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Carbon (Vulcan XC-72, Cobat Corp.) is pretreated using acetic acid (HAC) before the Pt deposition by
microwave assisted glycol method. TEM and XRD results indicate that 3 nm Pt nano-particles are uni-
formly dispersed on the surface of modified XC-72. In order to examine the interaction between Pt
nano-particles and carbon, Pt/C-HAC and commercial Pt/C (Johnson Matthey Corp.) are calcined at 500 ◦C
for 2 h under nitrogen atmosphere. The average Pt particle size of Pt/C-HAC after calcination is only
10–12 nm in diameter while commercial Pt particles grow up to 25–35 nm with a broad size distribution.
Meanwhile, electrochemical studies of Pt/C-HAC reveal higher activity and stability for both methanol
uel cell
latinum supported on carbon
arbon modification
cetic acid treatment

oxidation and oxygen reduction than that of Pt/C-JM. The pore structure and surface composition are
investigated by BET and XPS, which implies that much microporous structure and carbonyl functional
groups on carbon surface are obtained after HAC treatment. The high catalytic performance and stability
might mainly be due to the strong interaction between Pt nano-particles and carbon by carbonyl func-
tional groups. Therefore, HAC treatment is proved to be a facile and effective method for carbon as the

catal
support for Pt as fuel cell

. Introduction

Carbon has played critical function as supports of Pt in pro-
on exchange membrane fuel cells because the activity, selectivity
nd stability of electrocatalysts are greatly influenced by sur-
ace microstructure and chemical property of carbon [1–4]. But
s-received carbon materials without treatment have lots of dis-
dvantages, such as much ash content and hydrophobic surface,
hich will result in poor ability to support Pt. Therefore, surface
odification of carbon, which can enhance the attachment and

nchoring of nano-sized Pt particles, has attracted much attention
n recent years [5–8]. Chemical modifications by HNO3, H2SO4 or

2O2 at moderate temperature are usually used to improve surface

olarity and oxygen-containing groups [9–15]. The participation of

unctional groups such as hydroxyl, carboxyl and carbonyl on car-
on surfaces improves platinum dispersion and thereby obtain high
lectrochemical activity [16,17]. However, oxidation treatment with
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strong acids or oxidation also gives rise to the destruction microp-
orous structure, thus the surface area and adsorption capability of
carbon decrease [18]. Furthermore, these strong acids or oxidations
often require many steps to remove before Pt nano-particle depo-
sition [19–21]. Recently, citric acid, as a weak acid, was reported to
functionalize carbon as catalyst support, which improved the activ-
ity of methanol electro-oxidation [22]. However, the microstructure
of carbon support after modification and the stability, which are
also very important for fuel cell in long running time, have not
been reported. To analyze the different structure of carbon sup-
port modified by weak acids, we altered a simple acid, acetic acid, to
functionalize the carbon support and then investigated the catalytic
performance for methanol electro-oxidation.

In this study, carbon treatment at room temperature by acetic
acid (HAC) was evaluated to functionalize XC-72 (Vulcan, Col-
balt Company). The obvious increase of functional groups and
micropores of carbon was found by XPS and BET analysis. Cyclic
voltammetry (CV) results demonstrated that Pt supported on XC-
72 with HAC modification has a higher electrochemical surface
area, catalytic activity for methanol oxidation and oxygen reduc-

tion than that of commercial Pt/C catalyst. Especially, XRD and TEM
results obviously exhibited that Pt nano-particles supported HAC
modified carbon was more stable than commercial Pt/C catalyst.
Pt/C-HAC catalyst showed higher stability due to the strong inter-
action between Pt and carbon support. It indicates that carbon

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jianguoliu@nju.edu.cn
mailto:zgzou@nju.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.06.032
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ig. 1. TEM images of XC-72 and Pt/C before and after HAC treatment: (a) C-as re
t/C-HAC-500 ◦C.

upport by HAC modification is a promising method to improve
lectrocatalyst performance for fuel cell applications.

. Experimental
.1. Samples preparation

XC-72 with a weight of 1 g from Cobat Corp. was mixed ultrason-
cally with 1 ml HAC and 100 ml deionized water, for 15 min at room
d; (b) C-HAC; (c) 40% Pt/C-JM; (d) 40% Pt/C-HAC; (e) 40% Pt/C-JM-500 ◦C; (f) 40%

temperature. Then carbon suspension was filtrated and heated at
300 ◦C for 30 min to remove the absorbed water. The acetic acid
modification of XC-72 was marked as C-HAC.

Microwave-assisted heating method was chosen to prepare Pt/C
catalysts in ethylene glycol (EG) solution with H2PtCl6 as precursor.

Firstly, 120 mg of C-HAC was dispersed in 30 ml ethylene glycol by
ultrasonic vibration, and then mixed with 10.8 ml H2PtCl6 glycol
solution of 0.02 M. The pH value was adjusted around 9 by adding
1.0 M NaOH/ethylene glycol solution. After continuous stirring for
4 h, the beaker was placed in the center of a household microwave
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Table 1
BET surface area and pore size of XC-72 samples.

Samples BET (m2 g−1) Average pore size (nm) Micropore volume (cm3 g−1) Total pore volume (cm3 g−1) Vmicro/Vtotal (%)

C-as received 227.4 6.8 0.0298 0.386 7.72
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3.2. BET characterization

The BET and pore size of carbon by different methods of
treatment are shown in Table 1. The BET surface area of XC-72
-HAC 231.2 6.0 0.0
-HNO3 178.9 7.3 0.0
0% Pt/C-JM 143.6 8.3 –
0% Pt/C-HAC 177.0 8.1 –

ven (2450 MHz, 700 W) and heated intermittently every 10 s in 30 s
eriod for 10 times. 1 M hydrochloric acid was dropped in the solu-
ion as the sedimentation promoter until pH 3. Finally, the sample
as filtered, washed and dried at 80 ◦C for 12 h in a vacuum oven.

he as-prepared 40 wt% Pt/C catalysts with C-HAC are denoted as
nd Pt/C-HAC. 40 wt% Pt/C catalysts from Johnson Matthey Corp.
ere used for comparison, which was denoted as Pt/C-JM.

.2. Physical and electrochemical characterizations

The particle-size distribution and morphology of catalysts were
xamined by transmission electron microscope (TEM) on a FEI Tec-
ai20 FEG at 200 kV. X-ray diffraction (XRD) measurements were
arried out with a Rigaku D/MAX-Ultima � X-ray diffractome-
er using Cu K� radiation (� = 0.15406 nm). The 2� angular ranges
etween 20◦ and 80◦ were explored at a scan rate of 5◦ min−1.
itrogen adsorption porosimetry was performed with Micromerit-

cs TriStar 3000 system. Samples were outgassed at 150 ◦C under
itrogen flow for about 3 h prior to analysis. The specific surface
rea was calculated using Brunauer–Emmett–Teller (BET) equation.
he X-ray photoelectron spectroscopy (XPS) measurement was per-
ormed by ESCALAB 250 apparatus, using monochromated Al K�
adiation at 150 W, in the pass energy (PE) mode (PE = 20 eV). All of
he spectra were obtained under identical conditions. The pressure
f the spectrometer was 5 × 10−10 mbar and 5 × 10−9 mbar during
he measurements. The regional XPS of C 1s and O 1s were decon-
oluted by using the multipak software to identify different carbon
nd oxygen species.

Electrochemical experiments were performed by PARSTAT
273 electrochemical workstation (Princeton Applied Research)
quipped with a three-electrode configuration using Pt foil as
counter electrode and saturated calomel electrode (SCE) as a

eference. The work electrodes were fabricated by casting Nafion-
mpregated catalyst ink onto glass carbon electrode with an area of
.196 cm2. The loading of the catalyst was 0.255 mg cm−2. For CV
easurements, the catalyst as working electrode was immersed in

itrogen saturated 0.5 M H2SO4 with or without 0.5 M CH3OH solu-
ion. For oxygen reduction reaction (ORR), oxygen gas was bubbled
nto 0.5 M H2SO4 for 30 min.

. Results and discussion

.1. TEM analysis and XRD characterization

Fig. 1 shows TEM images of carbons, commercial and as-
repared Pt/C catalysts before and after calcination. As shown

n Fig. 1a and b, particle size of XC-72 after the HAC treat-
ent decreased slightly compared with as-received one. Most

mportantly, carbon after HAC treatment demonstrated a narrower
istribution, which is favorable to support Pt nano-particles. For
0 wt% Pt/C-JM in Fig. 1c, Pt nano-particles present on the carbon
upport with a size distribution between 3 nm and 5 nm. As illus-

rated from Fig. 1d, the mean size of Pt particles was concentrated
round 3.0 nm and highly dispersed on C-HAC, which is significantly
mportant for increasing catalyst activity. As reported by litera-
ure [18], the strong oxidation of carbon by HNO3, H2SO4 or H2O2
reatment will result in the collapse of microspores and decrease
0.366 8.66
0.326 7.88
–
–

its supporting capacity. Here, the results indicate that acetic acid
modification of carbon will not destroy the structure of carbon and
effectively enhances homogeneous dispersion of Pt.

It was reported that Pt nano-particles tend to congregate and
get bigger after long-term operation in fuel cell [23,24]. The growth
of Pt particle leads to the decrease of electrochemistry surface area,
and the performance will decay seriously. In order to examine
the stability, Pt/C catalysts were calcined at 500 ◦C under nitro-
gen atmosphere. As shown in Fig. 1e and f, Pt particles obviously
increased after calcination for both Pt/C-JM and Pt/C-HAC. For
Pt/C-JM catalyst, most of Pt particles size ranged around 15 nm,
some particles grew even up to 40 nm. However, Pt/C-HAC catalyst
showed a uniform distribution centered around 10 nm. No larger
Pt particles than 12 nm appeared on C-HAC support. It indicated
that the interaction between Pt particles and carbon was enhanced
significantly after HAC treatment, which would exhibit the high
potential stability during fuel cell operation.

The XRD patterns of Pt/C-JM and Pt/C-HAC are given in Fig. 2.
The diffraction peaks center face cubic crystalline (fcc) Pt, namely
(1 1 1), (2 0 0) and (2 2 0) at 39.6◦, 46.3◦ and 67.4◦ demonstrated the
presence of Pt in metallic form [25]. The average crystalline size of
Pt particles for Pt/C-JM and Pt/C-HAC, as calculated by the Sherrer
formula at 2� = 67.4◦, was about 3.1 nm. It was consistent with the
results from TEM images in Fig. 1c. In addition, the peak intensity
of Pt relative to C(0 0 2) was stronger in Pt/C-HAC catalyst than in
Pt/C-JM catalysts, which may be a signal of higher density Pt parti-
cles on modified carbon support. From XRD patterns of (c) and (d),
Pt particles grew much larger after calcination at 500 ◦C for Pt/C
catalyst. However, it was worth noting that the aggregation in Pt/C-
HAC catalyst was less serious than that of Pt/C-JM catalyst as the
similar result of TEM results in Fig. 1e and f.
Fig. 2. XRD patterns of Pt/C catalysts: (a) Pt/C-JM; (b) Pt/C-HAC; (c) Pt/C-JM calcined
at 500 ◦C; (d) Pt/C-HAC calcined at 500 ◦C.
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Table 2
XPS data of all samples.

Samples C 1s O 1s Pt 4f

Binding energy (eV) Relative ratio (%) Binding energy (eV) Relative ratio (%) Binding energy (eV) Relative ratio (%)

C-as received 284.4 (C�) 69.4 – – – –
285.6–286.6 (C�) 25.0 532.2 (O�) 55.2 – –
289.0 (C�) 5.6 533.5 (O�) 44.8

C-HAC 284.4 (C�) 58.1 – –
285.7–286.6 (C�) 34.4 532.1 (O�) 58.8 – –
288.9 (C�) 7.6 533.4 (O�) 41.2

40% Pt/C-JM 284.4 (C�) 66.2 530.6 (O�) 11.9 71.1 (4f5/2) –
285.3–286.6 (C�) 27.8 532.0 (O�) 49.8 74.4 (4f7/2) –
288.8 (C�) 6.0 533.4 (O�) 38.3
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0% Pt/C-HAC 284.6 (C�) 49.8 530.7 (O
285.4–286.6 (C�) 40.8 532.3 (O
288.9 (C�) 9.5 533.6 (O

ecreased from 227.4 m2 g−1 to 178.9 m2 g−1 after treated by HNO3,
s reported in previous literature [18]. Simultaneously, the average
ore size enlarged to 7.3 nm from 6.8 nm, which meant the surface
icropore structure may be damaged and carbon particles aggre-

ate after HNO3 modification [26]. However, acetic acid treatment
f carbon had little effect on BET surface area. According to the result
f pore distribution in Table 1, the pore volume of carbon changed
fter HAC treatment. For as-received XC-72, there are commonly
wo major types of pores: 2–4 nm of micropores and 30–100 nm of
ccumulation pores. HAC treatment made the micropore volume of
arbon increase from 0.0298 cm3 g−1 to 0.0317 cm3 g−1, which was
n favor of supporting Pt nano-particles. Additionally, as-prepared
t/C-HAC catalyst had a surface area of 177.0 m2 g−1, while Pt/C-JM
nly was 143.6 m2 g−1.

.3. XPS analysis

The surface functional groups, such as carboxyl, lactone, car-
onyl, and hydroxyl, are generally analyzed by FT-IR technique
22,27]. However, it is not easy to precisely quantify the surface
pecies, which is due to the small quantity of functional groups on
eakly oxidized carbon. Here, XPS technique was used to investi-

ate the change of surface element. Fig. 3 and Table 2 show the XPS
esults of Pt 4f, C 1s and O 1s. The binding energy (BE) of each peak
as referenced to a C 1s value of 284.6 eV.

According to Fig. 3, multi forms of oxygen atoms and carbon
toms were found in all samples. The oxygen signal around 532.2 eV
nd 533.3 eV were due to –C O and CO, respectively marked as

� and O� [28]. The main C 1s spectrum at binding energy of
84.6 eV was ascribed to graphitic carbon (C C). The peak around
85.6–286.6 eV was assigned to carbonyl species ( C O) [29,30]. A

ow intensity band observed around 288.9 eV could be attributed
o either COO or carbonate. The highly oxidized carbon signal was
eported by Goodenough et al. [31], but no precise identification of
he species could be made so far. The three kinds of carbon species
ere labels as C�, C�, C�.

It can be seen from Table 2 that the ratio of oxygen atoms in
urface elements increased from 7.9% of C-as received to 13.3%
f C-HAC. Correspondingly, the ratio of carbon atoms in surface
ecreased from 92.1% to 86.7%, which indicated that HAC oxida-
ion led to the formation of large amounts of oxygen-containing
unctional groups. Specifically, the proportion of various species
n C-as received and C-HAC was very different. O 1s data indi-

ated that –C O groups increased from 55.2% to 58.8% and for C
s XPS data, there was a little increase of –COO from 5.6% to 7.6%,
ut obvious increase was found for –C O groups from 25.0% to
4.4% after HAC modification. Generally, the carbon functionalized
y acetic acid significantly increased surface carbonyl groups. Some
5.9 71.3 (4f5/2) –
45.1 74.6 (4f7/2) –
49.2

researchers reported that the increase of carboxylic groups on car-
bon surface enhanced the loading number of PtCl6−, while carbonyl
groups strengthened the adsorption of PtCl6− on carbon support
[32,33]. In this work, it also exhibited that large amount of carbonyl
groups presented on carbon surface after HAC treatment, which
was in favor of stabilizing Pt nano-particle on carbon support. This
was compatible with the less aggregation of Pt/C-HAC showed by
Fig. 1e and f in Section 3.1.

For Pt/C-JM and Pt/C-HAC, the Pt 4f spectrum showed a little
change. Depending on the oxidation state of Pt, there were two or
three pairs of platinum peaks [29]. In Fig. 3e and f, the intensity of
double shoulder peaks at 73.0 eV and 75.6 eV was quite low, which
indicated very little PtO or Pt(OH)2 [34] presented on both Pt/C-
JM and Pt/C-HAC catalysts. The most intense ones, located around
71.2–71.8 eV and 74.3–74.7 eV, were due to metallic platinum Pt
4f7/2 and Pt 4f5/2. Due to the low ratio of Pt2+ in both samples, it
is hard to obtain the value from the software, which exhibited that
platinum mostly existed in the form of metal Pt0. Additionally, the
binding energy of metallic Pt on Pt/C-HAC shifted to the high value
direction in Table 2, probably due to various electronic interactions
between Pt and carbon support [35,36]. The phenomenon was a
symbol of strong interaction between them, which also explained
high anti-sintering ability of Pt/C-HAC than that of Pt/C-JM at high
temperature.

3.4. The effect of HAC treatment on Pt/C electro-catalyst behavior

Cyclic voltammetry (CV) curves were obtained for Pt/C-JM
and Pt/C-HAC in the potential range of −0.241 V to 1.2 V (vs.
SCE) by a scan rate of 20 mV s−1. The electrochemical active
surface area of Pt/C catalysts can be estimated from hydro-
gen adsorption/desorption peaks of the cyclic voltammograms
in Fig. 4a. Assuming a hydrogen monolayer adsorption charge
of Q0 = 210 �C cm−2 [37], the electrochemical active surface area
(ESA) is calculated by Q/[Pt]Q0, where Q is the charge transferred
derived from the adsorption/desorption on the surface of platinum
in −0.19 V to 0.16 V voltage range [38], and [Pt] represents the Pt
loading in the electrode. According to Fig. 4a, the ESA increased
from 71.3 for Pt/C-JM to 93.9 m2 g−1 for Pt/C-HAC. That may be the
result of the high dispersion and density of Pt nano-particles on
functionalized carbon support.

The typical CV curves for methanol electro-oxidation on Pt/C
catalysts are also shown in Fig. 4b. From the forward CV scans,

the current peak of 7.54 mA for Pt/C-HAC was obtained at 0.882 V,
which was much higher than 6.10 mA for Pt/C-JM at 0.948 V. The
oxygen reduction reaction (ORR) of Pt/C-HAC activity was measured
and illustrated in Fig. 4c. The Pt-HAC showed high onset potential
of oxygen reduction and maximum current value. ORR activity with
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Fig. 3. C 1s O 1s and Pt 4f X
reduction current of 0.785 mA for Pt/C-HAC was acquired, while
nly 0.385 mA for Pt/C-JM. These results implied that the catalytic
ctivity for methanol oxidation and oxygen reduction improved
bviously after HAC modification of carbon support.
ctra of C and Pt/C catalysts.
The chronoamperometric data of Pt/C-HAC and Pt/C-JM with an
aim of stability test was reported in Fig. 4d. The higher methanol
oxidation current for Pt/C-HAC was able to maintain for over 2 h
than that of Pt/C-JM catalyst. It was noted that Pt/C-HAC exhibited
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Fig. 4. (a) Cyclic voltammograms for Pt/C-JM and Pt/C-HAC. Scan rate = 20 mV s−1 at room temperature in 0.5 M H2SO4. (b) Cyclic voltammograms for Pt/C-JM and Pt/C-HAC.
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can rate = 20 mV s−1 at room temperature in 0.5 M H2SO4 + 0.5 M CH3OH. (c) Polari
ate: 5 mV s−1 at room temperature in O2-saturated 0.5 M H2SO4, disk electrode ar
nd Pt/C-HAC catalysts in 0.5 M H2SO4 + 0.5 M CH3OH.

lower decline rate of 0.17 mA s−1 than that of Pt/C-JM of 0.2 mA s−1.
he better electrochemical stability of Pt/C-HAC than Pt/C indicates
hat stronger interaction between Pt nano-particles and carbon
upport can be obtained after HAC treatment, which can also be
onfirmed by XRD and XPS results.

. Conclusions

An alternative weak acid modified carbon was efficiently car-
ied out to prepare highly dispersed Pt supported on carbon. BET,
EM and XPS analysis illuminated that acetic acid modified car-
on had more microporous structure, narrower Pt particle-size
istribution, sufficient carbonyl functional groups on surface com-
ared with as-received carbon materials. Furthermore, TEM and
RD studies directly showed high Pt dispersion and density on
AC modified XC-72. The Pt/C-HAC catalyst presented a better
ethanol oxidation and oxygen reduction activity than that of

t/C-JM catalyst. Moreover, XRD and TEM results present obvious
ignals to indicate that Pt/C-HAC is more stable than commercial
t/C catalyst after high temperature heat treatment. The improve-

ent of electrochemical performance and stability may be the

esult of high electrochemistry surface area and the formation
f a large amount of carbonyl functional groups after HAC treat-
ent. Therefore, the results indicate that HAC modification is one

f effective ways to enforce the interaction between Pt and carbon
upport.
curves with a rotating disk electrode for the ORR on Pt/C-JM and Pt/C-HAC. Sweep
96 cm2. (d) Chronoamperometric curves for methanol eletro-oxidation on Pt/C-JM
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