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ABSTRACT: Electrocatalytic oxidations of liquid fuels from alcohols, carboxylic acids, and aldehydes were realized on a
universal electrode interface. Such an interface was fabricated using carbon nanotubes (CNTs) as the catalyst support and
palladium nanoparticles (Pd NPs) as the electrocatalysts. The Pd NPs/CNTs nanocomposite was synthesized using the ethylene
glycol reduction method. It was characterized using transmission electron microscopy, energy dispersive X-ray spectroscopy, X-
ray diffraction, voltammetry, and impedance. On the Pd NPs/CNTs nanocomposite coated electrode, the oxidations of those
liquid fuels occur similarly in two steps: the oxidations of freshly chemisorbed species in the forward (positive-potential) scan and
then, in the reverse scan (negative-potential), the oxidations of the incompletely oxidized carbonaceous species formed during
the forward scan. The oxidation charges were adopted to study their oxidation mechanisms and oxidation efficiencies. The
oxidation efficiency follows the order of aldehyde (formaldehyde) > carboxylic acid (formic acid) > alcohols (ethanol > methanol
> glycol > propanol). Such a Pd NPs/CNTs nanocomposite coated electrode is thus promising to be applied as the anode for the
facilitation of direct fuel cells.
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■ INTRODUCTION

Fuel cells are excellent power sources due to their high energy
densities, low pollutant emission, and easy handling.1−4 Direct
alcohol fuel cells (DAFCs) have shown more advantages over
polymer electrolyte fuel cells (PEFC), such as high volumetric
energy densities of alcohols and easier storage and transport of
alcohols compared to hydrogen.1 Numerous alcohols including
methanol, ethanol, ethylene glycol, and glycerol have been thus
used as the fuels for DAFCs. However, the oxidation rates of
alcohols were too slow, and thus, the electrocatalysts for the
oxidation of alcohols are highly required. During the past
decades, many achievements and progress have been made
regarding the synthesis of the electrocatalysts and their
applications for the electrocatalytic oxidation of alcohols.4−34

Metal platinum based catalysts (bulk or nanoparticles) play the
main role and have been extensively utilized.1−8 They showed
good catalytic performance toward the oxidation of most
alcohols. However, they are extremely expensive and have
limited resources. Moreover, carboxyl species (mainly carbon
oxide), the products from the oxidation of alcohols, adsorb
strongly on the electrode surface. The surface of the catalysts is

then poisoned, resulting in the reduction and eventually the
loss of the catalytic ability of the Pt based electrocatalysts.
To solve these problems for the electrocatalytic oxidation of

alcohols, novel metal electrocatalysts (e.g., palladium, nickel,
zinc, gold, ruthenium, etc.) have been tested.1,5−23 In most
cases, the electrocatalysts are deposited chemically or electro-
chemically on the nanostructured catalyst supports. These
smart electrocatalytic architectures/nanocomposites exhibit
higher efficiencies for oxidation of alcohols. Moreover they
are more cost-effective than platinum based catalytic systems.
The poisoning effect has been reduced as well.9−23 As for the
catalyst support, the carbon nanotube (CNT) is one of the
mostly utilized supports.1,24−37 This is because CNT has a large
surface area and high electrical and thermal conductivity, as well
as long-term stability. On the other hand, it is known that in an
alkaline environment palladium nanoparticles (Pd NPs) are
highly active for the oxidation of a large variety of
substances.1,22−33 CNTs loaded with palladium nanoparticles,
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namely, the Pd NPs/CNTs nanocomposite, thus have been
applied to achieve rapid and efficient oxidization of different
liquid fuels.24−37 Numerous approaches have been developed
to produce Pd NPs/CNTs nanocomposites. Those nano-
composites have been applied successfully to achieve electro-
catalytic oxidation of one or two liquid fuels. In most cases, the
electrocatalytic oxidation peak currents were adopted to analyze
the suitability, efficiency, and possibility of those systems for
fuel cell applications. Actually, relatively few reports concen-
trated on the detailed investigation as well as the comparison of
the reaction mechanisms and the efficiencies of the electro-
catalytic oxidation of different types of liquid fuels (e.g.,
alcohols, aldehydes, and carboxylic acids) on such a Pd NPs/
CNTs nanocomposite.
The aim of this work is to investigate electrocatalytic

oxidations of more than two kinds of liquid fuels on the Pd
NPs/CNTs nanocomposite coated electrode, to study and
compare the oxidation mechanisms and efficiencies of liquid
fuels on this electrode, as well as to develop new technique to
analyze the oxidation mechanisms and efficiencies of liquid
fuels. Herein, we investigated in alkaline media the electro-
catalytic oxidation reactions of three types (alcohols, aldehydes,
and carboxylic acids) of six liquid fuels (methanol, ethanol,
propanol, glycol, formic acid, and formaldehyde) on a Pd NPs/
CNTs nanocomposite. The ethylene glycol reduction method
was used to prepare Pd NPs/CNTs nanocomposites. Such Pd
NPs/CNTs nanocomposites were characterized with trans-
mission electron microscopy (TEM), energy dispersive X-ray
spectroscopy (EDX), X-ray diffraction (XRD), and electro-
chemical techniques (voltammetry and impedance). Direct
casting of Pd NPs/CNTs nanocomposites on a glassy carbon

electrode led to the fabrication of a Pd NPs/CNTs nano-
composite coated electrode. Instead of adopting the electro-
catalytic oxidation peak current, we utilized for the first time the
oxidation charge in the forward scan as well as that in the
reverse scan as the parameter to study the electrocatalytic
oxidation mechanisms and efficiencies of different liquid fuels
on the Pd NPs/CNTs nanocomposite coated electrode. The
experimental conditions affecting their oxidation mechanisms
and efficiencies were discussed, including the concentration of
alkaline solutions, the concentration of liquid fuels, and the
amount of Pd NPs and CNTs in the nanocomposite. The
stability of the Pd NPs/CNTs nanocomposite coated electrode
for those electrocatalytic oxidation reactions was tested as well.

■ RESULTS AND DISCUSSION
Figure 1a shows two typical TEM images of CNTs loaded with
Pd NPs where numerous nanoparticles are clearly seen. These
spherical nanoparticles are relatively homogeneously dispersed.
Some agglomerations are seen as well. The size histogram of
the nanoparticles was measured from 100 random particles in
an arbitrarily chosen area. As shown in Figure 1b, it reveals a
size distribution in the range of 5−50 nm. Most of them
(∼65%) are in the size of 15−30 nm. The high resolution TEM
images in Figure 1c show the same type of lattice fringe of
nanoparticles. As indicated with bars and arrows, the
interplanar spacing is about 0.24 nm, indicating Pd(111)
planes. The energy dispersive X-ray (EDX) spectrum of CNTs
loaded with Pd NPs (Figure 1d) shows a sharp peak at about
2.9 keV, confirming the existence of Pd NPs on CNTs. Other
diffraction peaks are from the materials during the sample
preparation process. Furthermore, the XRD patterns of such a

Figure 1. Characterization of the Pd NPs/CNTs nanocomposite: TEM images (a, c), EDX spectrum (d), and XRD patterns (e) of CNTs loaded
with Pd NPs; (b) size histogram of Pd NPs. The bars and arrows in (c) are for eye-guidance to show the interplanar spacing of Pd NPs.
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nanocomposite shown in Figure 1e display typical face-centered
cubic (fcc) patterns. The peaks at 39.5°, 46.1°, and 67.3° are
assigned to the Pd (111), (200), and (220), respectively.
Therefore, Pd NPs have been loaded on CNTs.
Such a nanocomposite was then applied for the construction

of the Pd NPs/CNTs nanocomposite coated electrode. The
nanocomposite was dispersed and dried on a glassy carbon
electrode to form a Pd NPs/CNTs nanocomposite coated
electrode. Electrochemical techniques were applied to inves-
tigate electrochemical redox activity of the Pd NPs/CNTs
nanocomposite coated electrode. The redox couple of Fe-
(CN)6

3‑/4‑ was utilized as the probe. Figure 2 shows the Nyquist

plots recorded at open circuit potentials on a bare glassy carbon
electrode (a), the CNTs coated electrode (b), and the Pd NPs/
CNTs nanocomposite coated electrode (c). The frequency
range was varied from 100 kHz to 0.01 Hz. A big semicircle
(about 350 Ω) at the high frequency domain and a straight line
at the low frequency region appears in the Nyquist plot for a
bare glassy carbon electrode (Figure 2a). On the CNTs coated
electrode (b), the diameter of the semicircle reduces to 60 Ω at
high frequency range. While for the Pd NPs/CNTs nano-
composite coated electrode (c), only a straight line is obtained.
Since the diameter of the semicircle in the Nyquist plot is
directly related with the electron transfer resistance of the
electrode, these results prove that the electron transfer rate on
the Pd NPs/CNTs nanocomposite coated electrode is the
fastest. This was further confirmed with the voltammetric
behavior of Fe(CN)6

3−/4− on those electrodes. The highest
peak current and the smallest peak difference (about 62 mV)
for the redox reaction of Fe(CN)6

3−/4− were achieved on the
Pd NPs/CNTs nanocomposite coated electrode. Due to
enhanced ion transport and ready charge transfer on such an
electrode, it is possible to enhance slow rates of electrode
reactions (e.g., the oxidation of alcohols).
Electrochemical oxidations of six liquid fuels (methanol,

ethanol, propanol, glycol, formic acid, and formaldehyde) were
then conducted on the Pd NPs/CNTs nanocomposite coated
electrode, respectively. Figure 3 compares first the voltammetric
behavior of methanol on a glassy carbon electrode (Figure 3a),
the CNTs coated electrode (Figure 3b), and the Pd NPs/
CNTs nanocomposite coated electrode (Figure 3c). On a bare
glassy carbon electrode and on the CNTs coated electrode,
only capacitive currents are recorded, indicating that no

oxidation of methanol occurs. The capacitive current of the
CNTs coated electrode is bigger than that of a glassy carbon
electrode. This is due to the enlarged active area of the
electrode as well as the change of the normalized capacitance of
the electrode materials. On the Pd NPs/CNTs nanocomposite
coated electrode, double and crossed anodic waves are noticed.
One sharp oxidation peak is located at −0.24 V with a peak
current of 1.76 μA; another oxidation peak has a peak potential
of −0.46 V and a peak current of 0.59 μA. When methanol is
replaced with ethanol, a similar-shaped voltammogram is
obtained (Figure 3d). Namely, double and crossed anodic
waves are seen as well. The peak potential and current of the
broad anodic wave are −0.26 V and 1.23 μA, respectively. For
the sharp peak, they are −0.42 V and 1.80 μA, respectively.
Therefore, in alkaline electrolytes, the oxidation rates of
alcohols have been significantly improved on the Pd NPs/
CNTs nanocomposite coated electrode. The peak potentials for
the oxidation of methanol and ethanol on the Pd NPs/CNTs
nanocomposite coated electrode are slightly negative (about
10−20 mV) compared to those obtained on the electrode only
coated with Pd NPs (the Pd NPs coated electrode), as shown
in the cyclic voltammograms for the oxidation of methanol in
Figure 3e and for the oxidation of ethanol in Figure 3f. This
result confirms the key role of Pd NPs in those electrocatalytic
oxidation reactions. The oxidation peak currents on the Pd
NPs/CNTs nanocomposite coated electrode are about 2−5
times higher than those on the Pd NPs coated electrode,
indicating more active/adsorption sites of the Pd NPs/CNTs
nanocomposite electrode for the oxidation of those alcohols.
Subsequently the Pd NPs/CNTs nanocomposite coated
electrode is the best for the electrocatalytic oxidation of
alcohols.
For electrocatalytic oxidation of methanol and related

alcohols, it is widely accepted38−44 that the oxidation wave in
the forward scan is due to the oxidation of freshly chemisorbed
species derived from alcohol or alcohol adsorption, while the
second one in the reverse scan is primarily ascribed to the
removal of the incompletely oxidized carbonaceous species
formed during the forward scan. The ratio of the peak current
in the forward scan (Ip,f) to the one in the reverse scan (Ip,r) has
been proposed to describe the catalyst tolerance to the
carbonaceous species on the electrode surface. A higher Ip,f/
Ip,r ratio suggests a higher removal efficiency of the poisoning

Figure 2. Electrochemical characterization of the Pd NPs/CNTs
nanocomposite coated electrode: Nyquist plots of 5.0 mM Fe-
(CN)6

3−/4− in 0.1 M KCl on a bare glassy carbon electrode (a), the
CNTs coated electrode (b), and the Pd NPs/CNTs nanocomposite
coated electrode (c). The spectra were recorded at open circuit
potentials.

Figure 3. Electrocatalytic oxidations of alcohols: cyclic voltammo-
grams of 5.0 mM methanol (a, b, c, e) and ethanol (d, f) on a bare
glassy carbon electrode (a), the CNTs coated electrode (b), the Pd
NPs/CNTs nanocomposite coated electrode (c, d), and the Pd NPs
coated electrode (e, f). The supporting electrolyte was 2.0 M KOH.
The scan rate was 100 mV s−1.
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species from the electrode surface. In our case, on the Pd NPs/
CNTs nanocomposite coated electrode, the Ip,f/Ip,r ratios were
estimated to be 2.98 and 0.68 for the oxidation of methanol and
ethanol, respectively. Therefore, the removal of poisoning
species is faster and more efficient for methanol than that for
ethanol. Through integrating anodic waves, the individual
charges for the oxidation waves in the forward scan and in the
reverse scan were further estimated on the Pd NPs/CNTs
nanocomposite coated electrode. The oxidation charges in the
forward scan (Qf) for methanol and ethanol were 3.9 and 4.0
μC, respectively. These values suggest that a quite similar
amount of methanol and ethanol have been oxidized in the
forward scan on the Pd NPs/CNTs nanocomposite coated
electrode. In the reverse scan, the oxidation charges (Qr) were
0.2 μC for methanol and 1.1 μC for ethanol, respectively. In
other words, more poisoning species from the oxidation of
ethanol are adsorbed on the electrode surface than those from
the oxidation of methanol. The difference of Qr (0.9 μC) for
methanol from that for ethanol results probably from the
oxidation of some amount of freshly chemisorbed ethanol in
the reverse scan on the Pd NPs/CNTs nanocomposite coated
electrode.
To get more details about the adsorption of alcohols as well

as the mechanisms of the oxidation of alcohols on the Pd NPs/
CNTs nanocomposite coated electrode, we investigated the
variation of the oxidation changes in the forward scan (Qf) and
in the reverse scan (Qr) as a function of the concentration of
alkaline solutions (CKOH) and the concentration of alcohols
(CROH). Figure 4 shows those results. As shown in Figure 4a, an

increase of CKOH up to 2.0 M leads to the enhancement of Qf
for both methanol and ethanol. A further increase of CKOH on
the contrary reduces Qf. Differently from Qf, Qr for both
methanol and ethanol does not vary as a function of CKOH
(Figure 4b). On the other hand, Qr reaches a maximum value at
CROH = 100 mM and then stays almost constant (Figure 4c),
while Qr increases linearly with CROH for methanol and ethanol
in a range of 4 to 400 mM (Figure 4d). Assuming that OH−

adsorption on the surface of Pd NPs is independent of CROH,
the rate-limiting step of the electrocatalytic oxidation of
alcohols on the Pd NPs/CNTs nanocomposite coated
electrode involves the following reactions:41−44

+ ↔ ‐ +− −Pd OH Pd (OH) eads (1)

+ ↔ ‐Pd RCOH Pd (RCOH)ads (2)

‐ + → ‐ + +− −Pd (RCOH) 3OH Pd (RCO) 3H O 3eads ads 2
(3)

To optimize the Pd NPs/CNTs nanocomposite coated
electrode and to inspect further its catalytic efficiency toward
the electrocatalytic oxidations of alcohols, we plotted out in
Figure 5 the dependence of the total oxidation charge, Q (= Qf

+ Qr) for methanol (open dots) and ethanol (solid dots) on the
amount of CNTs (mCNT) and the amount of Pd NPs (mPd)
used in the Pd NPs/CNTs nanocomposite. mCNT and mPd were
normalized with the electrode area of a bare glassy carbon
electrode. The variation of mCNT and mPd was realized by
varying the concentration (0.2 to 4.0 mg mL−1) and the volume
(0.5 to 10 μL) of the suspension of Pd NPs/CNTs
nanocomposite. The values of Q for ethanol are generally
higher than those for methanol. When both mCNT and mPd
increase, the Qs for methanol and ethanol are enhanced. When
mCNT = 134 μg cm−2 and mPd = 89.0 μg cm−2 were applied, the
maximum Q for both methanol and ethanol were realized. A
further increase in either mCNT or mPd leads to a reduction of
Qs. Assuming the Pd NPs distribute homogeneously on CNTs,
the ratio of palladium atoms to carbon atoms in such a
nanocomposite is 1:13. Taking the densities of palladium bulk
(12.0 g cm−3) and carbon (1.8 g cm−3) into account, the
optimized loading ratio of Pd NPs on CNTs is 51%. The
nanocomposite with 134 μg cm−2 CNTs and 89.0 μg cm−2 Pd
NPs was applied further for the electrocatalytic oxidation of
other liquid fuels.
Electrocatalytic oxidations of other alcohols (propanol and

glycol), carboxylic acid (formic acid), and aldehyde (form-
aldehyde) were then tested on the Pd NPs/CNTs nano-
composite coated electrode. As shown in Figure 6, the shapes
of the voltammograms are similar to those for the oxidation of
methanol and ethanol, while the scales of the oxidation currents
are different. The peak potential for the oxidation of propanol is
located at −0.35 V in the forward scan, and in the reverse scan,
it is at −0.61 V (Figure 6a). The ratio of (Ip,f/Ip,r)propanol and
Qpropanol (= Qf + Qr) were estimated to be 15 and 0.95 μC,
respectively. For glycol (Figure 6b), the peak potential in the

Figure 4. Reaction mechanism of electrocatalytic oxidations of
alcohols on the Pd NPs/CNTs nanocomposite coated electrode: the
charge in the forward scan (Qf) and in the reverse scan (Qr) for the
oxidation of methanol (open dots) and ethanol (solid dots) as a
function of the concentration of KOH (CKOH) (a, b) and the
concentration of alcohol (CROH) (c, d). Some error bars in (b), (c),
and (d) are not visible due to the scales.

Figure 5. Optimization of the Pd NPs/CNTs nanocomposite coated
electrode: the charges for the oxidation of methanol (open dots) and
ethanol (solid dots) as a function of the amount of CNTs used (mCNT)
(a) and the amount of Pd NPs (mPd) (b).
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forward scan shifts to −0.1 V and the one in the reverse scan to
−0.61 V. The ratio of (Ip,f/Ip,r)glycol and Qglycol are 2.5 and 2.6
μC, respectively. For formic acid (Figure 6c), an oxidation wave
at −0.33 V in the forward scan and a sharp oxidation at −0.50
V in the reverse scan are seen, corresponding to two parallel
reaction pathways, namely, direct and indirect ways.45−49 The
wave in the forward scan is due to the direct oxidation of formic
acid to form carbon dioxide.45−49 While the wave in the reverse
scan is related to the oxidation of the intermediate carbon
monooxide generated from the dissociative adsorption
step.50−54 The ratio of (Ip,f/Ip,r)formic acid and Qformic acid were
estimated to be 0.87 and 9.6 μC, respectively. These
demonstrate that the electrocatalytic oxidation of formic acid
on the Pd NPs/CNTs nanocomposite coated electrode
proceeds mainly through the direct pathway. The peak
potentials for the oxidation of formaldehyde (Figure 6d) are
at −0.24 V in the forward scan and at −0.34 V in the reverse
scan. The oxidation current in the forward scan is due to the
oxidation of formaldehyde into formic acid, which is further
oxidized into carbon di/mono-oxide, contributing to the
oxidation current in the reverse scan.55−58 The ratio of (Ip,f/
Ip,r)formaldehyde and Q formaldehyde were estimated to be 0.93 and
18.4 μC, respectively. Control experiments show that no
oxidation of those four liquid fuels was realized on either a bare
glassy carbon electrode or the CNTs coated electrode.
Therefore, the Pd NPs/CNTs nanocomposite coated electrode
can be applied for the electrocatalytic oxidations of different
liquid fuels.
The long-term activity and durability of the Pd NPs/CNTs

nanocomposite coated electrode toward the electrocatalytic
oxidations of six liquid fuels were assessed. Figure 7 shows the
current−time curves for methanol (a), ethanol (b), propanol
(c), glycol (d), formic acid (e), and formaldehyde (f). A
constant potential of 0 V (vs SCE) was applied. This potential
was selected from the voltammograms shown in Figures 3 and
6. The highest initial and the limiting oxidation currents are
from the electrocatalytic oxidation of formaldehyde (Figure 7f).

The lowest oxidation currents are seen for the oxidation of
propanol (Figure 7c). Their oxidation currents on the Pd NPs/
CNTs nanocomposite coated electrode follow the order of
formaldehyde (Figure 7f), formic acid (Figure 7e), ethanol
(Figure 7b), methanol (Figure 7a), glycol (Figure 7d), and
propanol (Figure 7c). In other words, the Pd NPs/CNTs
nanocomposite coated electrode has the highest catalytic
performance for formaldehyde. Moreover, the Pd NPs/CNTs
nanocomposite coated electrode shows long superior activity
and durability toward the oxidations of those liquid fuels,
judging from the reaction time (within 1.5 h), the initial
current, and the limiting current. Combining the results from
cyclic voltammetry with those in Figure 7, one can conclude
that on the Pd NPs/CNTs nanocomposite coated electrode the
oxidation efficiency follows the order of aldehyde (form-
aldehyde) > carboxylic acid (formic acid) > alcohols (ethanol >
methanol > glycol > propanol).

■ CONCLUSION
In summary, a universal electrode has been constructed using
palladium nanoparticles as the electrocatalysts and carbon
nanotubes as the catalyst support. On such a nanocomposite
coated electrode, the electrocatalytic oxidations of three types
(alcohols, carboxylic acids, and aldehydes) of six liquid fuels
(methanol, ethanol, propanol, glycol, formic acid, and form-
aldehyde) have been achieved. The oxidations of those liquid
fuels occur similarly in two steps: the oxidation of freshly
chemisorbed species in the forward (positive-potential) scan
and then; in the reverse scan (negative-potential), the oxidation
of the incompletely oxidized carbonaceous species formed
during the forward scan. Using the oxidation charges in the
forward and in the reverse scan separately and totally, the
oxidation efficiency was found in the order of aldehyde
(formaldehyde) > carboxylic acid (formic acid) > alcohols
(ethanol > methanol > glycol > propanol). Additionally, this
electrode shows long durability toward the oxidations of those
liquid fuels. It is thus promising to be adopted as the anode for
direct alcohol fuel cell applications.

■ EXPERIMENTAL SECTION
Multiwalled carbon nanotubes (CNTs, purity >95%; concentration of
amorphous carbon <3%; the concentration of catalyst residue <0.2%;
special surface area, 40−300 m2 g−1; thermal conductivity, ∼2000 W

Figure 6. Electrocatalytic oxidations of different liquid fuels on the Pd
NPs/CNTs nanocomposite coated electrode: cyclic voltammograms
of 5.0 mM (a) propanol, (b) glycol, (c) formic acid, and (d)
formaldehyde in 2.0 M KOH at a scan rate of 100 mV s−1.

Figure 7. Stability and durability of the Pd NPs/CNTs nanocomposite
coated electrode toward the electrocatalytic oxidations of liquid fuels:
Current−time curves at a constant potential of 0 V vs SCE for
electrocatalytic oxidations of 0.5 mM methanol (a), ethanol (b),
propanol (c), glycol (d), formic acid (e), and formaldehyde (f) in 2.0
M KOH.
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m−1 K−1) were bought from Shenzhen Nanotech LTD (Shenzhen,
China). All chemicals were purchased from Shanghai Chemical
Reagent Co. LTD (Shanghai, China) and were analytical grade
reagents. TEM images of CNTs loaded with Pd NPs were recorded on
a 200 kV high-resolution transmission electron microscope (HRTEM,
JEOL-2000). The X-ray diffraction (XRD) spectra were recorded with
a Bruke D8 diffractometer (Hannover, Germany). A Cu Kα radiation
(40 kV, 40 mA) was used with a Ni filter. Electrochemical experiments
were conducted at room temperature (25 °C) on a CHI760B
electrochemical workstation (Chenhua Instrument Company, Shang-
hai, China) with a standard three-electrode configuration. Either a bare
or a modified glassy carbon electrode (e.g., the CNTs coated
electrode, the Pd NPs/CNTs nanocomposite coated electrode, and
the Pd NPs coated electrode) acted as the working electrode, a
platinum foil as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode. The Pd NPs/CNTs
nanocomposite coated electrode was fabricated by directly casting ink-
like suspension, namely, the Pd NPs/CNTs nanocomposite, on a clean
glassy carbon electrode surface. The volume of the suspension was
varied from 0.5 to 10 μL, and the concentration of the suspension was
changed from 0.2 to 4.0 mg mL−1. After drying the electrode under a
UV-lamp in air, the Pd NPs/CNTs nanocomposite coated electrode
was formed. To obtain a clean electrode, the glassy carbon electrode
with a geometric area of 0.0785 cm2 was first polished using alumina
slurries and then cleaned with ethanol and water.
Prior to preparation of the ink-like (the Pd NPs/CNTs nano-

composite) suspension, CNTs were pretreated in the same way as
reported.59,60 Briefly, 500 mg of CNTs was oxidized at 400 °C for 30
min to remove amorphous carbon particles. The oxidized CNTs were
then dispersed in 60 mL of 6.0 M HCl for 4 h in an ultrasonic bath to
eliminate metal oxide catalysts. They were further washed with water
sufficiently (until the pH of the washing solution was close to 7.0) and
dried in air at room temperature. The purified CNTs were then
oxidized in a mixture of concentrated sulfuric and nitric acid (v/v =
3:1) at 50−60 °C in an ultrasonication for 6 h. The resultant solution
was filtered through a poly(tetra Xuoroethylene) membrane with a
200 nm pore size. The solid powders were washed thoroughly with
water to remove any residual acid and then dried at 60 °C for 2 h.
They were used for loading Pd NPs.
Loading of Pd NPs onto CNTs was achieved using a reduction

method in an ethylene glycol solution61,62 Sodium citrate (50 mM)
and palladium chloride (25 mM) solutions were used. The loading of
Pd NPs on CNTs was conducted via dispersing treated CNTs (0.05 g)
in the suspension of Pd NPs. Ultrasonication and stirring were applied.
The pH value of ethylene glycol solution was adjusted to 9.0 by
dropwise addition of a 1.0 M KOH solution. After refluxing this
suspension at 160 °C in an oil bath for 6 h, the resulting material was
centrifuged and the slurry was obtained. Washing this slurry with
deionized water and ethanol, followed by drying at 80 °C, led to the
production of Pd NPs loaded CNTs. This material (3.0 mg) was then
dispersed homogeneously in 1.0 mL of isopropyl alcohol by sonication
for 30 min. Such an ink-like suspension was applied to coat a clean
glassy electrode.
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