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Abstract Nanoscale Co...—Ptgnenr particles were success-
fully synthesized based on a successive reduction strategy.
The as-prepared core—shell nanoparticles were character-
ized by X-ray diffraction, energy-dispersive X-ray spec-
troscopy, transmission electron microscope, and
electrochemical methods. It was found that the catalytic
reactivity of Cocore—Ptshen/C catalysts toward oxygen
reduction was enhanced. It is believed that the prepared
Cocore—Ptshen/C nanoparticles could be promising for
cathode catalysis in proton exchange membrane fuel cells
with much reduced Pt content, but significantly increased
catalytic activity.

Keywords Core—shell - Proton exchange membrane fuel
cells - Oxygen reduction - Cathode catalyst

Introduction

Platinum is the most effective catalyst to facilitate both
hydrogen oxidation and oxygen reduction in a proton
exchange membrane (PEM) fuel cell [1-3], but several
critical issues still need to be addressed before such cells
can be commercialized for automotive application. For
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example, the oxygen reduction reaction (ORR) is kinetical-
ly limited at the cathode [4—7], while Pt-based catalysts lead
to high costs.

During the last decade, there has been a surge in
research on nanocrystals with core—shell architectures,
owing to their superior catalytic [8—12], optical [13—15],
magnetic [16—18], and electrical [19] propertiecs. Among
the core—shell nanoparticles in various combinations,
those made of an inexpensive metal core and a noble
metal shell have received particular interest because of the
functional and economic advantages that they can provide
[8-13, 20-22]. Arranging noble metals as thin shells on
non-noble metal cores not only greatly reduces noble
metal use but could also significantly enhance their
catalytic properties via the underlying interface between
the core and shell metals due to the bimetallic mechanism
[23].

It has been shown that Pt-Co alloy could significantly
improve the catalytic activity toward oxygen reduction
[24-28] in fuel cells. Therefore, Cogore—Ptsnerr nanopar-
ticles are expected to be highly functional materials for
catalytic applications [29, 30]. Our objective in this study
has been to synthesize such core—shell nanoparticles. The
core—shell structure is realized via a successive reduction
strategy and by carefully choosing an appropriate reducing
agent [31]. The formation of the core—shell structure has
been elucidated by various techniques, including trans-
mission electron microscopy (TEM) and electrochemical
techniques. Although the Coco—Ptshen particles have a
much reduced content of Pt, they exhibit significantly
enhanced catalytic activity toward oxygen reduction as
compared to pure Pt catalyst, showing their great promise
in solving the problem of the high demand for precious
platinum metal in the cathodes of state-of-the-art PEM
fuel cells [32].
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Experimental
Preparation of Cooe—Ptshen catalyst nanoparticles

Synthesized step 1 The Co seed was prepared first. Briefly,
poly(vinylpyrrolidone) (PVP; 78.8 mg, Mw=55,000,
Aldrich) and CoCl,-6H,O (103.8 mg, Aldrich, 99.9%)
were dissolved in 30 mL of deionized water in a three-
necked flask (equipped with a reflux condenser and electric
stirrer), stirred, and purged in Ar for 30 min. Keeping the
saturation Ar atmosphere, a freshly prepared strong
reduction solution of NaBH, (6 mg in 30 mL 0.1 mol L™
NaOH solution) was then added dropwise into the above
solution under stirring at room temperature for 30 min to
quickly form the Co microcrystal cores. The solution was
then heated to refluence, and 28 mL of a weak reduction
agent, hydrazine hydrate (Aldrich) solution, was added
dropwise with stirring. The mixture was reacted for 2 h, and
the redundant hydrazine hydrate was completely washed
away with water.

Synthesized in step 2 Pt was then deposited onto the Co
using the following method. H,PtCls:6H,O (75.3 mg,
Aldrich, 99.9%), oleylamine (2.0 mL, Sigma-Aldrich),
and NH,OHHCI (50.49 mg, Sigma-Aldrich) were mixed
with 60 mL water under vigorous stirring and heated at 60 ©
C for 3 h. This solution was then added to the Co seed
solution, and the temperature was held constant at 60 °C for
2 h. After 2 h, the solution was cooled to room temperature
and then filtered and washed with copious water. The final
product was then dried at 60 °C under vacuum conditions
overnight.

In order to obtain pure Co nanoparticles with a narrow
size distribution, a “two-step” reduction method was
employed with NaBH4-NaOH as the nucleating agent and
hydrazine hydrate as the reduction agent in our experi-
ments, respectively. In the first step, NaBH4-NaOH, a
strong reduction agent, was used to quickly reduce part of
the Co®" to form the Co microcrystal cores. PVP (My=
55,000) was used as a stabilizer to control particle sizes. In
the second step, hydrazine hydrate, a weak reduction agent,
was used to control the reduction speed of Co*" to achieve
reduction of most of the cobalt ions and cause them to grow
onto the Co microcrystal seed cores formed in the first step.
With this “two-step” reduction method, it is easy to prepare
pure Co nanoparticles [33].

To deposit platinum on the surface of the Co,
NH,OHHCI was carefully chosen as the reducing agent
because it is well-known that in a slightly acid environ-
ment, NH,OHHCI only acts as a growth agent without
forming new nuclei [34, 35]. Oleylamine was chosen as the
capping agent. During the heating pretreatment, where the
H,PtCls-6H,O solution, the oleylamine, and the
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NH,OHHCI solution were mixed, neither color change
nor precipitation was observed until the addition of the Co
seeds. This strongly suggests that NH,OHHCI only acts as
a growth agent in the presence of preformed nuclei.

To prepare Cocore—Ptshen/C particles, an appropriate
amount of XC-72 carbon (Cabot Corp., Vulcan XC-72,
purified and oxidized by following a procedure reported in
[36]) was added to the Co.o—Ptsnenn particle solution
according to the weight ratio of Co—Pt/C=20:80, and the
mixture was stirred overnight. As a comparison, the
electrochemical performance of the commercial Pt/C
catalyst from BASF (20% Pt supported on Vulcan XC-72
carbon, BASF Chemical) was also examined.

Measurements

The phase identity of the Pt/C (BASF) was characterized by
X-ray diffraction (XRD), using a GBC MMA X-ray
diffractometer with Cu K« radiation. And we used theta—
2theta arrangement in grazing incidence diffraction mode.
XRD specimens were prepared by milling catalyst powder
for a moment and putting on the glass using ethanol as
dispersing and binding agent.

The morphology of the catalyst was observed by TEM,
using a JEOL JEM 2011 TEM facility, with an energy-
dispersive spectrometer. TEM specimens were prepared by
making a suspension of catalyst powder in ethanol and
depositing a drop of the suspension on a standard carbon-
covered copper grid.

Electrochemical measurements were performed with a
three-electrode configuration. Electrode ink was prepared
by adding the catalyst powders to a 5-wt.% Nafion”
solution (DuPont™) according to the ratio of 5 mg to
1 mL. The ink was subsequently treated ultrasonically for at
least 1 h until the ink became attached to the bottle wall
without macroscopic granules. The working electrodes
were made by casting the ink as a thin film onto a glassy
carbon rotating disk electrode (geometrical area=
0.196 cm?) with the Nafion acting as the binding agent.
Then the electrode was heated for a moment to evaporate
the agent. The counter electrode was a Pt wire (diameter is
1 mm), and the reference electrode was an Ag/AgCl/KNO;
(10%) electrode. So, all potentials are measured with
respect to the Ag/AgCI/KNO; (10%). The electrolyte
solution was 0.1 mol/L HCIO4. All measurements were
performed at room temperature (25 °C).

Results and Discussion

Figure 1 shows the X-ray diffraction pattern of the Co
nanoparticles (synthesized in step 1) and the Cocore—Ptspen
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Fig. 1 X-ray diffraction patterns of / Co nanoparticles (synthesized in
step 1) and 2 Coore—Ptghenr Nanoparticles (synthesized in step 2)

nanoparticles (synthesized in step 2). Only diffraction peaks
of Co phase appeared in the XRD pattern. This could be
because the outer Pt layer is too thin to be visible to X-ray
diffraction. All diffraction lines can be indexed to the
hexagonal close-packed (hcp) Co phase with the space

Fig. 2 a HRTEM image of
Cogore—Ptshen catalyst; b en-
largement of indicated area
showing lattice spacing; ¢ TEM
image of Cogore—Ptshen catalyst,
with the inset showing the
whole area electron diffraction
pattern

group: P63-mmc, 194. No characteristic diffraction peaks
of cobalt oxides were detected, indicating that the oxidation
of Co can be effectively prevented by flowing argon gas
during the reduction process. The value of the mean
crystallite size of the Cogore—Ptspen catalysts is 3.25 nm, as
determined quantitatively from XRD analysis.

Figure 2 is a high-resolution TEM (HRTEM) image of a
large cluster of Cocoe—Ptsnen catalyst particles. We also
performed quantitative energy-dispersive X-ray analysis on
the sample. The atomic ratio of Pt/Co was determined to be
25.2:74.8, and this is consistent with the theoretical
stoichiometric proportion of 1:3. The HRTEM image in
Fig. 2 shows that the Co.qe—Ptshen catalyst has a particle
size in the range of 3 to 4 nm, which is consistent with the
results deduced from XRD. Since the Pt shell is very thin, it
is impossible to resolve the core—shell structure in this
image. As showed in Fig. 2b, the lattice planes with a
interlayer distance of 0.22 nm in the core can be indexed to
(002) crystal planes of Co. The outer layer of the
nanoparticles shows different contrast, which is the inter-
face between the Co core and the surrounding. The whole
area electron diffraction pattern is shown as the inset in
Fig. 2c. The major diffraction rings can be indexed to be the
hep cobalt phase. As labeled on the SAED pattern, 1 weak
diffraction ring can be identified as Pt(111), which confirms
the co-existence of Co and Pt phase.

Electrochemical behaviors of materials are very sensi-
tive to their surface composition and structures [32].

0.22nm

20 nm
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Fig. 3 Cyclic voltammograms of Co.q.—Ptge/C and Pt/C catalysts in
argon-saturated 0.1-mol/L HCIOy, electrolyte. Scanning rate, 50 mV/s

Solid evidence for the Pt coating comes from cyclic
voltammetry (CV), as it can be regarded as a surface
sensitive technique that only detects the electrochemical
properties of surface atoms rather than bulk atoms.
Figure 3 shows cyclic voltammograms for the particles
prepared in this work and for the BASF Pt/C particles in
argon-saturated 0.1 mol/L HClO, solution at a sweep rate
of 50 mV/s.

The CV curves in Fig. 3 exhibit two distinctive potential
regions associated with H,,q adsorption/desorption H"+
e=H,pq) processed between —0.25 V<E<O V and the
formation of a OH,q4 layer (2H,0=0H,4+H;0 +e) in the
cathodic direction, where Hy,g and OH,q refer to the
underpotentially deposited hydrogen and the adsorbed
hydroxyl species, respectively. Furthermore, the particles
exhibited well-defined current peaks associated with hy-
drogen adsorption—desorption processes on a Pt surface,
implying a Pt nature of the particle surface. A current peak
associated with the reduction of platinum oxide in the
region of 0.35-0.65 V is also well-defined, and the onset
current peak in the CV curve obtained from the Cocye—
Ptghen particles is shifted by more than 50 mV toward
positive potential as compared to that of the pure Pt
particles. This implies that desorption of the hydroxyl
species (e.g., OH) from the surface of a Cocore—Ptshen
particle is easier than from the surface of a pure Pt particle.
The major decline that generally occurs in a fuel cell’s
efficiency has been partly attributed to the inhibition of O,

Table 1 Comparison of the Pt/C and Cocqyre—Ptghen/C

Sample ECSA (m* g") fin (MA cm?)
Pt/C 80.1 0.199
COcore—Ptehen/C 68.1 0.386
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Fig. 4 Cathodic potential sweep curves for a Pt/C and b Cocyre—
Ptghen/C in 0.1 M HCIO,4 solution saturated with oxygen using a
rotating disk electrode at 1,600 rpm and a scan rate of 10 mV/s

reduction caused by OH adsorption on Pt in the potential
region of 0.75—1 V [5, 37]. Therefore, the weak adsorption
of the hydroxyl species would increase the surface active
sites for ORR [28, 38, 39] and thus the fuel cell’s efficiency.
By measuring the charges collected in the H,pq adsorption/
desorption region after double-layer correction (integrating
the region of Hypg adsorption/desorption and divided by the
scan rate) and assuming a value of 210 pC/em?® for the
adsorption of a hydrogen monolayer [40], the specific

--After 5000 cycles|
Initial

L 1 L
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Potential (V) vs. Ag/AgClI

Fig. 5 CV curves for the Coqre—Ptshen/C before and after accelerated
durability testing. The durability test was carried out on the same
sample at room temperature in an O,-saturated 0.1-mol/L HCIO,
solution at a sweep rate of 10 mV/s
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electrochemically active surface areas (ECSA) of the
catalysts were calculated to be 68.1 m?/g for CoOgore—
Ptg,en/C nanoparticles and 80.1 mz/g for the BASF Pt
catalyst, respectively (Table 1). The lower ECSA value of
the Cogore—Ptsnen/C nanoparticles can rule out surface
roughening as the origin of the enhanced ORR catalytic
activity [41]. Actually, the difference in adsorption proper-
ties between the supported metal shell and its bulk
counterpart has been shown to be a general phenomenon
due to the modification of the electronic properties of
surface atoms by the underlying metal via geometric strain
and ligand interactions. For Pt on a Co surface, compres-
sive strain of the Pt—Pt distance occurs, resulting in weak
interactions between the Pt surface atoms and some simple
adsorbates such as H, CO, and OH [42, 43]. Furthermore,
CocorePtshen catalyst has the added feature of reduced cost,
due to the lower Pt loading.

In order to investigate the electrocatalytic characteristics
of the catalysts with regard to the ORR, cathodic reduction
from 0.8 V vs. Ag/AgCl in 0.1 M HCIO4 solution saturated
with oxygen using a rotating disk electrode at 1,600 rpm
and a scan rate of 10 mV/s was conducted. As the net
kinetic current (iy;,) is directly proportional to the activity,
the iy, values per unit area at 0.6 V allow a comparison of
the oxygen reduction activity of the electrocatalysts.
Accordingly, the i, at 0.6 V was obtained according to
the formula [44]:

ikin = ilim . iobs/(ilim - iobs) (1)

where i, is the limiting current and i,,s is the observed
current at 0.6 V. i), and i, are elucidated by the example
of the cathodic sweep curves shown in Fig. 4. The iy,
values listed in Table 1 also allow a comparison of the
oxygen reduction activity of the Cogore—Ptenen/C as com-
pared to the BASF Pt electrocatalyst. The i, value is
obviously higher in the Cocye—Ptghe1/C electrocatalysts, as
shown in Table 1. This result is consistent with the CV
results above.

Since the cathode in a fuel cell is exposed to the
corrosive environment of the acidic electrolyte and
oxygen, the stability of the Cocore—Ptsnen/C catalyst must
also be studied. So, we performed cyclic voltammetry in
0O,-saturated 0.1-mol/L HC1Oy solutions at a sweep rate of
10 mV/s. After 5,000 cycles, the CV measurements
showed a loss of 46% in ECSA for the Cogore—Ptshen/C
catalyst (Fig. 5), as compared to 42% for the pure Pt/C
catalyst, suggesting that the Co.o—Ptsnen particles had
durability similar to that of the pure Pt/C catalyst. At the
same time, the current peak in the CV curves obtained
after 5,000 cycles is shifted toward anodic potentials and
lower. This implies that the activation has a little bit
decline.

Conclusions

Nanosize Cocore—Ptsher catalysts can be readily fabricated by
a successive reduction strategy. The formation of a core—
shell structure has been elucidated by various techniques,
including XRD, TEM, and electrochemical techniques. The
as-prepared catalysts have a uniform distribution, with a
particle size in the range of 3—5 nm. Electrochemical testing
results indicate that Co.oe—Ptene/C shows an enhanced
catalytic activity compared to that of pure Pt/C. Our results
show that the Cooe—Ptshen/C nanoparticles could have a
promising application in PEM fuel cells as effective catalysts
for oxygen reduction, with the added feature of reduced cost.
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