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 Highly and homogeneously dispersed PtCo/C catalysts were synthesized.
 Heat treatment of different temperatures was performed.
 Potential-dependence of Pt L3 white line intensity was found by in-situ XANES.
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For the purpose of reducing the cost and improving the performance of the proton exchange membrane
fuel cell (PEMFC), some low-Pt or non-Pt catalysts have been studied in recent years. PtCo/C electrocatalysts are synthesized by a two-step reduction approach followed by the heat treatment. PtCo metal
particles are uniformly dispersed on the surface of XC-72 carbon support, with a uniform particle size
distribution. The PtCo/C catalyst after 400  C heat treatment has the best electrochemical performance
among the as-prepared catalysts, even superior to the commercial Pt/C catalyst. In the durability test,
PtCo/C-400 also shows excellent stability with only 6.9% decline of electrochemical surface area (ECSA)
after 1000 cyclic voltammetry (CV) cycles. In-situ X-ray absorption near edge structure (XANES) technique is conducted to explore the nanostructure change of Pt during the PEMFC operation. For PtCo/C
catalyst, with the fuel cell operation potential decreasing from open circuit voltage (OCV) to 0.3 V, the Pt
L3 white line intensity decreases continuously, indicating the decline of Pt 5d-vacancy due to the
adsorption of oxygenated species.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
The proton exchange membrane fuel cell (PEMFC) is considered
as one of the most promising clean power sources [1]. However, the
large scale commercial application of fuel cell is limited by the
factors such as cost, durability and reliability [2]. Platinum (Pt) is
the most effective catalyst used both at anode and cathode of the
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fuel cell due to its excellent catalytic performance [3]. The cell
voltage of PEMFC is limited by the sluggish kinetics of the oxygen
reduction reaction (ORR) at the cathode [4]. In addition, Pt catalysts
tend to dissolve in the acidic fuel cell operating condition [5]. For
the purpose of reducing the cost and improving the performance of
PEMFC, several kinds of low-Pt or non-Pt catalysts have been
studied in recent years [6,7]. Low-Pt catalysts are considered to be a
promising way to reduce the cost and improve the performance of
PEMFC [8].
Many encouraging research results about low-Pt catalysts are
obtained [8]. One promising way to reduce the content of Pt in
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catalyst is to increase the Pt active surface by tailoring the shape of
Pt-based nanoparticles [9]. One-dimensional (1-D) Pt nanostructures such as nanowires or nanotubes and three-dimensional
(3-D) Pt nanostructures such as dendritic and porous, offer high
surface to volume ratios. Another alternative to decrease Pt loading
is to introduce other non-precious transition metals, including alloy
and core-shell nano-catalysts, to replace part of Pt [10]. Core-shell
or core-shell-like nanostructures, with the features of high Pt utilization and enhanced activity and stability, have attracted great
interest for overcoming the obstacles to wide-spread application of
PEMFC [11,12]. Among the various Pt-M systems recently studied,
PteCo systems have received considerable attention because of
their relatively high ORR activity and stability in acidic environment [13e19].
Duong [20] studied Pt3Co alloy catalyst toward ORR in both
alkaline and acidic media by the rotating disk electrode (RDE)
method. In acid media, Pt3Co alloy had a slightly but demonstratively higher activity than Pt black toward ORR. The observed catalytic enhancement was overall due to Pt skin formation on the
surface of Pt3Co alloy nanoparticles. Kristian [21] prepared carbonsupported PtCo nanoparticles catalysts and found that the intrinsic
activity of the PtCo/C catalysts for ORR greatly improved. This activity enhancement might originate from the favorable PtePt interatomic distance and low defect that would inhibit the formation of
Pt-OHad at low over-potential. Following a well-deﬁned series of
acid and heat treatments on Pt3Co/C samples, Durst [22] tailored
the Pt-skin nanostructure, made of one pure Pt overlayer, and the
Pt-skeleton nanostructure, made of 2e3 Pt overlayers surrounding
the PtCo alloy core. The Pt-skin structure was reverted toward the
Pt-skeleton structure upon contact with acid electrolyte. Antolini
[18,23] found that the ORR activity in PEMFC on the PteCo/C catalysts was higher than that on Pt/C. The Co content reduced the OH
adsorption on Pt, increasing the activity of the catalyst for ORR. And
the cell with PteCo/C as cathode catalyst presented a more stable
performance than Pt. Yu [24] found that the cobalt dissolution in
MEA during fuel cell operation neither detrimentally reduced the
cell voltage nor dramatically affected the membrane conductance.
Dubau [25,26] operated a 16-cells stack based on Pt/C anode and
Pt3Co/C cathode at constant current (j ¼ 0.6 A cm2) for 1124 h. The
fresh Pt3Co/C cathode catalyst was not stable during PEMFC operation and suffered compositional changes. Dubau [27] also investigated the durability of 16-cells stack based on PtCo/C catalyst for
3422 h and found that from the beginning of life to 1163 h, fast
degradation of the fresh Pt3Co/C nanoparticles was monitored.
While from 1163 h to 3422 h, the changes in composition and
morphology were slower.
On the basis of these ﬁndings, it could be inferred that the
adulteration of the transition metal Co is favorable for enhancing
the ORR catalytic performance among bimetallic electrocatalyst.
The PtCo/C catalyst showed excellent electrochemical performance
in the previous studies. In this study, we try to improve the
reduction activity of catalyst by heat treatment, which is typically
applied for Pt-based alloy nanocatalysts to alter the catalyst
morphology.
The X-ray absorption spectroscopy (XAS) technique, including
X-ray absorption near edge structure (XANES) and extended X-ray
absorption ﬁne structure (EXAFS), provides unique information due
to its great sensitivity to the local electronic structure and atomic
arrangement around the selected catalytic metal site. XANES and
EXAFS can be used in ex-situ and in-situ conditions, under fuel cellrelevant conditions or in real fuel cells [28e31]. Lai [32] applied
XAS technique to extract the Pt d-band vacancies and alloying
extent of Pt and Co in PtCo nanoparticles. Wang [33] applied in-situ
XANES to monitor the catalyst structure change in the durability
studies. The XANES spectra recorded for acid treated/annealed
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PtNi/C catalysts at Ni K edge at 1.0 V didn't show visible changes
during and after potential cycling, indicating no loss for Ni content.
It was thus assured that the multilayered Pt-skin formation provided complete protection for the Ni inside the catalyst and enabled
the sustained high catalytic activity under fuel cell operating conditions. Witkowska [28] obtained the ﬁrst high-quality data of Pt
L3-edge in-situ PEMFC using the transmission mode over the whole
XAFS range. Their results showed that variations in the potential
were associated with slight changes in the electronic structure
(oxidation state). And changes in the average structure induced by
the operation temperature did not affect activity of the cathode
electrocatalyst. Greco [34] found that in operating PEMFCs a small
amount of Co oxide, initially present in the nanoalloy, disappeared
gradually. At the same time, interatomic PtePt and PteCo distances
were slightly longer for higher current densities.
In this work, we synthesized carbon supported PtCo electrocatalyst by a two-step chemical reduction approach followed by the
heat treatment under different temperatures. Effects of heat
treating temperature on the durability and performance of catalysts
were investigated. MEA based on PtCo/C-400 catalyst was tested by
in-situ XANES technique under fuel cell working conditions to
understand the catalyst electronic structure change by varying
potentials during operation.
2. Experimental
2.1. Synthesis of catalysts
PtCo/C electrocatalysts were successfully synthesized based on a
two-step reduction method [35]. The nanoscale Co seeds were
prepared through the reduction of CoCl2 by NaBH4. Then Pt was
deposited onto the Co seeds through the reduction of H2PtCl6 by
ethylene glycol. Appropriate amount of XC-72 carbon was added to
the PtCo particles to form PtCo/C catalysts, followed by heat
treatment.
First, the Co nanoparticles were prepared by the NaBH4 reduction of CoCl2 (cobalt chloride) with CTAB (cetyltrimethyl ammonium bromide) as the stabilizer in ethanol solution. Brieﬂy, CoCl2
solution (in ethanol, 0.1 mol L1) was mixed with CTAB and then
stirred for 30 min. Freshly prepared NaBH4 (sodium borohydride)
solution (in ethanol, 0.05 mol L1) was added upon the mixture
dropwise with vigorous stirring. To avoid the oxidation of Co
nanoparticles, high purity N2 was kept ﬂowing during the above
procedure. After 30 min' stirring, the resulted product was centrifuged and washed several times by ethanol. Second, the assynthesized Co nanoparticles were dispersed in 20 mL EG
(ethylene glycol) and mixed with CTAB under stirring. 5 mL H2PtCl6
(hexachloro palatinate) solution (in EG, 0.03862 mol L1) was
added dropwise into the Co seeds. The pH of the solution was
adjusted to 12 by adding NaOH (sodium hydroxide) solution (in EG,
2 mol L1). The suspension was reﬂuxed at 120  C for 2 h under
vigorous stirring. Last, carbon supported PtCo catalysts were synthesized through adding appropriate amount of Vulcan XC-72
carbon black (BET surface area: 235 m2 g1). Then, the mixture
was kept at 120  C for 1 h to reﬂux. The mixture was cooled down to
room temperature after stirring for 8 h. The powder was separated
by ﬁltration and then washed intensively with de-ionized water for
several times. The washed powder was dried in vacuum at 80  C for
8 h. The PtCo/C catalyst with a nominal atomic ratio of Pt:Co ¼ 3:1
was obtained (20 wt% total metal loaded).
As-prepared PtCo/C catalyst was heat treated by increasing the
temperature from room temperature to 300, 400, 500, 600  C at a
rate of 3.3  C min1 and be held for 2 h with H2 (10%)/N2 (90%) in a
tube furnace. The obtained catalysts were denoted as PtCo/C-300,
PtCo/C-400, PtCo/C-500 and PtCo/C-600, respectively. Commercial
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20% Pt/C-JM (Johnson Matthey) was used for comparison.
2.2. Morphology, structure and compositional characterization
The morphology of the catalysts was observed by Transmission
Electron Microscopy (TEM) on a JEM 2010 EX microscope (Japan)
operating at 200 kV. Particle size distributions were determined by
counting more than 100 particles.
The crystalline property of the catalysts particles was characterized by X-ray Diffraction (XRD) on a Bruker D8 Advance A25
diffraction meter (Germany) using Cu Ka radiation. The rube current
was 40 mA and the tube voltage was 40 kV. The 2q angular regions
between 0 and 100 were explored at a scan rate of 5 min1.
2.3. Electrochemical measurements
The electrochemical characteristics of the as-prepared catalysts
were tested in a conventional three-electrode cell system. Cyclic
voltammetry (CV) and Linear sweep voltammetry (LSV) tests were
carried out in 0.1 mol L1 HClO4 (perchloric acid) solution as electrolyte at room temperature using a potentiostat CHI 720 electrochemical analyzer (USA). A reversible hydrogen electrode (RHE)
was used as the reference electrode and a platinum wire was used
as counter electrode. A rotating disk electrode (RDE; Pine, 5908
Triangle Drive, Raleigh, NC 21617) covered with a thin layer of
catalysts was used as the working electrode. All the potentials
throughout this paper are reported versus the RHE.
The stability test was conducted by applying potential sweeps at
the rate of 50 mV s1 to the PtCo/C-400 catalyst in a N2-saturated
0.1 mol L1 HClO4 solution at room temperature. For comparison,
as-prepared PtCo/C catalyst was subjected to the same potential
cycling conditions.
To prepare an electrode, the uniform suspension was made by
mixing 2 mg of as-prepared catalyst with 1 mL of methanol/naﬁon
(5 wt%) solution (30:1 volume ratio) and ultrasonic oscillated for
20 min. 10 mL of the catalyst suspension was dropped onto the
polished glassy carbon (GC) disk electrode (0.247 cm2) and left dry
in the open air for 20 min.
2.4. In-situ XANES
X-ray ﬂuorescence spectra at the Pt L3 edges were acquired at
BL14W1 at Shanghai Synchrotron Radiation Facility during the
operation of single fuel cell. XANES data were collected for various
cell operation potentials over the whole XAFS range: 11.4e12.8 keV
for Pt (Pt L3-edge energy is 11.564 keV). The cell operated in the
ﬂuorescence mode with low catalyst loading, which was close to
the actual fuel cell working situation. Acquisition of each spectrum
lasted about 30 min.
Membrane electrode assemblies (MEAs) were prepared using
Naﬁon N-112® as a proton conductive membrane by CCM (catalyst
coated membrane) method, following with a hot pressing technique. MEAs were fabricated with PtCo/C or commercial Pt/C-JM
catalyst as the cathode catalyst. In order to meet the experiment
conditions of XANES, Pd/C was chosen to be the anode catalyst, as it
does not disturb Pt L3 X-ray absorption measurements to a significant degree. The metal loading was 0.8 mg cm2 of PtCo or Pt at the
cathode and 1.6 mg cm2 of Pd at the anode. The active area of MEA
was 4 cm2.
3. Results and discussion
3.1. TEM and XRD analysis
PtCo/C catalysts were synthesized by the modiﬁcation of the

used polyol process [36]. The main strategies of two-step reduction
method included the use of a strong reducing agent to obtain Co
nanoparticles and the deposition of Pt on Co seeds by a gentle
reducing agent so that the nucleation of Pt was inhibited.
Fig. 1(a), (c) shows the TEM images of the commercial Pt/C
(20 wt% Pt, Johnson Matthey) and as-prepared PtCo/C catalysts. It
was found that the active components of PtCo/C catalyst were
highly and uniformly dispersed on the surface of carbon support,
with a narrow size distribution. The average particle sizes of asprepared PtCo/C and commercial Pt/C catalyst were 3.0 and
3.5 nm, respectively. The average diameter of the PtCo nanoparticles was even smaller than that of the commercial Pt/C catalyst. This demonstrated that this two-step reduction route was an
effective approach to prepare a homogeneously dispersed catalyst
with nano-scale size.
To investigate the optimum temperature of heat treatment on
PtCo/C catalysts, the as-prepared PtCo/C catalysts were heat treated
under the H2 (10%)/N2 (90%) atmosphere for 2 h at 300, 400, 500,
and 600  C, respectively. The structure and catalytic activity of
catalysts is closely related to the temperature of the heat treatment
[37]. On one hand, heat treatment is in favor of the formation of a
PtM alloy structure, which decreases the PtePt distance and affects
the d-band vacancy of Pt, and thus improves the Pt electrochemical
activity. On the other hand, the high-temperature heat treatment
has a negative effect on the catalytic mass activity. Wang [38] found
the ascending trend of speciﬁc activity as the nanoparticle size
increased. And the opposite trends in ECSA and SA led to a volcanoshape behavior in size-dependent mass activity. The optimal particle size for mass activity was 3e4 nm [39e41]. Heat treatment at
high temperatures leads to sintering and growth of metal particles,
which is detrimental since the nanoparticle size grows above 4 nm,
resulting in the decline of catalyst mass activity. Appropriate temperature of heat treatment is in favor of the improvement of the
catalytic activity of catalysts.
The TEM images of PtCo/C catalysts heat treated at different
temperatures are shown in Fig. 2. The average size of the particles
of the heat treated sample grew larger than that of the fresh ones.
When the PtCo/C catalysts were heat treated at 300, 400, 500, and
600  C, the average particle sizes of obtained PtCo particles were
found to be 3.2, 3.5, 3.6, and 4.1 nm, respectively. Small spherical
PtCo nanoparticles were homogeneously dispersed on carbon
black and had narrow size distribution with heat treatment
temperature below or at 500  C. When temperature rose to
600  C, obvious aggregation of metal particles could be observed
from the TEM images. With the increase in the temperature, metal
particles size increased gradually and slightly due to the sintering
of metal particles in the thermal annealing process [42].
In order to study crystalline structure of catalysts heat treated
under different temperatures, the catalysts were characterized by
XRD. Fig. 3 shows the XRD patterns of PtCo/C catalysts before and
after heat-treatment. The peak of at 25 could be assigned to the
graphite (002) peak of the XC-72 carbon black support. The
diffraction peaks existed at 2q of 39.8 , 46.3 , 67.5 and 81.3 , corresponded to the crystal planes of (111), (200), (220) and (311),
represented the fcc structure of Pt [43]. For PtCo/C catalyst without
heat treatment, only the peak of Pt (111) was obvious and the (111)
peak was broad, indicating the small particle size or the presence of
amorphous Pt. After heat treatment, the diffraction peaks of the fcc
Pt lattice (111), (200), (220) and (311) were clearly recognizable in
XRD patterns, which indicated larger particles and transformation
of amorphous metal particles into crystalline phase [44]. Compared
with Pt/C, (111) diffraction peak of the PtCo/C after heat treatment
slightly shifted to higher angles, indicating a contraction of the
lattice and alloy formation [45]. This might be due to the intercalation of Co into the Pt fcc structure [35]. PtCo/C samples after heat

R. Lin et al. / Journal of Power Sources 293 (2015) 274e282

277

Fig. 1. TEM images and particles size distributions of (a), (b) Pt/C-JM and (c), (d) PtCo/C catalysts.

Fig. 2. TEM images of serial heat treated catalysts: (a) PtCo/C-300; (b) PtCo/C-400; (c) PtCo/C-500; (d) PtCo/C-600.

treatment showed smaller lattice parameters than the PtCo/C
sample without heat treatment (Table 1), which suggested the
diminished PtePt lattice distance due to the incorporation of Co
atoms. No characteristic diffraction peaks of Co were detected in all
samples because of the PtCo alloy formation [46].
With heat treatment temperature being increased, the width
of the diffraction peak gradually narrowed and the intensity of Pt
diffraction peaks became sharper, indicating that the particles
were larger than that of the fresh catalysts [33,35]. Mean crystallite sizes of PtCo/C-JM, PtCo/C, PtCo/C-300, PtCo/C-400, PtCo/C500 and PtCo/C-600 catalysts were respectively 4.1, 2.7, 3.4, 3.8,
4.3, and 5.8 nm, as calculated from Pt (111) peak according to
Scherrer's equation [47], which were practically consistent with
the results obtained from TEM (Table 1). The differences between
the mean particle sizes by TEM and XRD could be attributed to
the fact that XRD technique only reﬂects the crystalline particles,
but not the actual morphology of catalysts as described above
[48].

3.2. CV and LSV analysis
In order to ﬁnd the optimum temperature for heat treatment,
catalysts were heat-treated respectively at 300, 400, 500, and
600  C. Fig. 4 gives the CV curves of the PtCo/C catalysts after heat
treatment in Nitrogen-saturated HClO4 solution. The CV of the
commercial Pt/C-JM and as-prepared PtCo/C catalysts were also
given for comparison. All as-prepared PtCo/C catalysts had clearly
deﬁned hydrogen adsorption and desorption region, with clear
distinction peaks, respectively at 0.1 and 0.2 V, which could be
ascribed to Pt (110) and Pt (100) facets, respectively [8]. All PtCo/C
catalysts exhibited very similar adsorption/desorption CV characteristics of hydrogen and oxygen to Pt/C, indicating that these
catalysts had Pt rich surfaces [49]. The electrochemical surface
areas (ECSAs) of as-prepared PtCo/C, PtCo/C-300, PtCo/C-400, PtCo/
C-500, PtCo/C-600 and Pt/C-JM catalysts were 49, 41, 66, 54, 30,
54 m2 g1, respectively. PtCo/C-400 catalyst showed a superior
electrochemical performance compared with others, with 22%
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Fig. 3. XRD patterns and ampliﬁed Pt (111) diffraction peaks of Pt/C-JM, as-prepared
PtCo/C, PtCo/C-300, PtCo/C-400, PtCo/C-500, PtCo/C-600 catalysts.

Table 1
Mean particle size (nm) of PtCo/C catalysts before and after heat treatment obtained
from TEM and XRD.
Catalyst

Lattice parameter (Å)

Mean particle size
(nm)
TEM

XRD

Pt/C-JM
PtCo/C
PtCo/C-300
PtCo/C-400
PtCo/C-500
PtCo/C-600

3.925
3.924
3.911
3.912
3.912
3.913

3.5
3.0
3.2
3.5
3.6
4.1

4.1
2.7
3.4
3.8
4.3
5.8

increase in ECSA compared to Pt/C-JM. PtCo/C-500 catalyst showed
similar ECSA with Pt/C-JM. However, an obvious decline of ECSA
could be observed in PtCo/C-600 catalyst, following the size growth
of PtCo particles.
The electrocatalytic performance of PtCo/C catalysts heat
treated under different temperatures for ORR, measured in O2saturated HClO4 electrolyte using a rotating disk electrode, is

Fig. 5. LSV curves of PtCo/C catalysts before and after heat treatment and commercial
Pt/C catalyst. (O2-saturated 0.1 mol$L1 HClO4, room temperature, sweep rate:
5 mV s1, rotation speed: 1600 r$min1.)

presented in Fig. 5. As-prepared PtCo/C and PtCo/C-400 catalysts
had comparable ORR performance to commercial Pt/C catalyst,
with a shift to positive potential of LSV curves. Both PtCo/C and
PtCo/C-400 had similar ORR onset potentials. At high overpotentials, the current reached its diffusion-limited value of
~5.6 mA cm2. At lower over-potentials, the current approached the
mixed kinetic/diffusion regime. E1/2, which represents the halfwave potential of an ORR polarization curve, is used to evaluate
the electrocatalytic activity of catalysts. As listed in Table 2, E1/2,
increased in the sequence: Pt/C < PtCo/C < PtCo/C-400. The PtCo/C400 showed a positive shift in E1/2 of 18 mV compared to commercial Pt/C.
Tafel plots of PtCo/C-400 and Pt/C-JM catalysts are shown in
Fig. 6. It was found that at high potential (above 0.9 V) the obtained
Tafel slopes for PtCo/C-400 and Pt/C-JM catalysts were 81 and
83 mV decade1, respectively. It could be concluded that their reaction pathway and the rate determining step were principally the
same [35]. The value of the Tafel slope for as-prepared PtCo/C-400
catalyst was slightly lower compared to that of Pt/C-JM catalyst.

Fig. 4. CV curves and enlarged current peaks for the stripping of the oxygenated adsorbates of PtCo/C catalysts before and after heat treatment and commercial Pt/C catalyst. (N2saturated 0.1 mol$L1 HClO4, room temperature, sweep rate: 50 mV s1).
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Table 2
ECSA and half-wave potential of PtCo/C, PtCo/C-400 and Pt/C-JM.
Catalytic

ECSA (m2 g1)

E1/2 (V)

PtCo/C
PtCo/C-400
Pt/C-JM

49
66
54

0.809
0.825
0.807

This slight difference of the Tafel slope could be attributed to the
change of oxide species adsorption on the metal surface [25,50].
Based on CV and LSV curves, it was found that after heat treatment at 400  C, catalyst had superior electrochemical performance
to Pt/C-JM catalyst. The ECSA of PtCo/C-400 catalyst was 66 m2
g1metal. And the PtCo/C-400 showed a positive shift in E1/2 of
18 mV compared to commercial Pt/C. The catalytic activity
enhancement of as-prepared PtCo/C-400 might be attributed to the
favorable PtePt mean inter-atomic distance. The presence of Co and
heat treatment bought lattice contraction of Pt particles, thus the
inter-atom distances in PtCo/C-400 catalyst would be shorter than
that in pure Pt particles. The reduced inter-atomic PtePt distance
was beneﬁcial for more facile oxygen adsorption and reduction
[21,49]. Another explanation to the improvement in the ORR activities of PtCo/C catalysts was the induced change in the density of
states (DOS) [51]. Lee [52] considered that the decrease in DOS
induced by electron transfer from the second element such as Co,
Ni, or Cr to Pd might weaken the chemisorption bonds between Pd
and reactants such as O2, O/OH, O2, and H2O2, reducing their
respective blocking effect in the ORR process. As a result, ORR kinetics might be enhanced. This theory could be analogized to the
PteCo catalysts. The presence of Co would bring electronic modiﬁcation of the Pt, resulted in a modiﬁcation of the Pt-(oxygen
containing species) surface bond energy due to the downshift in
the d-band center of the Pt [21]. As a result, catalysts showed
delayed formation of PteOH and faster reduction of the Ptoxygenated containing species compared to pure Pt catalyst.
Antolini's research [23] obtained the same results that the Co
content reduced the OH adsorption on Pt, increasing the activity of
the catalyst for ORR. In our research, peaks at potential between 0.6
and 0.9 V/RHE on the cathodic scan were associated with the
reduction of Pt-oxygenated containing species on the surface of
nanoparticles (Fig. 4). Compared with that of Pt/C-JM catalyst, the
current peak associated with the reduction of Pt-oxide obtained
from PtCo/C catalysts exhibited shifts toward positive potential,
1.00
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Fig. 6. Tafel plots for the ORR on PtCo/C, PtCo/C-400 and Pt/C-JM catalysts in O2saturated 0.1 mol$L1 HClO4 at room temperature.
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indicating more facile Pt-oxide reduction with the existence of Co.
Considering the ECSA of the catalysts, PtCo/C-400, with the largest
ECSA of 66 m2 g1, provided an increased mass activity towards Pt/
C-JM and PtCo/C catalysts.
3.3. Stability test
The effect of heat treatment on stability of PtCo/C catalyst was
determined in a stability test by repeating potential cycling. After
1000 cycles, changes in the ECSA and morphology of metal particles
were explored. Fig. 7 shows a stability comparison of PtCo/C-400
and PtCo/C catalysts in form of the CV curves obtained after 200,
400, 600, 800, and 1000 cycles. For both catalysts, there were welldeﬁned hydrogen adsorption/desorption peaks during the whole
stability test. The ECSA of PtCo/C-400 and PtCo/C catalysts were
determined by measuring H adsorption before and after potential
cycling. After 1000 cycles, there were almost no detectable losses of
ECSA on both catalyzed electrode. PtCo/C-400 catalyst showed only
6.9% loss of ECSA. While for PtCo/C, 12.9% loss of the original ECSA
appeared after potential cycling. The stability decline was mainly
caused by the loss of active surface area and due to the aggregation
of metal particles. To test the sintering behavior of PtCo particles,
PtCo/C catalysts were analyzed by TEM in Fig. 8, where they can
easily be compared with the fresh ones. In agreement with the CV
curves, PtCo particles grew after the stability test from 3.0 nm to
3.9 nm, leading a decline in ECSA. Metal particles migrated on the
carbon surface and aggregated to form larger particles [53]. The
introduction of non-Pt metal might inhibit the dissolution of Pt
[54]. Catalysts after heat treatment, with larger initial particles and
better crystallization, were more stable than those without heat
treatment, which was consistent with the previous reports
[55e57].
Heat treatment of as-prepared PtCo/C catalysts increased the
catalyst particle size, and at the same time, changed the catalyst
lattice structure. The lattice contraction and particle size increase
effectively improved the ORR catalytic activity and the catalyst
stability.
3.4. In-situ XANES
To gain insights into the electronic properties (electron density
in the Pt 5d-band) of Pt in catalyst during the operation of fuel cell,
in-situ XANES studies were carried out.
Fig. 9 shows the single-cell performance of MEA with PtCo/C and
Pt/C-JM as cathode catalyst, and Pd/C as anode catalyst. MEA based
on PtCo/C catalyst showed poorer performance in low current region than MEA based on Pt/C-JM. While in high current region, the
MEA based on PtCo/C catalyst showed a comparable performance
with the MEA based on Pt/C-JM. However, the loading of Pt was
lower in PtCo/C than in Pt/C-JM catalyst.
Fig. 10 (a, c) shows the XANES spectra collected at Pt L3 edge of
PtCo/C-400 and Pt/C-JM catalysts with different potentials during
the fuel cell working conditions. For Pt L3 edge, the intensity of the
white line was related with the 5d-electron vacancy. An increase in
the white line indicated an increase of the vacancy (decrease of 5delectro density). During all different potential operation conditions,
all spectra were rather similar to that of the Pt foil, which conﬁrmed
that Pt in PtCo/C catalyst were in the metallic state and retained the
fcc structure [34]. However, a signiﬁcant increase in the intensity of
the Pt L3 white line of Pt/C-JM and PtCo/C catalyst compared to the
reference Pt foil was observed, depending on the metal particle size
and the Co content in the catalyst [23]. The differences of Pt L3
white lines at varying fuel cell potentials were mainly related to
changes in the Pt 5d-band occupancy due to the adsorption of
oxygenated species [23,28,58]. According to Fig. 9, it was found that
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Fig. 7. Cycle voltammograms of PtCo/C and PtCo/C-400 catalysts during stability tests under repeating potential cycling.

Fig. 8. TEM images and particles size distributions of PtCo/C catalysts before and after stability experiment.
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Fig. 9. IeV curves and power density of MEA under different potentials.

for Pt/C-JM catalyst, the Pt L3 white line intensity decreased from
OCV to 0.55 V. When the operation potential decreased further
from 0.55 V to 0.3 V, the Pt L3 white line intensity increased. While
for PtCo/C catalyst, with the fuel cell operation potential decreasing

from OCV to 0.3 V, the Pt L3 white line intensity decreased
continuously, indicating the decline of Pt 5d-vacancy. The difference in the XANES region between Pt/C and PtCo/C might be
attributed to the presence of Co.
The valences of Pt atoms in the Pt/C-JM and PtCo/C-400 at
OCV, 0.8, 0.55 and 0.3 V were ﬁtted by a linear combination of the
XANES spectra of Pt0 foil and Pt4þO2. By using the linear relationship, the average valences of the Pt atoms in the Pt/C-JM and
PtCo/C-400 catalysts under different working potentials are listed
in Table 3. The positive charge was assigned to the absorbed
oxygen atoms of Pt nanoparticles. The valences of Pt atoms in the
Pt/C-JM and PtCo/C-400 cathode catalysts at OCV were estimated
to be 0.24 and 0.34, respectively. This might be attributed to the
presence of oxygen in the Pt nanoparticle surrounding [28]. The
Pt atoms of PtCo/C-400 at OCV were slightly positive than those
of Pt/C-JM, and this difference was referred to the difference in
the number of O atoms bonded to Pt atoms [30]. With the fuel
cell operation potential decreasing from OCV to 0.3 V, transformation occurred from platinum oxide to metallic Pt at the
nanoparticles surface in PtCo/C-400 catalyst. While for Pt/C-JM,
transformation from metallic Pt to platinum oxide occurred
with the fuel cell operation potential decreasing from 0.55 V to
0.3 V. PtCo/C-400 catalyst exhibited more facile Pt-oxide reduction with the existence of Co under fuel cell working condition
from 0.55 V to 0.3 V.
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catalytic activity and stability performance. PtCo/C heat treated
under 400  C had the better ECSA and ORR performance compared
to commercial Pt/C catalyst. Preliminary results of in-situ XANES of
MEA based on PtCo/C and Pt/C-JM catalyst during fuel cell operation were obtained. The electronic structure and atomic arrangement of Pt and Co in PtCo/C catalyst during the fuel cell operation
will be further studied by in-situ XANES and EXAFS in the future.
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0.55
0.30

5.9
5.0
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4. Conclusions
In this paper, we designed and synthesized an advanced carbon
supported PtCo catalysts by two-step reduction method followed
by heat treatment, which simultaneously achieved high catalytic
activity for ORR and superior stability. TEM images showed the asprepared PtCo/C catalyst was homogeneously dispersed on the
carbon support, with a uniform particle size distribution of 3e4 nm.
After heat treatment under different temperatures, particle size of
PtCo increased with the temperature increasing. With the transition metal Co, the Pt-rich catalyst showed excellent electrochemical
properties. Heat treatment changed the catalyst crystalline and
lattice structure, contributing the further enhancement of ORR
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