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ABSTRACT: Carbon nanotube-based Pt—Co (Pt—Co/CNT) alloy electrocatalysts for the oxygen reduction reaction
were prepared by the silane-assisted deposition method. The transmission electron microscopy (TEM) reveals that the
prepared Pt—Co alloy nanoparticles are uniformly dispersed on the surface of the CNTs support with narrow particle size
distribution. As compared to Pt/CNTs catalyst, the bimetallic Pt—Co/CNTs catalyst exhibits an improved performance
as cathode material in a Hy/O; fuel cell. © 2008 Curtin University of Technology and John Wiley & Sons, Ltd.
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INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) are
thought to be efficient and clean energy sources
for automotive and portable as well as stationary
applications.l!! To make commercially viable PEM-
FCs technology for automotive applications, there are
several challenges to be addressed. One of the main
obstacles is low performance of the oxygen reduction
reaction (ORR) at the cathode.”’) Therefore, it is very
important to find highly active electrocatalysts that can
effectively enhance the electrode kinetics of ORR. In
the last several years, considerable efforts have been
made to find new electrocatalysts for the ORR.B3-!
Many studies have demonstrated that the alloying of Pt
with nonprecious-metals such as Co,!®7! Cr,[®9 Nj,[6-8]
Fe,¥ Mn,!1% and VI!I shows higher activity than Pt
alone. The improvement in the ORR electrocatalysis
has been ascribed to different factors such as a decrease
in the Pt—Pt distance and therefore a more favorable
adsorption of 0,,7! the lowering of the Pt oxidation
state,['?] the suppression of Pt oxide formation,'?13] the
formation of a new electronic structure with 5d-orbital
vacancies,!®”! and the formation of a catalytic and thin
Pt skin on the surface of the alloy.[®!%!5] Among the
several possibilities of using binary alloys, the Pt—Co
alloy has shown the most promising performance for the
ORR.["®~19 A recent study on the catalytic activity and
stability of supported Pt—Co alloys with well-defined
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structures by Watanabe et al.['®) demonstrated that both
Co and Pt dissolve out preferentially from small-size
alloy particles and Pt redeposits on the surfaces of large-
size ones in hot H3PO4. As seen above, the effect of the
morphological or crystallographic changes and of the
electronic structural change brought about by alloying
on the electrocatalysis of the ORR still remains elusive.

In almost all cases, carbon blacks, particularly Vul-
can XC-72 have been widely used as a support of the
metal nanoparticles. Despite a high surface area and
low electrical resistance of the carbon black support,
current fuel cell electrocatalyst still suffers from low Pt
utilization, limited mass transport capability, and lim-
ited electrochemical stability because of corrosion and
the electrode structure of carbon black-based support.!!
Therefore, it is of interest to explore the behavior of
Pt-based catalysts prepared on supports different from
those most frequently used.

Recently, carbon nanotubes (CNTs) appeared to be
promising catalyst supports for PEMFCs and direct
methanol fuel cells (DMFCs) because of their unique
structure and properties such as high surface area, good
electronic conductivity, strong mechanical properties,
and high chemical stability.?*2!) The deposition of Pt,
Ru, and Pt—-Ru on CNTs has been reported and the
resulting supported catalysts can increase the perfor-
mance of PEMFCs[?>-28) and DMFCs?°~3! compared
to those using commercial carbon black as support.
In addition, several research groups have reported that
CNTs are more resistant to electrochemical oxidation
than carbon black with and without Pt on them.[?2=34
However, to our knowledge, there has been no report
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of CNT-based Pt—Co alloy catalysts for the ORR in
PEMFCs.

The aim of the present work is to report the prepa-
ration and characterization of Pt—Co-supported CNT
catalysts and their implication on ORR. The Pt—Co
nanoparticles supported CNT catalysts were character-
ized using scanning electron microscope (SEM) and
transmission electron microscopy (TEM). Their perfor-
mance in a single PEMFC was also evaluated.

EXPERIMENTAL
Growth of carbon nanotubes on carbon paper

The CNTs were synthesized in a Chemical vapor depo-
sition (CVD) reactor by decomposing a hydrocarbon
gas on catalytic Co—Ni particles deposited on the fibers
of carbon paper. This has been described in detail
elsewhere.®>! Briefly, in the reactor, a small piece of
carbon paper (E-TEK Division, PEMEAS Fuel Cell
Technologies, Somerset, NJ) was loaded with the cata-
lyst. The carbon paper was then fixed across a section of
the inner quartz tube and connected to two electrodes.
All gases fed into the inner quartz tube were forced
to go through a 2.5 cm x 2.5 cm section of the car-
bon paper before exiting the reactor. Under the applied
potential, the carbon paper was heated within seconds
by the Joules effect up to a temperature high enough
to decompose the gas used to grow nanotubes. The
deposition of Co—Ni nanoparticles was carried out by
the silane-assisted method.!*?! Prior to Co—Ni deposi-
tion, the carbon paper was pretreated with methanol
for 30 min in order to improve the homogeneity of the
Co—Ni particle sizes and their distribution on the car-
bon paper. The growth of CNTs was then carried out
at 800°C for 10 min in a mixture of 90% Ar, 5% H,,
and 5% C,H,4. Finally, the system was cooled under an
Ar atmosphere. In the following discussion, the CNTs
grown on carbon paper were denoted as CNTs/carbon

paper.

Deposition of Pt and Pt-Co nanoparticles
on CNTs

CNT-supported Pt—Co alloy electrocatalysts in the
nominal Pt : Co atomic ratio 75 : 25 were prepared by the
silane-assisted deposition method.!* The silane used
here was 2(4-chlorosulfophenyl) ethyl trichlorosilane,
50 vol% in dichloromethane purchased from Gelest Inc.,
Morrisville, PA. The solution was prepared by mixing
23 ml of Dimethyl Sulfoxide (DMSO), 0.5 ml of 2(4-
chlorosulfophenyl) ethyl trichlorosilane, and 1.5 ml of
deionized water. After hydrolysis of the solution, by
stirring for 2 h at room temperature, PtCly and CoCl,
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precursors were added into the solution to give a com-
bined metal ion concentration of 0.08 M. After further
stirring for 30 min, the CNTs grown on carbon paper
were immersed in the solution for 24 h. Then the sam-
ples were picked out from the solution, washed with
ethanol, and dried at 80°C under vacuum over 8 h.
Once the precursors of Pt—Co particles were adsorbed
on the surface of CNTs, the Pt—Co salts were reduced
to Pt—Co alloy metal nanoparticles at 500 °C for 30 min
in an atmosphere of H; (125 sccm). Pure Pt nanopar-
ticles supported CNT catalysts were prepared by the
same procedure. The morphologies of the CNTs/carbon
paper before and after the deposition of Pt or Pt—Co
nanoparticles were examined using an SEM (Hitachi
S-2600 N) and a TEM (Philips CM10). X-ray diffrac-
tion (XRD) analysis was carried out with an X-ray
diffractometer (Rigaku-MiniFlex) using Cu K« radia-
tion at 30 kV.

Electrochemical measurements

The electrochemical measurements were carried out
by using an Autolab potentiostat/galvanostat (Model,
PGSTAT-30, Ecochemie, Brinkman Instruments) in a
three-electrode, two-compartment configuration cell. A
Pt wire served as the counter electrode and a saturated
calomel electrode (SCE) was used as the reference
electrode. All potentials in this paper are quoted against
SCE. Purified Ar (99.9998%) and O, (99.5%) gases
were purchased from Praxair Canada Inc. For the
measurement of hydrogen electrosorption curves, the
potential was cycled between —0.25 and +1.2 V at
50 mV s~! to obtain the voltammograms of hydrogen
adsorption in Ar-purged 0.5 M H,SO4 aqueous solution.
All experiments were carried out at room temperature
(25°C).

Preparation and characterization of membrane
electrode assembly (MEA)

A gas diffusion layer was applied on one side of
the CNT-supported Pt or Pt—Co alloy catalysts. The
gas diffusion ink was prepared by ultrasonicating the
required quantity of carbon black (Vulcan XC-72,
Cabot) and polytetrafluoroethylene (PTFE) solution in
a mixture of isopropanol and deionized water (80:20
volume ratio) for 30 min followed by magnetic stirring
for about 1 h.3®! The carbon loading was approximately
3.5 mg cm~2 and PTFE content was 30 wt%. The gas
diffusion layer was sintered at 350 °C in Ar for 1 h.
To fabricate MEA, the cathode was CNT/carbon
paper composite while the standard E-TEK gas diffu-
sion electrode (30 wt% Pt/C, 0.5 mg Pt cm~?) was used
as the anode. The electrode area was 1.0 cm? and typ-
ical loading of Nafion ionomer in all electrodes was
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in the range of 0.9—1.0 mg cm™2. Nafion 112 (DuPont
Inc., USA) was used as the polymer electrolyte mem-
brane. Prior to MEA fabrication, the membrane was
cleaned by immersing it in boiling 3% H,0O, for 1 h
followed by boiling in M H;SOy4 for the same dura-
tion with subsequent rinsing in boiling deionized water
(1 h). This procedure was repeated at least twice to
ensure complete removal of H;SO4. The MEA was fab-
ricated in-house via hot pressing at 130°C and 100 psi
for 2 min. Polarization curve experiments were carried
out at a single fuel cell test station (Fuel Cell Technolo-
gies, Inc., USA).

RESULTS AND DISCUSSION

Figure 1 shows the SEM and TEM micrographs of
CNTs grown on carbon paper by CVD method. Before
the growth of CNTs on carbon paper, the carbon paper
substrate reveals many carbon fibers of about 5-10 wm
diameter crossing each other (inset, Fig. 1(a)). After the
growth of CNTs, SEM image showed that a high density
of nanotubes had been obtained (Fig. 1(a)). Further,
TEM images show that the tubes are straight and clean.
The diameters of the majority of the tubes range from 30
to 60 nm with a typical tube diameter of 50 nm shown
in Fig. 1(b).

The effect of the catalyst composition on the particle
size was investigated by TEM measurement. Figure 2
shows the TEM images together with particle size
distribution histograms obtained from TEM images of
the CNT-supported Pt and Pt—Co alloy electrocatalysts.
Histograms of particle sizes were constructed using
about 150 particles. It was found that Pt and Pt—Co
alloy nanoparticles were uniformly dispersed on the
surface of CNTs. The average sizes of Pt and Pt—Co
particles were 2.75 and 3.62 nm, respectively.

The XRD analysis of Pt/CNT and Pt—Co/CNT cat-
alysts reveals the presence of five main characteristic
peaks of the face-centered cubic (fcc) crystalline P,
namely, the planes (1 1 1), 2 00), 220), 31 1),
and (2 2 2) (not shown). These diffraction peaks for the
Pt—Co/CNT alloy catalysts are slightly shifted to higher
angles with respect to the corresponding peaks in the
Pt/CNT catalyst, indicating a contraction of the lattice
and alloy formation.

Figure 3 shows the cyclic voltammograms (CVs)
of the Pt/CNT and the Pt—Co/CNT catalysts in Ar-
saturated 0.5 M H,SO, at a scan rate of 50 mV s~ !.
As shown in Fig. 3, the Pt—Co/CNT alloy catalyst has
a hydrogen adsorption/desorption behavior similar to
that of pure Pt owing to the presence of Pt skin lay-
ers on the alloy surface. The results with Pt—Co/CNT
alloy catalyst in Fig. 3 are similar to those found by
Salgado et al ') for carbon supported Pt—Co/C alloy.
The hydrogen adsorption/desorption peak current of the
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Figure 1.

(@) SEM image of CNTs grown on the
carbon fibers of a carbon paper by chemical vapor
decomposition method (inset: bare carbon fibers).
(b) TEM image of CNTs grown on the carbon fibers of
a carbon paper (inset: single CNT showing diameter
of the tube).

Pt—Co/CNT alloy catalyst is lower than that of the
Pt/CNT catalyst. Moreover, the onset of oxide forma-
tion on Pt (accepted as Pt—OH) slightly shifted to more
positive potentials for the Pt—Co/CNTs compared to
Pt/CNTs. This observation demonstrates that alloying
of Pt with transition metals inhibits the chemisorption
of OH on the Pt sites at high potentials by the change
in electronic effects and leads to an enhancement in the
rate of ORR.['”) The transition metals are believed to
provide sites to bind and activate water.’”! This means
that alloying of Pt with a transition metal has signifi-
cant effects on some changes in the way Pt atoms of Pt
alloy catalysts interact with water. Murthi et al.*®! have
shown that the onset of OH formation shifts to higher
potentials for Pt/C in 6 M trifluoromethane sulfonic acid
(CF3SO3H) or Pt—Co/C in 1 M CF3SO3H, as compared
to Pt/C in 1 M CF3SO3;H. They suggested that the onset
of the oxide formation can be shifted by either alloying
the Pt with a second metal that increases the 5d-band
vacancies or by lowering the activity of the water.[?®
Reduction peak of Pt oxide for Pt—Co/CNTs is more
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Figure 2. TEM images and particle size distribution histograms of Pt/CNTs (a) and Pt—Co
(3: 1)/CNTs (b) electrocatalysts prepared by silane-assisted deposition method.

negative than that for Pt/CNTs. This result might indi- 1
cate that the Pt oxide on Pt—Co/CNT catalyst is hard to 1 —o— PY/CNTs
reduce compared to that on Pt/CNTs. —o— Pt-Co (3:1)/CNTs Jog ~
From the practical point of view, the single-cell test 08 g
is the ultimate evaluation criterion for novel electrocat- % - los B
alyst materials. Therefore, the performance of the mem- 2061 ' E»
brane electrode assembly (MEA) in PEMFC using the E - £
Pt/CNTs and Pt—Co/CNTs as cathodes, and commercial T 04 104 g
Pt/C (30 wt% Pt on carbon) obtained from E-TEK as the © - g
anodes were evaluated in a single-cell PEMFC at 80 °C. 02 102 &
oF———
6 0 1 2
Pt/CNTs Current density (A cm2)
- 41 — — — Pt-Co(3:1)/CNTs 4
= Figure 4. Polarization curves and power density curves in
S 2 single-cell PEMFC with Pt/CNTs and Pt—Co/CNTs as cathodes
E ol forH, /0, at 80 °C, Nafion 112 membrane, 25/30 psig anode
2 and cathode back pressure, respectively. Anode electrodes
g 51 were E-TEK GDE with 0.5 mg Pt cm=2.
s
B4
3
-6
g b ) ) ) ) ) ) ) The comparison polarization curves and power density
02 00 02 04 06 08 10 12 curves were shown in Fig. 4. As shown in Fig. 4, the
Potential (V vs SCE) Pt—Co/CNTs alloy cathode catalysts show much bet-
Figure3. CVs of PYCNT/carbon paper and ter performance than pure Pt/CNTs c?lthode. At a fixed
Pt—Co/CNT/carbon paper composites prepared by cell voltage of 0.6 V, the current‘den‘sn)( of Pt—Co/CNT
silane-assisted deposition method in Ar-saturated alloy catalyst is 1.18 A cm™2 which is higher by a factor
0.5 M H,S0y4 at scan rate of 50 mV s~ of 2.6 relative to that of Pt/CNT catalyst (0.45 A cm™?).
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The maximum power density of Pt—Co/CNT alloy cat-
alyst was 0.83 W cm~2 while the corresponding power
density for the Pt/CNT catalyst was 0.40 W cm~2, thus
showing an increase in power density of about 0.43 W
cm™2 for the former case.

CONCLUSIONS

Pt—Co alloy nanoparticles have successfully been
deposited on the CNTs grown directly on carbon paper
by the silane-assisted deposition method. TEM images
indicate that the Pt—Co alloy catalysts prepared by this
method have nanometer size particles with an average
size of 3.62 nm, and were well dispersed on the sur-
face of the CNTs support. Electrocatalytic activity of
the Pt—Co/CNT alloy catalysts was investigated with
regard to the ORR as cathode in a single-cell PEMFC.
It was found that the Pt—Co/CNT alloy catalysts pos-
sessed enhanced oxygen-reduction activity compared to
Pt/CNTs. The results of this work will contribute to
the development of cheaper active cathode catalysts for
PEMFCs.

Acknowledgements

This research was supported by Natural Sciences and
Engineering Research Council of Canada (NSERC),
INCO, Ontario Centre of Excellence (OCE), Canada
Foundation for Innovation (CFI), Ontario Research
Fund (ORF), Canada Research Chair (CRC) Program,
Ontario Early Researcher Award (ERA), and the Uni-
versity of Western Ontario.

REFERENCES

[1] H.A. Gasteiger, S.S. Kocha, B. Sompalli, F.T. Wagner. Appl.
Catal., B: Environ., 2005; 56, 9-35.

[2] J.X. Wang, N.M. Markovic, R.R. Adzic. J. Phys. Chem. B,
2004; 108, 4127-4133.

[3] T.R. Ralph, M.P. Hogarth. Platinum Met. Rev., 2002; 46,
3-14.

[4] T Toda, H Igarashi, M Watanabe. J. Electroanal. Chem., 1999;
460, 258-262.

[5] S Mukerjee, S Srinivasan, M.P. Soriaga, J] McBreen. J. Phys.
Chem., 1995; 99, 4577-4589.

[6] T Toda, H Igarashi, M Watanabe. J. Electrochem. Soc., 1998;
145, 4185-4188.

[7] M.-K Min, J Cho, K Cho, H Kim. Electrochim. Acta, 2000;
45, 4211-4217.

© 2008 Curtin University of Technology and John Wiley & Sons, Ltd.

(8]

[91]
(10]
(11]
[12]
[13]
[14]
[15]
[16]
[17]

(18]
(19]
[20]
[21]
(22]
(23]
[24]
[25]
[26]

(27]
(28]
[29]
(30]
(31]
[32]
(33]
[34]
[35]
[36]
[37]
(38]

Asia-Pacific Journal of Chemical Engineering

N Neergat, A.K. Shukla, K.S. Gandhi. J. Appl. Electrochem.,
2001; 31, 373-378.

M.T. Paffett, J.G. Berry, S Gottesfeld. J. Electrochem. Soc.,
1988; 135, 1431-1436.

S Mukerjee, S Srinivasan, M.P. Soriaga, J McBreen.
J. Electrochem. Soc., 1995; 142, 1409-1422.

E Antolini, R.R. Passos, E.A. Ticianelli. Electrochim. Acta,
2002; 48, 263-270.

A.S. Arico, A.K. Shukla, H Kim, S Park, M Min, V Antonucci.
Appl. Surf. Sci., 20013 172, 33-40.

A.K. Shukla, M Neergat, P Bera, V Jayaram, M.S. Hegde.
J. Electroanal. Chem., 20015 504, 111-119.

T Toda, H Igarashi, H Uchida, M Watanabe. J. Electrochem.
Soc., 1999; 146, 3750-3756.

VStamenkovic, T.J. Schmidt, P.N. Ross, N.M. Markovic.
J. Phys. Chem. B, 2002; 106, 11970—-11979.

M Watanabe, K Tsurumi, T Mizukami, T Nakamura,
P Stonehart. J. Electrochem. Soc., 1994; 141, 2659-2668.
B.J. Hwang, SM.S Kumar, C.-H Chen, Monalisa, M.-Y
Cheng, D.-G Liu, J.-F Lee. J. Phys. Chem. C, 2007; 111,
15267-15276.

S Koh, C Yu, P Mani, R Srivastava, P Strasser. J. Power
Sources, 2007; 172, 50-56.

J.R.C Salgado, E Antolini, E.R. Gonzalez. Appl. Catal.,
B Environ., 2005; 57, 283-290.

P.M. Ajayan, O.Z. Zhou. Top. Appl. Phys., 2001; &80,
391-425.

R.H. Baughman, A.A. Zakhidov, W.A. Heer. Science, 2002;
297, 787-793.

Z Liu, X Lin, J.Y.Lee, W Zhang,
Langmuir, 2002; 18, 4054—-4060.

X Wang, M Waje, Y Yan. Electrochem. Solid State Lett., 2005;
8, Ad2—-A44.

N Rajalakshmi, H Ryu, M.M. Shaijumon,
J. Power Sources, 2005; 140, 250-257.

G Girishkumar, K Vinodgopal, P.V. Kamat. J. Phys. Chem. B,
2004; 108, 19960—-19966.

T Matsumoto, T Komatsu, H Nakanoa, K Arai, Y Nagashima,
E Yooa, T Yamazaki, M Kijima, H Shimizu, Y Takasawa,
J Nakamura. Catal. Today, 2004; 90, 277-281.

D Villers, S.H. Sun, A.M. Serventi, J.P. Dodelet. J. Phys.
Chem. B, 20065 110, 25916-25925.

M.S. Saha, R Li, X Sun. J. Power Sources, 2008; 177,
314-322.

W Li, C Liang, W Zhou, J Qiu, Z Zhou, G Sun, Q Xin.
J. Phys. Chem. B, 2003; 107, 6292—6299.

G Wu, Y.S. Chen, B.Q. Xu. Electrochem. Commun., 2005; 7,
1237-1243.

G Che, B.B. Lakshmi, C.R. Martin, E.R. Fisher. Langmuir,
1999; 15, 750-758.

Y Shao, G Yin, Y Gao, P Shi. J. Electrochem. Soc., 20063 153,
A1093-A1097.

Y Shao, G Yin, J Zhang, Y Gao. Electrochim. Acta, 20063 51,
5853-5857.

X Wang, W Li, Z Chena, M Waje, Y Yan. J. Power Sources,
2006; 158, 154—-159.

X Sun, R Li, D Villers, J.P. Dodelet, S Desilets. Chem. Phys.
Lett., 2003; 379, 99-104.

AM. Kannan, V.P. Veedu, L Munukutla, M.N. Ghasemi-
Nejhad. Electrochem. Solid State Lett., 2007; 10, B47-B50.
E.M. Crabb, R Marshall, D Thompsett. J. Electrochem. Soc.,
20005 747, 4440-4447.

V.S. Murthi, R.C. Urian, S Mukerjee. J. Phys. Chem. B, 2004;
108, 11011-11023.

M Han, L.M. Gan.

S Ramaprabhu.

Asia-Pac. J. Chem. Eng. 2009; 4: 12—-16
DOI: 10.1002/apj



