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Abstract

The properties and the oxygen reduction reaction (ORR) characteristics of Pt/C and Coyich core—Ptrich snen/C, Which were prepared by the thermal
decomposition and the chemical reduction methods, annealed in the various conditions were investigated. The alloying degree and grain size of
Cosich core—Ptiich sheni/C analyzed by XRD was increased from 13.10% and 2.45 nm to 42.83% and 2.62 nm by increasing the time for annealing at
400°C in N, (annealing condition 1) from O to 15h. When the Coyich core—Ptrich sneni/C Was annealed in air at 250 °C and then reduced in 6% H, at
400 °C (annealing condition 2), the alloying degree and grain size were obtained to be 47.26% and 3.79 nm, respectively. The decrease in the atomic
ratio of Co/Pt from 4.77 to 1.34 by annealing Coyich core—Plrich shen/C in condition 1 from 0 to 15 h was deduced to be the increase in the Pt loading
by the reduction of residual Pt precursor to Pt. The mass and specific activities (MA, SA) of the ORR at 0.9V (versus RHE) on Pt/C annealed in
condition 2 were obtained to be 4.11 A g~! and 6.12 wA cm™2, respectively. The MA and SA of COyich core—Plrich shen/C annealed by condition 2 were

10.07Ag™" and 11.27 pAcm™2.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The chemical energy of fuel can be directly converted into the
electrical energy by a fuel cell. The energy conversion efficiency
is theoretically greater than that in a thermal cycle. The devices
for treating the emissions may not be required due to the signifi-
cant decrease in the pollutants from a fuel cell. In the polymeric
electrolyte membrane fuel cell (PEMFC), the overpotential for
the oxygen reduction reaction (ORR) on Pt electrocatalyst is
about 0.2 V due to the strong bonding strength of O, and a high
degree irreversibility of the reduction of O,. This represents a
loss 20% from the maximum theoretical energy efficiency of
PEMFCs [1]. Platinum prepared on the carbon support exhibits
the highest electrocatalytic activity of ORR by comparing with
any of pure metals in the low temperature fuel cells [2]. In the
recent years, platinum alloyed with various transition metals are
employed to further improve the electrocatalytic activity of ORR
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and reduce the cost of electrocatalyst [3]. Many platinum alloys,
such as PtCo, PtNi, PtFe, PtCr, have been prepared with various
methods to use as the electrocatalysts of ORR [2,4-13].

The kinetics of ORR is much improved with Pt-Ni, Pt-Fe
and Pt—Co prepared by sputtering method as cathodes due to the
increase in d-electron vacancy of thin Pt surface layer caused by
alloying [5]. When the atomic ratio of Pt-M (M = Co, Cr and Ni)
is adjusted to 3:1, the lattice parameter of the Pt—M is smaller
than Pt alone catalyst [7]. The ORR on Pt-M is demonstrated
to be a structure-sensitive reaction. The mass activity (MA) of
ORR on Pt—Cr alloy electrocatalyst is enhanced slightly, and
the specific activity (SA) is much improved due to the change
in lattice parameter and the surface composition by compar-
ing with Pt alone electrocatalyst [11]. Furthermore, the Pt—Cr
[11] and Pt—Ni [12] alloying electrocatalysts exhibit a higher
methanol tolerance for the ORR than Pt/C electrocatalyst. Using
Pt—M/C electrocatalysts prepared by the microemulsion method,
the electroactivity ORR is greater than that of electrocatalysts
prepared by the high-temperature route [13].

Recently, the synthesis and properties of the nanostruc-
tured core—shell materials have been investigated [14-35], and
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the applications of the nanostructured core—shell materials are
mainly focused on the magnetic materials, biomedicine and cat-
alysts in the present date. Using PtRus5(CO);¢ as the precursor,
Pt is found preferentially at the core of PtRu nanoparticle treated
at 473 K. An inverted structure is found for Pt appears mostly
at the surface of the nanoparticle by treating at 673K [14].
The Cocore—Ptshenn nanoparticle prepared by the reaction of Co
nanoparticle with Pt(hfac), (hfac=hexafluoroacetylacetonate)
is used as the magnetic material [17,18]. The catalytic charac-
teristics of Pdcore—Ptsherr, Which is synthesized by the successive
addition method using sacrificial Hp, are investigated for the
hydrogenation of methyl acrylate. The catalytic activity of
Pd is enhanced by the presence of Pt [15]. The preparation
of SnpSip j/carbon core—shell nanoparticles and ZnO/CdSe
nanowires are applied in the fields of lithium batteries [23] and
solar cells [24], respectively. The bimetallic core—shell nanopar-
ticles of Au—Ag, Au-Pd and Au-Pt are prepared and reported in
the literatures [29-35]. However, the ORR on the core—shell type
Pt-M (M =transition metal) electrocatalyst is seldom reported.
The electrocatalytic activity for ORR may be enhanced by the
presence of transition metal located within the core due to the
structure and electronic effects caused by the partial alloying and
vacant d-orbital from the transition metal, and the dissolution of
the transition metal is expectably reduced due to the protection
by Pt on the shell.

Corich core—Ptrich shell Nanoparticle was prepared on carbon
powder by the thermal decomposition and following by the
chemical reduction, and used as the cathodic catalysts of ORR in
this paper. The pristine electrocatalyst was annealed at various
temperatures and environments. The properties and the elec-
trochemical characteristics of Pt/C and Coyich core—Ptrich shell/C
were also analyzed in this work.

2. Experimental
2.1. Preparation of Pt/C and Coyich core—Ptrich shelt/C

Pt/C was prepared by the chemical reduction of plat-
inum acetylacetonate (Pt(acac);) with 1,2-hexadecanediol as
the reducing agent. The solution of 50 mg Pt(acac),, 100 mg
1,2-hexadecanediol, 56 ul oleic acid, 65 ul oleylamine dis-
solved in 10 ml diphenyl ether (dpe) mixed with 100 mg carbon
powder (XC-72) was heated to 205 °C and refluxed in N; atmo-
sphere for 1 h to prepare Pt/C (theoretical loading = 19.87%). A
two-steps procedure was used to prepare COrich core—Ptrich shell
nanoparticle on XC-72 carbon powder support. Firstly, 200 mg
carbon powder was added into a solution of 60 mg dicobalt
octacarbinyl (Coz(CO)g) dissolved in 10ml dpe and heated
to 142°C and refluxed in N, atmosphere for 30 min. Then
a solution of 50mg Pt(acac);, 100mg 1,2-hexadecanediol,
56 pl oleic acid, 65 pl oleylamine dissolved in 10 ml dpe was
added and increased the refluxed temperature to 205 °C for
1h. The obtaining Corich core—Ptrich shet/C with the theoreti-
cal loading of 10.10% Pt and 8.43% Co was washed with
ethyl alcohol for several times, and dried in a 100°C vac-
uum oven for 24 h. Vulcan XC-72 was selected as the support
of Pt and Corich core—Ptrich sheil due to its high specific area of

250 m? g~! and convenient comparison with the results in liter-
atures.

The pristine Corich core—Ptrich shell/C electrocatalyst was cal-
cined at N, atmosphere in a tubular oven at various temperatures
and holding times. The heat treatment of the pristine electrocat-
alyst was also taken place in air by increasing the temperature
from the room temperature to 250 °C at a rate of 5°C min~! and
holding at 250 °C for 10 min. The metal oxides of electrocata-
lyst formed in the annealing process in air were reduced with
6% Hy/Ar in a tubular oven at 400 °C for 2 h.

The thermal properties of the pristine electrocatalysts were
analyzed by a thermal gravimetric analyzer (TGA, TA Q50) in
the N> and air environments, respectively. The crystallinities and
particle sizes of the electrocatalysts were analyzed by the X-ray
diffraction (XRD, Shimadzu XRD-6000) and the transmission
electron microscope (TEM, JOEL JEM-1010), respectively. The
electrocatalysts were firstly calcined at a 500 °C chamber fur-
nace for 1 h to burn out the carbon support, and then dissolved in
12 ml aqua regia for analyzing its compositions with an atomic
adsorption spectroscopy (AAS, Hitachi Z-6100).

2.2. Preparation of Pt/C/Au plate and
Corich core—Ptrich shelt/C/Au plate electrodes for ORR

A suitable amount of electrocatalysts slurry prepared by
mixing 10 mg Corich core—Ptrich shell/C (or Pt/C) and a suitable
amount of Nafion® solution (volume ratio of 5% Nafion® solu-
tion and DI water=1/5) was cast on 1cm? Au plate. The
COrich core—Ptrich shell/C/Au (or Pt/C/Au) was placed at room tem-
perature and then at a 110 °C oven for drying. The electroactive
area of electrocatalyst was measured by the cyclic voltamme-
try (CV) method with an electrochemical analyzer (CHI 611A)
in 0.5M HCIO4 aqueous solution in the absence of dissolved
O, (sparging with Ny for 30 min). The electrochemical char-
acteristics of ORR on the pristine and annealed Pt/C/Au and
Corich core—Ptrich shell/C/Au electrocatalysts were carried out in
the 0.5 M HC1O4 aqueous solution saturated with the dissolved
O, by sparging O; for 30 min.

3. Results and discussion
3.1. Thermal gravimetric analysis (TGA) of electrocatalysts

3.1.1. TGA of Co and Pt nanoparticles in N

Asindicated in Section 2, the Corich core—Ptrich shell/C Was pre-
pared by the thermal decomposition of Co(CO)g and then the
reduction of Pt(acac), in series. Hence some residual organic
substances might exist on the surface of the pristine electrocat-
alysts. The thermal gravimetric curves of the nanoparticles of
Co and Pt prepared by the thermal decomposition of Co2(CO)g
and the chemical reduction of Pt(acac);, respectively, were illus-
trated in Fig. 1. A slight decrease in the weight fraction found
in Fig. 1a was inferred to be the evaporation of water (<280 °C)
and dpe solvent from the Co nanoparticles. The weight fraction
loss from 96% to 93% by increasing the temperature from 280
to 310 °C might be caused by the desorption of CO and CO»,
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Fig. 1. TGA curves of (a) Co nanoparticle prepared by the thermal decompo-
sition and (b) Pt nanoparticle produced by the chemical reduction. Purged gas:
N,, temperature raising rate =20 °C min~!, temperature range = 30-800 °C.

which were formed in the thermal decomposition of Coz(CO)g.
The similar results were obtained for the TGA analysis of Co
particle in the literature [36]. The oxidation of Co particle by
the trace oxygen permeated from the environment into the TGA
cell to form CoO and Co304 demonstrated by the XRD anal-
ysis resulted in the increase of the weight for the temperature
greater than 310 °C. However, the slight variation of the weight
fraction of Co particle prepared by the thermal decomposition
of Coy(CO)g in the TGA analysis revealed that the organic
residuals remained on the Co nanoparticle were slight.

The TGA analysis of Pt nanoparticle obtained by the chemical
reduction of Pt(acac), indicated that the weight loss was 85%
by increasing the temperature from 100 to 240 °C (Fig. 1b). The
results revealed that a large amount of residuals, including the
Pt precursor (Pt(acac),), surfactant and reductant, existed on the
surface of Pt nanoparticles.

3.1.2. TGA of Co/C and Coyich core—Ptrich shett/C in air

The TGA curves of carbon support, Co/C and Corich core—
Ptrich shenn/C illustrated in Fig. 2 indicated that the carbon was
reacted with O to CO; for temperature greater than 600 °C and
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Fig. 2. TGA curves of (a) XC-72 carbon support, (b) as-prepared Co/C
and (c) as-prepared Corich core—Ptrich shell. Purged gas: air, temperature raising
rate = 10°C min~!, temperature range = 30-800 °C.

resulted in the complete decomposition at 720 °C. The weight
loss of 11% was found for Co/C at temperature less than 240 °C
inferred to be the evaporation of adsorbed water and the resid-
ual organic solvent (dpe). The significant decrease in the weight
fraction of Co/C for the temperature greater than 500 °C was
caused by the decomposition of carbon support. The carbon sup-
port was completely decomposed at 680 °C, and a stable weight
fraction was found to be 18.5% which was the cobalt oxides. The
TGA curve of Coyich core—Ptrich shell/C revealed that the slight loss
in weight for temperature less than 200 °C might be caused by
the evaporation of the adsorbed water and the residual organic
solvent, and the significant decrease in the weight fraction for
temperature in the range of 200-250 °C was mainly due to the
complex organics decomposition. The weight fraction loss at
450 °C was inferred to be the decomposition of carbon support.
The experimental results revealed that the decomposition of car-
bon support was catalyzed by the presence of metal catalysts
(Co and Pt) and resulted in the decrease of the decomposition
temperature.

As the results in Fig. 2, the optimal temperature for remov-
ing the residual organics from Corich core—Ptrich shenl/C in air was
250°C. The TGA of Corich core—Ptrich shell/C annealed at 250 °C
for various times in air are illustrated in Fig. 3. The similar TGA
curves of Coyich core—Ptrich shell/C were found for the annealing
time of 10, 30 and 60 min. The slight decrease in weight fraction
for temperature less than 100 °C was caused by the evaporation
of water adsorbed on the surface of electrocatalyst. For tempera-
ture in the range of 100-250 °C the insignificant decrease in the
weight fraction of Coyich core—Ptrich shell/C annealed for various
times revealed that the residual organics existed at the electro-
catalyst were completely decomposed and removed by thermal
annealing at 250 °C for 10 min.

3.2. The particle sizes of electrocatalysts

Using 1,2-hexadecanediol as reducing agent, Pt was
deposited on carbon powder by the reduction of Pt(acac),. The
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Fig. 3. TGA curves of Corich core—Ptrich sheil/C annealed at 250 °C in air. Purged
gas: air, temperature raising rate = 10 °C min~!, temperature range = 30-800 °C.
Annealing time: (—) 10, (— — —) 30, (...) 60 min.

particle size of Pt on carbon powder was obtained to be 2—4 nm
(Fig. 4a). The particle size of Coyich core—Ptrich shel/C prepared
by the two-step procedure was illustrated in Fig. 4b and found
to be 3-5 nm.

When the Pt/C was annealed at 400 °C in N atmosphere for
5, 10 and 15h, the particle sizes of Pt on C were found to be
2-4,2-6 and 2—6 nm, respectively (Table 1). The slight growth of
the Pt particle size was due to sintering in the thermal annealing
process. Although, the Pt particle size was kept at the same range
by increasing the annealing time from 10 to 15 h, the fraction of
the larger Pt particle (6 nm) increased with the increase in the

(2) I

Table 1

Effect of thermal annealing on the particle size of Pt and Coyich core—Ptrich shell
on carbon support

Thermal annealing® Particle size (nm)

Pt Corich core—Ptrich shell
- 2-4 3-5
Condition 1, 5h 2-4 3-5
Condition 1, 10h 2-6 3-6
Condition 1, 15h 2-6 3-6
Condition 2 2-7 3-10

2Condition 1: The electrocatalyst was annealed at 400 °C in N;. Condition 2:
The electrocatalyst was annealed at 250 °C in air, and then reduced at 400 °C in
6% H, for 2 h.

annealing time. The same particle size of Corich core—Ptrich shell
on C was found for annealing at 400 °C in N, environment from
0 to 5h (Table 1). Further increasing the annealing time to 10
and 15 h the particle size increased slightly to 3—6 nm. Similar
to the results of Pt/C, the fraction of larger Corich core—Ptrich shell
particle (i.e. 6nm) on carbon support was also increased with
the annealing time.

The particle sizes of Pt and Coyich core—Ptrich shel On C were
obtained to be 2—7 and 3-10 nm, respectively, when the elec-
trocatalysts were annealed at 250 °C in air and then reduced at
400 °C in 6% H, environment. Compared with the annealing in
N, atmosphere the particle sizes of Pt and Coyich core—Ptrich shell
were significantly increased for annealing in air and reduction
in 6% Hj environment. The fraction of larger particle of Pt
and Corich core—Ptrich shell On C annealed in air was significantly
greater than that annealed in N>, which were demonstrated in
the TEM analysis.

1 (b W—

Fig. 4. TEM micrographs of pristine (a) Pt/C and (b) Coyich core—Ptrich shell/C.
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3.3. Composition of electrocatalysts

The compositions of the pristine and thermal annealed elec-
trocatalysts analyzed by AAS are shown in Table 2. The Pt
loading of the pristine Pt/C (10.98%) less than the design value
(19.87%) was due to uncompleted conversion of its precursor.
In the thermal annealing procedure, the residual Pt precursor
adsorbed on the pristine electrocatalyst was decomposed and
reduced by the organic substances formed in the annealing pro-
cedure.

Pt(acac)zTPt + CO; t +H,0 ¢ ()

Therefore, the Pt loading of Pt/C increased from 11.68%
to 14.79% when the time for annealing at 400°C in Ny was
increased from 5 to 15h (Table 2). At the same time, the con-
version of Pt was increased from 58.78% to 74.43%. When the
pristine Pt/C was annealed at air and then reduced in 6% H»
environment, the similar results were obtained as indicated in
Table 2. The increase in the loading and the conversion of Pt were
mainly caused by the thermal decomposition of the Pt precursor
and oxidization to be oxides, which was then reduced by H».

Pt(acac), + OzTPtO + CO;z + +H>0 1t 2)
PtO + HQTPt + H,O0 1 3)

The loadings of Co and Pt on the pristine Corich core—
Ptyich shell/C were obtained to be 2.77% and 1.92% which were
significantly less than their designed values of 8.43% and
10.10%. The lower loadings of Co and Pt might be caused by the
low conversion of precursors (Coy(CO)g and Pt(acac);), and a
large amount of organic substances and the precursors absorbed
on the carbon support. When the pristine Corich core—Ptrich shell/C
was annealed at 400°C N, environment for 5h, the weight
loss of the electrocatalyst was found to be 31.55%, and the
weight loss slightly increased to 36.00% for further increase
in the annealing time to 15 h. The significant increase in the Co
loading from 2.77% to 4.25% by increasing the annealing time
from O to 5h was inferred to be caused by the weight loss in
the annealing procedure. The Co loading changed slightly for
further increasing the annealing time to 15 h (Table 2; Fig. 5).

The Pt loading increased from 1.92% to 6.38% by increasing
the annealing time from O to 5h, and the Pt loading was
increased to 10.16% by further increasing the annealing time to
15 h as illustrated in Table 2 and Fig. 5. The experimental results
indicated that the increase in the Pt loading with the annealing
time was significantly greater than that of the increase in Co
loading for annealing at 400 °C in N; environment. The increase
in the Pt loading in the annealing procedure was deduced to
be caused by: (1) the weight loss of the electrocatalyst and (2)
the decomposition and reduction of the Pt precursor adsorbed
on the carbon support (Eq. (1)). Furthermore, the Pt precursor
adsorbed on the carbon support might also be reduced by Co on
Corich core—Ptrich shell/C and caused the increase in the loading
of Pt.

Pt(acac), + Co—A>Pt + Co compounds 1 (Y]

12 T T T T T T T

Loading/%

Annealing time/h

Fig. 5. Effect of annealing time in Ny environment on the loadings of
Corich core=Plrich shen/C. Conditions for preparing Corich core—Ptrich shell/C: step
1: 200mg XC-72, 60 mg Co,(CO)g dissolved in 10 ml diphenyl ether, refluxed
at 142 °C in N, for 30 min; step 2: 50 mg Pt(acac),, 100 mg 1,2-hexadecanediol,
56 ul oleic acid, 65wl oleylamine dissolved in 10ml dpe was added and
increased the temperature to 205 °C refluxed for 1h. Annealing tempera-
ture =400 °C. Pt loading (O), Co loading (@®).

When the annealing time increased from 0 to 15h in 400 °C
Ny, the increase in the Pt loading was significantly greater than
that of Co loading, and resulted in the decrease in the Co/Pt
atomic ratio from 4.77 to 1.34 as shown in Table 2. When the
pristine Corich core—Ptrich shell/C Was annealed in 250 °C air for
10 min and then reduced in 400 °C 6% H; for 2 h, the Co and Pt
loadings increased to 4.24% and 6.19%, respectively. The less
Pt loading for electrocatalyst annealed in air by comparing with
the electrocatalyst annealed in Ny was inferred to be the less
annealing time and faster organic decomposition rate in air.

3.4. Crystallinity and alloying of electrocatalysts

The crystal faces of (111), (200), (220) and (311) were
found in the XRD spectra of Pt/C, and the broad reflections
indicated the nanostructured Pt with small grain sizes (Fig. 6).
The grain size of Pt on the pristine Pt/C calculated based on
the peak with 26 of 39.71° by using the Scherrer’s equation
[37] was 2.17 nm, which was correlated well with the particle
size analyzed by TEM (Fig. 4a). Only the Pt peak of (111)
was obvious for pristine Coyich core—Ptrich shett/C (Fig. 6), and
the other peaks of Pt became unapparent. Compared with Pt/C
the shift in peak angle of (111) from 39.71° to 40.31° was
due to the intercalation of Co into the Pt fcc structure for
Corich core—Ptrich shell/C. The intercalation of Co into the Pt fcc



628 J.-S. Do et al. / Journal of Power Sources 172 (2007) 623—632

Table 2
Effect of the thermal annealing on the compositions of electrocatalysts

Electrocatalysts Annealing time (h)* Loading (%) Conversion (%) Atomic ratio of Co/Pt
Co Pt Co Pt

Pt/C 0(N7) - 10.98 - 55.26 -
5(Ny) - 11.68 - 58.78
10(N7) - 14.26 - 71.77 -
15(N») - 14.79 - 74.43
1/6(air) - 14.50 - 72.97 -

Co/C 0(N3) 13.0 88.58 -

COorich core—Ptrich shell/C 0O(Ny) 2.77 1.92 28.07 16.24 4.77
5(N2) 4.25 6.38 45.95 57.57 2.20
10(N») 4.00 8.37 44.11 77.0 1.58
15(N3) 4.12 10.16 46.43 95.59 1.34
1/6(air) 4.24 6.19 45.75 55.72 2.26

? Thermal annealing in N, was set at 400 °C, and the thermal annealing in air was set at 250 °C for 10 min (1/6 h) and then reduced in 6% H, at 400 °C for 2 h.

b Conversion (%) = (moles of metal loading/moles of metal precursors) x 100%.

structure also caused the decrease in the lattice parameter from
0.391 (pristine Pt/C) to 0.387 (pristine Corich core—Ptrich shell/C)
nm (Table 3). Based on the results in the shift of diffraction angle
and the change of the lattice parameter the alloying degree of

(b)
S5 (a)
o F .
=
‘B
c
o+ J
= (111)
[ ] L ]
- . =
(200) (220) 311
@22)
1 1 1 1 ] ¢ :
30 40 50 60 70 80 a0
20
Fig. 6. XRD spectra of pristine (a) Pt/C and (b) Corich core—Ptrich shell/C.

Table 3
Structure characteristics of eletrocatalysts

the pristine Corich core—Ptrich shell/C could be calculated based on
Vegard’s law [9] to be 13.10% (Table 3).

The grain size of Pt of Pt/C increased from 2.17 to 2.85 nm
with the increase in the annealing time from 0 to 15 h at 400 °C
in N (Table 3). The grain size of Pt annealed in air and then
reduced in 6% H, was obtained to be 4.40 nm, which was sig-
nificantly greater than that annealed at N». As described in the
above, the rate for decomposing residual organics adsorbed on
the electrocatalysts in N, was less than that annealed in air. The
growth of grain size by the thermal annealing in N> might hence
be inhibited by the presence of residual organics on the electro-
catalyst. On the other hand, the fast decomposition of residual
organics for annealing in air resulted in the fast grain sinter-
ing and growth of grain size. The similar results were obtained
for Covyich core—Ptrich shell/C as illustrated in Table 3. The atomic
diffusion in the thermal annealing process led to the increase
in the alloying degree and the decrease in the lattice parame-
ter of Corich core—Ptrich shell/C. When the Coyich core—Plrich shell/C
was annealed at 400°C in N», the alloying degree increased
from 13.10% to 42.83% and the lattice parameter decreased
from 0.387 to 0.382 nm with the increase in the annealing time
from O to 15h (Table 3). The similar results were obtained

Electrocatalysts Annealing time (h)* Pt Atomic ratio of Co/Pt Alloying degree (%)
GS! (nm)® LP2 (nm)®

Pt/C O(N2) 2.17 0.391 - -
5(N2) 2.48 0.391 - -
10(N2) 2.65 0.391 - -
15(N2) 2.85 0.391 - -
1/6(air) 4.40 0.391 - -

COrich core—Ptrich shell/C O(N2) 2.45 0.387 477 13.10
5(Np) 2.58 0.381 2.20 39.63
10(N2) 2.62 0.382 1.58 39.94
15(N») 2.62 0.382 1.34 42.83
1/6(air) 3.79 0.379 2.26 47.26

2 Thermal annealing in Ny was set at 400 °C, and the thermal annealing in air was set at 250 °C for 10 min (1/6 h) and then reduced in 6% H; at 400 °C for 2 h.

b 1. GS, grain size; 2: LP, lattice parameter.
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Fig. 7. Cyclic voltammograms of Pt/C annealed at 400 °C in N, for various
times. WE: Pt/C annealed at 400°C in N, geometric area of WE=1 cm?,
RE: RHE (0.5M HClOy), CE: Pt foil, electrolyte: 0.5 M HCIO4, room temp.,
scan rate=50mV s~ !, scan range =0.05-1.2 V. Conditions for preparing Pt/C:
100 mg XC-72, 50 mg Pt(acac),, 100 mg 1,2-hexadecanediol, 56 .l oleic acid,
65 .l oleylamine dissolved in 10 ml diphenyl ether, temp. =205 °C, refluxed in
N, atmosphere for 1 h. Annealing time: (—) 0,(— — —)5,(—-—) 10,(...) 15h.

for the Coyich core—Ptrich sheil/C annealed in air and reduced
in 6% H2.

3.5. Electrochemical measurement

3.5.1. Electroactive area

The cathodic reduction of H* in 0.5 M HCIO4 aqueous solu-
tion on Pt/C was found for the potential less than 0.4 V (versus
RHE), and the adsorbed hydrogen was oxidized for the reverse
scanning from 0.05 V (RHE) as illustrated in the cyclic voltam-
mograms (Fig. 7). The similar cyclic voltammograms were
obtained on Pt/C annealed at 400 °C in Ny for various times.
The electroactive area of Pt calculated from the charges for the
oxidation of the adsorbed hydrogen on the Pt surface increased
from 49.53 to 55.81 m? g~! by increasing the annealing time
from O to 5h (Table 4). The decomposition and remove of the
residual organics from the Pt surface resulted in the increase of
the electroactive area. Further increasing the annealing time to
15h, the electrochemical area decreased to 37.87 m? g_1 due
to the growth of the Pt grain in the thermal annealing process
(Table 4).

The maximum electroactive area of Pt on Coyich core—
Ptrich shen/C  without thermal annealing obtained to be
117.69m? g~! was inferred to be the relative lower Pt load-
ing and the sufficient dispersion of Pt on the Co/C, which was
caused by the higher atomic ratio of Co/Pt (4.77). The signif-
icant increase in the Pt loading of Corich core—Ptrich shell/C by
increasing the annealing time resulted in the decrease in the
atomic ratio of Co/Pt (Table 2). When the time for anneal-
ing Corich core—Ptrich shell/C at 400°C in N increased from 0
to 15h, the electroactive area of Pt hence decreased from
117.69 to 51.98m? g~ caused by the decrease in the dis-
persive degree of Pt. The electroactive area of Pt on Pt/C
and Corich core—Ptrich shell/C were evaluated to be 73.61 and

Table 4
Effect of annealing time on the electroactive area of Pt

Electrocatalysts Annealing Electroactive
time (h)? area (m? g~ 1)
Pv/C 0(N2) 49.53
5(N2) 55.81
10(N2) 46.39
15(N2) 37.87
1/6(air) 73.61
Corich core—Plrich shenn (1:1)/C O(N2) 117.69
5(N2) 60.15
10(N7) 58.84
15(N2) 51.98
1/6(air) 89.29
Corich core—Ptrich shet1 (1:2)/C O(N2) 56.76
1/6(air) 96.69

? Thermal annealing in N; was set at 400 °C, and the thermal annealing in air
was set at 250 °C for 10 min (1/6 h) and then reduced in 6% H, at 400 °C for
2h.

89.29m? g~ !, respectively, for the electrocatalysts annealed in
air and reduced in 6% H,. Compared with the electrocatalysts
annealed in air the less electroactive area of Pt on the elec-
trocatalysts annealed in N might be due to the uncompleted
decomposition and remove of the residual organics from the
electrocatalysts.

3.5.2. Oxygen reduction reaction

Changing the scanning rate of linear sweep from 1.0 to
0.2mVs~! in 0.5M HCIO4 aqueous solution on the pristine
Pt/C a steady current and potential relationship (/-E curve)
were obtained for the scanning rate less than 0.5mV s~!. Using
Pt/C annealed in N, with the various times as the cathodes,
the cathodic reduction of oxygen was found for the potential
less than 1.0V (versus RHE), and the ORR was controlled by
the electrochemical kinetics for the potential in the range of
1.0-0.9V as indicated in Fig. 8. When the potential of cath-
ode was less than 0.8V, the ORR was controlled by the mass
transfer of dissolved oxygen from the bulk solution to the sur-
face of electrocatalyst. The relative lower electroactive area of
Pt/C annealed in N for 15h (37.87 m? g_l as shown in Table 4)
resulted in the least limiting current density of ORR by compar-
ing with the other Pt/C (Fig. 8).

The similar currents of ORR on Pt/C annealed in N, for var-
ious times were obtained at the same applied potential in the
kinetic controlled region, i.e. potential greater than 0.9 V versus
RHE. However, the loading of Pt on the Pt/C annealed in N>
increased and the electroactive area decreased by increasing the
annealing time as illustrated in Tables 2 and 4. Therefore, the
mass activity (MA) of ORR decreased from 3.07to 1.95 A g~ at
0.9V (versus RHE) with the increase in the annealing time from
0 to 15h (Table 5). Increasing the annealing time in N, from 0
to 10h the specific activity (SA) of ORR decreased from 5.53
to a minimum value of 4.85 wA cm™2. Further increasing the
annealing time to 15h the SA was increased to 5.40 pA cm™2
(Table 5). As indicated in Fig. 9, the structure and the relative
strength of the various crystal faces changed with the thermal
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Fig. 8. Linear scan voltammograms of ORR on Pt/C. WE: Pt/C, geomet-
ric area of WE=1cm~2, RE: RHE (0.5M HCIO,), CE: Pt foil, electrolyte:
0.5M HCIO4 with Oz-saturated, room temp., scan rate: 0.5 mV s 0, flow
rate=40mlmin~!, agitation rate=200rpm. Conditions for preparing Pt/C:
100 mg XC-72, 50 mg Pt(acac),, 100 mg 1,2-hexadecanediol, 56 pl oleic acid,
65 pl oleylamine dissolved in 10 ml diphenyl ether, temp. =205 °C, refluxed in
N3 atmosphere for 1h. Time for annealing at 400°C in Np: (—) 0, (— ——)
5,(—-—)10,(...) 15h. (— — — —) Annealing at 250 °C in air for 10 min and
reducing at 400 °C in 6% H; for 2 h.

annealing time. In general the ORR on Pt was demonstrated to be
a structure-sensitive reaction [38,39]. Therefore, the change of
SA of ORR on Pt/C with the annealing time in N, was inferred
to be the change of the structure and the grain size of Pt on
the carbon support. Compared with the Pt/C annealed in N

Table 5
Effect of annealing time on the electrochemical activities of electrocatalysts
Electrocatalysts Annealing MAU/A SA?
time (h)* @"P (pAcm™2)°
Pt/C 0(N2) 3.07 5.53
5(N2) 2.84 5.10
10(N2) 2.24 4.85
15(N2) 1.95 5.40
1/6(air) 4.11 6.12
COrich cure*PtriCh shell( 1: 1)/C O(NZ) 10.45 8.26
5(N2) 4.79 8.00
10(N2) 5.48 8.80
15(N2) 6.21 12.02
1/6(air) 10.07 11.27

2 Thermal annealing in N, was set at 400 °C, and the thermal annealing in air
was set at 250 °C for 10 min (1/6 h) and then reduced in 6% H; at 400 °C for
2h.

b 1: Mass activity was measured based on the potential of 0.9 V (vs. RHE). 2:
Specific activity was measured based on the potential of 0.9 V (vs. RHE).

Intensity/a.u.

20

Fig. 9. XRD spectra of Pt/C. Conditions for preparing Pt/C: 100 mg XC-72,
50 mg Pt(acac),, 100 mg 1,2-hexadecanediol, 56 pl oleic acid, 65 pl oleylamine
dissolved in 10 ml diphenyl ether, temp. =205 °C, refluxed in N, atmosphere
for 1 h. Time for annealing at 400 °C in Nj: (1) 0, (2) 5, (3) 10, (4) 15h; (5)
annealing at 250 °C in air for 10 min and reducing at 400 °C in 6% H; for 2 h.

the significant larger MA and SA of ORR on Pt/C annealed
in air was mainly attributed to the elimination of organic
residuals more completely, the change in the crystal structure
(Fig. 9) and shifting the /-E curve to a direction of positive
potential.

Similar electrochemical behaviors of ORR were found for
using Corich core—Ptrich shell/C annealed in Ny with the various
times as cathodes (Fig. 10). The oxygen was reduced at poten-
tial less than 1.0V (versus RHE) and the limiting current of
ORR was found for the potential less than 0.8 V. The least
limiting current of ORR obtained on Coyich core—Ptrich shell/C
without thermal annealing was mainly due to the least Pt loading
(1.92% as shown in Table 2) and large amount of organic resid-
uals adsorbed on the electrocatalyst. The significant increase in
the Pt loading (Table 2) resulted in the increase in the limit-
ing current of ORR with the increase in the annealing time in
N, (Fig. 10). The maximum MA obtained to be 10.45A g~!
based on Coyich core—Ptrich shell/C Without thermal annealing was
attributed to the maximum electroactive area of 117.69 m? g~!
(Table 4). The least Pt loading of Coyich core—Ptrich shell/C without
thermal annealing resulted in the higher dispersion of Pt on Co/C
and the maximum electroactive area. The increase in SA of ORR
on Corich core—Ptrich shell/C from 8.26 to 12.02 A cm~2 with the
annealing time from O to 15h might be due to the increase in
the alloying degree and the decrease in the lattice parameter
(Table 3). Furthermore, increasing the alloying degree the frac-
tion of Co present at the surface of electrocatalyst increased and
the stable state of the alloying metal (Co) was most likely in
an “oxidized state” attached with one or more OH ligands [40].
The presence of OH on Co could prevent the adsorption of OH
on the neighboring Pt and increased the ORR activity. When
Corich core—Ptrich shell/C was annealed in air, the higher values
of MA (10.07Ag™!) and SA (11.27 wAcm™2) of ORR were
deduced to be the higher electroactive area (89.26 m> g~!) and
alloying degree (47.26%).
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Fig. 10. Linear scan voltammograms of ORR on Corich core—Ptrich shell/C.
WE: Corich core—Ptrich shell/C, geometric area of WE =1 cm?; RE: RHE (0.5M
HCI10O,), CE: Pt foil, electrolyte: 0.5 M HCIO4 with O,-saturated, room temp.,
scan rate: 0.5mV s~ !, O, flow rate: 40 ml min~ !, agitation rate: 200 rpm. Con-
ditions for preparing Corich core—Ptrich shel/C: step 1: 200mg XC-72, 60 mg
Co0,(CO)g dissolved in 10 ml diphenyl ether, refluxed at 142 °C in N for 30 min;
step 2: 50 mg Pt(acac),, 100 mg 1,2-hexadecanediol, 56 pl oleic acid, 65 wl oley-
lamine dissolved in 10 ml dpe was added and increased the temperature to 205 °C
refluxed for 1 h.

In general the MA and SA of ORR based on Corich core—
Ptrich shenl/C were greater than that on Pt/C. The higher MA of
ORR revealed that a greater part of Pt on Coyich core—Ptrich shell/C
was located on the surface of electrocatalyst and hence the Pt
utility of Coyich core—Ptrich shell/C Was greater than that of Pt/C.
The decrease in the lattice parameter and the adsorption of OH
on Pt was due to the presence of Co on Corich core—Ptrich shell/C.
Therefore, the SA of ORR on Coyich core—Ptrich shell/C Was greater
than that on Pt/C.

4. Conclusions

Platinum was prepared on the carbon support by the chem-
ical reduction, and the part of Pt(acac), were decomposed and
reduced to be Pt in the thermal annealing processes. The Pt
loading increased from 10.98% to 14.50% by increasing the
annealing time in N> from 0 to 15 h. Coyich core—Ptrich shell/C was
prepared by the thermal decomposition of Co,(CO)g and the
chemical reduction of Pt(acac); in series. Increasing the time
of thermal annealing in N> from O to 15h the decomposition
and reduction of residual Pt precursor on Coyich core—Ptrich shell/C
resulted in the increase in the Pt loading from 1.92% to 10.16%,
the decrease in the Co/Pt atomic ratio from 4.77 to 1.34. The
alloying degree of Coyich core—Ptrich shel/C Was increased from

13.10% to 42.83% with the increase in the annealing time
in Ny from O to 15h. The maximum Pt electroactive area
of 117.69 m? g_l for the pristine Corich core—Ptrich shell/C was
attributed by the higher dispersion of Pt on Co nanoparticle and
carbon support. Compared with the annealed in N; the higher
electroactive area of electrocatalysts annealed in air was deduced
to the complete decomposition of residual organics adsorbed on
the electrocatalysts. The MA and SA of ORR on Pt/C annealed
in air were higher than that annealed in N> due to the higher
electroactive area and change in the crystal structure of Pt. The
increase in the SA of ORR on Coyich core—Ptrich shen/C annealed
in Nj from 8.22 to 12.02 with the increase in annealing time
from O to 15 h was mainly caused by the increase in the alloy-
ing degree. The Corich core—Ptrich shell/C €lectrocatalyst annealed
in air exhibited the higher MA and SA of ORR, which were
10.07 Ag! and 11.27 wA cm™2, were 2.45- and 1.84-folds of
Pt/C annealed in air.
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