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a  b  s  t  r  a  c  t

We  report  the  preparation  and  characterization  of  mesoporous  carbon  nanocomposites  with  Ni  and
Co nanoparticles  incorporated  into  the  pore  walls,  which  are  synthesized  via  template  strategy  by
sucrose-impregnation  and  benzene  chemical  vapor  deposition  (CVD)  routes  separately.  Pt nanoparticles
supported  on  the  nanocomposites  for oxygen  reduction  reaction  (ORR)  and  methanol  oxidation  reaction
(MOR)  in  fuel  cells  are  fabricated  via  hydrogen  reduction  method.  It  is found  that  the  introduction  of  metal
nanoparticles  into  the  pore  walls of  carbon  materials  via  both  synthesis  routes  had  negligible  change  in
pore  structure.  Highly  dispersed  Pt  nanoparticles  supported  on  nanocomposites  synthesized  by sucrose-
impregnation  method  shows  better  catalytic  activities  for both  ORR and  MOR  than  that  on  those  by CVD
t catalyst
lectrochemical catalysis
haracterization
uel cells

method  and  greatly  improve  the  limiting  current  densities  for  ORR.  The  promotional  effect  of  Ni on  the
catalytic  activity  of  Pt catalysts  for both  ORR  and  MOR  is  evidenced  in  nanocomposites  obtained  with
sucrose-impregnation  method,  but  not  with  CVD  method.  Interesting  results  revealed  that  Ni  performed
as a better  promoter  in  MOR  while  Co is  a better  promoter  in  ORR.  Our  investigation  not  only  provides
further  insight  on  the  roles  of  Ni  and  Co  in  ORR and  MOR,  but  also  can  assist  the  design  and  synthesis  of
the  new  nanostructured  electrocatalyst  supports.
. Introduction

It is well known that there are a number of technical prob-
ems in the commercial application of proton exchange membrane
uel cells (PEMFCs) and direct methanol fuel cells (DMFCs), e.g.,
luggish anodic methanol oxidation reaction (MOR) in DMFCs and
athodic oxygen reduction reaction (ORR) on Pt electrocatalysts,
nd the high cost of noble metal Pt used [1],  which should be
ddressed and overcome. The discovery of new electrocatalyst
aterials with high efficiency and low cost thus is imperative. Cur-

ently, the strategies adopted to improve the catalytic performance
nd cost-efficiency include further improving Pt-based electrocat-
lysts [2],  developing better catalyst carbon supports [3,4], and
earching alternative non-platinum active metal [5].  Although non-
t catalysts look attractive [6],  so far Pt is still widely accepted as
he standard catalyst for the oxidation of small organic molecules

n fuel cells. However, the catalytic activity of monometallic Pt
atalysts is still not good enough for the large-scale application
f fuel cells. Therefore, in recent years, catalysts consisting of Pt

∗ Corresponding author. Tel.: +86 10 82544850; fax: +86 10 82544851.
E-mail address: fbsu@mail.ipe.ac.cn (F. Su).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.050
© 2012 Elsevier B.V. All rights reserved.

nanoparticles coupled with transitional metals such as Co, Ni, and
Fe have been tested to improve the electrocatalytic activity in
both MOR  and ORR [7,8]. These include for mechanically alloyed
PtCo and PtNi electrocatalysts [9],  core-shell PtCo nanocrystals
[10], nano-structured Pt–Fe/C [11], Pt monolayer deposited on
core-shell nanoparticles (Pt/Au/Ni, Pt/Pd/Co, and Pt/Pt/Co) [12] and
porous Pd–Cu alloys [13], core-shell Pd/FePt nanoparticles [14],
Ni@Pt core-shell nanoparticles [15], carbon-supported Pt–Co cata-
lysts [16–19],  dealloyed Pt–Cu–Co nanoparticles [20]. Some of them
showed much better electrochemical performance than the state-
of-the-art commercial Pt/C electrocatalysts. The investigation of
the dissociation behavior of O2 on Pt–Co and Pt–Fe alloys indicated
that, for ORR, alleviation of poisoning and enhanced rates for reac-
tions involving O is because of the presence of more active Pt skins
derived from introduction of Co and Fe [21,22]. Recent research has
found tuning the surface electronic structure of Pt via metals (Ni,
Co, Fe, and Ti) is substantially responsible for the high activity of
electrocatalysts for ORR [2,23,24].

Template strategy has been used to prepare novel nanos-

tructured carbon materials [4,25–29], in particular, to obtain
the carbon–metal composites for electrocatalysts [30–33].  Such
nanocomposites could allow allocation of the metal nanoparti-
cles within their well-defined carbon pore walls [34], resulting

dx.doi.org/10.1016/j.jpowsour.2012.01.050
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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er Sou

i
m
a
t
r
R
M
o
s
c

n
i
o
d
(
p
f
t
e
a
e

2

2

s
1
s
i
t
s
1
i
s
s

O
p
a
t
a
c
p
o
o
u
w
o

(
d
t
T
i
o
w

(
d
t
c
t

were recorded. Oxygen reduction reaction measurement was  con-
F. Su et al. / Journal of Pow

n high dispersion of metal nanoparticles in carbon support
atrixes [31,32],  ameliorating metal–support contact and inter-

ction between Pt and second metal phase, as well as tailoring
heir sizes for understanding the catalytic mechanism. Our previous
eports showed that the Pt nanoparticles supported on sandwiched
u/carbon nanocomposites exhibited an improved activity [35].
oreover, such catalyst nanostructure with predefined allocation

f active metal nanoparticles within the support matrix would pos-
ibly allow us to design nanostructured catalysts for much better
atalytic behaviors.

Herein, we comparatively investigate the effects of Ni and Co
anoparticles incorporated in carbon matrixes on the electrochem-

cal properties of Pt catalysts in MOR  and ORR. The introduction
f Ni and Co within the templated carbon pore walls was  con-
ucted via sucrose-impregnation and chemical vapor deposition
CVD) methods. Pt nanoparticles are deposited on these nanocom-
osites to form bimetallic catalysts by conventional impregnation
ollowed by hydrogen reduction at a mild temperature. The inves-
igation of effects of these metal–carbon nanocomposites on the
lectrochemical activities of catalysts for MOR  and ORR will give
n insight into the role of transitional metals and nanostructured
lectrocatalyst supports.

. Experimental

.1. Materials synthesis

Ordered mesoporous carbon (OMC): OMC  was  synthesized using
ucrose-impregnation method as reported previously [36]. Briefly,
.0 g of SBA-15 was first added to a solution containing 1.3 g of
ucrose, 0.13 g of H2SO4, and 4.0 mL  of H2O. The mixture was dried
n an oven at 100 ◦C for 6 h and subsequently at 150 ◦C for 6 h. Then,
he obtained sample was added in a solution containing 0.8 g of
ucrose, 0.08 g of H2SO4, and 3.0 mL  of H2O, and dried again at
20 ◦C for 6 h. The dried sample was carbonized at 900 ◦C for 3 h

n nitrogen gas. Finally, the black sample was treated with a 10% HF
olution to remove silica template, washed with deionized water,
ubsequently dried at 120 ◦C overnight, and assigned as OMC.

Ordered mesoporous carbon synthesized by CVD method (OMCV):
MCV was prepared using CVD method [26]. Briefly, around 1.0 g of
ure silica SBA-15 template was placed in a crucible and loaded in

 horizontal quartz tube located in a furnace. The temperature was
hen raised up to 900 ◦C in highly pure N2 flow (30 cm3 min−1) with

 heating rate of 5 ◦C min−1. Subsequently, a N2 flow (50 cm3 min−1)
ontaining benzene vapor generated from a liquid bubbler was
assed through the quartz tube. After the CVD reaction of benzene
ccurred at 900 ◦C for 3 h, the sample was cooled in pure nitrogen to
btain a silica/carbon composite. The silica template was removed
sing a 10% HF solution at room temperature for 24 h, followed by
ashing with copious deionized water and dried in air at 120 ◦C

vernight to yield a carbon sample, which was denoted as OMCV.
CoOMC and CoOMCV: 0.20 g of cobalt nitrate hexahydrate

Co(NO3)2·6H2O, Sigma–Aldrich, 98%) was dissolved into 6.0 mL  of
eionized water, then mixed with 2.0 g of silica SBA-15, and fur-
her dried in air at 200 ◦C for 3 h to form a metal–silica composite.
he composite was employed as the template instead of pure sil-
ca via sucrose-impregnation route mentioned above to obtain Co
rdered mesoporous carbon containing Co and denoted as CoOMC,
hile that obtained with CVD route was named CoOMCV.

NiOMC and NiOMCV: 0.20 g of cobalt nitrate hexahydrate
Ni(NO3)2·6H2O, Sigma–Aldrich, 98%) was dissolved into 6.0 mL  of

eionized water and then mixed with 2.0 g of silica SBA-15. Later,
he mixture was dried in air at 200 ◦C for 3 h to generate Ni–silica
omposite. NiOMC and NiOMCV were prepared the method similar
o synthesis of CoOMC and CoOMCV.
rces 205 (2012) 136– 144 137

Pt catalysts: Using OMC, OMCV, CoOMC, CoOMCV, NiOMC, and
NiOMCV nanocomposites as the supports, Pt catalysts includ-
ing Pt/OMC, Pt/OMCV, Pt/CoOMC, Pt/CoOMCV, Pt/NiOMC, and
Pt/NiOMCV, were prepared with the incipient wet impregnation
method, respectively. In brief, 0.10 g of support was first mixed with
a 0.30 mL  solution containing 0.07 g chloroplatinic acid hydrate
(H2PtCl6·xH2O, ∼38 wt.% Pt, Aldrich). The resultant mixture was
kept in air at 80 ◦C overnight and then at 150 ◦C for 3 h. Subse-
quently, the solid products were heated at 400 ◦C for 2 h with
a ramp of 2 ◦C min−1 in a mixed atmosphere containing argon
(40 mL  min−1) and hydrogen (10 mL  min−1), and then washed with
hot deionized water for five times to remove residual chlorine
ions in catalysts. After that, the solid was  vacuum-dried at 80 ◦C
overnight.

2.2. Characterization

The porous properties of the samples were investigated using
physical adsorption of nitrogen at the liquid-nitrogen tempera-
ture on an automatic volumetric sorption analyzer (Quantachrome,
AUTOSORB 6B). Prior to the measurement, the samples were
degassed under vacuum at 200 ◦C overnight. The specific surface
areas were determined according to the Brunauer–Emmett–Teller
(BET) method in the relative pressure range of 0.05–0.2. The total
pore volumes were obtained from the volume of nitrogen adsorbed
at the relative pressure of 0.99. Pore size distribution (PSD) curves
were derived from the Barrett–Joyner–Halenda (BJH) method using
the adsorption branches. The pore sizes were estimated from the
maximum positions of the BJH PSD curves. The X-ray diffraction
(XRD) patterns in the Bragg’s angle (2�) range from 10◦ to 90◦ were
collected on a Bruker D8 diffractometer with Cu K� radiation of
wavelength � = 0.1541 nm for identification of the crystalline struc-
ture and average crystallite size of Pt particles. Thermogravimetric
analysis (TGA) was  conducted on a thermogravimetric analyzer
TGA Q500 (Thermal Analysis Instruments, U.S.A.) in air with a
flow rate of 100 mL  min−1 and a temperature ramp of 10 ◦C min−1.
The microscopic features of the samples were observed with a
transmission electron microscope (TEM) (Tecnai G2 TF20 S-twin,
FEI Company) operated at 200 kV. The surface chemical compo-
sition of the samples was determined by X-ray photoelectron
spectroscopy (XPS) on a VG ESCALAB 250 spectrometer (Thermo
Electron, U.K.), using a non-monochromatized Al K� X-ray source
(1486 eV).

A three-compartment electrochemical cell was used to eval-
uate the electrochemical performances of the catalysts by cyclic
voltammetry (CV) at room temperature. An Autolab PGSTAT302
served as the potentiostat/galvansotat. The working electrode was
fabricated by casting Nafion-impregnated catalyst ink onto a 5 mm
diameter vitreous glassy carbon disk electrode. 4.0 mg of Pt catalyst
was  ultrasonically dispersed into 2.0 mL  of 2-propanol contain-
ing Nafion solution (5 wt.%, DuPont) for 30 min  to form a catalyst
ink; 10 �L of the catalyst ink was dropped on the disk using a
micropipette and then the catalyst-coated electrode was dried in
a vacuum oven at 80 ◦C for 30 min. A flat Pt sheet and an Ag/AgCl
electrode were used as the counter and reference electrode respec-
tively. High purity nitrogen gas was bubbled into the electrolyte
to purge the oxygen before measurement. All reported potentials
were referenced to the standard hydrogen electrode (SHE). The cat-
alysts were electrochemically cleaned by continuous cycling until
a stable response was  obtained before the cyclic voltammograms
ducted in a 0.5 M H2SO4 aqueous electrolyte saturated with oxygen
and a disk rotation rate of 2000 rpm. Methanol oxidation reaction
was  carried out in the 0.5 M H2SO4 and 1.0 M CH3OH aqueous elec-
trolyte.
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Table 1
Physicochemical properties of the supports.

Sample SBET
a (m2 g−1) Vt

b (cm3 g−1) Dc (nm) MOxd (wt.%)

OMC  1150 1.27 3.9 –
OMCV 815 0.86 3.8 –
CoOMC 1176 1.09 3.7 3.7
CoOMCV 965 0.95 3.7 7.7
NiOMC 1221 1.18 3.7 3.6
NiOMCV 785 0.85 3.5 7.5

a BET surface area.
b
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Total pore volume at the relative pressure of 0.99.
c Pore size derived from BJH method of adsorption branch.
d Metal content within supports derived from TG analysis.

. Results and discussion

.1. Characterization of supports

Fig. 1 shows the nitrogen adsorption/desorption isotherms and
JH–PSD curves of the support samples. It can be seen that the

sotherms of all nanocomposites displayed a type-IV isotherm with
 H2 hysteresis loop, indicative of mesoporous materials [37]. In the
elative pressure range of 0.4–0.7, a steep capillary condensation
tep can be seen from adsorption and desorption branches in Fig. 1a,
ndicating the presence of relatively uniform mesopores. The nar-
ow peaks in PSD curves of Fig. 1b derived from adsorption branch
ere centered at the pore size of 3.9 nm and 3.8 nm for OMC  and
MCV respectively, whereas CoOMC, CoOMCV, and NiOMC showed

 pore size of 3.7 nm.  The centered pore size of NiOMCV is at around
.5 nm.  Table 1 compiles the physicochemical properties of sup-
orts. The BET surface areas are comparable for supports prepared
y sucrose-impregnation method (OMC: 1150 m2 g−1, CoOMC:
176 m2 g−1, and NiOMC: 1221 m2 g−1); nanocomposites prepared
y CVD method also have comparable BET surface area (OMCV:
15 m2 g−1, CoOMCV: 965 m2 g−1, and NiOMCV: 785 m2 g−1). Their
ore volumes also have similar trend. Nanocomposites prepared
y CVD method have lower BET surface area and pore volume than
hose prepared by impregnation method possibly due to the higher
raphitic nature of the former. These results suggest that the incor-
oration of Co and Ni has negligible effects on the pore structure of
he obtained nanocomposites.

Fig. 2 shows the XRD patterns of the supports. It can be seen that
or all samples there are two diffraction peaks at 2� values of around
5◦ and 43◦, which can be assigned to (0 0 2) and (1 0 1) planes of the

arbon material, respectively. The (0 0 2) peak of supports prepared
y sucrose-impregnation method (CoOMC, NiOMC, and OMC) is
uch weaker and broader than that of the samples obtained by CVD

ig. 1. (a) Adsorption–desorption isotherms of the nanocomposites (for clarity, the
sotherms of OMC, OMCV, CoOMC, and CoOMCV were vertically shifted for 600, 600,
50, and 300 cm3 g−1, respectively), and (b) BJH–PSD curves of all nanocomposites.
Fig. 2. XRD patterns of the nanocomposites.

route (OMCV, CoOMCV and NiOMCV), indicating the lower graphite
crystallinity of the former samples. Moreover, their peak positions
of the CVD prepared samples shift to a higher angle, from 23.6◦ of
OMC versus 25.1◦ of OMCV, 24.5◦ of NiOMC versus 26.1◦ of NiOMCV,
and 23.6◦ of CoOMC versus 25.2◦ of CoOMCV, implying the shorter
distance between graphite layers of the supports synthesized by
CVD method. These results suggest that the CVD method could
result in higher graphitic degree of carbon supports compared
to those prepared by the traditional impregnation-carbonization
route. In addition, for NiOMC and NiOMCV samples, two peaks
at 44.5◦ and 51.9◦ corresponding to (1 1 1) and (2 0 0) reflections
respectively, can be indexed to a face-centered cubic (fcc) struc-
ture of nickel (JCPDS file No. 4-485) same as previous report [38]. It
is noted that the irregularity of the peak at about 44.5◦ is due to peak
overlap of the (1 0 1) reflection of carbon and the (1 1 1) reflection of
Ni metal. XRD pattern of CoOMCV shows that the very low inten-
sity peaks observed at 44.5◦ and 52.5◦ corresponds to (1 1 1) and
(2 0 0) diffractions, respectively, indicating the presence of small
fcc-Co particles [38]. However, no Co peaks were found for CoOMC,
suggesting that the Co nanoparticles are too small to be detected
as shown in below TEM image.

TEM images of the supports are shown in Fig. 3. All images are
taken along [0 0 1] directions for better observation. Images of OMC
in Fig. 3a and OMCV in Fig. 3b show highly ordered structure with
an interplanar distance of around 10 nm.  A thicker carbon layer on
the external surface of OMCV can be seen from Fig. 1b, which was
formed because of the prolonged CVD time. Such nonporous car-
bon layer would be partially responsible for the low surface area
and pore volume than that of OMC  as shown by the data in Table 1.
Images of NiOMC in Fig. 3c and NiOMCV also show highly ordered
array of pore structure. For NiOMC, no Ni nanoparticles are clearly
observed, but for NiOMCV, large black dots, Ni particles, can be
seen in Fig. 3d, suggesting that NiOMC possesses a much higher
dispersion and smaller size of Ni particles compared with NiOMCV,
which is in good agreement with above XRD analysis. Our previ-
ous reports have shown that the ordered mesoporous structure of
OMC  could be retained after incorporation of metal nanoparticles
[39,40]. Similarly, CoOMC in Fig. 3e and CoOMCV in Fig. 3f also
show highly aligned pore channels and Co particles in the former
is much smaller and more highly dispersed in the carbon matrix.
The result suggests that the sucrose-impregnation method would
lead to the high dispersion of metal nanoparticles within the carbon
walls [31,32].
Fig. 4 shows the TG curves of various supports. The residual
weight for OMC  and OMCV is almost zero at 800 ◦C, indicative of
complete oxidation of the carbon supports and sufficient removal of
the silica template by HF solution. TG curves for NiOMC and CoOMC
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Fig. 3. TEM images: (a) OMC, (b) OMCV, (c) 

re almost identical, with a residual weight of about 3.7 wt.%,
ttributed to NiO or CoO, respectively. The weight remnant for
oOMCV and NiOMCV is around 7.7 wt.%. The temperature at which
he major weight loss occurred for CoOMCV and NiOMCV is higher
han that for CoOMC and NiOMC. This is possibly due to their high
hermal stability since both of them have a higher graphitic degree
aused via CVD, which was confirmed by above XRD and TEM obser-
ation.

.2. Characterization of Pt catalysts
Fig. 5 shows the TG plots of Pt catalysts supported on all sup-
orts. Complete oxidization of carbon took place at temperature
ver 600 ◦C and the major weight loss occurs in the temperature
C, (d) NiOMCV, (e) CoOMC, and (f) CoOMCV.

range from 420 to 470 ◦C for all catalysts. The residual weight is
19.6 wt.% for Pt/OMC and Pt/OMCV, 24.1 wt.% for Pt/CoOMC and
Pt/NiOMC, and 26.8 wt.% for Pt/CoOMCV and Pt/NiOMCV. Since the
metal oxide content for NiOMC and CoOMC in Fig. 4 is 3.7 wt.%,
Pt loading in Pt/CoOMC and Pt/NiOMC can be calculated to be
20.4 wt.%. Similarly, the Pt loading in Pt/CoOMCV and Pt/NiOMCV
can be derived to be 19.2 wt.%. All catalysts, therefore, have com-
parable Pt loadings, at around 20.0 wt.%. The weight loss for all the
catalysts in Fig. 5 mainly occurred at a lower temperature than that
of supports in Fig. 4, probably due to the Pt catalytic oxidation effect.
Fig. 6 shows the XRD patterns of the catalysts. The diffraction
peaks at the Bragg angles of around 39◦, 46◦, 67◦ and 81◦ in Fig. 6a
correspond to the (1 1 1), (2 0 0), (2 2 0) and (3 1 1) facets of face
centered cubic Pt nanocrystals [41]. The peaks originated from Ni
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Fig. 4. TG curves of the nanocomposites.

nd Co are not observed due to their much weaker signals and
lso, they are not alloyed with Pt nanoparticles regardless of the
ethods used. Fig. 6b shows the zoomed view of the diffraction

eaks at (2 2 0), in which, Pt (2 2 0) peaks for Pt/OMC, Pt/CoOMC
nd Pt/NiOMC catalysts have lower intensity and broader full
idth at half-maximum (FWHM) compared to their counterparts

Pt/OMCV, Pt/CoOMCV and Pt/NiOMCV), indicative of relatively
maller particle sizes for former catalysts on supports derived from
ucrose-impregnation method. The average Pt crystallite size was
alculated from the Pt (2 2 0) peak using Scherrer equation. It can
e seen that the particle size of Pt on supports from sucrose-

mpregnation is much smaller than that obtained via CVD method,
here it is 8.9 nm for Pt/OMC versus 12.1 nm for Pt/OMCV, 10.6 nm

or Pt/CoOMC versus 13.2 nm for Pt/CoOMCV, 11.5 nm for Pt/NiOMC
ersus 15.6 nm for Pt/NiOMCV.

Fig. 7 reveals the TEM images of the Pt catalysts, in which,
t nanoparticles are homogenously dispersed in the pores of
ll the supports. Pt particles supported on the nanocomposites
repared by CVD method are relatively bigger than those on
he nanocomposites made by the sucrose-impregnation method,
hich is agreement with the above XRD observation. It is observed

hat there is no agglomeration of Pt nanoparticles occurred for
ll catalysts and most Pt nanoparticles are located in the pores
lthough the average Pt particle size is much larger than that of pore
hannels of supports. This size ‘mismatch’ may  be explained by the
ocalized destruction of carbon during the metal nanoparticles for-
ation, which has been used for cutting carbon nanotubes [42]. The
igh dispersion of Pt nanoparticles on supports is attributed to the
igh surface area of supports and the constricted growth within the

Fig. 5. TG plots of Pt catalysts.
Fig. 6. XRD patterns of Pt catalysts: (a) wide angle, (b) zoomed view of the Pt (2 2 0)
diffraction peak.

well-developed mesopores, which could prevent Pt nanoparticles
from aggregating during H2 reduction treatment.

Fig. 8 presents the Pt4f spectra of catalyst samples. Each spec-
trum can be deconvoluted into three pairs of doublets labeled with
I–III [43]. The most intense doublet with BE of 71.3 eV (Pt4f7/2)
and 74.5 eV (Pt4f5/2) is attributed to metallic Pt, while the peaks
at around 72.2 and 75.5 eV can be assigned to Pt2+ chemical state
as in either PtO or Pt(OH)2 [44]. The third pair of peaks at about
74.2 and 77.5 eV is ascribed to Pt4+ species on the Pt particles sur-
face, such as PtO2 [45,46]. These Pt oxide species may be due to
oxygen chemisorption at the step and kink sites present on the
Pt surface [47]. The integration of peak areas indicates that most
Pt species exist as metallic Pt for all the catalysts. The stronger
intensity of Pt4f peaks for Pt on the nanocomposites derived from
sucrose-impregnation route than from CVD indicates, in the for-
mer  sample, the more Pt particles are deposited on the pore surface,
and they have stronger interaction with O-containing surface func-
tional groups of the nanocomposites [48], consistent with the above
pore structure and XRD analysis, in which nanocomposites derived
from sucrose-impregnation route have a higher surface area and
are amorphous. Additionally, the signals from Ni and Co are very
weak (not shown here), suggesting these nanoparticles are mostly
buried in the carbon matrix.

3.3. Electrochemical performance of Pt electrocatalysts
In order to compare the catalytic activities of the catalysts, cur-
rent densities reported in this work are all normalized to the Pt
loading. Fig. 9a shows the CV curves for the catalysts. The catalysts
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Fig. 7. TEM images: (a) Pt/OMC, (b) Pt/OMCV, (c) Pt/

re cycled between −0.2 V and 1.2 V in 0.5 M H2SO4 at room tem-
erature with a scan rate of 100 mV  s−1. A pair oxidation/reduction
eak was found between 0.4 V and 0.6 V for all the catalysts, which
ould arise from the remnant quinine-like surface species on the
arbon support. Considerable capacitive charges can be seen on
ll the catalysts in the total range of scan. Strong underpotential

ydrogen adsorption and desorption sites are observed for all cata-

ysts except for Pt/CoOMCV and Pt/NiOMCV in the potential region
maller than 0.06 V (vs. SHE). This is due to the fact that Pt/CoOMCV
nd Pt/NiOMCV have significantly larger Pt particle size, which
C, (d) Pt/NiOMCV, (e) Pt/CoOMC, and (f) Pt/CoOMCV.

are 13.2 nm and 15.6 nm respectively and thus the catalysts are
lack of adsorption sites for hydrogen ions. The voltammograms of
Pt/CoOMCV and Pt/NiOMCV clearly shows that from 0.06 V to 0.27 V
in the hydrogen desorption region, there is a featureless and flat
current plateau which is an indication of the existence of Pt (1 1 1)
terrace sites on the catalysts [49]. These show that the Pt deposited

on CoOMCV and NiOMCV mainly forms Pt crystallite films which
consist of Pt (1 1 1) surface. CV curve of Pt/OMCV shows obvious
Pt (1 1 0) desorption peak at 0.116 V and another desorption peak
at 0.246 V which is contributed by Pt (1 0 0) step sites on Pt (1 1 1)
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Fig. 9. (a) CV plots of catalysts measured in the electrolytes of 0.5 M H2SO4 at room
temperature at a scan rate of 100 mV s−1, (b) CV curves of catalysts measured in the
ig. 8. XPS spectra of Pt4f: (a) Pt/OMC, (b) Pt/OMCV, (c) Pt/CoOMC, (d) Pt/CoOMCV,
e)  Pt/NiOMC, and (f) Pt/NiOMCV.

omain [49], which clearly indicates that Pt particles supported
n OMCV are polycrystalline nanoparticles. Pt/NiOMC, Pt/OMC and
t/CoOMC also show similar features.

Fig. 9b shows the specific mass activities for MOR as measured
y CV in 0.5 M CH3OH + 0.5 M H2SO4 at a scan rate of 20 mV  s−1

t room temperature. The MOR  activity, the highest current den-
ity evaluated at around 0.85 V, was 110.3 mA  mg−1 for Pt/NiOMC,
02.1 mA  mg−1 for Pt/CoC, 93.9 mA  mg−1 for Pt/OMC, 82.7 mA  mg−1

or Pt/OMCV, 58.4 mA  mg−1 for Pt/NiOMCV, and 52.1 mA mg−1 for
t/CoOMCV respectively, following the order of: Pt/NiOMC > Pt/
oOMC > Pt/OMC > Pt/OMCV > Pt/NiOMCV > Pt/CoOMCV. Generally,
he addition of Ni and Co to carbon supports derived via sucrose-
mpregnation method enhanced the MOR  activity and Pt/NiOMC
egistered the highest activity. On the contrary, incorporation of
i and Co in supports fabricated by CVD method had negative
ffects, which are evidenced by the lower activity of Pt/NiOMCV
nd Pt/CoOMCV than that of Pt/OMCV.

Fig. 9c shows the ORR mass activity of the catalysts. The
olarization curves are obtained in the electrolytes of 0.5 M
2SO4 at a scan rate of 5 mV  s−1 and room temperature. The
RR activities of the catalysts as indicated by the current
ensity in the Tafel region (0.85–0.75 V vs. SHE) from high
o low, are arranged in the following order: Pt/OMCV > Pt/
oOMC > Pt/NiOMC ≈ Pt/OMC > Pt/NiOMCV > Pt/CoOMCV.

A quantitative approach for the evaluation of the ORR activities
f the catalysts can be obtained through the number of electrons
ransferred per O2 molecules (n) which was calculated from the
outecky–Levich (K–L) equation [50].

1
I

= 1
Ik

+ 1
Id

= 1

�FAkCb
O2

+ 1

0.6 2nFAD2/3
O2

�−1/6Cb
O2

ω1/2
(1)

here I is the measured current; Ik and Id are the kinetic and
iffusion-limited currents, respectively. F is the Faraday con-
tant; A is the electrode area; k is the electrochemical rate

b −6 −3
onstant for O2 reduction; CO2
(1.1 × 10 mol  cm ) is the bulk

oncentration of O2; DO2 (1.4 × 10−5 cm2 s−1) is the oxygen dif-
usivity, and � (1 × 10−2 cm2 s−1) is the kinetic viscosity of the
lectrolyte (0.5 M H2SO4). Fig. 10a  shows the K–L plot for the
electrolyte of 0.5 M H2SO4 + 1 M CH3OH at a scan rate of 20 mV s−1 at room temper-
ature, and (c) ORR activity on catalysts in electrolytes of 0.5 M H2SO4 saturated with
O2 (rotation rate = 2000 rpm, sweep rate = 5 mV s−1, room temperature).

catalysts at 0.7 V (vs. SHE). The number of electrons transferred
per O2 molecules (n) were calculated for the Pt/OMCV (n = 3.88),
Pt/CoOMC (n = 3.62), Pt/NiOMC (n = 3.40), Pt/OMC (n = 3.39),
Pt/NiOMCV (n = 1.73), and Pt/CoOMCV (n = 1.59). The order of the
catalysts, arranged according to the number of electrons trans-
ferred per O2 molecules (n) from high to low is Pt/OMCV > Pt/
CoOMC > Pt/NiOMC � Pt/OMC > Pt/NiOMCV > Pt/CoOMCV, identical
to the conclusion from the ORR plot. Fig. 10b shows the elec-
trons transfer process occurred at different potential. At potential
larger than 0.6 V (vs. SHE), all catalysts completed the overall four-
electron ORR except for Pt/NiOMCV and Pt/CoOMCV where their
kinetics are sluggish due to the fact that larger Pt (1 1 1) domain
formed by the Pt deposited on OMCV as observed in the CV curves.
The analysis using K–L equation is consistent with the observation
in the Tafel region of the ORR plot. Apart from the Tafel region in
the ORR plot, we  observed that the limiting current densities for
the metal catalyst supported on OMC  are generally larger than the

catalysts with OMCV as support. Higher limiting current densities
of OMC  supported catalysts compared to OMCV supported cata-
lysts might be due to the fact that OMCV were formed under high
temperature decomposition of hydrocarbon and thus OMCV has
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ig. 10. K–L plots for the catalysts at 0.7 V (vs. SHE), and (b) electron transfer process
ccurred at different potentials.

igher graphitization and lower porosity as indicated by the BET
esults, and thus lead to poorer mass transport of reactant while
he synthesis procedure of OMC  lead to the opposite results and
ence better mass transport of O2. Obviously, the limited current
ensities for Pt/CoOMCV and Pt/NiOMCV are the lowest among all
atalysts, this might be due to the fact that Co is a better catalyst
han Ni for graphitization of carbon atoms, thus the porosity of the
MCV is even lower for Co doped OMCV than Ni doped OMCV. The

imiting current density for Pt/CoOMC, Pt/OMC and Pt/NiOMC is at
57, 159 and 176 mA  mg−1 Pt respectively, indicating that the turn-
ver of ORR reaction is the highest for Pt/NiOMC. This is because
he incorporation of foreign atoms in the OMC  created disorder in
he carbon matrix, and also due to larger molecule of sucrose, the
ffect of graphitization of carbon by the metal catalyst (Ni) is not
ignificant hence NiOMC (SBET = 1221 m2 g−1) and is more porous
han OMC (SBET = 1150 m2 g−1) and lead to significantly larger lim-
ting current density for Pt/NiOMC. Since Co is a better catalyst for
raphitization of carbon, the effect of disorder created by foreign
toms was cancelled out by the catalyzing effect and hence lead to

 similar BET surface area (SBET = 1176 m2 g−1) and limiting current
ensity (157 mA  mg−1 Pt).

From the ORR evaluation, we found that incorporation of Ni
nd Co changes the ORR performances of the catalysts. In general,
oping of Ni and Co in OMC  improves the performance of catalyst
upported by OMC, while incorporation of Ni and Co in OMCV has
egative effect on the catalysts supported by OMCV. Apart from
he effect on the porosity of OMC  and OMCV, the doping of Ni
nd Co also affects the structure and activity of the Pt nanoparti-
les deposited on OMC and OMCV. As we mentioned, Pt deposited
n NiOMCV and CoOMCV formed larger Pt (1 1 1) domains that
educed the performance of the catalysts, due to the catalyzing

ffect by Ni and Co for carbon graphitization, OMCV become less
orous and hence larger Pt particles were formed during the depo-
ition step. On the other hand, Pt deposited onto NiOMC and CoOMC
how improvement over Pt supported by undoped OMC  in ORR.
rces 205 (2012) 136– 144 143

This improvement in ORR activity might come from the enhance-
ment of electronic charge transfer with the incorporation of Co and
Ni atoms.

As for methanol oxidation, catalysts with OMC  as support
performed better than catalysts supported by OMCV. This is
because larger porosity is more crucial for methanol oxidation since
methanol molecules are larger than O2 molecules. Doping of Ni in
OMC  further increased the porosity of OMC, and also enhanced the
electronic charge transfer of OMC. The enhancement in the elec-
tronic charge transfer is more significant in methanol oxidation
since the overall reaction of methanol oxidation is a six-electron
process as given by the equation below:

CH3OH + H2O ⇔ CO2 + 6H+ + 6e− (2)

We can conclude that doping of Ni and Co into OMC  and OMCV
supports not only changes the physical structures but also the elec-
tronic charge transfer properties of the final catalysts. However the
details on how Ni and Co dopants affect the charge transfer prop-
erties is still unclear. Further investigation should be carried out to
understand the mechanism behind this and to improve the overall
catalyst activity in both ORR and MOR.

4. Conclusions

Ordered mesoporous metal–carbon nanocomposites with
incorporation of Ni and Co nanoparticles are prepared using Co and
Ni deposited ordered mesoporous silica SBA-15 as hard templates,
respectively. The carbon precursors are introduced via two routes,
namely the sucrose-impregnation method and CVD method. The
nanocomposites synthesized by former method include ordered
mesoporous carbon (OMC), Ni-doped OMC (NiOMC), and Co-
doped OMC  (CoOMC), while the nanocomposites OMCV, NiOMCV,
and CoOMCV are prepared by later method. It is found that the
sucrose-impregnation method leads to the formation of OMC,
NiOMC, and CoOMC nanocomposites with higher surface area and
more defects than OMCV, NiOMCV, and CoOMCV, respectively. As a
result, the Pt nanoparticles are more easily deposited on the OMC,
NiOMC, and CoOMC, and have smaller sizes compared to OMCV,
NiOMCV, and CoOMCV, respectively. The ORR  activity at the Tafel
region from highest to lowest follows in the order: Pt/OMCV >
Pt/CoOMC > Pt/NiOMC ≈ Pt/OMC > Pt/NiOMCV > Pt/CoOMCV, while
the MOR  activity follows the order: Pt/NiOMC > Pt/
CoOMC > Pt/OMC > Pt/OMCV > Pt/NiOMCV > Pt/CoOMCV. Clearly,
the Pt nanoparticles deposited on the carbon supports synthesized
by the sucrose-impregnation method show better catalytic activity
than those on the supports from CVD. Furthermore, the incor-
poration of Ni within carbon matrix via sucrose-impregnation
method can promote the catalytic activity of Pt nanoparticles in
both reactions. The work would be helpful for understanding the
role of transitional metals (Ni and Co) and for generating new
nanostructured electrocatalyst supports.
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