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bstract

To improve the utilization and activity of anodic catalysts for formic acid electrooxidation, palladium (Pd) particles were loaded on the MWCNTs,
hich were functionalized in a mixture of 96% sulfuric acid and 4-aminobenzenesulfonic acid, using sodium nitrite to produce intermediate
iazonium salts from substituted anilines. The composition, particle size, and crystallinity of the Pd/f-MWCNTs catalysts were characterized by
-ray diffraction (XRD), high-resolution transmission electron microscopy (HRTEM) and energy dispersive spectroscopy (EDS) measurements.
he electrocatalytic properties of the Pd/f-MWCNTs catalysts for formic acid oxidation were investigated by cyclic voltammetry (CV) and linear
weep voltammetry (LSV) in 0.5 mol L−1 H2SO4 solution. The results demonstrated that the catalytic activity was greatly enhanced due to the
mproved water-solubility and dispersion of the f-MWCNTs, which were facile to make the small particle size (3.8 nm) and uniform dispersion of Pd

articles loading on the surface of the MWCNTs. In addition, the functionalized MWCNTs with benzenesulfonic group can provide benzenesulfonic
nions in aqueous solution, which may combine with hydrogen cation and then promote the oxidation of formic acid reactive intermediates. So
he Pd/f-MWCNTs composites showed excellent electrocatalytic activity for formic acid oxidation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Recently, the advantages of a direct formic acid fuel cell
DFAFC) have being progressively recognized compared to a
irect methanol fuel cell (DMFC) [1]. For example, formic acid
s non-toxic and is not easily burned. The optimal operating
oncentration of formic acid can be as high as 20 mol L−1 [2],
hile the best concentration of methanol in a DMFC is only

bout 2 mol L−1. Thus, the energy density of DFAFC can be
igher than that of DMFC. In addition, the penetration efficiency
f formic acid through the Nafion membrane is much lower
han that of methanol due to the repulsion between HCOO− and

O3

− ions in the Nafion membrane [3]. To increase the catalytic
ctivity of formic acid electrooxidation, an enormous effort has
een devoted towards the development of catalysts. These cat-
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lysts include palladium and palladium-based alloy catalysts
4,5]. In fact, the choice of a suitable catalyst support is an impor-
ant factor that may affect the performance of electrocatalysts
wing to interactions and surface reactivity [6,7].

The tubular structure of carbon nanotubes makes them unique
mong different forms of carbon, and they can thus be exploited
s an alternative material for catalyst support in heterogeneous
atalysis [8] and in fuel cells due to the high surface area,
xcellent electronic conductivity, and high chemical stability
9–18]. Wildgoose et al. reviewed the recent developments in
his area by exploring the various techniques to functionalize
he carbon nanotubes with metals and other nanoparticles and
he diverse applications of the resulting materials [19]. How-
ver, the applications of CNTs have been impeded by their
oor solubility in solvents and polymers, which originated from

trong van der Waals attractions among CNTs. Without the
urface modification, most of CNTs lack sufficient binding
ites for anchoring precursor metal ions or metal nanoparticles,
hich usually lead to poor dispersion and aggregation of metal

mailto:azhangxg@163.com
dx.doi.org/10.1016/j.jpowsour.2007.09.080
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anoparticles, especially at high loading conditions. Therefore,
unctionalization of CNTs is generally prerequisite to further
pplications.

The functionalization of CNTs can be categorized into cova-
ent and non-covalent functionalization, according to the nature
f the interaction between CNTs and functional groups. To intro-
uce more binding sites and surface anchoring groups, an acid
xidation process was very frequently adopted to treat CNTs
n a refluxed, mixed acid aqueous solution at high temperatures
90–140 ◦C), which introduces surface-bound polar hydroxyl
nd carboxylic acid groups for subsequent anchoring and reduc-
ive conversion of precursor metal ions to metal nanoparticles.
ecently, Tour and co-workers [20,21] reported the functional-

zation of CNTs using sodium nitrite to produce intermediate
iazonium salts from substituted anilines can form benzenesul-
onic group on the surface of CNTs, which improve the solubility
n water. To the best of our knowledge, up to now, there have
een no reports of using benzenesulfonic functionalized CNTs
s the support for Pd nanoparticles in DFAFC.

In this paper, we demonstrate well dispersed reduction of
d nanoparticles on the surface of benzenesulfonic functional-

zed MWCNTs from PdCl2 aqueous solution by using NaBH4
t room temperature. This method of catalyst preparation was
erformed in absence of any surfactant or organic additive.
he synthesized Pd/f-MWCNTs electrocatalysts were charac-

erized by the XRD, HRTEM and EDS. The electrocatalytic
ctivities of the catalysts were examined by cyclic voltam-
etry and linear sweep voltammetry in 0.5 mol L−1 H2SO4

olution.

. Experimental section

.1. Reagent

MWCNTs were purchased from Shenzhen Nanotech Port
o., Ltd., China. The diameter and length ranged between
0–40 nm and 1–2 �m, respectively. Nafion (5 wt% in alco-
ols) was purchased from Aldrich. All the other reagents used

ere analytic grade and without further purification. All solu-

ions were prepared with deionized water of a resistivity not less
han 18.32 M� cm from an Ampeon 1810-B system (Sichuan,
hina).

m
a
a
l

Scheme 1. Illustration of the synthesis proce
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.2. Purification of raw MWCNTs (p-MWCNTs)

The MWCNTs were purified by the ultrasonic treatment for
h, refluxed with concentrated nitric acid at 373 K for 12 h, then
ashed and filtered with deionized water. The filtrate cake was
ried in air at 353 K for 12 h [22].

.3. Functionalization of MWCNTs (f-MWCNTs)

The procedures of benzenesulfonic functionalized MWCNTs
ave been reported as described elsewhere [18]. The detailed
rocess was as follows: a mixture of 96% H2SO4 (150 mL)
ith MWCNTs (200 mg, 16 mmol) and (NH4)2S2O8 (100 g,
.44 mol) was mixed with magnetic stirring (6 h). Once the mix-
ure was visibly dispersed (no large particulates were visible),
he substituted 4-aminobenzenesulfonic acid (5.54 g, 0.032 mol)
as added and homogenization was continued for 2 h in order to

ffectively disperse the aniline throughout the mixture. This was
ollowed by addition of solid NaNO2 (2.208 g, 0.032 mol) and
low addition of 2,2-azobisisobutyronitrile (1.2 g, 0.4 mmol).
he mixture was then placed in an oil bath at 80 ◦C and homog-
nization was continued for 6 h. The resulting product was
ltered and washed with deionized water, acetone, and fresh
,N-dimethylformamide (DMF) then dried at 50 ◦C for 24 h in
vacuum oven.

.4. Preparation of catalysts

f-MWCNTs supported Pd catalysts were synthesized at
oom temperature by using NaBH4 as a reductive agent.
cheme 1 presents the synthesis procedure of the Pd/f-
WCNTs. Equimolar quantities of PdCl2 were dissolved

n deionized water and then the f-MWCNTs was added
nto this solution. The NaBH4 solution (NaBH4/metal molar
atio = 10) was slowly dropped into this mixture and vig-
rously stirred for 12 h. The resulting slurry was filtered,
ashed thoroughly with deionized water and then dried in
vacuum oven. The metal loading on MWCNTs was deter-

ined to be 20 wt%. For comparation, the Pd/p-MWCNTs

nd Pd/raw-MWCNTs(Pd/r-MWCNTs) catalysts were obtained
s the same procedure as that for the Pd/f-MWCNTs cata-
yst.

dure of the Pd/f-MWCNTs catalysts.
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Scheme 1. The f-MWCNTs were washed with acetone and DMF
repeatedly in order to get rid of any impurity, thus it indicated
that benzenesulfonic group were successfully modified on the
surface of MWCNTs.
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.5. Preparation of electrode

Glassy carbon (GC) working electrodes, 5 mm in diameter
electrode area 0.2 cm2), polished with 0.05 �m alumina to a
irror-finish before each experiment, were used as substrates for

he MWCNTs supported catalysts. For the electrode preparation,
ypically, 5 mg electrocatalysts were added into 1 mL 0.05 wt%
afion solution, and then the mixture was treated 1 h with ultra-

onication for uniform dispersion. A measured volume (30 �L)
f this mixture was dropped by a micropipette onto the top sur-
ace of the GC electrode. The as-obtained catalysts modified
C electrode was employed as the working electrode in our

xperiments.

.6. Instrument and measurement

X-ray diffraction (XRD) analysis of the catalyst was carried
ut on Bruker D8-ADVANCE diffractometer with Cu K� radi-
tion of wavelength λ = 0.15418 nm. The morphology of the
atalyst was investigated using a high-resolution transmission
lectron microscope (HRTEM) images were taken on a FEI
ecnai G2 20S-TWIN microscope operated at 200 kV. Sample
reparation for HRTEM examination was involved the ultra-
onic dispersion of the sample in ethanol, then placing a drop of
he suspension on a copper grid covered with perforated carbon
lm. Energy dispersive spectroscopy (EDS) spectrum analysis
as carried out with a FEI Tecnai G2 20S-TWIN microscope

s an energy-dispersive X-ray analyzer. Infrared spectra were
ecorded with a model 360 Nicolet AVATAR FT-IR spectropho-
ometer.

The CV and LSV were performed with CHI 660 electrochem-
cal workstation (Shanghai, China) in the potential range of −0.2
o 0.8 V with use of a three-electrode test cell. A conventional
hree-electrode system was used with a modified GC electrode

s working electrode (5 mm in diameter), a Pt wire as counter
lectrode and saturated calomel electrode (SCE) as reference
lectrode, respectively. All electrolytes were deaerated by bub-
ling N2 for 20 min and protected with a nitrogen atmosphere

Fig. 1. IR spectrum of f-MWCNTs.
F
M

Sources 175 (2008) 26–32

uring the entire experimental procedure. All experiments were
arried out at a temperature of 25 ± 1 ◦C.

. Results and discussion

.1. Infrared (IR) analysis of f-MWCNTs

The possibility of functionalized MWCNTs with benzene-
ulfonic group has been examined by X-ray photoelectron
pectroscopy (XPS) and high-resolution transmission electron
icroscopy analysis in other work [18,23]. Here we use IR anal-

sis of f-MWCNTs to confirm such interaction. Fig. 1 is the IR
pectrum of f-MWCNTs. The peaks at 729, 1650, 2916 and
971 cm−1, which are attributed to the adding of –CH2– group
f the aromatic ring system. The peaks at 681 and 1170 cm−1

an be assigned to S–O group of sulfonate group. And from
ig. 1, we can see that there is no peak at 3200–3400 cm−1,

t indicates that there is no –NH2 group on f-MWCNTs. So it
onfirms the reaction of functionalized MWCNTs according to
ig. 2. Dispersibility of different MWCNTs in water: (a) r-MWCNTs; (b) p-
WCNTs; (c) Pd/f-MWCNTs.



S. Yang et al. / Journal of Power

Fig. 3. XRD patterns of different catalysts: (a) Pd/p-MWCNTs; (b) Pd/f-
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Fig. 4. HRTEM and EDS of different catalysts: Pd/p-
Sources 175 (2008) 26–32 29

.2. Characterization of catalysts

The dispersibility of the r-MWCNTs, p-MWCNTs and f-
WCNTs in water were evaluated 96 h after the ultrasonic

ispersion (Fig. 2). The r-MWCNTs and p-MWCNTs are not
ispersed in water, as noticed by immediate precipitation of
he aggregates of nanotubes are found at the bottom of vials
Fig. 2a and b), indicating the poor solubility of the r-MWCNTs
nd p-MWCNTs in water. By contrast, it is noted that the f-
WCNTs exhibit homogeneous dispersion in water even after

6 h (Fig. 2c), the solution become homogeneously ink-like,
hich confirms that the aggregates of nanotubes are not found at

he bottom of vials. The result clearly indicated that the benzene-
ulfonic functionalized MWCNTs were successfully formed,
here hydrophilic benzene group improved the solubility of the
WCNTs.
XRD patterns reveal the bulk structure of the catalyst and its

upport. Fig. 3 shows the XRD patterns of the Pd/p-MWCNTs

curve a) and Pd/f-MWCNTs (curve b) catalysts. It can be seen
hat the first peak located at a 2θ value of about 26◦ is referred to
raphite (0 0 2) plate of the MWCNTs support. The other four

MWCNTs (a and c), Pd/f-MWCNTs (b and d).
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eaks are characteristic of face centered cubic (fcc) crystalline
d (JCPDS, Card No. 05-0681), corresponding to the planes
1 1 1), (2 0 0), (2 2 0) and (3 1 1) at 2θ values of about 40◦, 47◦,
8◦ and 82◦. The average size of the Pd particles on p-MWCNTs
nd f-MWCNTs is 4.2 and 3.8 nm, respectively, calculated from
2 2 0) peak by the Scherrer formula [24]. The results indicated
hat the Pd particles on f-MWCNTs in the Pd/f-MWCNTs cat-
lysts were small than Pd/p-MWCNTs catalysts.

Fig. 4 shows the HRTEM and EDS images of the Pd/p-
WCNTs (a and c), Pd/f-MWCNTs (b and d) catalysts. The

istribution of Pd nanoparticles on p-MWCNTs is not too
uch and large Pd clusters can be found in Fig. 4(a). How-

ver, a better dispersion of Pd nanoparticles on f-MWCNTs is
hown in Fig. 4(c). Although agglomeration of Pd nanoparti-
les still exists, it can be seen from this image that too much
ery small black color Pd particles with more or less uniform
ispersion formed on the outer walls of the MWCNTs. So
he distribution of Pd nanoparticles on f-MWCNTs is greatly
mproved. It is due to the chemically active and hydrophilic
urface of MWCNTs after benzenesulfonic functionalization. It
hould be mentioned that the f-MWCNTs supported Pd parti-
les were synthesized completely in an aqueous phase by using
aBH4 as a reducing agent. The f-MWCNTs should be easy

o form the homogeneous solution in water, which is facile
o load nanoparticles on the MWCNTs substrate. Unlike the

ethod adopted in the present work, underwent severe aggre-
ations and accumulated like clumps on the surface of the
NTs. The particle size of both catalysts observed from HRTEM
easurement further confirms the calculated result from XRD

nalysis.
The EDS analysis confirmed the presence of Pd in the MWC-

Ts samples. The Cu derived from the copper lacy substrate
sed to hold the sample. In addition, O probably derived from

igh density surface functional groups, such as hydroxyl, car-
oxyl, and carbonyl groups formed on the outer walls of the
WCNTs after the purification or functionalization.

ig. 5. Cyclic voltammograms of the different catalysts in 0.5 mol L−1 H2SO4

olution at a scan rate of 50 mV s−1.

w
w
P
t

F
M

ig. 6. Cyclic voltammograms of formic acid electrooxidation on different cat-
lysts in 0.5 mol L−1 H2SO4 + 0.5 mol L−1 HCOOH at a scan rate of 50 mV s−1.
a) Pd/r-MWCNTs; (b) Pd/p-MWCNTs; (c) Pd/f-MWCNTs.

.3. Electrochemical properties of catalysts

The cyclic voltammograms of the Pd/p-MWCNTs (a) and
d/f-MWCNTs (b) electrocatalysts are shown in Fig. 5. From
ig. 5, it can be seen that the area of hydrogen adsorption and
esorption peak for Pd/f-MWCNTs electrocatalysts are bigger
han that of the Pd/p-MWCNTs electrocatalysts. The large elec-
rochemical specific surface may be due to the high dispersion
nd small size of Pd nanoparticles on the f-MWCNTs that func-
ionalized with benzenesulfonic group.

The electrocatalytic activity of Pd/f-MWCNTs catalysts was
valuated by the electrochemical oxidation of formic acid

ith the prepared Pd/f-MWCNTs modified GC electrode as
orking electrode. For comparison, the Pd/p-MWCNTs and
d/r-MWCNTs modified GC electrodes were also evaluated at

he same condition. As shown in Fig. 6, the strong oxidation

ig. 7. The linear sweep voltammetry curves for formic acid oxidation on Pd/f-
WCNTs electrode at different scan rate.
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Table 1
Electrochemical performances of formic acid oxidization on different catalysts

Different catalysts Ep (V) ip (mA cm−2)

Pd/r-MWCNTs 0.11 8.66
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Fig. 10A, it can be seen that the anodic peak current den-
d/p-MWCNTs 0.11 15.25
d/f-MWCNTs 0.06 20.68

eaks belong to the oxidation of formic acid and the corre-
ponding intermediates [25]. The onset potential for formic acid
xidation on Pd/f-MWCNTs electrocatalyst showed a negative
hift with a higher peak current density compared to that of Pd/p-

WCNTs and Pd/r-MWCNTs electrode as shown in Fig. 6. The
ositive scan oxidation peak current density and peak potential
f the catalysts are shown in Table 1. On Pd/f-MWCNTs (c)
atalysts, the peak potential of formic acid oxidation is more neg-
tive compared to Pd/r-MWCNTs (a) and Pd/p-MWCNTs (b).
he anodic peak current density for Pd/f-MWCNTs (c) catalysts

s 1.4 and 2.4 times of the Pd/MWCNTs (a) and Pd/p-MWCNTs
b), respectively. The improved performance of Pd/f-MWCNTs
s due to the f-MWCNTs as the support, which has the high
ispersivity, high loading capacity and excellent electrocatalytic
erformance in formic acid oxidation. Thus, the Pd/f-MWCNTs
atalysts in present work can be expected to be effective elec-
rode catalyst for the DFAFC.

Additionally, the anodic oxidation of formic acid is thought
o occur via two parallel pathways. On Pd catalyst, formic acid
ould follow a different oxidation reaction pathway from that on
t catalyst. Formic acid will adsorb rapidly on Pd catalyst and be
xidized to CO2 directly without adsorbed CO as intermediate
26,27]

COOH → HCOOHads (1)

COOHads → HCOOads + H+ + e− (2)
COOads → CO2 + H+ + e− (3)

his reaction pathway does not involve the participation of the
ater activation, so the onset oxidation potential for formic

Fig. 9. The plot of Ep vs. log v. CHCOOH = 0.5 mol L−1.

s
T
P

F
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cid oxidation on Pd catalyst could be lowered. Toward to the
d/f-MWCNTs catalysts, the functionalized MWCNTs with
enzenesulfonic group, which can provide benzenesulfonic
nions in solution, may contribute to the availability of the Pd
ctive sites. On the other side, based on the reaction path (Eqs.
1)–(3)), the benzenesulfonic anions may combine with hydro-
en cation that can promote the oxidation of formic acid reactive
ntermediate. So the Pd/f-MWCNTs catalysts have the excellent
lectrocatalytic performance in formic acid oxidation.

.4. Kinetic characterization of formic acid
lectrooxidation on Pd/f-MWCNTs electrode

In order to investigate the kinetic characterization of formic
cid oxidation on Pd/f-MWCNTs electrode, the effect of scan
ate and formic acid concentration (CHCOOH) on the behavior
f formic acid oxidation were investigated. Figs. 7 and 8 show
he effect of the scan rate on the electrooxidation of formic acid
n Pd/f-MWCNTs electrode. From Fig. 7, the peak potential
the forward scan) increases with the increase of scan rate. It
s indicated that the oxidation of formic acid is an irreversible
lectrode process. Additionally, in the range of 4–100 mV s−1,
he anodic peak current density is linearly proportional to the
quare root of scan rates (shown in Fig. 8), which suggests that
he electrocatalytic oxidation of formic acid on Pd/f-MWCNTs

odified electrode is a diffusion-controlled process. In addition,
he peak potential (Ep) (the forward scan) increases with the
ncrease of ν and linear relationship can be obtained between
p and log(ν), as shown in Fig. 9. It further indicates that the
xidation of formic acid is an irreversible electrode process.

The formic acid concentration is also an important factor
n the practical application of DFAFC. The effect of formic
cid concentration on the anodic peak current density (ip)
nd peak potential (Ep) was shown in Fig. 10A and B. From
ity increases with the increase of formic acid concentration.
his further indicates that the electrooxidation of formic acid at
d/f-MWCNTs electrode is controlled by diffusion process. In

ig. 8. Dependence of the peak current density on the square root of scan rates.
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ig. 10. Variation of the peak current density ip (A) and the peak potential Ep (B

ig. 10B, peak potential shifts towards positive direction when
HCOOH increases. This may result from the following reasons:

he increasing of the formic acid concentration will increase
he poisoning rate of Pd catalyst and cause a more positive
otential shift of the oxidative removal of the strongly adsorbed
ntermediates.

. Conclusion

The higher dispersion of Pd nanoparticles supported on the f-
WCNTs were synthesized completely in an aqueous phase by
simple sodium borohydride reduction method at room temper-
ture without using any stabilizer. The dispersion of f-MWCNTs
nd electrocatalytic properties of palladium nanoparticles on
-MWCNTs have been investigated. The Pd/f-MWCNTs com-
osites showed excellent electrocatalytic activity for formic acid
xidation and good stability. This may be attributed to improved
olubility of the f-MWCNTs, which was facile to make the
mall particle size and uniform dispersion of Pd particles load-
ng on the outer walls of the MWCNTs. On the other side, the
unctionalized MWCNTs can provide benzenesulfonic anions
n solution, which may combine with hydrogen cation that can
romote the oxidation of formic acid reactive intermediate. This
lso implies that f-MWCNTs may be good candidates for cata-
yst supports because improving of the precious metal catalyst
Pd) dispersion in formic acid oxidation is an important practical
onsideration in fuel cell technology.
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