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Abstract

Carbon materials can be easily functionalized using citric acid (CA) treatment. The CA modification of carbon materials is both simple and
effective. It requires no prolonged heating, filtration and washing, and produces more functional groups such as carboxyl and hydroxide on
CA-modified carbon nanotubes and XC72 carbon blacks than on HNO;—H,SO, oxidized carbon nanotubes and as-purchased XC72. Platinum
nanoparticles are deposited on these functionalized carbon materials by means of a microwave-assisted polyol process. The investigations using
TEM, XRD, FTIR and TGA indicate that CA modification creates more functional groups and thus deposits more Pt nanoparticles with smaller
average particle size on the surface of carbon materials. Electrochemical studies of the Pt/C samples for methanol oxidation reveal higher activity for
Pt on CA-modified carbon materials. It is therefore considered that this method can find important applications in reducing the cost and improving

performance of proton-exchange membrane fuel cells.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Following the discovery of carbon nanotubes [1], their unique
mechanical, electrical and structural properties have attracted
much attention. Investigations have been conducted to find
applications for carbon nanotubes in hydrogen storage [2,3],
electrochemical energy storage [4], electronic devices [5,6],
and heterogeneous catalysis [7-9]. A number of studies have
shown that carbon nanotubes can provide a better support for Pt
catalysts in proton-exchange membrane fuel cells (PEMFCS)
compared with traditional carbon black [10-13]. Matsumoto
et al. [14] reported that by using multi-walled carbon nan-
otubes (MWCNTSs) as a catalyst support in a hydrogen/oxygen
fuel cell, 12 wt.% Pt-deposited carbon nanotubes electrode gave
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10% higher voltages than a 29 wt.% Pt-deposited carbon black
electrode and reduced Ptusage by 60% [14]. Lietal. [15] demon-
strated that Pt catalysts deposited on MWCNTs showed higher
activity in a direct methanol fuel cell in a high current density
region (i.e. at 0.4 V) as compared with that on commercial XC72
carbon black, with 37% higher current density under the same
test conditions [15].

To enhance the attachment of nano-sized Pt particles on a
carbon support, surface functionalization of the carbon support
is often helpful. The oxidation of carbon nanotubes with HNO3,
KMnOy4, HyO; or ozone gas (O3) has been found to introduce
functional groups such as hydroxyl (~OH), carboxyl (-COOH),
carbonyl (—CO) and sulfate (-OSO3H) groups [16-22] on the
surfaces of carbon nanotubes and thereby provide nucleation
sites for the deposition of highly dispersed metal particles.
These surface oxidation methods, however, often require exten-
sive (usually 4—48h [23-25]) heating, filtration and washing
to remove the oxidant. In a previous study [26], we used cit-
ric acid (CA) to create functional groups on carbon nanotubes
for the subsequent uniform dispersion of gold nanoparticles.
The surface modification of MWCNTSs by CA was done simply
by heating a CA/MWCNTs mixture at 300 °C for 0.5 h, with
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no post-washing and filtrating, since the thermal decomposition
temperature of CA is 175°C.

In this study, the above CA-treatment is employed to func-
tionalize MWCNTSs and commercial carbon blacks (XC72).
When CA-functionalized MWCNTs and XC72 are used as sup-
ports for Pt deposition, higher Pt loading, smaller particle-size
and higher electrochemical activity are measured by thermo-
gravimetric analysis (TGA), transmission electron microscope
(TEM) and cyclic voltammetry (CV), in comparison with acid-
refluxed MWCNTs and XC72 under identical experimental
conditions. These results indicate that CA modification is a
promising technique of electrocatalyst preparation for fuel cell
applications.

2. Experimental methods
2.1. CA Treatment of MWCNTs and XC72

In a typical experiment, 100mg of MWCNTSs (Shenzhen
Nanotech Co. Ltd., with diameters between 20 and 40nm),
100 mg of citric acid monohydrate (Fluka 99.5%) and 10 mL
of distilled water were mixed with the assistance of ultrasonic
vibration (Elma, 100W and 35kHz) for 15 min, and then left
to dry to form a paste. After heating at 300 °C for 30 min, the
CA-treated MWCNTs were ready for Pt deposition. The same
procedure was repeated for XC72 carbon blacks (Cabot Corp.).

2.2. Deposition of platinum nanoparticles on MWCNTs
and XC72

Forty milligrams of the above functionalized MWCNTs
were dispersed in 50 mL of ethylene glycol (Sigma—Aldrich
99+%) by ultrasonic vibration and mixed with 1.0 mL of 0.04 M
H,PtCls-6H,O (Fluka) aqueous solution in a Teflon vessel.
0.5mL of 0.8 M NaOH was added drop-wise into the mixture
and stirred vigorously. The mole ratio of NaOH:Pt was >8 to
induce the formation of small and uniform Pt particles [27].
The Teflon vessel with the mixture was placed inside a Mile-
stone MicroSYNTH programmable microwave system (1000 W,
2.45 GHz), heated to 160 °C within 2 min, and maintained at the
same temperature for another 2 min for the reduction of the plat-
inum precursor. The resulting suspension of Pt-deposited carbon
nanotubes was centrifuged, washed with acetone to remove the
organic solvent, and dried at 80 °C overnight in a vacuum oven.

For comparison, the deposition of Pt nanoparticles was also
conducted on acid-refluxed MWCNTs, CA-modified XC72 and
as-purchased carbon blacks (XC72, Cabot Corp.) under the
same conditions described above. The acid-refluxed MWCNTs
were prepared by refluxing the MWCNTs with a concentrated
H>S04—HNOj3 acid mixture (3:1 v/v) for 5 h, followed by filtra-
tion, washing of the resulting mixture, and drying in a vacuum
oven.

2.3. Catalyst characterization

The particle-size distribution of the platinum was exam-
ined by means of a transmission electron microscope (JEOL

JEM2010F) that operated at 200 kV. A total of 400 Pt nanopar-
ticles were counted in each sample to ensure a statistically
representative analysis of the particle distribution.

The platinum loading of the catalyst was determined by
thermogravimetric analysis (Setaram TGA equipment). Several
milligrams of the Pt—carbon samples were heated to 800 °C in a
flow of purified oxygen.

Infrared transmission spectra were measured with a Perkin-
Elmer 2000 Fourier-transform infrared spectrometer (FTIR) in
the range of 400-4000cm™!.

X-ray diffraction (XRD) measurements were carried out with
a Bruker D8 advance x-ray diffractometer, which was scanned
from 260 =10° to 90°. The average crystallite size of the Pt par-
ticles was estimated from the diffraction peak of Pt(1 1 1) using
the Debye—Scherrer equation [28], i.e.,

d = 0.9)\ku] /B CcoS emax (1)

in which d is the average size of the Pt particle, Axq1 the X-ray
wavelength (Cu Ka Agq1 =1.5418 A), Omax the maximum angle
of the (1 1 1) peak, and B is the full-width at half-maximum in
radians.

2.4. Electrochemical measurements

Cyclic voltammetry (CV) measurements were performed
with Solartron SI1280B equipment, a combined electrochemical
interface and frequency response analyzer, at room temperature
at a scan rate of 50mV s~!. The working electrode was fabri-
cated by casting a Nafion-impregnated catalyst ink onto a glassy
carbon electrode (3 mm diameter). Typically, 8 mg of the Pt—C
catalyst dispersed in 0.5 mL of ethanol aqueous solution (1:1
v/v) was sonicated for 15 min and 60 uL of a 5 wt.% Nafion
solution was added as polymer binder [29]. 3.4 wL of this cat-
alyst ink was dropped onto the glassy carbon electrode. The
electrode was placed and in a vacuum oven until the catalyst
was totally dry. For CV measurements the catalyst cast working
electrode was immersed in 0.5 M H,SO4 with or without 1 M
CH3OH, which was purged with high purity nitrogen gas for
electrochemical measurement. A Pt foil and a saturated calomel
electrode (SCE) were used as counter electrode and reference
electrode, respectively.

3. Results and discussion
3.1. TEM analysis

Fig. 1 shows TEM images of Pt nanoparticles supported
on different carbon supports. The histograms in Fig. 2 give
the mean particle size of Pt, namely, approximately 2.9, 3.1,
2.3 and 6.1nm for PUMWCNTs (CA modified) (Fig. 2a),
Pt/MWCNTs (acid refluxed) (Fig. 2b) and Pt/XC72 (CA mod-
ified) (Fig. 2c) and Pt/XC72 (Fig. 2d), respectively. The
density of Pt particle numbers on the carbon supports, esti-
mated from the TEM images, is around 3.3 x 10'°*m~2 for
PYMWCNTSs (CA modified), 1.3 x 10 m~2 for PYMWCNTs
(acid refluxed), 5.43 x 10 m=2 for PUXC72 (CA modified),
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Fig. 1. TEM images of: (a) PUMWCNTs (CA modified); (b) PYMWCNTSs (acid refluxed); (c) Pt/XC72 (CA modified); (d) Pt/XC72.

and 1.94 x 10'© m~2 for Pt/XC72, respectively. Under identical
preparation procedures, a high Pt particle number per unit area
and small particle sizes are significantly important in fuel cell
applications since these factors may increase Pt utilization and
reduce the limitations of mass transport and ohmic resistance
[30,31].

The above results show that Pt dispersion on the carbon
support is in the order: XC72(CA modified) > MWCNTs(CA
modified) > MWCNTs(acid refluxed) >XC72. The homoge-
neous dispersion of Pt nanoparticles on the carbon nanotubes
is attributed to the presence of functional groups on the surface
[22,32]. Similarly the poorer dispersion of Pt nanoparticles on
as-purchased XC72 may be due to a relatively lower concen-
tration of functional groups on the surface. Obviously, the CA
functionalization of carbon materials is effective in enhancing
the surface density of Pt nanoparticles.

3.2. XRD Characterization

The above TEM measurements can be further confirmed by
X-ray powder diffraction (XRD). The XRD patterns of the cat-
alysts are given in Fig. 3. The C(200) peak is much stronger
and sharper for PYMWCNTs than for Pt/XC72 due to the supe-
rior graphitization of MWCNTs. The diffraction peaks at 39.6°,
46.3°,67.4°,81.4°, and 85.4° are assigned to Pt(1 1 1), Pt(200),
Pt(220), Pt(3 1 1), and Pt(2 2 2), respectively. The average size

of the Pt particles, as determined by the Sherrer formula, is
2.5 nm for Pt/MWCNTs (CA/MWCNTSs modified), 3.9 nm for
Pt/MWCNTS (acid refluxed)), 6.4 nm for Pt/XC72, and 2.4 nm
for Pt/XC72 (CA modified)), that is, very close to the average
particle sizes obtained from the TEM investigations.

3.3. TGA analysis

Fig. 4 displays TGA weight-loss curves that were obtained
upon heating Pt:carbon in oxygen. The carbon supports are
burned mainly at 650 °C (curve I), 625°C (curve II), 560 °C
(curve IIT) and 511 °C (curve IV) for MWCNTs (CA modified),
MWCNTs (acid refluxed), XC72 and XC72 (CA modified),
respectively. The MWCNTs are more difficult to burn than XC72
due to better graphitization. During oxidation, deposited Pt is
converted to platinum oxides in the residual ash. The Pt loading
is estimated to be 15.4 wt.% on CA-modified MWCNTs as com-
pared with 12.6 wt.% on acid refluxed MWCNTs, 13.0 wt.% on
XC72and 14.6 wt.% on CA-modified XC72. Since the four Pt—C
samples were prepared under otherwise identical conditions with
the same amount of Pt precursors, the fact that PUMWCNTSs
(CA modified) and Pt/XC72 (CA modified) have a higher load-
ing, but smaller Pt nanoparticles, implies that CA modification
allow to anchor more Pt particles and disperses them better on
carbon supports. This is significantly important in reducing the
Pt loading and improving the Pt catalytic performance.
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Fig. 2. Size distribution of Pt nanoparticles supported on: (a) CA-modified MWCNTS; (b) acid refluxed MWCNTSs; (c) CA-modified XC72; (d) as-purchased XC72.

3.4. FTIR analysis

The FTIR spectra in Fig. 5 clearly show the existence of car-
bonyl and carboxylic groups at wavenumbers 1300—1700 cm™!
and hydroxyl bands at wavenumbers 3300-3500cm™" on all
the carbon materials. The spectrum 2 is for the MWCNTSs sam-
ple which was subjected to a similar heating treatment with no
addition of CA. Compared with this, the CA-treated MWC-
NTs sample shows strong IR bands at 1630 and 1380cm™!,

C(?OZ)

Pt(111)

PL(200)
P1(220) Pu311)

(

Pt(222

Intensity

10 20 30 40 50 60 70 80 90
20/°

Fig. 3. XRD patterns for Pt catalyst supported on: [[] MWCNTs (CA modified);
[II] MWCNTSs (acid refluxed); [III] XC72; [IV] XC72 (CA modified).

which can be assigned to asymmetric and symmetric HCOO™
stretching (see spectrum 4, Fig. 5a). This is in accordance with
the fact that CH,COOH is part of the citric acid molecule. An
IR band is not found at 1380cm™! in spectrum 2 of Fig. 5a,
which confirms that the functional groups are largely caused
by CA and not by merely heating in water. As shown in
Fig. 5b, the intensification and broadening of the IR adsorp-
tion bands of XC72 after CA modification clearly demonstrates

100
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Fig. 4. TG weight loss curves for PUMWCNTs (CA modified) (curve I);
Pt/MWCNTSs (acid refluxed) (curve II); Pt/XC72 (curve III); Pt/XC72 (CA
modified) (curve IV).
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Fig. 5. FTIR spectra of: (a) MWCNTs (as-received), MWCNTs (heated w/o CA), MWCNTs (acid refluxed) and MWCNTs (CA modified), respectively, from top

to bottom and (b) XC72 and XC72 (CA modified).

that more functional groups are attached to the CA-modified
XC72.

3.5. Evaluation of electrochemical active surface area

Cyclic voltammetry (CV) curves were obtained for the Pt
catalysts on four different carbon supports in the potential range
of —0.2—-1.0V (vs. a reference saturated calomel electrode). In
Fig. 6a, it can be seen that PUMWCNTs (both CA modified
and acid refluxed) and Pt/XC72 (CA modified) produce much
higher current density in the hydrogen adsorption/desorption
region (—0.2-0.16 V) than Pt/XC 72. The capacitive current in
the CV curves of the P/MWCNTs catalyst (both CA modified
and acid refluxed) is also higher than commercial carbon black
due to the high specific capacitance of carbon nanotubes [33,34].

The electrochemical active surface area of all the four
Pt/C catalysts can be estimated from the hydrogen adsorp-
tion/desorption peaks of the cyclic voltammograms in Fig. 6.
Assuming a hydrogen monolayer adsorption charge of Q% =
210 wCem™2 [35], the electrochemical active surface area
(EAS) is given by Sec = On/ Q% where Oy is the average spe-
cific charge derived from the hydrogen adsorption/desorption
peak area in the CV curve [26]. The EAS is 73.82, 70.71,
4345 and 76.02m?g~! for PUMWCNTs (CA modified),

(a)

80+ -

Curent density
S S
< T T

S
S
I

1204— ' ‘ . . . —
02 00 02 04 06 08 10

Potential (SCE)

Pt/MWCNTs (acid refluxed), Pt/XC72 and Pt/XC72 (CA mod-
ified), respectively. Compared with the high electrochemical
surface area of the functionalized MWCNTs and XC72, the EAS
of Pt/XC72 is rather low, due to the large average particle size
and poor dispersion of the Pt nanoparticles.

Cyclic voltammograms for methanol oxidation on the cat-
alysts over the potential range of —0.2-1.0V (vs. SCE) are
presented in Fig. 6b, in which two peaks of methanol oxida-
tion can be observed, i.e., Epy (0.65-0.67 V) in the forward scan
and E,; (0.44-0.46V) in the reverse scan. The shape of the
CV and the peak potentials are in accordance with other studies
[36,37]. The specific current generated by PUMWCNTs (CA
modified) at E},1, which corresponds to methanol electroxida-
tion, is 0.64 A (mgPt)~!. This is about 2.5 times as large as that of
Pt/XC72 and 1.5 times of Pt/MWCNTs (acid refluxed). Pt/XC72
(CA modified) (curve IV in Fig. 6b) also shows an oxidation peak
which is higher. PUMWCNTs (CA modified) and much higher
than those of Pt/MWCNTs (acid refluxed) and Pt/XC72.

3.6. Analysis of functional group influence

The high activity of PUMWCNTs (CA modified) and
Pt/XC72 (CA modified) may be attributed to a higher Pt sur-
face density, better Pt dispersion, and the existence of functional

(b) 1 | ) 1 | 1 L
1000

800+

=)

<

=
1

Curent density

02 00 02 04 06 08 1.0
Potential (SCE)

Fig. 6. (a) Cyclic voltammograms for: PUMWCNTSs (CA modified) (curve I); PUMWCNTS (acid refluxed) (curve II); Pt/XC72 (curve I1I); Pt/XC72 (CA modified)
(curve IV). Scan rate=50mV s~! at room temperature in 0.5 M H,SOj. (b) Cyclic voltammograms of: PYMWCNTs (CA modified) (curve I); PYMWCNTs (acid
refluxed) (curve II); Pt/XC72 (curve III); PXC72 (CA modified) (curve IV). Scan rate=50mV s~! at room temperature in 1 M CH3;0H +0.5M H,SOy4.
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groups attached to the carbon materials surface. According to
the ab initio density-functional-theory calculations by Britto
et al. [38], electrodes of carbon nanotubes can improve the
charge-transfer process due to the unique structure of the car-
bon nanotubes. The functional groups attached to the walls of
the carbon nanotubes have been found to enhance further their
conductivity [39]. More importantly, the increase in the number
of surface hydroxyl groups by CA treatment might facilitate the
removal of the CO intermediate that is adsorbed on Pt surface
during the electro-oxidation of methanol on Pt catalysts which
may proceed via the following scheme [40]:

Pt + CH30H — Pt=CO,q4s +4HT +4e~ 2)
Pt + H,O — Pt-OH,4s+H" +e~ 3)
Pt—-COyqgs + Pt — OHpgs — CO2 +HT 4+~ 4)

On a pure-Pt electrode, the rate of stripping the CO inter-
mediate from Pt sites is low since the adsorption of the OH
intermediate on Pt is difficult [41]. The presence of a high
concentration of hydroxyl groups on the CA-modified carbon
supports can facilitate the removal of CO, and thus the oxida-
tion of methanol, to yield a higher oxidation current compared
with carbon supports without CA treatment. As shown in Fig. 6b,
the current peaks in the reverse scan, which are related to the
oxidation of CO intermediates [42], are higher for PUMWCNTSs
(CA modified) and Pt/XC72 (CA modified).

4. Conclusions

This investigation presents a simple and efficient method
for the preparation of highly dispersed Pt nanoparticles on car-
bon materials. CA-modified MWCNTSs and XC72 are shown by
FTIR analysis to have more functional groups on their surfaces
as compared with acid refluxed MWCNTs and as-purchased
XC72. TEM and TGA studies measure higher Pt density and
better Pt dispersion on CA-modified MWCNTSs and XC72.
From CV examination of methanol oxidation in 0.5M sulfu-
ric acid, Pt nanoparticles supported on CA-modified MWCNTSs
and XC72 have higher electrochemical activity than Pt sup-
ported on acid refluxed MWCNTs and as-purchased XC72. This
is a result of the higher density of functional groups produced
by the CA method. A high density of functional groups can
facilitate the dispersion of Pt catalysts and may enhance the
removal of CO intermediates during the electro-oxidation of
methanol.
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