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ABSTRACT: This study describes an effective method to prepare highly dispersed
palladium nanoparticles supported onto single-walled carbon nanotubes (SWNTs) with high
electrocatalytic activity toward the oxidation of ethanol. This method is essentially based on
electrochemical post-treatment of Pd-based infinite coordination polymer (ICP). The Pd-
based ICP is synthesized through the coordination reaction between Zn2+ and metallo-Schiff
base (MSB) to form Zn-MSB-Zn (ZMZ) ICP that precipitates from ethyl ether. The as-
formed Zn-MSB-Zn ICP is then subjected to an ion-exchange reaction with Pd2+ to obtain
the Zn-MSB-Pd (ZMP) ICP. To prepare Pd/SWNT nanocomposite, the ZMP ICP is mixed
into the SWNT dispersion in N-dimethylformamide (DMF) to form a homogeneous
dispersion that is then drop-coated onto a glassy carbon (GC) electrode. Electrochemical
post-treatment of ZMP ICP to form Pd/SWNT nanocomposite is thus performed by
polarizing the coated electrode at −0.2 V for 600 s in 0.5 M H2SO4. The results obtained
with scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
reveal that the resulting Pd nanoparticles are highly dispersed onto SWNTs and the particles size are small and narrowly
distributed (2.12 ± 0.32 nm). X-ray photoelectron spectroscopy (XPS) analysis shows that, after the electrochemical post-
treatment, no detectable ZMP ICP precursors are left on the surface of SWNTs. The electrocatalytic activity of the as-formed
Pd/SWNT nanocomposite toward ethanol oxidation is investigated by cyclic voltammetry and chronoamperometry. The results
show that the Pd/SWNT nanocomposite prepared here shows a more negative potential and higher mass catalytic activity, as
well as higher stability for the oxidation of ethanol than the commercial Pd/C catalyst. This work demonstrates a novel approach
to the formation of ultrasmall and highly dispersed Pd/SWNT nanocomposite with enhanced electrocatalytic activity toward
ethanol oxidation.
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1. INTRODUCTION

Considerable efforts have been made on the design and
formation of nonplatinum catalytic structures for direct alcohol
fuel cells (DAFCs), in which carbon nanotubes-supported
palladium nanoparticles are emerging as one of the most
promising candidates. This is because Pd is more abundant in
nature and less expensive than platinum, while is highly active
for the oxidation of a large variety of substrates in alkaline
environment.1−7 Generally, to validate the application of Pd as
an efficient catalyst for the alcohol oxidation in DAFCs, many
factors have to be carefully considered, such as the size,
morphology, shape, dispersion of Pd particles, as well as the
nature of the supporting materials. All these factors play crucial
roles in the electrocatalytic activity of Pd.8−10 On the other
hand, as one kind of carbon nanostructures with a high surface
area, good electrical and thermal conductivity, carbon nano-
tubes have been demonstrated to be an excellent support for
fuel cell electrocatalysts.11,12 Early attempts have demonstrated
that uniform dispersion, small size and narrow size distribution
of Pd nanoparticles ensure excellent electrocatalytic activities of

carbon nanotube supported Pd particles, yet the preparation of
such kind of nanocomposites remains a challenge for most
existing synthetic methods.13−17 One of the difficulties lies in
the ineffective adsorption of metal-salt precursors on the
surface of carbon nanotubes because the surface of pristine
nanotubes is relatively chemically inert.18 The weak and uneven
interactions between carbon nanotubes and metal-salt
precursors unfortunately make it difficult to homogeneously
disperse metal-salt precursors onto nanotubes, eventually
resulting in the large size of Pd nanoparticles supported by
nanotubes. To overcome this limitation, covalent or non-
covalent functionalization of carbon nanotubes with, for
example, organic acids, DNA, and polymers, in such a way
that metal precursors can be attracted or effectively anchored
onto the nanotube surface has been emerging as one of the
most promising approaches.13−17 However, the covalent
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functionalization approaches generally cause severe damage to
the structure of carbon nanotubes and thus greatly impair their
physical and chemical properties, as reported previously.1 The
other difficulty lies in the fact that Pd nanoparticles
spontaneously prefer to absorb and aggregate at the defects
and the edges of the nanotubes during the deposition process,
leading to a wide size distribution and difficulty in shape control
of Pd nanoparticles. This problem could be solved by using
protective reagents such as surfactants and ionic liquids to
prevent aggregation of Pd nanoparticles.19−22 However, the
remaining of the protective reagents on the surface of Pd
nanoparticles basically lowers the electrocatalytic activities of
the as-synthesized nanostructures.6 Although some methods
have been reported to disperse Pd nanoparticles onto carbon
nanotubes, a close examination reveals that these methods
required either complex synthetic procedures or sophisticated
equipment to obtain highly dispersed Pd nanoparticles with a
small size and narrow size distribution.23−25 As a consequence,
a simple and stabilizer-free synthetic route to form ultrasmall
and highly dispersed carbon nanotube-supported Pd nano-
composites with a high electrocatalytical performance is still
highly desired.
In recent a few years, infinite coordination polymers (ICPs)

have drawn a growing interest from both chemistry and
material science because of their unique morphology and highly
tailorable properties as well as promising applications.26 ICPs
can be conveniently synthesized in high yields through
coordination chemistry with metal salts as central metal ions
and multidentate organic or organometallic complexes as

ligands. So far, the unique properties of ICPs have largely
enabled their wide applications in many research fields such as
catalysis, gas storage, separation, photonics and drug deliv-
ery.27−31 More remarkably, recent efforts have demonstrated
that post-treatment of ICPs could offer a new paradigm for the
preparation of functional metal oxides and other kinds of
nanostructures with tailorable size and morphology. For
example, Oh and co-workers reported for the first time the
synthesis of micrometer-sized ZnO hexagonal rings by
calcination post-treatment of the amorphous hexagonal ring
ICP particles at certain temperature.32,33 By post-treating
Cd(II)-glutathione (Cd-GSH) ICPs with alkaline, we have
recently developed a novel method for green synthesis of CdS
quantum dots with good water solubility and relatively high
cytocompatibility.34 In this study, we interestingly find that
electrochemical post-treating Zn-MSB-Pd (ZMP) ICP essen-
tially produces ultrasmall, narrowly size-distributed and highly
dispersed carbon nanotube-supported Pd nanoparticles with an
excellent electrocatalytic activity toward the electrooxidation of
ethanol. The method demonstrated here is remarkable in the
following aspects. (1) The electrochemical post-treatment
strategy is stabilizer-free, technically simple yet relatively
effective. (2) The as-synthesized Pd nanoparticles supported
by single-walled carbon nanotubes (SWNTs) have an ultrasmall
size with a narrow size distribution (2.12 ± 0.32 nm). (3) Since
there is almost no Zn-MSB-Pd ICP precursor left on the as-
deposited Pd nanoparticles after electrochemical post-treat-
ment, the formed Pd/SWNT nanocomposite possesses a
“clean” surface, which is believed to be beneficial to its

Scheme 1. (A) Synthetic Routes of Zn-MSB-Pd Infinite Coordination Polymers (ZMP ICP) and (B) Illustration for the
Formation of Pd/SWNT Nanocomposite by Electrochemical Post-Treatment of ZMP ICP at the Potential of −0.2 V in 0.5 M
H2SO4
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electrocatalytic activity. (4) The prepared Pd/SWNT nano-
composite exhibits superior catalytic activity and stability
toward the eletrooxidation of ethanol over the commercial
Pd/C catalyst. In spite of the facts that some excellent methods
have been previously developed for the preparation of Pd/
SWNT nanocomposites and that some strategies have been
proposed for the post-treatment of ICPs to form novel kinds of
functional materials, the strategy demonstrated in this study
based on the electrochemical post-treatment of ICPs for the
formation of ultrasmall, narrow size-distributed, and highly
dispersed Pd nanoparticles supported by SWNTs has not been
reported so far.

2. EXPERIMENTAL SECTION
2.1. Chemicals. 4-Formylbenzoic acid and 4-amino-3-hydroxy-

benzoic acid, Zn(CH3COO)2, and Pd(CH3COO)2 were all purchased
from Sigma Aldrich. All solvents were purchased from Beijing
Chemical Company (Beijing, China) and used without further
purification. Aqueous solutions were prepared with Milli-Q water
(Millipore, 18.2 MΩ·cm).
2.2. Synthesis of ZMP and Pd/SWNT Nanocomposite. The

organic ligand, that is, metallo Schiff base (MSB), was synthesized by
mixing 4-formylbenzoic acid (1.0 g, 6.7 mmol) and 4-amino-3-
hydroxybenzoic acid (1.1 g, 7.3 mmol) into 40 mL of ethanol and the
mixture was then refluxed for 30 min to form precipitate. The
precipitate was first isolated by filtration and then washed with hot
ethanol for at least three times and finally dried under vacuum at 60 °C
(∼70% yield) (Scheme 1 A-1). The structure of the synthesized MSB
precipitate was confirmed by 1H NMR (400 MHz, DMSO-d6, δ):
12.99 (s, 2H), 9.57 (s, 1H), 8.78 (s, 1H), 8.12 (d, 2H), 8.07 (d, 2H),
7.48 (s, 1H), 7.44 (d, 1H), 7.23 (d, 1H).
To synthesize Zn-MSB-Zn ICP, MSB (60.0 mg, 0.22 mmol) and

Zn(OAc)2 (100.0 mg, 0.53 mmol) were mixed into 10 mL of dimethyl

sulfoxide (DMSO). A 10 mL of diethyl ether was allowed to slowly
diffuse into the mixture. After 30 min, yellow precipitate was formed.
The as-formed precipitate was isolated and washed with DMSO and
ethanol via centrifugation/redispersion cycles for at least three times.
Each successive supernatant was decanted and replaced with fresh
solvent. The precipitate was dried under vacuum at 60 °C to give Zn-
MSB-Zn ICP as a yellow product (∼45% yield) (Scheme 1 A-2). To
synthesize the Zn-MSB-Pd precursor through an ion-exchange
reaction, Zn-MSB-Zn ICP (8.0 mg, 0.019 mmol) was added into a
DMF (1.0 mL) solution of Pd(OAc)2·H2O (4.48 mg, 0.020 mmol)
through continuously shaking on a vortex mixer at room temperature
for 2 h. During this process, the color of the mixture gradually changed
from yellow to brown. The product was isolated and subsequently
washed with fresh DMF for at least three times to give Zn-MSB-Pd
(ZMP) ICP as a brown product (Scheme 1 A-3). In this process, a
slightly excessive amount of Pd2+ was added into the mixture to ensure
the complete replacement of Zn2+ coordinated with Schiff base
moieties within the Zn-MSB-Zn ICP (Scheme 1 A-3).

To obtain the ZMP/SWNT nanocomposite, the synthesized ZMP
ICP (5 mg) and SWNTs (10 mg) were added into 1 mL of DMF and
the resulting mixture was stirred vigorously for 2 h under ambient
temperature. The product was washed carefully by DMF for several
times. After being dried under vacuum, 3.14 mg ZMP/SWNT
nanocomposite was dispersed in 0.5 mL of DMF to form a
homogeneous dispersion under ultrasonication. To carry out the
electrochemical post-treatment of ZMP ICP to form the Pd/SWNT
nanocomposite, 10 μL of the ZMP/SWNT dispersion in DMF was
drop-coated onto glassy carbon (GC) electrode (3 mm in diameter).
The electrode was first dried at ambient temperature to evaporate the
solvent and then polarized at the potential of −0.2 V for 600 s in 0.5 M
H2SO4 solution. In this case, a three-electrode electrochemical cell was
used for the electrochemical post-treatment of ZMP ICP with the
ZMP/SWNT-modified GC electrode as working electrode, a platinum
spiral wire as counter electrode, and a Ag/AgCl electrode (KCl-

Figure 1. (A) SEM image of ZMZ ICP synthezised with coordination polymerization between MSB and Zn(OAC)2 in DMSO. (B) SEM image, (C)
TEM image and (D) EDX spetrum of ZMP ICP formed by an ion-exchange reaction between ZMZ ICP and Pd(OAC)2 in DMF. The peak of Pt
arises from Pt film sputtered on the glass substrate.
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saturated) as reference electrode. The electrochemical post-treatment
of ZMP ICP was performed at room temperature.
Scanning electron microscopy (SEM) was performed on S-4800

(Hitachi, Japan), and energy-dispersive X-ray (EDX) analysis was
performed on an EDAX detector on SEM. Transmission electron
microscopy (TEM) was performed on a JEOL JEM-2011 (100 kV).
The composition was determined by X-ray photoelectron spectro-
scope (XPS) (ESCALab220i-XL electron spectrometer, 300W Al KR
radiation). For SEM and XPS characterization, indium−tin oxide
(ITO) and glassy carbon slides were used as the substrate for the
electrochemical postpretreatment, respectively.
2.3. Electrochemistry. Cyclic voltammetry used to characterize

the hydrogen adsorption/desorption processes on the as-formed Pd/
SWNT nanocomposite and the commercial Pd/C catalyst was
performed in a N2-saturated H2SO4 solution (0.5 M) at the scan
rate of 50 mV·s−1. Cyclic voltammetry for characterizing the oxidation
of ethanol was carried out in 0.10 M NaOH solution containing 0.10
M ethanol. The stability for the electrocatalytic oxidation of ethanol
was evaluated by amperometric I−t measurements in 0.10 M NaOH at
−0.30 V. For comparison, commercial Pd/C catalyst was examined
with respect to its electrocatalytic activity toward the ethanol oxidation
and the stability for the electrocatalysis under the same conditions
employed for the as-formed Pd/SWNT nanocomposite. For such a
purpose, 10 mg commercial Pd/C catalyst was dispersed in 0.5 mL of
DMF to form a homogeneous dispersion under ultrasonication. Then,
10 μL of the dispersion was drop-coated onto GC electrode, and the
electrode (i.e., Pd/C-modified electrode) was dried under ambient
temperature to evaporate the solvent. All electrochemical experiments
were performed on an electrochemical workstation (CHI 650D,
Shanghai, China).

3. RESULTS AND DISCUSSION
3.1. Formation of Pd-Based ZMP ICP. To prepare Pd

nanoparticles supported by SWNTs, Zn-MSB-Pd (ZMP) ICP
was synthesized as the precursor ICP. For the synthesis of ZMP
ICP, Zn-MSB-Zn (ZMZ) ICP was first synthesized through the
coordination chemistry between zinc acetate and metallo-Schiff
base (MSB) as described in Experimental Section.35 As shown
in Scheme 1 A (2), the repeating unit of ZMZ ICP was formed
with one Zn2+ coordinated with two carboxylate groups from
two neighboring Schiff base ligands, while a second Zn2+

coordinated with the hydroxyl group and amine group within
the same unit of the tridentate Schiff base ligand. Figure 1 A
shows SEM image of the as-obtained ZMZ ICP that exhibits a
spherical shape with a diameter of (100 ± 37) nm. The
featureless diffraction peaks indicates that the as-formed ZMZ
ICP is amorphous and not crystalline (data not shown),
suggesting that the ZMZ is one kind of ICPs.36 Then, ZMP
ICP was prepared through a controlled ion-exchange approach
by mixing ZMZ ICP and Pd(OAC)2 into DMF and shaking the
resulting mixture for 2 h at ambient conditions. During this
process, Zn2+ coordinated with the hydroxyl group and amine
group within the same unit was readily replaced by Pd2+ ions to
form ZMP ICP, but the Zn2+ coordinated with two carboxylate
sites from two neighboring units cannot be replaced (Scheme 1
A (3)). This ion-exchange process could also be easily observed
with naked eye because during this process the solution color
changed from yellow (Zn-MSB-Zn) to brown (Zn-MSB-Pd).
Figure 1 B displays SEM image of the as-formed ZMP ICP.
The ion-exchange reaction does not lead to an obvious change
of either the size or the shape of ICP particles. TEM image
(Figure 1 C) further confirms that ZMP ICP also exhibits
sphere-like morphology with a size of ca. 100 nm and a smooth
surface. The composition of the resulting ZMP ICP was
determined using energy dispersive X-ray (EDX) spectroscopy
(Figure 1 D) and the presence of C, N, O, Zn, and Pd elements

further confirms the formation of the ZMP ICP, in which the
peaks of C, N, O, Zn, and Pd elements arise from ZMP ICP,
and the peak of Pt arises from Pt film sputtered on the glass
substrate. The atom contents for Zn and Pd in the synthesized
ZMP ICP was calculated to be 7.20% and 6.73% (∼1:1, mole
ratio), respectively, consistent with our proposed ion exchange
mechanism (Scheme 1 A (3)). This result also reveals that the
Zn2+ coordinated with the hydroxyl group and amine group
within the same unit of tridentate Schiff base ligand was almost
completely replaced by Pd2+. Besides, the ion-exchange reaction
proceeds rather fast with high conversion efficiency under the
experimental conditions employed here.

3.2. Electrochemical Post-Treatment of ZMP ICP to
Form Pd/SWNT Nanocomposite. To disperse Pd nano-
particles onto SWNTs, the as-synthesized ZMP ICP was first
mixed with SWNTs to form ZMP/SWNT nanocomposite
(Scheme 1 B). Interestingly, we found that the solubility of
SWNTs was greatly improved after mixing with ZMP ICP. As
could be seen from the photographs in Figure 2 A, the as-

synthesized ZMP ICP gives a brown homogeneous dispersion
in DMF, while the pristine SWNTs were found to precipitate at
the bottom of the bottle within a short time (typically after two
hours). However, after mixing ZMP ICP into the dispersion of
SWNTs in DMF, SWNTs were well solubilized to give a
homogeneous dispersion that was found to be stable for at least
one week. This phenomenon could be presumably explained by
the noncovalent interactions between ZMP ICP and SWNTs.
For instance, ZMP ICP may bind to SWNTs through π−π
stacking between the aromatic bases of organic ligand and
graphite surface of SWNTs.37 Moreover, the uncoordinated
carbonyl groups in the ZMP ICP are also likely to interact with
the free oxygen-containing groups on the surfaces of SWNTs.38

These interactions could make ZMP ICP evenly adsorb onto
SWNTs. As displayed in Figure 2 B, SWNTs were uniformly
covered by ZMP ICP nanoparticles and the nanoparticles
almost maintained their original size and spherical shape on the
SWNT surface. Such a property was beneficial to the formation
of ultrasmall and highly dispersed Pd nanoparticles onto

Figure 2. (A) Photographs of pristine SWNTs, ZMP ICP, and ZMP/
SWNT dispersions in DMF. The photographs were taken after the
dispersions were allowed to stand by for different lengths of time as
indicated in the figure. (B) TEM image of the ZMP/SWNT
nanocomposite.
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Figure 3. (A) TEM image and (B) selected area electron diffraction (SAED) of the as-formed Pd/SWNT by electrochemical post-treatment at the
potential of −0.2 V for 600 s. The particle size distribution histograms of the Pd/SWNT nanocomposites formed by the electrochemical post-
treament of different lengths of time of (C) 600, (D) 1200, and (E) 2400 s, at the potential of −0.2 V in 0.5 M H2SO4.

Figure 4. X-ray photoelectronic spectroscopy (XPS) of ZMP/SWNT (black lines) and the Pd/SWNT (red lines) formed by electrochemical post-
treatment at a potential of −0.2 V for 600 s. (A) Full spectrum, (B) Pd3d peaks, (C) Zn2p peaks, and (D) N1s peaks.
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SWNTs through the electrochemical post-treatment of ZMP
ICP, as demonstrated below.
The electrochemical post-treatment was carried out by

polarizing the ZMP/SWNT-modified glassy carbon electrode
at the potential of −0.2 V for 600 s in 0.5 M H2SO4. After
electrochemical post-treatment, Pd nanoparticles were highly
dispersed on the surface of SWNTs, as could be seen from the
TEM image in Figure 3 A. The histograms of Pd nanoparticles
size (Figure 3 C) show that Pd nanoparticles supported by
SWNTs have a narrow size distribution with a peak centered at
ca. 2.1 nm (2.12 ± 0.32 nm). The selected area electron
diffraction (SAED) in Figure 3 B further confirms the presence
of Pd in the Pd/SWNT nanocomposite and the presence of
continuous rings could be indexed to palladium’s (111), (200),
(220), and (311) planes, characteristic of the crystalline Pd face
centered cubic pattern.39 To further demonstrate the effect of
electrochemical post-treatment on the formation of the Pd/
SWNT nanocomposite, we conducted the post-treatment with
different times of 600, 1200, and 2400 s. Interestingly, we found
that the size of Pd nanoparticles does not vary obviously with
the times employed here, as shown in Figure 3 C−E. The mean
sizes of the as-synthesized Pd nanoparticles were 2.12 ± 0.32,
2.31 ± 0.40, and 2.36 ± 0.57 nm after the electrodes were
polarized for 600, 1200, and 2400 s, respectively. This is
different from the electrochemical deposition, in which the size
of the as-deposited metal nanoparticles always grow larger as
the deposition time increases, resulting in difficulty in obtaining
uniform and small size materials. The independence of the Pd
nanoparticles size on the post-treatment time observed in our
study suggests that the ZMP ICP plays important roles in the
formation of Pd nanoparticles; ZMP ICP provides uniform sites
for confining the metal precursor Pd2+ ions by the coordination
interaction between Pd2+ ions and the Schiff base, and tends to
evenly absorb onto SWNTs to form a three-dimensional
network, as mentioned above. These features could eventually
result in the formation of ultrasmall and highly dispersed Pd
nanoparticles onto SWNTs when the ZMP ICP was subject to
the electrochemical post-treatment.
We shall note that, different from the earlier attempts to

prepare Pd nanoparticles with stabilizers, in which the
stabilizers could not be totally removed from the as-formed
nanoparticles, which results in low electrocatalytic activity of Pd
nanoparticles,40 ZMP ICP precursors can completely decom-
pose into the solution without remaining on the surface of as-
formed Pd/SWNT during post-treatment process. This is
proved by X-ray photoelectron spectroscopy (XPS). As
depicted in Figure 4 B, before the electrochemical post-
treatment, the ZMP/SWNT nanocomposite displays Pd 3d
peaks at 338.0 and 343.7 eV (black curve), revealing the
existence of Pd2+ in the nanocomposite. After the electro-
chemical post-treatment, the as-formed nanocomposite exhibits
Pd 3d peaks at 335.1 and 340.3 eV, suggesting the formation of
Pd0 nanoparticles.41 Meanwhile, the post-treatment essentially
leads to the disappearance of Zn 2p peaks (1022.7 and 1046.1
eV, Figure 4 C) and N 1s peak (399.6 eV, Figure 4 D) in the
ZMP/SWNT nanocomposite, implying that no detectable
ZMP ICP was remained on the as-formed Pd/SWNT
nanocomposite.42 This may be attributed to the poor stability
of ZMP ICP in 0.5 M H2SO4 solution; when the ZMP/SWNT-
modified electrode was immersed into 0.5 M H2SO4 solution,
the ZMP ICP tended to decompose slowly through the
hydrolysis of CN double bond, and at the same time the
coordinated Pd2+ ions were reduced to Pd0 nanoparticles,

leaving the protonated MSB ligand dissolved into the
electrolyte.
While some methods have so far been demonstrated for the

formation of Pd nanoparticles, the method described here
remains remarkable in terms of its experimental conditions
employed and the excellent properties of the as-formed
nanoparticles. For example, chemical vapor deposition method
and hydrothermal method generally suffer from the need for a
complex synthetic procedure, sophisticated equipment, and
critical conditions such as high pressure or temperature (Table
1).33−35 Microemulsion method, intermittent microwave

heating method and surfactant self-reduction method normally
utilize organic solvents or surfactants to prevent the
spontaneous absorption of Pd nanoparticles at the defects or
the edges on SWNTs in the reduction process.36−38 Moreover,
the size of Pd nanoparticles prepared with most of the existing
methods was larger than that of the nanoparticles prepared in
this study.43−48 As described above, our method demonstrated
here is simple, surfactant-free, and no need for critical
experimental conditions. Moreover, the as-synthesized Pd
nanoparticles supported by SWNTs have small size, narrow
size distribution and high dispersion on SWNTs. These
properties substantially endow the as-prepared Pd/SWNT
nanocomposite with excellent electrocatalytic activity toward
the oxidation of ethanol, as demonstrated below.

3.3. Electrochemical Catalytic Activity of Pd/SWNT
toward Ethanol Oxidation. To evaluate the catalytic
behavior of the as-prepared Pd/SWNT nanocomposite toward
the electrooxidation of ethanol, cyclic voltammetry was
conducted in 0.10 M NaOH solution containing 0.10 M
ethanol with the Pd/SWNT-modified GC electrode as working
electrode. For comparison, commercial Pd/C catalyst was also
defined onto GC electrode and the electrode (i.e., Pd/C-
modified electrode) was used as working electrode for cyclic
voltammetric measurements. The electrochemically active
specific surface area (ECSA) was calculated by the charge
involved in the hydrogen adsorption/desorption process in
terms of following equation3

= ×Q mECSA /(0.21 )H Pd

Table 1. Comparison of the Methods Reported for the
Preparation of the Pd/SWNT

methods

sizes of
Pd NPs
(nm) conditions refs

chemical reduction 4−25 (1) pretreatment of CNTs, (2)
Reductant such as H2, NaBH4
and so on, and (3) Stabilizer

18, 19, 37

atomic layer
deposition

1−5 (1) expensive precursors and (2)
expensive equipment

44

IMH method 3−10 complicated procedures 45
chemical fluid
deposition

2−10 usage of super critical CO2 fluids 46

seed-mediated
growth

3−50 largely related to the precursors 47

surfactant-free
method

3−30 careful choice of intermediate or
template

13−17

nonselective
electrodeposition

5−20 (1) strictly control the deposition
parameters and (2)
modification of CNTs

48

electrochemical
post-treatment

2−3 green and stabilizer-free our
method
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where, QH (mC) is the charge of hydrogen adsorption/
desorption. The constant of 0.21 (mC·cm−2) represents the
specific electrical charge associated with monolayer adsorption
of hydrogen on Pd, and mPd is the amount of Pd loaded on an
electrode which was calculated by the mass fraction of Pd in
ZMP ICP (i.e., 23.7%) and in Pd/C (i.e., 10%). The ECSA of
Pd/SWNT was calculated to be 3.81 m2·g−1, which was 15
times higher than that of the commercial Pd/C (0.25 m2·g−1).
This indicates that Pd/SWNT possesses a much higher ECSA
and promotes atom utilization of Pd on SWNTs. Such a
property essentially ensures the excellent electrocatalytic
activity of the as-prepared Pd/SWNT nanocomposite toward
the oxidation of ethanol. Figure 5 A compares typical cyclic
voltammograms of the oxidation of ethanol on the Pd/SWNT-
modified and the commercial Pd/C-modified electrodes. At the
Pd/SWNT-modified electrode, the oxidation of ethanol
commences at −0.60 V (red curve), which was −200 mV
more negative than that at the commercial Pd/C-modified
electrode (black curve). Moreover, the maximum current
density for the oxidation of ethanol in the positive-going
potential scan at the Pd/SWNT-modified electrode (red curve)
was 10 times higher than that at the commercial Pd/C-
modified electrode (black curve). This comparison strongly
suggests the Pd/SWNT nanocomposite possesses an enhanced
electrocatalytic activity toward ethanol oxidation compared
with the commercial Pd/C catalyst. Furthermore, we found that
the as-prepared Pd/SWNT nanocomposite was quite stable for
the ethanol oxidation, as shown in Figure 5 B. For the oxidation
of ethanol, the Pd/SWNT-modified electrode shows a steady-
state current density of ∼81.7 μA cm−2 and only 5% decrease
was recorded after continuously running the measurements for
5000 s. In contrast, the commercial Pd/C-modified electrode
exhibits an initial current density of ∼40.2 μA cm−2 which
decreases rapidly to 5.7 μA cm−2 in 600 s. These results
demonstrate that the as-prepared Pd/SWNT nanocomposite
possesses a high electrocatalytic activity and stability for the
oxidation of ethanol, suggesting its potential applications in
direct ethanol fuel cells.

4. CONCLUSIONS

In summary, we have demonstrated a novel method for
preparing SWNTs supported Pd nanoparticles by electro-

chemical post-treatment of Zn-MSB-Pd infinite coordinate
polymers. In comparison with the existing methods, this
strategy is facile, surfactant-free, and no need for complex
synthetic procedures or sophisticated equipment. Moroever,
the as-synthesized Pd nanoparticles possess small size, high
dispersion and narrow size distribution. Electrochemical
investigations demonstrate that the as-formed Pd/SWNT
nanocomposite exhibits much higher electrocatalytic activity
and stability toward the ethanol oxidation than the commercial
Pd/C catalyst, suggesting the promising application of the Pd/
SWNT nanocomposite prepared in this study in fuel cells. This
study not only provides a new avenue to the preparation of Pd/
SWNT catalyst for fuel cells but also broadens the post-
treatment of infinite coordination polymers to form novel kinds
of functional materials through an electrochemical mechanism.
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