a stronger binding of
Co to phen on the carbon powder surface. This may simply result in
less Co free for alloying with Pt in the case of the phen catalyst and
thus a lower yield of Pt3Co. However, more detailed studies of the
nature of the surface species present and the identification of the
active site are needed to answer this and related questions.

Overall, there are a number of benefits to the Pt/Co alloy syn-
thesis reported in the present work. The sol-gel approach is rapid
and facile, with different Pt/Co alloys being formed simply by al-
tering the precursors employed �all at an originally 1:1 ratio of
Pt:Co�. As well, these catalysts appear to be stable in acidic media,
particularly if the upper potential limit is not allowed to exceed 1.3
V. Finally, the activities of the resulting catalysts are all high and
exceed the Pt/C standard.

Conclusion

Several Pt/Co-based catalysts for the ORR in PEM fuel cells
have been synthesized and characterized in this work. These cata-
lysts were formed by mixing together a Co oxide sol gel or a de-
rivative of this �a Co/N/C material�, namely, a sol in which Co is at
least partially complexed by ethylenediamine �en� or 1,2-
diphenylene �phen�, with Pt supported on carbon powder. These
catalysts were then heat-treated at either 700 or 900°C prior to elec-
trochemical testing.

The composition of these catalysts has been determined by XRD
studies, showing that the Co oxide sol precursor leads to the forma-
tion of a PtCo alloy catalyst. When exactly the same procedure was
followed using an equivalent molar quantity of a sol-derived
Co/N/C catalytic material, Pt3Co alloy catalysts were formed. XRD
data also gave an estimate of the PtCo and Pt3Co particle sizes,
found to be in the range of 9–13 nm.

CV of the resulting alloy catalysts in a N2-purged 0.5 M H2SO4
solution showed strong similarities to the signature of Pt, similar to
prior literature reports for these types of Pt/Co alloys. While all of
the currents are somewhat lower than at pure Pt on carbon, the
magnitude of the CVs are still similar, indicating that the yields and
particle sizes are comparable in all cases.

In the presence of oxygen, the PtCo catalysts were found to yield
ORR currents approximately 2–3 times vs at pure Pt/C, while the
Pt3Co catalysts yielded enhancements of only factors of ca. 1.5–2.
There is also some evidence that the en-based precursor leads to
higher ORR activity vs phen, perhaps due to a stronger binding of
Co to phen on the carbon powder surface, thus leaving less Co free
for alloying with Pt. Notably, the ORR activity of all catalysts under
investigation was higher when they were prepared at 900 vs at
700°C. This could be a result of different thermal processes causing
a change in the crystal plane or due to differences in the extent of
surface oxide, PtOxHy, formation.

Overall, the benefits to the Pt/Co alloy synthesis reported in the
present work include the fact that the sol-gel approach is rapid and
facile, and that different Pt/Co alloys can be formed simply by al-
tering the Co precursors employed �all at an originally 1:1 ratio of
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Pt:Co�. As well, our catalysts appear to be stable in acidic media,
particularly if the upper potential limit is not allowed to exceed
1.3 V.
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