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a b s t r a c t

Synthesis of carbon-supported PtCo/C using micro-emulsion method including simultaneous procedure
and sequential procedures in both acid and alkaline media was reported. UV–vis and electron microscopy
were used to characterize the formation, surface morphology and distribution of PtCo nanoparticles.
Crystallite structure of catalysts was analyzed from XRD patterns. Catalytic properties of PtCo/C cata-
lysts synthesized were compared with commercial Pt/C using RDE based on both mass activity (MA)
and specific activity (SA). PtCo/C catalysts prepared in both acidic and basic conditions showed better
eywords:
latinum
obalt
icro-emulsion

everse micelles
RR
eroxide yield

performance than commercial Pt/C catalyst. High-temperature heat treatment was found useful only to
PtCo/C by sequential procedure. The peroxide yield was also explored using RRDE technique. The H2O2

yield results were correlated with SA and R values (ratio of charge transferred about Co and Pt on the
surface of catalyst) obtained from CVs in 1 M KOH solution. A sacrificial Co oxidized effect on impediment
of adsorption of OH may cause higher catalytic properties and higher H2O2 yield to Pt base alloy catalysts.
urface composition effect

. Introduction

Proton exchange membrane fuel cells (PEMFCs) have been
eveloping for transport applications as well as for stationary and
ortable applications due to their high energy density, high effi-
iency, relatively low operating temperature and low emission of
ollutants [1]. Low performance of the oxygen reduction reaction at
he cathode and membrane degradation are two remarkable obsta-
les to the highly successful application in transportation markets
f PEM fuel cells [2–6]. Various Pt based alloy catalysts [7–13]
ave been developed and show enhanced catalytic activity com-
ared to Pt/C towards oxygen reduction reaction in PEMFC. The first
eported systematic study of the ORR on Pt alloys was conducted by
ukerjee et al. [14,15]. Five binary alloys of Pt with first row transi-

ion elements ranging from Cr to Ni were investigated. All the alloy
lectrocatalysts were found to enhance ORR activity albeit to differ-
nt extents. Comparison of ORR activity as iR corrected Tafel plots
or oxygen reduction taken at 95 ◦C (5 atm pressure) in a PEMFC
nvironment showed lowering of overpotential to the extent of

0 mV and concomitant enhancement of activity by greater than 2-
old [16]. Hydrodynamic voltammograms with rotating disks were
sed by Toda et al. [17–19] who reported enhancements to the
xtent of 10-fold using sputtered bimetallic films with Ni, Co and
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Fe. These have also been recently reported by Stamenkovic et al.
[13] in their studies on thin layers of PtNi.

The enhancement of ORR electrocatalytic activity in the lower
temperature PEM fuel system was first reported [16] on the basis
of an investigation on a series of five binary alloys with Pt using the
first row transition elements ranging from Cr to Ni. These results
have been summarized in several reviews [20]. Further confirma-
tion of enhancement in activity for ORR in PEM has been reported
using supported Pt alloy electrocatalysts in a PEM fuel cell [21,22].
The role of alloying element in engendering enhancement of ORR
catalytic activity in Pt based alloy catalysts has been ascribed to
a decrease of the desorption free energy (�Gads) of oxide species
on Pt, particularly OH. The fact can be associated to the following
effects: (i) electronic factors [23] (higher Pt 5d band vacancy for
the alloys in the oxidized state); (ii) geometric effects [10] (shorter
Pt–Pt bond distance and coordination number) and metal particle
size effects [24]; (iii) other effects (ensemble effects [25], surface
segregation effects [13], lower activity of water effect [26], etc.).
These primarily effect OHad coverage [13] (�ad value effects, sac-
rificial elements oxidized leading to increase of available sites for
Oads). In brief these can be summarized as:
(a) The rate-determining step for oxygen reduction based on the
wealth of prior data is considered to involve the initial adsorp-
tion by molecular oxygen (with or without a charge-transfer
step) [20].

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:s.mukerjee@neu.edu
dx.doi.org/10.1016/j.electacta.2009.10.054
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b) The principal source of overpotential loss is due to deactivation
of the surface as a result of oxide coverage on the Pt surface
at and close to the open circuit potential due to water acti-
vation (oxidation) in the fully humidified environment of a
PEM fuel cell. This is distinct from the PAFC’s where the largely
non-aqueous environment results in low water activity at the
interface, however severe surface poisoning of the surface due
to anion adsorption is responsible for poor kinetics [26–34].

(c) Alloying with transition metals such as Co, Cr, etc., have been
shown to shift the onset of water activation and hence oxide
coverage on the Pt surface. Several variants exist on the type of
surface rendered after alloying, however general consensus is
of a “skin” effect with the outer surface being predominantly Pt
and an inner core comprising of the alloy [35].

d) The primary change in electrocatalysis does not involve a low-
ering of the activation energy, but involves the pre-exponential
term which is related to the coverage of oxides on the surface
[27].

However, not sufficient work has been done on understanding
he parallel pathways leading to peroxide yield. The peroxide inter-

ediate H2O2 formed during oxygen reduction at the cathode of
EMFCs is believed to be the most important element for membrane
egradation, reacting directly or with trace metal ions in the mem-
rane/and carbon support to form hydroperoxy HOO• and hydroxy
O• radicals, which then attack the polymer [36,37]. The mech-
nism of hydroxyl radicals formation can be described using the
ollowing equations [38–40]:

2 + 2H+ + 2e → H2O2 (1)

2+ + H2O2 → M3+ + •OH + OH− (2)

3+ + H2O2 → M2+ + •OOH + H+ (3)

Investigations towards H2O2 formation remain debatable due to
lot of undetermined variables [25,41–45]. Ziegelbauer et al. [46]
repared CoTMPP pyrolyzed at different temperatures and corre-

ated chemical structures of the pyrolyzed reaction centers with
eroxide yield. Combining rotating ring disk electrode (RRDE) mea-
urements with an X-ray absorption �� technique, they found that
he sample pyrolyzed at 800 ◦C containing a bulk Co–N2 structure
esults in 10-fold increase in the peroxide yield in comparison with
hose pyrolyzed at lower temperature with Co–N4 stoichiometry
46]. Murthi et al. [26] suggested that the Fe atoms on the surface
f PtFe/C might cause to yield more H2O2. However, it was observed
hat Pt3Co/C with more Co present on the surface gives lower perox-
de current compared to Pt2Co/C in Ramaswamy et al.’s degradation
tudy of perfluorinated proton exchange membrane [47]. Further-
ore, the production of H2O2 on the Pt3Ni, Pt3Co and “Pt-skin”

lloy were found the same as on pure Pt by other researchers [13].
herefore developing new synthesis method for PtM/C (M = Co, Ni,
e, etc.) with capability to predict ORR kinetics and concomitant
eroxide yield based on known crystal structure and surface com-
osition is important form the perspective of attempts to designing
athodic catalysts and membrane interface for H2/O2 PEMFC.

In most of the methods [48–50] for preparation of carbon-
upported Pt based alloy catalysts high temperature (over 900 ◦C)
s required to form the alloy, resulting in a lower catalyst active area
48]. Another disadvantage of these traditional methods is that the
t and other transition metals may deposit separately on carbon
upport, rather than in close association. Recently, a water-in-oil

icro-emulsion media method has been reported as a good route

o prepare nanoscaled catalysts [51,52]. Micro-emulsion method is
idely used in production of metallic nanoparticles, semiconductor
aterials and nanometer-scale magnetic particles [53–57]. Micro-

mulsion media (reverse micelle system) is made up of oil phase,
Acta 55 (2010) 1709–1719

surfactants and aqueous phase, in which polar groups of the surfac-
tants are concentrated in the interior, and lipophilic groups extend
outwards into the nonpolar solvent. Tiny well-defined droplets
of water are encapsulated into reverse micelles. These reverse
micelles are heterogeneous on a molecular scale; nevertheless they
are thermodynamically stable. Reverse micelle system is a suitable
reaction media for the synthesis of nanoparticles, because the inner
aqueous phase inside these reverse micelles act as micro-reactors
for performing simple synthesis reactions, maintaining size control
(and thereby morphology) of micro-crystal products as determined
by the size of these individual micelle [50,56]. The size of the micelle
can be controlled by the molar water/surfactant ratio in the system
[58]. Adjusting the water/surfactant ratio can form compartmental-
ized water droplets of different size, thus leading to careful control
over the particle growth and the particle size. Carbon-supported
platinum catalysts with a variety of particle sizes have been syn-
thesized successfully by micro-emulsion method. Also, alloy of
nanoparticles can be formed easily at room temperature in reverse
micelle solutions [51,59]. These provide the twin advantage of size
control and phase purity of the alloy formed.

In this paper, two reaction procedures, (a) simultaneous reduc-
tion and (b) sequential reduction associated with micro-emulsion
method were used to synthesize PtCo/C catalysts. The former is
aimed as a single step process leading to homogeneous alloy for-
mation and the latter for core shell alloys with skin formation. These
methods are aimed at providing insight on the mechanism of per-
oxide formation during ORR, i.e., the goal was to correlate alloy
composition and surface structure to concomitant peroxide yield.
This study was assisted by characterization using UV–vis, ICP-MS,
XRD, TEM and SEM/DEX in conjunction with measurement of cat-
alytic activity for oxygen reduction reaction (ORR). RRDE technique
was used to simultaneously explore kinetics of ORR and peroxide
formation on as-synthesized catalysts with various surface com-
positions. All investigations in this paper were aimed at comparing
catalytic activity of PtCo/C catalysts synthesized in house with com-
mercial Pt/C catalyst (BASF fuel cells, formerly E-TEK, Somerset, NJ,
USA) for ORR in PEM fuel cells and relating peroxide yield to surface
composition of PtCo alloy catalysts.

2. Experiment

2.1. Chemicals

Unless otherwise stated, all chemicals were of ACS reagent
grade and used as received. The surfactant, sodium dioctyl sul-
fosuccinate (AOT), was obtained from Fisher scientific. Sodium
borohydride (NaBH4) was obtained from Sigma–Aldrich. Dihy-
drogen hexachloroplatinate(IV) hydrate (H2PtCl6·xH2O) was from
Sigma–Aldrich. The cobalt source was cobaltous chloride (CoCl2)
from Alfa Aesar. The Ketjen carbon (BET surface area of 800 m2/g)
was dried at 100 ◦C in high vacuum oven before using. A commer-
cially available catalyst of 30 wt% platinum supported on Vulcan
XC72 was obtained from BASF fuel cells, formerly ETEK, Somerset,
NJ, USA E-TEK.

2.2. Catalyst synthesis

Preparation of the Pt-Co nanoparticles was conducted using
two micro-emulsion techniques as described in detail in a pre-
vious paper [59] i.e., by simultaneous and sequential methods. All

reverse micelle solutions were prepared using cyclcohexane as the
oil phase and AOT as the surfactant in the simultaneous proce-
dure. The required amounts of 0.25 M H2PtCl6 and 0.25 M CoCl2
were mixed and injected to a cyclohexane solution of AOT. The
mixtures were then sonicated to form clear and stable micellar
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Table 1
Composition of PtCo/C catalysts prepared using micro-emulsion method.

Catalyst Nominal composition Composition from ICP analysis

Pt (wt%) Pt:M (atomic) Pt (wt%) Pt:M (atomic)

Pt/C (E-TEK) 30 – 29.2 –
Pt-Co/C-S 26.4 67:33 22.4 79:21
Q. He, S. Mukerjee / Electroc

olutions. The same procedure was used to prepare the reverse
icelle solutions containing 1 M aqueous NaBH4 solution as the

educing agent. Then the two reverse micelle solutions were mixed
nd vigorously stirred at room temperature for at least 4 h to ensure
he complete reduction of H2PtCl6 as well as CoCl2. The color of the
olution changed to dark black from orange due to the formation
f suspended metal nanoparticles.

Pt-Co nanoparticles were also prepared by a sequential reac-
ion procedure. All solutions were made under the same conditions

entioned above. The solution (I) consisted of AOT, cyclohexane,
nd CoCl2. The color of the solution is pink reflecting the color of
o2+ ion. The solution (II) contained AOT, cyclohexane and NaBH4.
he solution (III) had AOT, cyclohexane and H2PtCl6. The solution
I) and half of the solution (II) were mixed under constant stirring
rstly, thereafter, the color of the solution changed to gray due to
he suspended Co nanoparticles. Then the solution (III) and the rest
f solution (II) were added to the above solution while being stirred
or another 2 h.

An appropriate amount of Ketjen carbon was dispersed into
yclohexane and sonicated for over 1 h and then added to the
s-prepared Pt-Co nanoparticles solutions. The slurry was vigor-
usly stirred at room temperature for another 4 h. To break down
he reverse micelles acetone was dropped slowly to the slurry
nhibiting the agglomeration of platinum nanoparticles. The slurry

as then filtered, washed with cyclohexane, acetone, ethanol, and
ater. The catalysts were dried in vacuum at 100 ◦C for 24 h. The

arbon-supported PtCo/C prepared by simultaneous procedure and
equential procedure are hereafter designated as PtCo/C-S and
tCo/C-T. Temperature programmed heat treatment at 500 ◦C was
arried out to all PtCo/C catalysts. These catalysts are denoted as
t-Co/C-SH and Pt-Co/C-TH.

In order to investigate the effect of pH on the redox reactions
n reverse micelles and crystal growth, the same procedures were
erformed in basic solution with adding stoichiometric amount of
a2CO3 to naturalize HCl produced. The catalysts are named as Pt-
o/C-SB and Pt-Co/C-TB, respectively. pH is expected to influence
he structure, nucleation of the alloy process within the micelle.

.3. Characterization

A Hewlett-Packard HP 8453 UV–vis spectrometer was used to
ecord absorption spectra. The optical path length was 1.0 cm and
.2 M AOT solutions were used as references.

Powder X-ray diffraction (XRD) patterns of the catalysts were
aken on Rigaku X-ray Diffractometer equipment (D-Max-2000)
ith Cu K� radiation. The particle size of the dispersed metal crys-

allites is estimated from the broadening of diffraction peaks using
he Scherrer formula [60].

The morphology and particle size distribution of Pt were exam-
ned by a JEOL JEM-1000 general purpose transmission electron

icroscope (TEM). A small amount of PtCo/C-S or PtCo/C-T was
ispersed in isopropanol and then applied on copper mesh with
arbon film.

.4. Electrode preparation and electrochemical measurements

Electrochemical measurements were conducted in a standard
hree-compartment electrochemical cell at room temperature
sing a rotating disk electrode (RDE) setup from Pine Instruments
onnected to an Autolab (Ecochemie Inc. Model-PGSTAT 30). A
lassy carbon disk with geometric area of 0.19625 cm2 was used

s the substrate for deposition of catalyst films. All potentials were
easured with respect to a sealed hydrogen reference electrode

RHE) made from the same electrolyte used in the ORR experiments.
efore deposition of catalyst films, the RDE was first polished with
.05 �m alumina slurry (Buehler, Lake Bluff, IL) and then cleaned
Pt-Co/C-T 26.4 67:33 22.6 72:28
Pt-Co/C-SB 26.4 67:33 23.8 74:26
Pt-Co/C-TB 26.4 67:33 22.8 64:36

with distilled water under sonication. All electrochemical experi-
ments are carried out at room temperatures.

The composition of catalysts was analyzed by VG Elemental
Plasmaquad-2 (PQ2) ICP-MS. The results can be seen in Table 1. It
is apparent from the data (Table 1) that sequential micro-emulsion
reduction technique is easier and more accurate in controlling the
composition of the mixed metal nanoparticles. The higher discrep-
ancy in atomic ratio of Pt and Co from the nominal value observed
in the simultaneous method may be caused by the “competitive
effect” during the reduction process. Co2+ ions are not supposed
to have the equal chance to be reduced while in coexistence with
PtCl62− ions in the reverse micelles solution.

The catalyst inks were prepared by dispersion of known
amounts (according to the results of ICP) of catalyst powders (based
on Pt content) into 20 ml of isopropanol and then sonicated for
at least 30 min to reach a uniform suspension. The catalyst film
was prepared by dispersing 8 �L of the catalyst ink on the glassy
carbon (GC) substrate and dried at room temperature to reach a
total Pt metal loading of 15 �g cm−2. A diluted Nafion® solution
(Water:Nafion is 50:1) was then applied on the catalyst film and
dried in air. The Nafion® film was used as binder to prevent the
loss of catalysts from the glassy carbon substrate during ORR mea-
surements. There is evidence that the effect of very thin Nafion®

film over the catalyst films is negligible to ORR measurements [61].
CVs were also taken in 1.0 mol L−1 KOH. Here a gold disk (9 mm

in diameter) served as the substrate for working electrode and a
platinum wire and Hg/HgO (KOH 1.0 mol L−1) system were used as
counter and reference electrode.

For RRDE measurement the preparation of inks and electrode
preparation were similar to those of RDE measurement reported
earlier [59]. The RRDE (Pine Instrument Company) consisted of a
GC disk (5 mm in diameter) and a gold ring sealed in a polytetraflu-
oroethylene (PTFE) holder. The collection efficiency N determined
using a solution of [Fe(CN)6]4−/[Fe(CN)6]3− redox couple was 0.39.
All RRDE experiments were performed in O2 saturated 1 M HClO4.
The disk electrode potential was scanned between 1.2 V and 0.2 V
vs. RHE at 20 mV/s, the ring electrode potential being held at 1.3 V
vs. RHE where the H2O2 oxidation reaction was under diffusion
control at all rotation rates [62]. The H2O2 portion was detected
for different rotation rates (ω). The ring current at certain potential
was proportional to ω1/2. Consequently, only one rotation rate is
presented in this paper (ω = 900 rpm).

3. Results and discussion

3.1. UV–vis measurement

UV–vis measurement is a reliable way to confirm the forma-
tion of nanoparticles in micro-emulsions [6,63–65]. As can be seen
in Fig. 1 two peaks (221 nm, 261 nm) are observed when both of

2− 2+
PtCl6 and Co are present within the confines of a micellar struc-
ture before reduction. These arise from the called “ligand-to-metal
charge-transfer” absorption bands [66]. Corresponding spectra of
these metals reduced separately using micellar methods described
above are shown by their common peak at 210 nm. Simultaneous
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Fig. 1. UV–vis absorption spectra of micro-emulsion containing PtCl62− , Co2+; PtCo
nanoparticles by both simultaneous procedure and sequential procedure; physical
mixture of Pt and Co.

Fig. 2. (a) Transmission electron micrograph of PtCo/C-S and size distribution of platinum n
of platinum nanoparticles.
Acta 55 (2010) 1709–1719

reductions of Pt and Co ions within the confine of micellar structure
to yield the alloys using either simultaneous or sequential method
yield corresponding peaks (223–225 nm) as shown in Fig. 1 con-
firming the presence of Pt-Co nanoalloys within the micelle. The
peak positions of Pt-Co nanoalloy are significantly red shifted com-
pared with physical mixture of micro-emulsions containing Pt and
micro-emulsions containing Co (210 nm) due to the weaker plasma
frequency in the ultraviolet range or interband transitions of Pt-Co
nanoalloy [57,67].

3.2. TEM measurement

Representative TEM images of as-synthesized PtCo/C catalysts
by micro-emulsion method are shown in Fig. 2(a and b) represent-
ing both sequential and simultaneous reductions. Histograms in
Fig. 2(a and b) indicate a narrow particle size distribution for both
Pt-Co/C-S and Pt-Co/C-T, thus enabling efficient control of parti-
cle size and morphology of the individual grains or crystallites.

The average particle sizes of Pt-Co/C-S and Pt-Co/C-T are 3.4 nm
and 2.9 nm, respectively. Both are evenly supported on the car-
bon, although there are some particles agglomerated on Ketjen
Black EC-300J Carbon, see Fig. 2(a). Also, the differences in parti-
cle sizes and the microstructures of Pt-Co/C-S and Pt-Co/C-T are

anoparticles. (b) Transmission electron micrograph of PtCo/C-T and size distribution
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ig. 3. X-ray diffraction patterns of Pt/C (30% E-TEK), PtCo/C-S, PtCo/C-T, PtCo/C-SB,
tCo/C-TB, PtCo/C-SH and PtCo/C-TH.

ue to different nucleation and growth processes as a result of
imultaneous and sequential methods. In the latter case, Co cores
re formed first with smaller particle size in reverse micelles and
eparated. The smaller size of the Co cores can be discerned from
he UV–vis peak at 210 nm in Fig. 1. Afterwards, Pt shells were
roduced surrounding these cores in a sequential manner. This

ead to a smaller overall particle size (2.9 nm) as compared to
hose prepared in a simultaneous process (3.4 nm), as shown in
ig. 2.

.3. XRD characterization

Fig. 3 shows the representative XRD patterns of the various cata-
ysts synthesized. Both the positions and intensity were normalized
y the peak at 28.037◦ caused by SiO2 of glass holders. A broad
eak at 2� ≈ 25◦ corresponds to diffraction due to carbon support
68]. The substitution of smaller Co atoms into Pt lattice causes
hift of peaks to higher 2� angles (see Table 2) as compared to Pt/C
16]. Lower shift could be seen for PtCo/C-T and PtCo/C-TB (sequen-
ial synthesis at higher pH environment) in Table 2, indicating that
o cores remain unalloyed and Co surface is enriched by Pt in the
tCo/C-T samples. This is also the same when the same sequen-
ial procedure is conducted at higher pH (no pH effect). Chen et al.
69] drew a similar conclusion during the study of nucleation and
rowth mechanism of Pd/Pt in micro-emulsion system, in which
d cores were constituted followed by surface enrichment using
4+
t salt in a micro-emulsion environment. In addition, there were

o well-defined diffraction peaks suggesting the presence of any
etallic Co or oxide phases. This is probably because the Co load-

ng was very low and any metal Co species present were highly
ispersed or amorphous [51].

able 2
RD data of PtCo/C catalysts by micro-emulsion method.

Catalyst Lattice types Pt (1 1 1) @2� Crystallite size/nm

Pt/C (E-TEK) fcc 39.89 3.4
Pt-Co/C-S fcc 40.33 3.9
Pt-Co/C-T fcc 40.15 3.2
Pt-Co/C-SB fcc 40.27 3.9
Pt-Co/C-TB fcc 40.13 3.0
Pt-Co/C-SH fcc 40.40 8.7
Pt-Co/C-TH fcc 40.13 10.6

a degree of alloying was calculated from the expression: �a = (a − a0)/(ac − a0)94.
Acta 55 (2010) 1709–1719 1713

XRD data was indexed and the diffraction patterns of all as-
synthesized catalysts including those after heat treatment were
found to be in accord with face centered cubic structure (fm3m).
The samples after heat treatment exhibited higher intensity and
sharper peaks indicative of larger crystallites and a comparably
higher ordered structure.

The main diffraction peaks and lattice parameters for as-
synthesized PtCo/C catalysts were summarized in Table 2.
Regardless of difference of reaction conditions, lower extent of
alloying could be seen for PtCo/C-T and PtCo/C-TB catalysts pre-
pared by sequential method since lattice parameter and Pt–Pt
bond distance show lower contraction compared to PtCo/C-S and
PtCo/C-SB [16]. This is a good indication of the likelihood of suc-
cessful formation of Co core with surface enriched Pt. However,
the confirmation of this would depend on careful electrochemi-
cal measurements designed to determine extent of Co on catalysts
prepared by sequential methods. These are enumerated in detail
below (e.g. CVs in alkaline media, see Section 3.4).

The average crystallite size for PtCo/C catalysts and commercial
catalyst was calculated using the Debye–Scherrer equation [60]:

Z = C
�

B
cos � (4)

where Z is the diameter of the average particle size in Å; � is the
X-ray wavelength (1.5406 Å) for Cu K�; � is the Bragg angle; C is a
factor (typically from 0.9 to 1.0) depending on crystallite shape; B is
the full width at half maximum. It is interesting to note that smaller
particles could be formed by sequential method as compared to
those prepared using simultaneous method due to different nucle-
ation and growth processes. The trends in particles size between
XRD results and TEM measurements match very well.

3.4. Electrochemical characterization

Cyclic voltammograms (CVs) of all catalysts are shown in Fig. 4.
They were obtained in 1 M HClO4 between 0.035 and 1.1 V/RHE in
order to avoid possible changes in Pt Electrochemical area (ECA)
and surface composition [9]. The double layer of Pt/C (E-TEK) is the
thinnest because Vulcan XC-72 carbon was used as support. The
higher surface area of Ketjen carbon renders it more suitable to
support metal prepared using micro-emulsion method. The high
surface area and porous structure account for the slightly thicker
double layer evident in the CVs. Furthermore, a redox couple can be
seen at 0.6 V on the CV of PtCo/C-TH. This could be due to migration
of reduced Co to the surface after heat treatment to PtCo/C-T in
H2/Ar mixture.

Additionally, it can be observed that Hupd region (weakly
adsorbed) and peak potential of oxide reduction shift to positive
potentials albeit to different extents for all catalysts prepared by

micro-emulsion method in comparison with commercial Pt/C (E-
TEK). Most important is the suppression of both features (Hupd and
OH) in the case of PtCo-SH and SB samples prepared by simulta-
neous method. The suppression of oxide formation and positive
shift in the corresponding reduction peak (see Fig. 4a) have been

Lattice parameter/Å Pt–Pt bond distance/Å Degree of alloying (%)a

3.911 2.765 0
3.870 2.737 71.9
3.887 2.749 42.1
3.876 2.741 61.4
3.888 2.750 40.4
3.864 2.732 82.5
3.888 2.750 40.4
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Fig. 4. (a) Cyclic voltammetry of Pt/C (E-TEK), PtCo/C-S, PtCo/C-SH and PtCo/C-SB
at room temperature in Ar saturated 1 M HClO at 50 mV/s, with 15 �g/cm2 of Pt
l
T
1

p
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o
t
i
l
w
c
[

c
d

Fig. 5. (a) Disk currents density (based on geometric area of the electrode) obtained
during the ORR on Pt/C (E-TEK), PtCo/C-S, PtCo/C-SH, PtCo/C-SB, PtCo/C-T, PtCo/C-TH

appears to render the Pt surface to exhibit lower H behavior.

T
E

4

oading on the electrode. (b) Cyclic voltammetry of Pt/C (E-TEK), PtCo/C-T, PtCo/C-
H and PtCo/C-TB at room temperature in Ar saturated 1 M HClO4 at 50 mV/s, with
5 �g/cm2 of Pt loading on the electrode.

reviously reported and are indicative of lower activation of water
nd hence lower coverage of oxides on the Pt surface. The extent
f presence of Co reported later in this paper however does affect
his significantly. These have been reported earlier in more detail
n refs. [26,70]. Inhibition of oxide formation on Pt in PtCo bimetal-
ic crystallites either via a ligand effect (presence of subsurface Co

ith enriched Pt surface) or cooperative effect by surface Co in
onjunction with Pt are both ascribed to be beneficial to oxygen

71].

Electrochemical surface area measurement (ECA) of Pt was cal-
ulated from both integration of the hydrogen adsorption and
esorption peaks. Assuming a correlation value of 210 �C/cm2 [72]

able 3
lectrode kinetic parameters for different catalysts in 1 M HClO4 at room temperature. Sc

Catalyst ECA (m2/g) E1/2 (V) m Mass activity (mA/�g Pt)

@0.90 V @0.85 V @

Pt/C (E-TEK) 36.2 0.864 1 0.115 0.401 0
Pt-Co/C-S 23.6 0.876 1 0.154 0.640 1
Pt-Co/C-T 24.0 0.871 1 0.109 0.479 1
Pt-Co/C-SB 11.6 0.880 1 0.151 0.742 2
Pt-Co/C-TB 9.2 0.870 1 0.102 0.464 1
Pt-Co/C-SH 14.6 0.842 1 0.054 0.287 1
Pt-Co/C-TH 15.5 0.863 1 0.093 0.422 1
and PtCo/C-TB at O2 saturated 1 M HClO4 at room temperature. Scan rate: 20 mV/s,
with 15 �g/cm2 of Pt loading on the electrode. (b) Koutecky–Levich plots at different
potentials for ORR in the cathodic sweep on PtCo/C-S in O2 saturated 1 M HClO4 at
room temperature. Scan rate: 20 mV s−1.

average results of two independent measurements are tabulated
in Table 3. Smaller ECA of PtCo/C-SH and PtCo/C-TH is in line with
larger particle size after heat treatment. It is also interesting to note
that PtCo/C-SB and PtCo/C-TB have smaller ECA than PtCo/C-S and
PtCo/C-T even though the former exhibit similar particle size with
the latter. The use of alkaline pH for preparation of these micelles
upd
Fig. 5 shows disk polarization curves for the ORR on as-prepared
catalysts at 1600 rpm, along with the kinetics analysis, presented
in the form of the Kotecky–Levich plots. CV recorded in Ar purged
solution was subtracted from ORR polarization current density at

an rate: 20 mV s−1, rotation rate: 1600 rpm.

Specific activity (mA/cm2) Tafel slope (mV/decade)

0.80 V @0.90 V @0.85 V @0.80 V

.900 0.315 1.105 2.475 151/60

.645 0.583 2.715 6.980 137/55

.242 0.452 1.995 5.175 123/56

.725 1.445 6.400 23.55 95/64

.285 1.105 5.035 13.95 118/64

.030 0.370 1.640 4.975 119/62

.315 0.600 2.715 8.490 115/62



Q. He, S. Mukerjee / Electrochimica Acta 55 (2010) 1709–1719 1715

Table 4
Number of exchanged electrons and H2O2 yield for different catalysts in 1.0 M HClO4 at room temperature. Scan rate: 20 mV s−1, rotation rate: 900 rpm.

Catalyst Number of Exchanged electrons R value %H2O2 [@0.6 V] %H2O2 [@0.7 V]

Pt/C (E-TEK) 3.7 N/A 1.18 0.699
Pt-Co/C-S 4.0 0.207 0.741 0.506
Pt-Co/C-T 3.8 0.167 0.618 0.448
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is important to do the heat treatment for PtCo/C-T by the sequential
reaction procedure because more than one phase might be formed
after Pt was coated on Co surface (see results of XRD characteriza-
tion in Section 3.3).
Pt-Co/C-SB 3.5
Pt-Co/C-TB 3.7
Pt-Co/C-SH 3.9
Pt-Co/C-TH 3.8

he same sweep rate to eliminate the influence of the irreversible
dsorption of oxides, perchlorate and charge of the electrical dou-
le layer on platinum [73]. In Fig. 5(a), three regions can be divided,
amely, diffusion-controlled region (<0.65 V), mixed diffusion-
inetic limitation region (0.65–0.85 V) and Tafel region (>0.85 V).
imilar results were obtained for all PtCo/C catalysts prepared by
icro-emulsion method as well as commercial Pt/C catalyst. The
RR current I is expressed by Koutecky–Levich equation [61]:

1
j

= 1
jk

+ 1
jd

+ 1
jf

(5)

d = 0.620nFD2/3Co�−1/6ω1/2 (6)

here jk is the kinetic current density, jd is diffusion limit-
ng current density, jf is the diffusion-limited current density
hrough the Nafion® film; n is the number of exchanged elec-
ron; ω is the angular frequency of rotation, ω = 2	f/60, f is RDE
otation rate in rpm; F is the Faraday constant (96,485 C mol−1),

is the diffusion coefficient of the molecular O2 in 1 M
ClO4 solution (1.9 × 10−5 cm2 s−1), � is the kinematic viscosity

9.87 × 10−3 cm2 s−1), CO is the concentration of molecular oxygen
1.6 × 10−6 mol cm−3).

The thickness of Nafion® film used to bind catalysts on the elec-
rode is sufficiently small in that the resistance of it can be negligible
74]. As a result, Eq. (5) can be adjusted to simpler Eq. (7) without
urther need of the additional term:

1
j

= 1
jk

+ 1
jd

(7)

Consequently, at select potentials, j−1 was plotted vs. ω−1/2 and
traight lines could be obtained. The theoretical lines for 2-electron
rocess of ORR and 4-electron process of ORR were also drawn

n the same graph of Fig. 5(b). The number of exchanged elec-
rons was calculated from the slope of straight lines. The n values
f various catalysts in Table 4 were illustrative of the 4-electron
harge-transfer pathway of ORR process on most of the electrocat-
lysts. Also, it implies the possibility that there is little isolated Co
n as-synthesized catalysts since the transition metals are believed
o cause part of H2O2, intermediate of oxygen reduction, not to be
urther reduced to H2O, thereby introducing low n value [25,72].

Mass transport corrected Tafel plots (E vs. log|jk|) are shown
n Fig. 6 for Pt/C (E-TEK) and PtCo/C prepared by the micro-
mulsion method. In spite of the general transition in the
afel slope, two Tafel regions were roughly defined around
T/F (∼60 mV/decade) for the low overpotential range (E > 0.85 V)
nd 2RT/F (∼120 mV/decade) for the high overpotential range
E < 0.80 V). The slopes of Tafel curve are usually indicative of path-
ays underlying ORR electrocatalysis [75]. In their series of kinetics

tudies of ORR on Pt and Pt based alloy catalysts, Markovic and
o-workers [13,76] suggested that in HClO4 where there is min-
mal specific anion adsorption, the Tafel slopes are controlled by

oth “energetic effects” (Temkin to Langmuir adsorption) [23,77]
nd “blocking effects” (surface coverage of OH controlling avail-
bility of O2 adsorption) [78]. Tafel plots in Fig. 6 and slope values
n Table 3 for PtCo/C-T, PtCo/C-TB as well as PtCo/C-TH prepared
y the sequential method show quite similar ORR activity. This is
0.251 1.42 0.972
0.207 1.23 0.797
0.211 0.878 0.451
0.231 0.954 0.480

interesting to note that from a mass activity perspective these elec-
trocatalysts were either at par with Pt/C or were somewhat lower
(Table 3). However, as the surface area of these electrocatalysts
were on an average significantly lower as compared to Pt/C the spe-
cific activity normalized to electrochemically active Pt surface area
was better. In contrast to the above similarity, larger differences of
Tafel slopes could be seen for PtCo/C-S, PtCo/C-SH and PtCo/C-SB.
In this case, there is considerable complexity in how cobalt was
reduced competitively with Pt by NaBH4 which may lead to such
variation of the kinetics of ORR based on preparation conditions.

Mass activity and specific activity of as-synthesized catalysts
and commercial catalyst towards ORR were summarized in Table 3
and also can be seen in Fig. 7. Some trends can be found:
PtCo/C-SB > PtCo/C-S > PtCo/C-T ∼ PtCo/C-TB ∼ PtCo/C-TH > Pt/C (E-
TEK) > PtCo/C-SH (mass activity); PtCo/C-SB > PtCo/C-TB > PtCo/C-
TH ∼ PtCo/C-S > PtCo/C-T ∼ PtCo/C-SH > Pt/C (E-TEK) (specific activ-
ity). To different extents, catalytic performances of PtCo/C catalysts
by the micro-emulsion method exhibit improvements over the
commercial Pt/C catalyst. Again, reaction conditions in the process
of synthesis need to be emphasized. Alkaline media seems to be
more suitable for Pt and Co to coexist well albeit to some insolu-
ble salt formation. In addition, heat treatment is commonly used
to achieve good alloy of Pt and other transition metals [48–50,79].
However, heat treatment is not useful for PtCo/C-S by simultaneous
reaction procedure to enhance its catalytic activity towards ORR,
which suggests that Pt and Co are already in close intermetallic
contact after reduction at room temperature. Notwithstanding, it
Fig. 6. Mass corrected Tafel plots of jk for ORR obtained from disk current in the
anodic sweep at 1600 rpm on PtCo/C catalysts by micro-emulsion method and Pt/C
(E-TEK) catalysts. Scan rate: 20 mV s−1.
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at typical operating potential in a fuel cell (0.6 V and 0.7 V) were
shown in Table 4 based on the formula:

�H2O2 = 2IR/N

ID + IR/N
, N = 0.39 (9)
ig. 7. (a) Mass activity of PtCo/C catalysts by micro-emulsion method and Pt/C (E-
EK) towards ORR at different potentials. (b) Specific activity of PtCo/C catalysts by
icro-emulsion method and Pt/C (E-TEK) towards ORR at different potentials.

Redox-type processes involving the first row transition ele-
ents alloyed with Pt may be a reason for the enhanced ORR

ctivity on PtM (M = transition metal) alloys catalysts as mentioned
reviously by us [80] and Stamenkovic et al.’s study of surface com-
osition effects of PtM (M = Ni, Co) alloy on ORR [13]. Stamenkovic
ointed out that transition metals may serve as “sacrificial” ele-
ents to be oxidized and inhibit the adsorption of OHad on Pt

ites. Our results confirmed their plausible explanation as follow-
ng. The reaction order (m) of ORR on as-synthesized catalysts was
rst checked from the slope of plots of log (i) vs. log (1 − i/id) [76].
rom Fig. 8 and Table 3, the first order dependence of the kinetics of
he ORR was performed on PtCo/C catalysts by the micro-emulsion

ethod and commercial Pt/C. Therefore, the general rate expres-
ion can be seen in Eq. (8), assuming the first electron transfer
or oxygen reduction (O2(ad) + e− → O−

2(ad)) is the rate-determining
tep:

= nFKCO2 (1 − m�ad)x exp

(
−ˇFE

RT

)
exp

(
−
r�ad

RT

)
(8)
here F is the Faraday’s constant, K is the rate constant, CO2 is the
oncentration of O2, m is the reaction order, �ad is the surface cov-
rage of adsorbed intermediates, ˇ and 
 are symmetry factors, E
s the applied potential, r�ad is a parameter related to the rate of
Fig. 8. Reaction order plot for oxygen reduction reaction on PtCo/C-SB in 1 M HClO4.
(The slope stands for the reaction order number.).

change of the apparent standard free energy of adsorption with the
surface coverage of an oxide layer [13,26,81]. Since other parame-
ters are identical to catalysts with different surface compositions,
the item of (1 − �ad) (m = 1) may control predominately the entire
kinetics of ORR. The more available sites are for Oad, the lower is the
�ad value. Consequently, in HClO4, the better inhibition of adsorp-
tion of OH on PtCo/C leads to higher possibility for O2 to access to
active sites on Pt surface and higher mass activity and eventually
specific activity. From Table 3 the positive shift of both half-wave
potential and peak potential of oxide reduction may be two crite-
ria to confirm the redox-type process effect of cobalt as oxidizable
“sacrificial” elements [13].

A representative set of ring currents obtained on a gold ring
electrode during ORR on PtCo/C catalysts by prepared by micro-
emulsion method and Pt/C (E-TEK) sample at 900 rpm are shown
in Fig. 9. The relative amounts of H2O2 formed on the catalysts
Fig. 9. Ring electrode current (IR) (anodic sweep direction) during the ORR at
900 rpm on all PtCo/C catalysts by micro-emulsion method and commercial Pt/C
in 1.0 M HClO4 at a sweep rate of 20 mV/s.



Q. He, S. Mukerjee / Electrochimica Acta 55 (2010) 1709–1719 1717

Fig. 10. Simplified sketch map of oxyg

Fig. 11. (a) Cyclic voltammograms obtained for Pt/C (E-TEK), PtCo/C-S, PtCo/C-SH,
PtCo/C-SB and ketjen carbon in 1.0 mol L−1 KOH at 50 mV s−1. (b) Cyclic voltammo-
grams obtained for Pt/C (E-TEK), PtCo/C-T, PtCo/C-TH, PtCo/C-TB, and Ketjen carbon
in 1.0 mol L−1 KOH at 50 mV s−1.
en reduction reaction pathway.

where N is the collection efficiency of the ring, � is the mole fraction
of peroxide formed, ID and IR are the disk and ring currents. From
Fig. 9, the ring currents amount for a negligible percentage of the
disk current above 0.6 V for all catalysts. It is not reasonable to cor-
relate peroxide yield of ORR terms of individual parameters such as
Pt particle size or changes in Pt–Pt bond distance, a more concerted
effect involving a lot of variables as yet undetermined appears to be
in effect. Antoine et al. [82] assumed that O2 adsorption occurs via
bridged end-on configuration on low coordination sites (atop edge
and vertices) and leads to larger proportion of H2O2 production
for catalysts with smaller particle size. The higher H2O2 yield was
ascribed to this mode of adsorption as there was steric hindrance to
dissociation of oxygen [82–84]. There may however remain com-
petitive adsorption of bridge end-on O2 and oxygenated species,
in particular –OH, which poisons Pt as discussed earlier. In other
words, the eventual number of bridge end-on O2 moieties on
smaller Pt particles may still be less than those on larger Pt particles
since a large fraction of them are occupied by –OH and other oxy-
genated species. In the previous study from our group [47], smaller
peroxide yield was found for ORR on Pt/C (30%) with smaller Pt par-
ticle size (2.7 nm in average) compared to Pt/C (60%) with larger Pt
particle size (3.6 nm in average). Stamenkovic et al. [13] did not
find any difference of production of H2O2 on the Pt3Ni, Pt3Co and
“Pt-skin” in comparison with pure Pt. Various amounts of perox-
ide were also detected on different low index single crystal surface
[85,86]. In addition, 4-fold enhancement of peroxide yield in 6 M
TFMSA as compared to 1 M TFMSA was found in Murthi et al.’s
study,[26] in which the high concentration (6 M) TFMSA provided
the conditions of lower activity of water due to lower ratio of water
and acid. As a result, comparisons were only made between sam-
ples prepared by simultaneous procedure as distinct from their
counterparts prepared by sequential procedure, i.e. PtCo/C-S vs.
PtCo/C-T; PtCo/C-SH vs. PtCo/C-TH; PtCo/C-SB vs. PtCo/C-TB. The
results are tabulated in Table 4 and can be explained from the
perspective of water activation and the formation of adsorbed
oxygenated species (primarily Pt-OH). A possible description of
reaction pathway of oxygen reduction reaction is proposed and
can be seen in Fig. 10 [87,88]. Based on the conclusion by Sun
and Tseung [89–92] that oxygen is mainly reduced via the series
pathway with peroxide as the intermediate, catalysts with less
“OH adsorption poisoning” are supposed to perform better towards

ORR with more active sites available for H2O2 reversible adsorption
and resulting in higher H2O2 yield which can be detected by RRDE
technique. Their conclusion is in good agreement with our finding
that the trend of MA of as-synthesized catalysts (PtCo/C-S > PtCo/C-
T; PtCo/C-SB > PtCo/C-TB; PtCo/C-TH > PtCo/C-SH) is consistent
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ig. 12. R values (integrated charge of Co oxidized/integrated charge of Hupd), H2O2

ield at 0.6 V (vs. RHE) and specific activity (S.A.) at 0.9 V (vs. RHE) of PtCo/C by
icro-emulsion method.

ith the trend of peroxide yield (PtCo/C-S > PtCo/C-T; PtCo/C-
B > PtCo/C-TB; PtCo/C-TH > PtCo/C-SH).

Cyclic voltammograms in 1 M KOH as the methodology to probe
urface composition for above catalysts are shown in Fig. 11. It is
elieved that a redox couple in the potential window of −0.2 V to
0.5 V vs. Hg/HgO is involved in the redox process relative to Co
hich is evident in the CV of PtCo/C-S [23]. Integration was made in

he hydrogen UPD region (−0.78 V to −0.47 V vs. Hg/HgO) and oxide
pecies of Co formation region (−0.37 V to −0.16 V vs. Hg/HgO).
atios of charge of these two regions may reflect atomic ratio of
o and Pt (named R thereafter) on the surface of catalysts. These
values are more reflective of surface composition as opposed to

hose mentioned earlier which were bulk compositions (Table 1).
he results can be found in Table 4 and Fig. 12. R values of PtCo/C-T
nd PtCo/C-TB are lower than those of their counterparts of PtCo/C-
and PtCo/C-SB due to different synthesis procedures (see Section
.2). Higher R value of PtCo/C-TH than that of PtCo/C-SH suggested
hat migration of Co from inner layer to outer layer of both catalysts
id happen during heat treatment process and the better contact
f Pt and Co was gained for catalysts by simultaneous procedure.
t is worthwhile to correlate R value with specific activity (SA) and
eroxide yield for as-synthesized PtCo/C catalysts. It is evident that
tCo/C-S, PtCo/C-TH and PtCo/C-SB with higher R values have bet-
er catalytic activity towards ORR and consequently higher H2O2
ield than their counterparts’ presumably due to sacrificial Co oxi-
ized effect on inhibition of adsorption of OH as mentioned above.
urther XPS, Auger electron spectroscopy (AES) experiments are
eeded to be done for the surface composition study in detail.

. Conclusion

PtCo supported on carbon catalysts were synthesized in
OT/cyclohexane micro-emulsion in both acidic and basic media by
educing H2PtCl6 and CoCl2 with NaBH4. A modified sequential pro-
edure was also used to synthesize PtCo/C and achieved lower Pt/Co
atio on the surface of the catalyst. UV–vis spectra of PtCo nanopar-
icles in reverse micelles showed difference from that of physical
everse micelle mixture of Pt and Co nanoparticles confirming inti-
ate combination of Pt and Co as an intermetallic obtained at
oom temperature. PtCo particles of as-synthesized catalysts were
anoscale and uniformly distributed on the support. As determined

rom analysis of XRD patterns, PtCo/C-S and PtCo/C-SB prepared by
imultaneous procedure have similar crystal structure and lattice
arameters with PtCo/C-T and PtCo/C-TB prepared by sequential

[
[

[
[
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procedure. However, the latter showed smaller particle size and
lower degree of alloying which lead to Co migration during high-
temperature heat treatment. Better kinetics performance towards
ORR was shown for PtCo/C synthesized by reverse micelle system
comparing with the commercial Pt/C catalyst. PtCo/C-SB synthe-
sized in alkaline media with simultaneous procedure shows the
highest mass activity and specific activity. Insignificant peroxide
yield was found for ORR on as-synthesized PtCo/C catalysts, which
suggests that overwhelming ORR was undergoing a 4-electron
pathway. R values representing a measure of Co surface compo-
sition were obtained from ratio of integration of oxidized peak
related to Co and Hupd region of Pt. The results show good cor-
relation with SA of different PtCo/C catalysts and H2O2 yield. The
catalyst of PtCo/C-SB gives the highest peroxide yield along with
the best performance towards ORR and highest presence of surface
cobalt. A sacrificial Co oxidized effect on inhibition of adsorption of
OH may be an explanation to higher catalytic properties and higher
H2O2 yield of Pt based alloy catalysts.
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