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Abstract

Composite electrodes consisting of Pt nanoparticles-supported on multiwalled carbon nanotubes grown directly on carbon paper (Pt/CNTs/carbon
paper) have been synthesized by a new method using glacial acetic acid as a reducing agent. Transmission electron microscopy (TEM) images show
that the Pt nanoparticles with high density and relative small in size (2—4 nm) were monodispersed on the surface of CNTs. X-ray photoelectron
spectroscopy (XPS) analysis indicates that the glacial acetic acid acts as a reducing agent and has the capability of producing a high density of
oxygen-containing functional groups on the surface of CNTs that leads to high density and monodispersion of Pt nanoparticles. Compared with
standard Pt/C electrode, the Pt/CNT/carbon paper composite electrodes exhibit higher electrocatalytic activity for methanol oxidation reaction and

higher single-cell performance in a H,/O, fuel cell.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have gener-
ated strong interest as sources of “green” power for automobiles
and portable electronics due to their compact design and high-
power density at lower temperatures (55-95 °C) [1,2]. It is well
known that the activity of a catalyst depends significantly on
the size of the Pt particles and their dispersion pattern over the
support structures [3]. It has been found that the optimal dis-
persion pattern and Pt particle size can be obtained by using an
appropriate preparative procedure on an ideal supporting mate-
rial [4]. The ideal support should have the following structure
and properties: (i) high-surface area and good electronic prop-
erty, (ii) good reactant gas access to the electrocatalysts, and (iii)
high-electrochemical stability under fuel cell operating condi-
tions [5,6]. Usually, carbon black-supported Pt electrocatalysts
is used as the electrode catalyst of PEMFCs [7]. In spite of the
high-surface area of the carbon black particles, the carbon black-
based electrocatalyst supports have two main problems: (i) due
to its dense structure, the carbon black-based support has signifi-
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cant mass transfer limitations, leading to a very low-Pt utilization
[51; (ii) carbon black is known to undergo electrochemical oxi-
dation to surface oxides and, finally, to CO; at the cathode in the
fuel cell, where it is subjected to low pH, high potential, high
humidity, and high temperatures (~80 °C). As carbon black cor-
rodes, noble metal nanoparticles (e.g., Pt) on carbon black will
detach from the electrode and possibly aggregate to larger parti-
cles, resulting in Pt surface area loss, which subsequently lowers
the performance of PEMFCs [8—10]. Therefore, many efforts
have been made to search for new catalyst supports [11].

In recent years, the use of carbon nanotubes (CNTs)
as catalyst supports for PEMFCs and direct methanol fuel
cells (DMFCs) has sparked a lot of interest owing to their
unique structure and properties such as high-surface area,
good electronic conductivity, strong mechanical properties and
high-chemical stability [12—14]. Several research groups have
reported that CNT-based electrodes can increase the catalyst
utilization and increase performance of PEMFCs [15-22] and
DMEFCs [23-26] compared to those using commercial carbon
black as support. Furthermore, CNT-based electrodes have been
reported to be more stable [27,28]. However, the challenge of
obtaining highly dispersed Pt nanoparticles with controllable
loadings on CNTs (mostly caused by the inertness of the CNT
surfaces) still exists [29].
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One strategy to resolve this issue is to modify the sur-
face of CNTs before depositing the Pt nanoparticles. Various
methods including oxidation in strong acids such as HNOj
or a HySO4—HNO3; mixture [18,23,30], sonochemcial [31]
and electrochemical [32,33] have been used. Another strat-
egy is to develop various deposition methods to control the
size and distribution of Pt nanoparticles on CNTs. Lee et al.
[29] reviewed the recent developments in synthesis of the Pt
electrocatalyst supported on CNTs for PEMFC applications.
Many approaches for deposition of Pt nanoparticles on CNTs
have been developed. These include impregnation [23,34,35],
electroless plating [15], ion-exchange [36], electrodeposition
[37-40], and sputter deposition [41,42]. Nevertheless, in com-
parison with the carbon-supported catalysts, highly dispersed
with high loading of Pt nanoparticles supported on the CNTs
have not been achieved. Liu et al. [15] synthesized high-Pt load-
ing on functionalized CNTs by an electroless plating procedure.
However, the Pt nanoparticles aggregate as relatively large par-
ticles (1-5 nm) rather than uniformly dispersing on CNTs [15].
Villers et al. [22] prepared Pt nanoparticles supported on CNTs
grown on carbon paper with a loading of 0.44 mgp,cm™2 and
Wang et al. [43] obtained higher metal loading of 15.4 wt.% on
CNTs. However, both of these use multiple steps and repetitive
processes. Thus, the synthesis of highly dispersed Pt cata-
lysts with high-PEMFC cathode loading values till remains a
challenge.

In this paper, we demonstrate a new synthetic method for
preparing uniformly dispersed high-loading Pt nanoparticles
on CNTs grown directly on carbon paper. The CNT-supported
Pt catalysts were synthesized by the reduction of Pt precursor
with glacial acetic acid. The resultant composite electrodes of
Pt/CNT/carbon paper were characterized by SEM, XPS and
TEM. The catalytic performance was evaluated by fuel cell
station.

2. Experimental
2.1. Growth of CNTs on carbon paper

The CNTs were synthesized in the CVD reactor by decom-
posing a hydrocarbon gas on catalytic Co—Ni particles deposited
on the fibers of carbon paper. This has been described in detail
elsewhere [44]. In the reactor, a small piece of carbon paper
(E-TEK Division, PEMEAS Fuel Cell Technologies, Somerset,
NJ) was loaded with the catalyst. The carbon paper was then
fixed across the section of the inner quartz tube and connected
to the 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 Joule effect
up to a temperature high enough to decompose the gas used
to grow nanotubes. Prior to Co—Ni deposition, 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 carbon paper. The growth of CNTs was then carried out
at 800 °C for 10 min in 90% Ar, 5% Hj;, and 5% C,Hy. 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.

2.2. Preparation of Pt nanoparticles on CNTs/carbon paper

Before deposition of Pt nanoparticles, the CNTs/carbon paper
was oxidized chemically in 5.0 M HNOs3 aqueous solution
for Sh. Afterward, it was washed thoroughly with deionized
water until the pH of the rinsing water became neutral, and
then dried under vacuum at 90°C for 5h. Platinum acety-
lacetonate, (Pt(acac);), was used as a precursor salt and was
purchased from Aldrich. Glacial acetic acid (99.8%) obtained
from Fluka was used as received without further purification.
CNTs/carbon paper-supported Pt electrocatalysts were prepared
by reduction of Pt precursors with glacial acetic acid. A typi-
cal preparation procedure consists of the following steps: in a
50 mL beaker, the required amount of Pt(acac), was added into
25 mL of glacial acetic acid and it was agitated in an ultrasonic
bath for 10 min at room temperature. Then the CNTs/carbon
paper was added to the solution and sonicated for 2 min. The
beaker was placed on a hot plate and heated at a temperature of
110 £ 2 °C for about 5 h with constant stirring. Afterward, the Pt
nanoparticles-supported CNTs/carbon paper (Pt/CNTs/carbon
paper) composites were washed with deionized water and dried
at 90°C over night in a vacuum oven. The reproducibility
of the electrocatalytic activity of Pt/CNTs/carbon paper was
tested using three identical samples prepared in the same man-
ner. The Pt loading in the Pt/CNT/carbon paper composites
was determined by inductively coupled plasma-optical emission
spectroscopy (ICP-OES).

2.3. Morphological and structural characterization

The morphologies of the CNTs/carbon paper before and after
Pt nanoparticle deposition were examined using an X-ray photo-
electron spectroscopy (XPS) (Kratos Analytical, UK), scanning
electron microscope (SEM) (Hitachi S-2600 N), and transmis-
sion electron microscopy (TEM) (Philips CM10).

2.4. 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 comparison purposes, a conventional electrode made with
commercially available 30 wt.% Pt/C obtained from E-TEK was
also evaluated. This electrode was prepared with a procedure
similar to the one described by Gojkovic et al. [45]. A 5-mg
catalyst was sonically mixed with 1 mL 5 wt.% Nafion® solution
(Ion Power Inc., USA) to make a suspension. The catalyst films
were prepared by dispersing 5 wL of the resultant suspension
on a glassy carbon (GC, diameter: 3 mm) electrode to achieve a
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total Pt loading of 0.1 mg cm ™2 on the GC electrode. The catalyst
films were dried in air at room temperature.

For the measurement of hydrogen electrosorption curves, the
potential was cycled between —0.25 and +1.2 V at 50mV s~ ! to
obtain the voltammograms of hydrogen adsorption in Ar-purged
0.5 M H;S0O4 aqueous solution. For cyclic voltammetry (CV) of
methanol oxidation, the electrolyte solution was 2 M CH3OH in
1 M H,SO4 aqueous solution. All experiments were carried out
at room temperature (25 °C).

2.5. Preparation and characterization of membrane
electrode assembly (MEA)

A gas diffusion layer was applied on one side of the Pt/CNT/
carbon paper composite. 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 a magnetic stirring for about 1 h
[46]. The carbon loading was approximately 3.5 mgcm™2 and
PTFE content was 30 wt.%. The gas diffusion layer was sintered
at 350°C in Ar for 1 h.

To fabricate MEAs, the cathode was CNT/carbon paper com-
posite with Pt loading of 0.42mgcm™2 while the standard
E-TEK gas diffusion electrode (30 wt.% Pt/C, 0.5 mgp;cm™2)
was used as the anode electrode. For comparison, another MEA
was made using two standard E-TEK gas diffusion electrodes
(0.5 mgp, cm~2) as anode and cathode. The electrode area was
1.0 cm? and typical loading of Nafion ionomer in all electrodes
was in the range of 0.9—1.0 mg cm~2. Nafion 112 (DuPont Inc.,
USA) was used as the polymer electrolyte membrane. Prior to
MEA fabrication, the membrane was cleaned by immersing it
in boiling 3% H;O» for 1 h followed by boiling in M HySO4 for
the same duration with subsequent rinsing in boiling deionized
water (1 h). This procedure was repeated at least twice to ensure
complete removal of HySO4. The MEA was fabricated in-house
via hot pressing at 130 °C and 100 psi for 2 min. Polarization
curves were measured by a single fuel cell test station (Fuel Cell
Technologies Inc., USA). All MEAs were conditioned prior to
testing using a series of steps. The initial stage is associated
with a so-called breakin process in which the cell tempera-
ture is slowly raised (approximately 20°Ch~!) from ambient
temperature to the operational (80 °C) under N,. After keeping
the cell under these conditions for approximately 5h in order
to allow proper conditioning of the MEA assembly, the pres-
sure was slowly increased to the desired value. The gases were
then switched to saturated H>/O,, and the cell was allowed to
equilibrate for a couple of hours.

3. Results and discussion
3.1. Physicochemical characterization
Fig. 1 shows the SEM and TEM images of the CNTs directly

grown on the fibers of carbon paper. The carbon paper consists
of carbon fibers crossing each other with diameters of 5-10 wm

Fig. 1. (a) SEM images of CNTs grown on carbon paper (inset: carbon paper).
(b) TEM images of CNTs grown on carbon paper (inset: single CNT).

(inset in Fig. l1a). As shown in Fig. 1(a), high density CNTs
of 15 wm in length completely cover the surface of the carbon
fibers. Further, TEM images show that the tubes are straight and
clean. The diameter of the majority of the tubes ranges from 30
to 60 nm with a typical tube diameter of 50 nm shown in Fig. 1(b)
inset.

Fig. 2(a—c) shows typical TEM images of CN'Ts/carbon paper
after deposition of Pt nanoparticles synthesized by using dif-
ferent concentrations of Pt precursor and chemical reduction
with glacial acetic acid. The right panel (a’—c’) shows increased
magnification TEM images of the Pt nanoparticles deposited
on single CNT. The concentrations of Pt precursor are 1, 2 and
4 mM, resulting in corresponding Pt loadings of 0.11, 0.24 and
0.42mgcm~2 on CNTs. It can be seen from the images that
the Pt nanoparticles are highly dispersed over the entire surface
of the CNTs/carbon paper. The density of Pt particles increases
with the increase of the concentration of Pt precursors. The aver-
age size of the Pt nanoparticles on CNTs was also obtained by
measuring 150 randomly chosen particles in the magnified TEM
images. The size distribution of Pt nanoparticles is shown in
the histograms in Fig. 3. It is clearly seen that the Pt nanopar-
ticles with narrow particle size distribution have the mean
nanoparticle sizes of 1.96, 2.41 and 3.65 nm, respectively, which
correspond to the Pt loadings of 0.11, 0.24 and 0.42 mgcm™2.
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Fig. 2. TEM images of Pt nanoparticles deposited on the CNTs/carbon paper from different concentrations of Pt precursor (a) 1 mM, (b) 2mM and (c) 4 mM in

glacial acetic acid. Right panel: Pt nanoparticles deposited on single CNT. The corresponding Pt loadings on the CNTs are 0.11, 0.24 and 0.42 mgp;cm™~.

Further, Pt nanoparticles supported on CNTs/carbon paper with
Pt loading of 0.51 mgcm™2 can be obtained with a continuous
Pt nanoparticle adlayer (not shown). Compared with previous
attempts mentioned in the introduction, our current method
based on the reduction by glacial acetic acid allows us to prepare
highly dispersed Pt nanoparticles with high-Pt metal loading on
CNTs.

In order to understand the Pt deposition process, XPS analy-
ses were carried out on two samples of CNTs treated by glacial
acetic acid under the same experimental conditions before and
after deposition of the Pt nanoparticles (Fig. 4). For comparison,

2

the raw CNTs were also examined by XPS. A small amount of
oxygen was detected on pristine CNTs due to adsorbed oxy-
gen species (Fig. 4a), which is consistent with the results of
Yu et al. [36]. In the glacial acetic acid treated CNTs, XPS
spectrum (Fig. 4b) clearly shows the presence of enhanced O
1s peaks. Moreover, additional surface functional groups with
the binding energy at 531.69 (48% carbonyl) and 533.31eV
(52% carboxyl) were observed after treated with glacial acetic
acid [47]. These results strongly indicate that the glacial acetic
acid itself has a strong capability of producing a high density of
oxygen-containing functional groups on the surface of CNTs,
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Fig. 3. Size distribution of Pt particles for the Pt/CNT/carbon paper composite
electrodes prepared from different concentrations of Pt precursor (a) 1 mM, (b)
2mM and (c) 4 mM in glacial acetic acid.

which leads to a well dispersion of Pt particles on the surface of
CNTs with controlled Pt loading. For Pt nanoparticles-supported
CNTs, XPS spectrum in Fig. 4(c) reveals two Pt peaks, 4f7/»
and 4f5p at 71.2 and 74.3 eV, respectively, suggesting that Pt in
the Pt-supported CNTs/carbon paper composite is in the pure
metallic state [48]. On the contrary, Pt particles supported on
CNTs prepared by the wet impregnation—reduction method con-
tain a mixture of Pt(Il) (22%) and Pt(IV) (4%) on the surface
[22]. This indicates clearly that the glacial acetic acid has a
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Fig. 4. XPS spectra of the surface of (a) the raw CNTs, (b) glacial acetic acid
treated CNTs and (c) Pt nanoparticles deposited on CNTs/carbon paper by
reduction with glacial acetic acid.

strong reducing capability, which is also a reason for high-fuel
cell performance as shown in Sections 3.2 and 3.3. Recently,
a similar acid, formic acid, has been used to reduce Pt on car-
bon support [46-48] and CNTs [49]. Gonzalez et al. [49-51]
reported the preparation of carbon-supported Pt electrocatalysts
by reduction with formic acid and showed a higher fuel cell
performance when compared to other preparation methods of
carbon-supported Pt electrodes [51]. Recently, Tian et al. [52]
also used formic acid as a reducing agent for deposition of Pt
nanoparticles on CNTs. The CNT-supported Pt catalysts syn-
thesized show significantly higher electrochemically active area
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Fig.5. CVsof Pt/CNT/carbon paper composites prepared from different concen-
trations of Pt precursor in Ar-saturated 0.5 M H2SOy4 at scan rate of 50 mV s
Current densities normalized with respect to the Pt loading.

and higher catalytic activities toward the methanol oxidation
reaction as compared to a commercial E-TEK Pt/C catalyst [52].

3.2. Characterization of Pt/CNT/carbon paper composites
by cyclic voltammetry

Electrochemical properties of Pt nanoparticles deposited on
CNTs/carbon paper have been investigated by CV. Fig. 5 shows
the CVs of Pt/CNT/carbon paper composite electrodes with dif-
ferent Ptloadings in Ar-saturated 0.5 M H,SO4 aqueous solution
at room temperature. The currents were normalized on the basis
of Pt loading. The voltammetric features of all Pt/CNT/carbon
paper composite electrodes reveal the typical characteristics of
Pt metal [53], with Pt oxide formation in the +0.68 to +1.2V
range, the reduction of Pt oxide at ca. +0.50V, and the adsorp-
tion and deposition of hydrogen between —0.05 and —0.25 V. By
using the charge passed for hydrogen adsorption and desorption
(On), the Pt areas were calculated electrochemically according
to the following formula [22]:

Oun

ApL = — =2
EL =0 (Pt 1oading)

AgL is expressed in cm?mg~!, where Pt loading is in

mgpg cm~2 and Oref=0.21mC cm™2, This value corresponds to
a surface density of 1.3 x 10'3 atom cm ™2, a generally accepted

Table 1
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Fig. 6. CVs of Pt/CNT/carbon paper composites prepared from different con-
centrations of Pt precursorin2 M MeOH + 1 M H,SOy at scan rate of 50 mV s
Current densities normalized with respect to the Pt loading.

value for a polycrystalline Pt electrode [54].
Agr (m* gp) = 0.1 Apr (cm” mgp,)

The calculated values of roughness factors (cm?cm™2) as
well as roughness factors normalized on the basis of Pt loading
are listed in Table 1. The mass-specific surface areas (m? g~ ")
decrease with increased Pt loading on CNTs. For comparison,
the commercial Pt/C electrocatalyst from E-TEK (30 wt.% Pt
on carbon black) was also examined with Pt particle size of
2-3nm at a Pt loading of 0.10mgcm~2 and the results are
listed in Table 1. In the case of Pt/CNT/carbon paper composite
(0.11 mgp, cm~2), the mass-specific surface area is significantly
higher as compared to the commercial Pt/C electrode (approxi-
mately 61%) (Table 1). This difference is attributed to the unique
three-dimensional (3D) structure of the CNTs-based electrode,
as we reported previously [44], and well dispersed Pt nanopar-
ticles with sizes of 2-3 nm on the surface of CNTs.

3.3. Electrocatalytic activity of methanol oxidation reaction

Fig. 6 shows the CVs of Pt/CNT/carbon paper composite
electrodes with different Pt loadings in Ar-saturated 2 M MeOH
and 1 M H;SOy solution at the potential scan rate of 50 mV sl
The voltammetric features are in good agreement with the liter-
atures [52,55], in which the typical methanol oxidation current
peak of a Pt catalyst is at about 0.8 V in the anodic sweep. In

Real (active) surface areas and electrochemical characteristics of methanol oxidation on Pt/CNT/carbon paper composite and Pt/C electrodes

Electrode Pt precursor Pt loading® SeLP (cm2 cm_z) AgL® (m2 g;tl) Forward peak current Mass activity
(mM) (mgcm~2) density (mA cm™2) (mA mg};l1 )
1 0.11 94.6 86.0 16.1 146.4
Pt/CNTs 2 0.24 187.1 77.9 25.5 106.3
4 0.42 261.9 62.4 34.7 82.6
30 wt.% Pt/C - 0.10 33.6 33.6 6.2 62.0

2 Measured by inductively coupled plasma-optical emission spectroscopy.
b Sgp : real surface area obtained electrochemically.
¢ AgL: real surface area obtained electrochemically per gram of Pt catalyst.
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Fig. 7. CVs for methanol oxidation reaction in 2M MeOH+ 1M H,SO4 at
Pt/CNT/carbon paper composites with 0.11mgcm~2 Pt loading and stan-
dard 30 wt.% Pt/C electrode with 0.1 mgcm~2 Pt loading. Potential scan rate:
50mV s~!. The current normalized on the basis of Pt loading.

the revise scan, an oxidation peak is observed around 0.54V,
which is primarily associated with the removal of the absorbed
intermediates produced in the forward scan. The mass activity
(MA) [56] of the Pt catalyst for methanol oxidation (peak cur-
rent density of methanol oxidation obtained from CV per unit
of Pt loading mass) is calculated and shown in Table 1. It can be
obviously observed that the anodic peak current increased with
the increase of Pt loadings on CNTs (Table 1).

Fig. 7 compares the CVs for methanol oxidation reaction of
a Pt/CNT/carbon paper composite electrode and a commercial
Pt/C electrode. The comparison of methanol oxidation reac-
tion with the Pt/CNT/carbon paper composite electrode was
made at a Pt loading of 0.11 mgcem™2. Compared with the
commercial Pt/C electrode, the oxidation peak current for the
Pt/CNT/carbon paper electrode is about 146.4 mA/mgp;, which
is 57.6% higher than that of the Pt/C electrode (62 mA/mgpy).
This may be attributed to the small size and good dispersion of
Pt nanoparticles on the 3D nanotube-based electrodes.

3.4. Single-cell performance

Fig. 8 shows the single-cell performance for the
MEA made with Pt/CNT/carbon paper composite electrode
(0.42 mgp; cm~2) as cathode and standard E-TEK electrode
(0.5 mgp, cm_z) as anode for H>/O;. For comparison, the polar-
ization curve of the MEA made with the standard E-TEK
electrode (0.5 mgp,cm™2) as anode and cathode is also pre-
sented. Polarization characteristics were compared at 80 °C with
25/30 psi g backpressure for the anode and cathode electrodes,
respectively (100% humidification condition). It was observed
that the Pt/CNT/carbon paper composite showed a better per-
formance than the standard E-TEK electrode especially in the
high-current density region. This could be the effect of lower
resistance of the CNTs support. It was reported that the CNT-
based electrode has improved mass transport [17,23]. At a fixed
cell voltage of 0.6 V, the current density of Pt/CNT/carbon paper
composite is 1.58 A cm™2 which is 27% higher than the standard
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Fig. 8. (a) Polarization characteristics of the MEAs fabricated with CNTs
electrode (0.42 mgp; cm™2) and standard E-TEK electrode (LT140E-W;
0.5 mgp; cm™2) as cathode electrodes for H»/O; at 80 °C, Nafion 112 membrane,
25/30psig anode and cathode back pressure. Anode electrodes were E-TEK
electrode with 0.5 mgp; cm~2. (b) IR corrected Tafel plots for comparison of
kinetic parameters (Table 2).

E-TEK electrode (1.16 A cm™2). The corresponding power den-
sities normalized on the basis of Pt loading were 2.19 ng;tl
(Pt/CNT/carbon paper composite) and 1.412ng1§t1 (standard
E-TEK electrode) at 0.6V, showing a significant increase in
power density of about O.77ng§t1 for the Pt/CNT/carbon
paper composite.

To obtain detailed information about the electrode kinetic
parameters of oxygen reduction, the experimental cell potential
(E) and current density (i) data was analyzed using the following
equation [57]:

E=E"—blogi— Ri (1)
where
E° = E, + blog i° )

In these equations, E; is the reversible potential for the oxy-
gen electrode reaction, b is the Tafel slope, iy is the exchange
current density for the oxygen reduction, and R is the predom-
inantly the ohmic resistance in the electrode and electrolyte
responsible for the linear variation of potential vs. current den-
sity plot. The experimental data was fitted to the above equation
by a non-linear least-square method in order to evaluate the
kinetic parameters from regression analysis. The resulting val-
ues are given in Table 2. The Tafel slope of Pt/CNTs/carbon
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Table 2

PEMEFC Tafel kinetic parameters for oxygen reduction obtained from Pt/CNT/carbon paper composite electrode with Pt loading of 0.42 mgp cm™

2

Electrode Eyp (mV) b (mV decade™!) Iogomv (MA cm™2) ITooomv (MA mg;t1 )
Pt/CNTs/carbon paper 1059 66.3 248.1 590.7
Std. Pt/C (E-TEK) 1016 60.2 84.4 168.7

Values from a representative standard Pt/C commercial (E-TEK) electrode (0.5 mgpy cm™2) are shown.

paper composite and commercial E-TEK electrodes is found to
be ca. 0.06 V which is common to most supported and unsup-
ported Pt electrodes [58]. It is clearly evident that the current
density at 900 mV (iggomv) for Pt/CNT/carbon paper compos-
ite is significantly higher as compared to the E-TEK electrode
(approximately 66%) (Table 2). This difference is attributed to
the higher dispersion of Pt nanoparticles on the surface of CNTs
as well as the unique 3D structure of the CNT-based electrode
[17,22,44,59].

4. Conclusions

A novel synthetic method has been successfully developed to
deposit Pt nanoparticles on CNTs grown on commercially used
carbon paper by reduction of Pt precursor with glacial acetic
acid. This method allows us to deposit high-loading Pt nanopar-
ticles monodispersed on CNTs. XPS analysis showed that glacial
acetic acid plays a critical role in producing surface functional
groups on the CNTs. The monodispered Pt particles on the sur-
face of CNTs have been found to be 2—4 nm in size depending
on Pt precursor concentrations. The resultant Pt/CNT/carbon
paper composite electrode shows higher performance in com-
parison to standard E-TEK electrode, which can be attributed to
the improved dispersion of Pt nanoparticles on the CNTs surface
and to the 3D structure of CNT-based electrodes.
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