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a  b  s  t  r  a  c  t

The  in  situ  ion  exchange  method  has  been  employed  to  prepare  carbon  nanotubes  (CNT)  supported  Pt
electrode,  in  which  CNT  is functionalized  with  two-step  oxidation,  namely  electrochemical  oxidation  and
chemical  oxidation.  X-ray  photoelectron  spectroscopy  (XPS)  confirms  that  two-step  oxidation  produces
more  carboxylic  acid  groups.  Transmission  electron  microscopy  (TEM)  shows  that  Pt nanoparticles  are
eywords:
uel cells
arbon nanotubes

n situ ion exchange
xygen reduction reaction

highly dispersed  on the  CNT surface.  Electrochemical  measurements  show  that  the  resultant  Pt/CNT
electrode  treated  by  two-step  oxidation  exhibits  the  largest  electrochemical  surface  area  and  the highest
activity  for  oxygen  reduction  reaction  (ORR)  among  the  investigated  electrodes.  This  can  be  attributed
to  the  fact  that  the  two-step  oxidation  treatment  produces  more  carboxylic  acid  groups  which  is the
determining  factor  for Pt  loading  and  dispersion  via  ion-exchange.
lectrochemical surface area

. Introduction

Polymer electrolyte membrane (PEM) fuel cells have attracted
uch attention due to their high-energy efficiency and zero emis-

ions [1–5]. However, the commercialization of PEM fuel cells
s severely limited by their high cost [6–11]. Improving the uti-
ization of noble platinum electrocatalysts is considered as an
mportant approach to reducing the cost of PEM fuel cells [12,13].
he electrodes of PEM fuel cells are usually fabricated using the
ot-pressing method [14], which is suitable for the fabrication of

arge-scale membrane electrode assemblies (MEA) and for mass
roduction. However, its major problems include [15]: protons
annot access to Pt nanoparticles isolated from Nafion polymer
lectrolyte, and Nafion in the catalyst layer tends to wrap some
t nanoparticles and carbon support, which results in poor elec-
ron transport. Therefore, a large amount of Pt electrocatalysts in
his electrode prepared via the traditional hot-pressing method

re inactive [16]. Alternately, the electrodes prepared by the elec-
rochemical deposition (ECD) can avoid or alleviate the above
roblems, since the ECD method can deposit Pt catalysts where
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both protons and electrons can access [17]. However, Pt nanopar-
ticle sizes synthesized via ECD are large, usually more than 50 nm,
which extremely reduces the electrochemical surface area of Pt
electrocatalysts [18]. Therefore, Pt specific activity is very low and
a large number of Pt electrocatalysts are still required in this elec-
trode.

The ion exchange method has been employed to prepare carbon
supported Pt catalyst with small particle size [19–21].  However
when these catalysts are used in the conventional hot-pressing
electrode, it still encounters the same problems mentioned above.
Recently, we developed an in situ ion exchange method to prepare
a novel electrode for PEM fuel cells, where platinum cation com-
plex was  ion exchanged with H+ ions of carboxylic acid groups on
the carbon support and then reduced to Pt nanoparticles [22,23].
The in situ ion exchange method greatly improved the Pt utiliza-
tion. However, Pt loading in the resultant electrode was only about
10 mass%, which is not enough for practical application in mem-
brane electrode assemblies (MEA) of PEMFCs [24]. It is known that
the ion exchange process undergoes between H+ in COOH and Ptn+.
Therefore, to improve Pt loading, the higher content of COOH is
preferred.

Carbon nanotubes (CNT) have been widely investigated as a cat-
alyst support [25–27],  which exhibit better performance in terms
of catalytic activity and durability than the conventional Vulcan
XC-72 [28–31].  In the present study, CNT was sprayed onto car-

bon paper and then acted as support to load Pt nanoparticles via
an in situ ion exchange method. The whole in situ ion exchange
process was  shown in Scheme 1. More important, a two-step oxi-
dation method, which combined electrochemical oxidation with

dx.doi.org/10.1016/j.jpowsour.2011.08.087
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:zhangsheng1982@hit.edu.cn
mailto:yingphit@hit.edu.cn
dx.doi.org/10.1016/j.jpowsour.2011.08.087


9956 S. Zhang et al. / Journal of Power Sources 196 (2011) 9955– 9960

Scheme 1. Illustration of the synthesis process of Pt/CNT electrode: (step 1) func-
tionalization of CNT (step 2) ion exchange between [Pt(NH3)2]2+ and H+ in R-COO−H+

of functionalized CNT, and (step 3) Hydrogen reduction of [Pt(NH3)2]2+ to Pt
nanoparticles.

Table 1
Oxygen-containing functional groups distribution obtained by fitted results of the
C1s XPS spectra on CNT based electrodes.

Sample C–O–C C O COOH

Original 70.55 28.75 1.70
EO-CNT 64.46 21.94 13.60
CO-CNT 61.49 23.96 14.55
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at pass energy (PE) of 187.85 eV over the binding energy range
TO-CNT 55.12 24.54 20.34

hemical oxidation, was developed to functionalize CNT prior to the
on exchange process. This produced more carboxylic acid groups
t the electroactive sites on CNT surface, and more Pt nanoparti-
les were deposited via the following in situ ion exchange process.
he resultant electrode with Pt loading of 16.4 mass% exhibited
igher electrochemical surface area (ESA) and catalytic perfor-
ance towards oxygen reduction reaction (ORR).

. Experimental details

.1. Functionalization of CNT-based electrode

CNT-based electrode was prepared as follows. Multi walled CNT
10–20 nm in diameters, 5–15 �m in lengths) and PTFE were mixed
ith Milli-Q ultrapure water in ultrasonic bath. The obtained ink

bove was sprayed onto the PTFE-hydrophobized carbon paper
ith loading of 3.0 mg  cm−2 at 40 ◦C. Then the electrode with geo-
etric area of 1 cm × 1 cm was sintered for 30 min  at 340 ◦C.
Electrochemical oxidation was performed by 535 potential

ycles with the potential range of 0.05–1.4 V (vs. RHE) (≈8 h) and
he scan rate of 50 mV  s−1 in 0.5 mol  L−1 H2SO4 at room tempera-
ure. And chemical oxidation was performed by soaking CNT-based
lectrode in the aqueous solution of 15 mol  L−1 nitric acid for 48 h at
oom temperature. The two-step oxidation included two  oxidation
ethods above: the electrode was treated by firstly electrochemi-

al oxidation and then chemical oxidation.

.2. Preparation of Pt/CNT electrode
The functionalized CNT electrode above was sufficiently washed
ith Milli-Q ultrapure water to remove the residual solution, and
Bind ing Energy / eV

Fig. 1. Survey XPS spectra of original CNT and TO-CNT electrodes.

immersed in 15.0 mmol  L−1 Pt(NH3)2(NO2)2 solution for 48 h. The
ion exchange can be tentatively formulated as the following:

[Pt(NH3)2]2+ + COOH → COO[Pt(NH3)2]+ + H+

The COOH groups were produced on the surface of CNT via the
functionalization treatment. And then the electrode was immersed
in Milli-Q ultrapure water and stirred for 48 h. The water was
refreshed every 8 h to remove the non-ion-exchanged Pt precursor.
Then the ion-exchanged Pt ions (COO[Pt(NH3)2]+) in the electrode
were reduced to Pt nanoparticles in H2 at 190 ◦C. The electrode
was immersed in Nafion solution until the loading was up to
0.36 mg  cm−2. Finally, the electrode above was pressed with Nafion
membrane at 135 ◦C under a pressure of 5 MPa. The half-membrane
electrode assembly was  obtained.

2.3. Physical characterization and electrochemical measurements

X-ray photoelectron spectroscopy (XPS) measurements are
made using a Physical Electronics Quantum-5600 Scanning ESCA
Microprobe. The Al X-ray source operated at 250 W.  The sample
to analyzer takeoff angle was  45◦. Survey spectra were collected
0–1300 eV. Pt/CNT catalysts scraped from the ion-exchanged elec-
trode were characterized by transmission electron microscope
(TEM, JEOL JEM-1200EX). Pt loadings in Pt/CNT were determined
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Fig. 2. C1s XPS spectra of original CNT

y thermogravimetric analysis (TGA), which was  carried on NET-
SCH STA449F3 with a heating rate of 10 ◦C min−1 in an air flow
40 mL  min−1).

Cyclic voltammetry (CV) was employed to study electrochem-
cal surface area of Pt/CNT electrode. A reversible hydrogen
lectrode (RHE) and a Pt foil of 1 cm2 were used as the reference
lectrode and the counter electrode, respectively. Measurements
ere performed at a scan rate of 10 mV  s−1. Before all CV experi-
ents, the electrolyte solution was saturated with Ar gas. Oxygen

eduction reaction (ORR) was performed in the same electrochem-
cal cell. The working electrode was held vertically in a chamber
lled with 0.5 mol  L−1 H2SO4 solution. O2 (30 mL  min−1) was  sup-
lied to the carbon paper side and the other side was exposed to
2SO4 solution. All the tests were conducted at room tempera-

ure. All potentials were reported versus the reversible hydrogen
lectrode (RHE).

. Results and discussions

The functionalized CNT electrodes are characterized with X-ray
hotoelectron spectroscopy (XPS). As shown in Fig. 1, compared
ith the original CNT electrode, the two-step oxidation functional-

zed electrode (TO-CNT) exhibits much higher O1s peak, indicating

hat the two-step oxidation functionalization produces a large
umber of oxygen-containing groups on the CNT surface. F1s peaks
hown in Fig. 1 can be assigned to the presence of the PTFE used in
he preparation process of the CNT based electrode.
NT, CO-CNT, and TO-CNT electrodes.

Carboxylic groups on the carbon materials are usually consid-
ered as strong exchanger during the ion exchange process which
determines Pt loading [32]. Therefore, the information of carboxylic
groups generated during the functionalization process is of great
importance. Fig. 2 shows high-resolution C1s spectra of the func-
tionalized CNT based electrodes. In the fitted curve, the peak at
288.4 eV is assigned to carboxylic acid groups. The approximate
contributions of oxygen-containing functional groups to overall
C1s signals are shown in Table 1. The results show that the rel-
ative content of carboxylic acid groups on the TO-CNT electrode
is more than those on the electrochemical oxidation functionalized
(EO-CNT) or chemical oxidation functionalized (CO-CNT) electrode.
The highly oxidized groups (COOH) on TO-CNT electrode is calcu-
lated to be more than that on EO-CNT electrode (20.34% vs. 13.60%),
while the lowly-oxidized species (C–O–C) on the TO-CNT elec-
trode is less than that on EO-CNT electrode (55.12% vs. 64.46%).
It has been reported that HNO3 oxidation could convert surface
oxygen-containing groups on carbon materials to more oxidized
state species [33]. Therefore, it can be concluded that, for TO-CNT
electrode, electrochemical oxidation produces oxygen-containing
groups on CNT surface, and the following HNO3 oxidation converts
the lowly oxidized groups (C–O–C) to more highly oxidized groups
(such as carboxylic acid groups) [33]. As a result, more carboxylic
acid groups are generated on the TO-CNT electrode.
TEM images and Pt nanoparticle size-distribution histograms of
Pt/CNT catalysts are shown in Fig. 3. Pt nanoparticles are highly dis-
persed on the CNT and the averaged Pt nanoparticle sizes for the
three Pt/CNT catalysts are calculated to be the same, about 4.0 nm.
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Fig. 3. TEM images and corresponding Pt nanoparticles size distributions of Pt/EO-CNT, Pt/CO-CNT, and Pt/TO-CNT catalysts.
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he three catalysts are also characterized by thermogravimetric
nalysis (TGA), which shows the contents of Pt: 16.4% for Pt/TO-
NT, 11.5% for Pt/EO-CNT and 10.4% for Pt/CO-CNT. Therefore, the
wo-step oxidation functionalization significantly increases the Pt
oading on CNT surface.
Fig. 4 shows cyclic voltammograms (CVs) of resultant Pt/CNT
lectrodes. A typical hydrogen and oxygen adsorption/desorption
ehavior on platinum can be clearly observed on all the three
amples. Electrochemical surface area (ESA) is one of the most
important parameters for evaluating the performance of PEM fuel
cell electrodes [34]: higher ESA means more catalyst sites available
for electrode reactions. The ESA can be calculated with coulombic
charges of hydrogen adsorption and desorption in CVs:
ESA = QH

QC

where QH (mC) is the charge transfer for hydrogen adsorption
and desorption in the hydrogen region (0.05–0.4 V), and QC is 0.21
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mC  cm−2) in the electrical charge constant associated with mono-
ayer adsorption of hydrogen on Pt particles. The results show
hat the resultant Pt/TO-CNT electrode exhibits the largest electro-
hemical surface area of 280.3 cm2, much higher than Pt/EO-CNT
202.0 cm2) and Pt/CO-CNT (168.2 cm2) electrodes.

Since Pt nanoparticle sizes are the same in the three Pt/CNT
lectrodes, the different ESA of these electrodes can be assigned
o the different Pt loadings. For Pt/CNT electrode prepared via ion
xchange method, Pt loading is in proportion to the amount of the
arboxylic acid groups generated on the CNT surface [19,30]. So
he different ESA can be attributed to the different amounts of the
arboxylic acid groups on the CNT surface. It has been reported
hat nitric acid oxidation can introduce carboxylic acid groups
nly at those initial defects [35]. For Pt/TO-CNT electrode, all the
xygen-containing groups produced by electrochemical oxidation
re located at the electrochemical active sites, and the following
itric acid oxidation converts the lowly oxidized species to highly
xidized species (carboxylic acid groups). Compared with other
lectrodes, TO-CNT electrode has the most amount of carboxylic
cid groups at the electrochemical active sites, which results in the

ost Pt nanoparticles loaded via the in situ ion exchange process.

herefore, Pt/TO-CNT electrode exhibits the largest electrochemical
urface area.

[
[
[

urces 196 (2011) 9955– 9960 9959

Fig. 5 shows oxygen reduction reaction (ORR) polarization
curves of the resultant Pt/CNT electrodes. It is obvious that
Pt/TO-CNT electrode exhibits higher ORR current densities than
Pt/EO-CNT and Pt/CO-CNT electrodes within the whole potential
range of 0.4–1.1 V, which indicates that Pt/TO-CNT electrode has
the highest catalytic activity towards ORR among these three elec-
trodes. This is consistent with the results of electrochemical surface
areas above.

4. Conclusion

In the present study, a two-step oxidation functionalization of
CNT is developed to improve the performance of Pt/CNT electrode
prepared via the in situ ion exchange method. Pt/TO-CNT electrode
pretreated by the two-step oxidation method demonstrates the
largest electrochemical active area and the highest catalytic activ-
ity for oxygen reduction reaction, compared with the electrodes
treated by electrochemical oxidation or chemical oxidation. This
can be attributed to the fact that the two-step oxidation produces
more carboxylic acid groups at the electrochemical sites on the CNT
surface, which results in more electrochemical Pt nanoparticles
loaded in the electrode.
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