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Abstract

Multi-walled carbon nanotubes (MWNTSs) based Pt electrodes (Pt/MWNTs) for oxygen reduction reaction (ORR) in polymer electrolyte
membrane fuel cells (PEMFCs) are prepared by depositing Pt nanoparticles on electrochemically functionalized MWNTs with in situ ion exchange
method. The morphology of the PUMWNTs electrode is characterized by a scanning electron microscope (SEM) and a transmission electron
microscope (TEM). The chemical composition of the electrode is analyzed by X-ray photoelectron spectroscopy (XPS). The electrochemical
activity is investigated with cyclic voltammetry (CV). Pt nanoparticles are highly dispersed on MWNTs. The electrochemical surface area of
the ion-exchanged electrode (prepared with ion exchange) and the conventional electrode are 688.3 and 542.6 cm> mg~' Pt, respectively. The Pt
utilization, which is the ratio of the electrochemical surface area and the chemical surface area, is greatly enhanced on the ion-exchanged electrode
(98.2%), as compared with 48.4% for the conventional one. The activity of the ion-exchanged electrode to ORR is higher than the conventional
one. The increased Pt utilization and the improved electrocatalytic activity are attributed to the specific structure of the ion-exchanged electrode.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The polymer electrolyte membrane fuel cell (PEMFC) has
attracted much attention due to its high-energy efficiency and
no emissions. But its wide application is hindered by its high
cost. It is generally believed that the large amount of platinum
required as a catalyst in PEMFCs is one of the main reasons
why fuel cells are excluded from commercialization. In the past
two decades, many efforts have been devoted to increase the
utilization of Pt and reduce the amount of Pt used in PEMFCs.
These conventional efforts can be categorized into the following
[1]: (1) to decrease the size of the Pt nanoparticles that loaded on
carbon support [2]; (2) to improve the dispersion of Pt nanoparti-
cles in the electrodes [3]; (3) to introduce the polymer electrolyte
(e.g. Nafion ionomer) in the catalyst layer to enhance the proton
transport [4]; (4) to introduce proton conducting sulfonic acid
groups to the surface of the catalyst supports [5].
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Conventional PEMFC electrodes are generally prepared with
the so-called “hot-pressing” method [6]. The catalyst Pt/C is first
prepared by impregnation-reduction or other methods; the mixed
ink of the catalyst Pt/C and the Nafion solution is applied onto
a backing support (e.g. carbon paper) by spraying, and then the
resultant gas diffusion electrode is hot-pressed with a Nafion
membrane. This precatalyzation procedure is also called “ex
situ catalyzation” [7]. The common problems that encountered
in the conventional electrodes are [8]: (1) protons can not access
to the Pt nanoparticles that are isolated from polymer electrolyte
Nafion; (2) the addition of Nafion in the catalyst layer tends to
wrap some Pt nanoparticles and the carbon support, which leads
to poor electron transport. It is said that up to 90% of the plat-
inum catalyst in PEMFCs may be inactive [9]. In contrast, the in
situ catalyzation of PEMFC electrodes can avoid or alleviate the
above mentioned problems. The usually used method for in situ
catalyzation is the electrochemical deposition (ECD). This pro-
cess deposits Pt or Pt alloy catalysts only where both protons and
electrons can access, thus theoretically it can improve the uti-
lization of Pt. However, Pt nanoparticle sizes from ECD usually
fall in the range of 20-70 nm [10]. The enhanced Pt utilization
is barely realized.
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In this work, we developed a novel in situ ion exchange
method for constructing PEMFC electrodes and greatly
improved Pt utilization. An ion exchange method has already
been used to prepare the carbon supported Pt catalyst [3,11].
In this technique, a platinum cation complex is ion-exchanged
with H* ions of the acid functional groups on the surface of the
carbon support materials, and then the ion-exchanged Pt cation
complex is reduced to Pt nanoparticles in Hy atmosphere. The
ion exchange method usually gives a high Pt dispersion [3]. But
when the ion-exchanged Pt/C is applied in the conventional elec-
trode, it encounters the same problems mentioned above. The in
situ ion exchange is expected to give a high Pt dispersion while
avoiding the common problems.

Carbon nanotubes (CNTs) are employed as the catalyst sup-
port in this work. CNTs have attracted much interest for appli-
cation as the catalyst support since their discovery, owing to
their good mechanical and unique electrical properties and
structure [12,13]. Multi-walled carbon nanotubes (MWNTSs) are
selected as the support rather than single-walled carbon nan-
otubes (SWNTs) because MWNTSs are lower in production cost
and higher in electrical conductivity than SWNTs [14]. CNTs
supported Pt (Pt alloy) nanoparticles have shown enhanced cat-
alytic activity to methanol electrooxidation [15] and oxygen
reduction reactions (ORRs) [16]. The reasons for the higher
performance of Pt/CNTs, as compared with carbon black sup-
ported Pt nanoparticles (Pt/C), can be listed as follows [17]: (1)
the unique structure and electric properties of CNTs; (2) CNTs
have few impurities, while carbon black (e.g., Vulcan carbon
XC-72) contains significant quantities of organosulfur impu-
rities, which can poison Pt metal [1]; (3) another problem in
Pt/C is that some Pt nanoparticles are trapped in deep cracks
of carbon black, which cannot work as catalysts of electrodes
because the effective formation of the triple-phase boundary
(gas—electrode—electrolyte) is essential for PEMFCs, CNTs do
not have such cracks so that most Pt nanoparticles on CNTs are
expected to be used as effective catalysts [18].

2. Experimental
2.1. MWNT-based electrode preparation

MWNT-based electrode was prepared as follows. First,
MWNTs (purity > 95%, 10-20nm in diameters, 5—15 um in
lengths, from Shenzhen Nanotech Port Co. Ltd., China) were
ultrasonically mixed with PTFE emulsion in Milli-Q ultra-
pure water (18.2 M2 cm, Millipore); second, the mixed ink of
MWNTs and PTFE was sprayed onto a teflonized carbon paper
(PTFE 20 wt.%); then the resulted MWNT-electrode was sin-
tered under 340 °C in air for 30 min. The spraying layer was of
3mg cm 2 (mass fraction: MWNTs 95%, PTFE 5%).

2.2. Electrochemical functionalization of MWNT-electrode
and Pt loading

Before Pt loading, the MWNT-electrode was electrochem-
ically functionalized to generate the carboxyl on the surface
of MWNTSs. The electrochemical functionalization of MWNT's

was performed in 0.5 mol L~! H,SOy in a three-electrode cell
setup (see Section 2.4) [19] by 535 potential cycles between 0.05
and 1.4V (vs. RHE) (=8 h) with the scan rate of 0.05 Vs~!. The
end-potential is 0.05 V. The up-potential of 1.4V was selected
because it was believed that carboxyl would be oxidized at
potentials more positive than 1.4V [20,21] and the structure of
MWNTs would be irreversiblely destroyed at higher potential
[22,23]. The electrochemically functionalized MWNT-electrode
was washed with ultrapure water (18.2MQ2cm) to remove
the residue HySO4 solution. Then the MWNT-electrode was
immersed in the Pt precursor [15.0 mmol L~ ! Pt(NH3)2(NO»),
solution, Tanaka Precious Metals Group, Japan] for 48 h, with
MWNT side exposed to the solution. The MWNT-electrode was
then immersed in Milli-Q ultrapure water, stirred for 48 h (the
ultrapure water was refreshed every 8h) to remove the non-
ion-exchanged Pt(NH3)>(NO3),. And then the ion-exchanged
Pt ions were reduced to Pt nanoparticles in Hp at 190 °C.

The Ptloading was determined by the “burning method” [24].
The MWNT electrode (before Pt loading) and the PUMWNTSs
electrode were burned in air at ca. 800 °C, and the difference
between the residues of the two burned samples was assumed to
be the amount of Pt loading, which was 0.29 mg cm 2 (the total
amount of Pt divided by the geometric area of the electrode).

For comparison, a conventional electrode was prepared
by spraying the mixed ink of in-house-made Pt/MWNTs (Pt
20 wt.%) catalyst [25] and Nafion solution onto a teflonized
carbon paper (PTFE 20wt.%), with the same Pt loading
(0.29 mg cm~2) and a Nafion loading of 20 wt.% [19].

2.3. Physical characterization

The morphologies of the PUMWNTs electrodes were inves-
tigated by a scanning electron microscope (SEM) (Hitachi
S4700). The in-house-made P/MWNTs catalyst used in the
conventional electrode and the Pt/MWNTs scraped from the
ion-exchanged electrode were characterized by transmission
electron microscope (TEM, JEOL JEM-1200EX).

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed with a Physical Electronics PHI model 5700 instrument.
The Al X-ray source operated at 250 W. The sample to ana-
lyzer takeoff angle was 45°. Survey spectra were collected at a
pass energy (PE) of 187.85eV over the binding energy range
0-1300eV. High binding energy resolution Multiplex data for
the individual elements were collected at a PE of 29.55 eV. Dur-
ing all XPS experiments, the pressure inside the vacuum system
was maintained at 1 x 1077 Pa.

2.4. Electrochemical measurements

Cyclic voltammetry (CV) was used to study the electrochem-
ical properties of the PYMWNTs electrode. The CV measure-
ments were conducted in a three-electrode cell setup as described
in [19]. A reversible hydrogen electrode (RHE) and a Pt foil
were used as the reference electrode and the counter electrode,
respectively. Measurements were performed at a scan rate of
0.01 Vs~!. Before all CV experiments, the electrolyte solution



Y. Shao et al. / Journal of Power Sources 161 (2006) 47-53 49

was saturated with Ar gas. The stable cyclic voltammograms
were recorded after scanning for five cycles.

Oxygen reduction reaction (ORR) was performed in the same
electrochemical cell. The working electrode was held vertically
in a chamber filled with 0.5 mol L~! H,SO4. O, (30mL min~1)
was supplied to the carbon paper side and the catalyst side
exposed to H,SO4 solution.

CV and ORR were both carried out at room temperature
(20£1°0C).

3. Results and discussion
3.1. XPS analysis

The electrochemically functionalized MWNT electrode is
characterized with XPS. Fig. 1 shows the Cls spectra of the
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Fig. 1. Cls XPS spectra of carbon nanotube electrode before (A) and after
(B) electrochemical functionalization (CV between 1.0 and 1.4V for 8h in
0.5mol L~! HpS04, 20 £ 1°C).

raw MWNT electrode and the electrochemically functionalized
MWNT electrode. The spectra were each fitted into five indi-
vidual component peaks, as shown in Table 1 [26-29]. It is clear
that the oxygen-containing functional groups were formed on
the surface of MWNT after electrochemical functionalization.
The peak at 283.4 and 285.2 eV is attributed to the graphite car-
bon (C-C) and the hydrocarbons (C-H), respectively [28]. The
spectral contribution of the carboxyl carbon peak increases from
about 0 to 7.11% after electrochemical functionalization, which
is necessary and advantageous for ion exchange [30].

Fig. 2 shows the Pt4f XPS spectra of the ion-exchanged elec-
trode before (Fig. 2A) and after (Fig. 2B) reduction with Hy. The
spectra show doublets containing a low energy band (Pt4f;/,) and
a high-energy band (Pt4fs,;) which is centered at 3.33 eV higher
than the low one. The area ratio of 4/3 for Pt4f;,,/Pt4f5,, of each
spectrum agrees well with literature values [31,32]. The peaks at
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Fig. 2. XPS spectra of the ion-exchanged Pt/MWNTs electrode before (A) and
after (B) reduction with Hj.

Table 1

Results of the fits of the Cls spectra, values given in % of total intensity

Sample® COOH 288.4eV® C=0287.6eV C-0286.1eV C-H 285.2eV C-C284.3eV
AP-CNT 0.01 2.80 3.12 11.40 82.67
EF-CNT 7.11 2.67 12.95 8.68 68.59

% AP-CNT: as-prepared carbon nanotube electrode; EF-CNT: electrochemically functionalized carbon nanotube electrode.

b Binding energy [26,28,29,37].
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Fig. 3. SEM images of MWNT-electrodes before (A-left) and after (B-right) Pt
loading with in situ ion exchange method. The highly dispersed bright nanopar-
ticles on the image (B) are platinum as determined by EDXS (energy dispersive
X-ray spectroscopy).

74.42 eV (Fig. 2A) and 71.29 eV (Fig. 2B) are assigned to Pt (II)
in [Pt(NH3),]** [33] and Pt metal [31], respectively. This con-
firms that Pt was loaded on the electrode through ion exchange.
The amount of platinum on the surface of the electrode can also
be estimated from the XPS spectra (ca. 25 wt.%).

3.2. Electron microscopy characterization

Fig. 3 shows representative SEM images of the MWNT-
electrodes before (A) and after (B) Pt loading by in situ ion
exchange. It can be seen from the images that the diameters of
MWNTs are around 20 nm. Pt nanoparticles are highly dispersed
on carbon nanotubes.

Fig. 4 shows the TEM images of the ion-exchanged
Pt/MWNTs and the conventional one. The distribution obtained
with TEM image analysis is presented in the histogram in
Fig. 5. The mean nanoparticle diameters for the ion-exchanged
Pt/MWNTs and the conventional one are 4.0 and 2.5 nm, respec-
tively. The mean nanoparticle diameter of the ion-exchanged
Pt/MWNTs in this work is larger not only than the conventional
one, but also than the previously reported Pt nanoparticles loaded
on carbon black with ion exchange method [3]. This may be
attributed to the incompleted removal of the non-ion-exchanged
Pt cations.

3.3. Electrochemical activity

Fig. 6 shows the cyclic voltammograms of Pt/MWNTs elec-
trode made by in situ ion exchange method (a) and conventional
method (b). The electrochemically active surface area, also noted
as electrochemical surface area (ESA, cm? mg_1 Pt) of the elec-
trode can be calculated from the charge transfer (Qy, mC mg~!
Pt) for the hydrogen adsorption and desorption in the hydrogen
region (0.05-0.4 V) of cyclic voltammograms [25,34]. The con-
stant for ESA calculation is 0.21 mC cm~2 and then the value of

(B)

Fig. 4. TEM image of (A) ion-exchanged and (B) conventional PUMWNTs.
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Fig. 5. Size distribution of Pt nanoparticles of PMWNTSs (A) ion-exchanged
and (B) conventional one.
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Fig. 6. Cyclic voltammograms of PUMWNTs electrode made by in situ ion
exchange method (A) and conventional method (B). Electrolyte: 0.5 mol L ™!
H,SOy; scan rate: 0.01 V sl temperature: 20+ 1°C.

the ESA is obtained from:

ESAz&

0.21

The ESA is one of the most important parameters for char-
acterizing PEM fuel cell electrodes. A higher ESA implies a
better electrode, as more catalyst sites are available for elec-
trode reactions. The ESA for the ion-exchanged electrode and
the conventional electrode calculated from the CVs shown in
Fig. 6 are 688.3 and 542.6 cm?> mg~! Pt, respectively, with the
former 1.27 times that of the later.

The chemical specific surface area (CSA, cm?> mg~! Pt) of
Pt nanoparticles can be calculated from following equation with
the assumption that all particles are in spherical shape [25,35]:

60, 000
pd

CSA =

where p is the density of Pt (21.4gcm’3) and d (nm) is the
mean diameter of the Pt nanoparticles in the catalyst. The CSA
of the ion-exchanged electrode and conventional electrode are
700.9 and 1121.5cm? mg~! Pt, respectively. Here what we are
interested in is the Pt utilization, which is defined as the ratio
of the ESA and CSA, because it can tell how many surface Pt
atoms are active in electrochemical reactions. It can be calculated
that the Pt utilization on the ion-exchanged electrode and the
conventional electrode are 98.2% and 48.4%, respectively, with
the former more than two times the late.

The mean diameter of Pt nanoparticles (d), the electrochemi-
cal surface area (ESA), the chemical surface area (CSA) and the
Pt utilization for both electrodes are summarized in Table 2.

The 98.2% Pt utilization on the ion-exchanged PUMWNTs
electrode implies that almost all surface Pt atoms are electro-
chemically active. The conventional electrode encounters the
common problems as described above. The Pt nanoparticles are
partially isolated and separated from the external circuit, and
these Pt nanoparticles are unavailable in electrochemical reac-
tions. So, the Pt utilization for the conventional electrode is much
lower.

The greatly enhanced Pt utilization on the ion-exchanged
electrode can be explained as follows. It has been confirmed
that Pt was loaded on MWNTs through ion exchange between
[Pt(NH3),]%* and H* on the surface of MWNTSs which was pro-
duced during the electrochemical functionalization. The reaction
can be tentatively formulated as the following:

[Pt(NH3),]*" + CNT-COOH
— [CNT-COO] ™ [Pt(NH3),*T[NO,]~ + H*
where CNT-COOH is the carboxylic acid on MWNTs.

Table 2

The mean diameter of Pt nanoparticles (d), the electrochemical surface area
(ESA), the chemical surface area (CSA) and the Pt utilization for the ion-
exchanged and conventional PUMWNTs electrodes

Sample d(nm) ESA CSA Pt utilization
(cm? mg_1 Pt) (cm? mg_1 Py (%)

Ion-exchanged 4.0 688.3 700.9 98.2

Conventional 2.5 542.6 1121.5 48.4
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Fig. 7. Oxygen reduction on (A) ion-exchanged and (B) conventional
Pt/MWNTs electrode. O, flow rate 30 mL min~!, 20+ 1 °C, ambient pressure.

The —COOH groups were electrochemically formed on the
surface of MWNTs. Therefore, the sites of -COOH are proton-
and electron-accessible. And so, the Pt nanoparticles loaded on
these sites are electrochemically active, which results in a high
Pt utilization (98.2%).

3.4. Oxygen reduction

Fig. 7 shows the ORR polarization curves on the P/MWNTSs
electrodes prepared with in situ ion exchange and conventional
method. The ORR current densities for the ion-exchanged elec-
trode at a given potential are larger than that on the conventional
one, for example, at the potential 0.8 V, the mass specific cur-
rent density on the ion-exchanged electrode is 15.2mA mg~!
Pt, compared with 8.3 mA mg~! Pt for the conventional elec-
trode. This means that the ion-exchanged electrode has a higher
catalytic activity to oxygen reduction. This is expected from the
comparison of the electrochemical surface area of the two elec-
trodes. However, the Pt particle size effect cannot be excluded. It
was reported that Pt nanoparticles with a mean diameter of 3 nm
showed the highest mass specific activity to ORR [36]. Consid-
ering that the Pt particle size of the ion-exchanged electrode is
larger than 3.0 nm, we expect a still higher performance for the
ion-exchanged electrode if the Pt particle size decreases. Further
work is needed to optimize Pt particle size.

4. Conclusions

PEMEFC electrodes usually suffer from Pt utilization loss due
to the conventional electrode-preparation. Using an in situ ion
exchange method, we have successfully constructed a PEMFC
electrode with the MWNTs as the catalyst support. The elec-
trode shows a larger electrochemical surface area and a higher
Pt utilization than the conventional one. The electrocatalytic
activity of the ion-exchanged Pt/MWNTs electrode towards
oxygen reduction reaction (ORR) is higher than that of a con-
ventional electrode. The improved Pt utilization and the elec-
trocatalytic activity are attributed to the specific structure of

the ion-exchanged Pt/MWNTs electrode, which guarantees that
almost all Pt nanoparticles are deposited on the electrochemi-
cally active sites. This approach provides a new way to develop
high-performance PEMFC electrodes.
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