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a b s t r a c t
Multi-walled carbon nanotubes (MWCNTs)-supported Pt–Pd bimetallic nanoparticles with various feed
molar ratios (denoted as Ptx Pdy /MWCNTs) are successfully prepared for the ﬁrst time by a simple method
of pyrolysis without any additional reducing agent. The obtained Ptx Pdy /MWCNTs catalysts are characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Results show that Ptx Pdy particles with an average particle size of ∼4.0 nm are dispersed quite uniformly on the surface of MWCNTs. The electrocatalytic activity of the Ptx Pdy /MWCNTs
catalysts toward ethanol oxidation reaction (EOR) is examined by cyclic voltammetry (CV) in basic
solution. Surprisingly, signiﬁcantly enhanced EOR peak currents are observed under the catalysis of
Pt3 Pd3 /MWCNTs, where the feed molar ratio of Pt to Pd is 3:3. The onset potential is found to be ∼200 mV
lower and the peak current is 10 times higher for the ethanol oxidation with Pt3 Pd3 /MWCNTs catalysts
when compared to the ethanol oxidation with Pt/MWCNTs catalysts. The existence of PdO is considered as
the possible reason for the remarkably enhanced peak currents of EOR in the presence of Pt3 Pd3 /MWCNTs
catalysts.
© 2013 Published by Elsevier Ltd.

1. Introduction
Among the fuels fed to direct liquid fuel cells (DLFCs), ethanol
is regarded as one of the most promising fuels mainly due to
its low toxicity, abundant availability, low permeability (but not
negligible) across proton exchange membrane and higher energy
density (8030 Wh kg−1 , methanol, 6100 Wh kg−1 ) [1]. Thus, developing novel catalysts for ethanol oxidation reaction (EOR) has
become an important issue in the ﬁeld of electrochemistry.
Although platinum has been recognized to be the most active
catalyst for ethanol oxidation [2], recent work reveals that Pt can be
easily poisoned by by-products of oxidation of organic molecules,
such as carbon monoxide besides high cost and limited supply [3].
According to the bi-functional mechanism proposed previously [4],
bi-metallic catalysts containing Pt are supposed to possess higher
electocatalytic activity than Pt alone. Among the bi-metallic catalysts, Pt–Ru has been widely investigated due to the fact that the
poisoning species, i.e., CO species formed on Pt, can be oxidized into
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CO2 by active oxygen atoms formed on Ru [5]. Unfortunately, Pt–Ru
catalysts exhibit poor stability owing to the facile electrochemical
dissolution of Ru at high potentials in acid medium [5]. Thus, many
other types of Pt-based binary catalysts such as Pt–Ni [6] and Pt–Co
[7] have been developed.
The catalysts of Pt–Pd particles have been also fabricated mainly
due to the reasons (1) Pd has very similar properties to those of Pt
in terms of crystal structure (identical – fcc) and atomic size (only
3% of difference), and is capable of forming alloys with Pt with any
atomic ratio [8]; (2) Pd is more easily accessible (at least 50 times
more abundant than Pt on the earth) [9]; (3) The Pt–Pd bimetallic
system with an appropriate atomic ratio can exhibit higher resistance against CO poisoning for the oxidation of some small organic
molecules such as formic acid [10].
To date, two typical methods are used for the preparation of
Pt–Pd nanoparticles. (i) Chemical reduction reaction. For example,
Antolini et al. [11] reported the synthesis of a carbon supported Pt–Pd catalyst with a Pt:Pd atomic ratio of 77:23, in
which H2 PtCl6 ·6H2 O and PdCl2 ·2H2 O were used as the starting materials, and formic acid the reductant. Zhang et al. [12]
described a microwave-assisted synthesis process for preparing graphene-supported Pd1 Pt3 , where K2 PtCl4 and PdCl2 were
used as the precursors and ascorbic acid as a reducing agent.
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(ii) Electrochemical reduction reaction. Xu et al. [13] addressed
his work on the nano-structured Pdx Pt1−x composite catalysts supported on Ti substrate fabricated by an electrodeposition method
using cyclic voltammetry (CV) from 0 V to −0.8 V at a scan rate of
5 mV s−1 . To the best of our knowledge, the preparation of Ptx Pdy
composite or alloy nanoparticles by a method of pyrolysis using
distilled water as the solvent, was rarely reported, though we have
successfully anchored nanoparticles of Pt on the surface of MWCNTs via the method of pyrolysis [14].
Although many novel kinds of carbon such as carbon nanoﬁbers
[15,16] and graphene [17] have been developed recently, carbon
nanotubes (CNTs) still attract a great deal of attention due to its
unique properties such as high speciﬁc surface area, electrical conductivity, and good thermal and chemical stability [17]. These
advantages, coupled with lower cost compared to graphene, make
CNTs a good catalyst support candidate for fuel cells [18]. Thus,
immobilizing metal nanoparticles on CNTs has turned into an interesting ﬁeld because of the key roles of CNTs and metal nanoparticles
in the ﬁelds of electrocatalysis, biosensors and so on [19,20]. To
the best of our knowledge, no paper reporting the immobilization
of Ptx Pdy composite nanoparticles onto carbon nanotubes (CNTs)
by a facile method of pyrolysis was published, though many kinds
of metal nanoparticles have been immobilized on the surface of
MWCNTs via a chemical reaction or electrochemical method.
Although lots of papers concerning Pt–Pd catalyst have been
published, the exact catalysis mechanism toward the oxidation of
small organic molecules remains unclear. For instance, Kadirgan
et al. [9] attributed the catalysis of Pt–Pd toward methanol oxidation reaction (MOR) to the electronic effects from Pd, namely, the
presence of Pd involved a change in the electronic density of state
of platinum, which can lead to a weakening of the CO Pt bond, as
a result, an enhancement of the overall reaction rate by decreasing
the electrode poisoning is observed. While Nogami and co-workers
[21] thought that the higher value of electrochemical surface area
(ECSA) of Pt–Pd core–shell nanocatalysts should be mainly responsible for its excellent catalysis toward MOR when compared to
the Pt-nanocatalysts. Thus, the discrepancy on the electrocatalysis mechanism of Ptx Pdy catalysts toward MOR and EOR intrigued
us to probe the catalyst of Ptx Pdy further.
In this work, Ptx Pdy /MWCNTs with different feed molar ratios
of Pt to Pd of 3:1, 3:2, 3:3 and 3:4.5, respectively, were prepared by
a facile method of pyrolysis using distilled water as the solvent and
MWCNTs as the reducing agent. The physicochemical properties of
the obtained samples were studied, revealing that the Pt3 Pd3 composite nanoparticles showed a cluster shape and other catalysts
spherical particles. The electrochemical activities of the obtained
nanoparticles for ethanol oxidation reaction (EOR) were investigated, showing that the catalyst of Pt3 Pd3 /MWCNTs exhibited the
best electrochemical performance among all the samples based on
the results from cyclic voltammetry (CV) and current-time curves.
Lastly, the reasons for the signiﬁcantly enhanced performance of
Pt3 Pd3 /MWCNTs catalyst toward EOR were also discussed, indicating that the newly formed PdO can greatly lower the hydrogen
evolution potential, which may account for the enhancement of
electrochemical performance partly, as is reported for the ﬁrst time.

2. Experimental

2.2. Preparation of Ptx Pdy nanoparticles onto MWCNTs
First, 2 ml of H2 PtCl6 ·6H2 O containing certain amount of PdCl2
(the feed atomic ratios of Pt to Pd are 3:1, 3:2, 3:3 and 3:4.5, respectively) was added in 4 ml of double-distilled water, and then 10 mg
MWCNTs were introduced into the solution above to give a suspension solution. Secondly, the suspension solution was placed in
a home-made autoclave after ultrasonicated for 30 min and well
sealed. The autoclave was then transferred to a box-type furnace
and heated. The temperature of the box-type furnace was increased
from room temperature to 200 ◦ C within 20 min, and held at that
temperature for 2 h to complete the pyrolysis process. After cooling down to room temperature, the solution was ﬁltered and the
nanoparticles were thoroughly rinsed with distilled water, and
dried under ambient conditions to obtain the MWCNTs supported
Ptx Pdy catalysts (denoted as Ptx Pdy /MWCNTs) in the end. Both of
Pt/MWCNTs and Pd/MWCNTs catalysts were prepared in the same
method.
2.3. Preparation of Ptx Pdy /MWCNTs modiﬁed electrode
One milligram of Ptx Pdy /MWCNTs catalysts was dispersed with
the aid of ultrasonic agitation in 1 ml of 0.1 wt.% Naﬁon ethanol
solution for 20 min. The glassy carbon (GC) electrode with a geometric area of 0.07 cm2 was polished with 0.05 m alumina slurry
and washed with distilled water. The GC electrode was coated by
casting ∼15 l of suspension of the catalyst and slowly dried in air
to give Ptx Pdy /MWCNTs modiﬁed electrodes.
2.4. Characterization
XRD analysis of the catalyst was carried out on a Bruker D8
ADVANCE X-ray diffractometer with a Cu K␣ source ( = 0.154 nm)
at 40 kV and 30 mA. Data were obtained at a scan rate of 5◦ min−1
with 1◦ step size in the 2 range of 10–90◦ . The morphology was
observed by scanning electron microscopy (HITACHI, SEM S-570)
and transmission electron microscopy (HITACHI, TEM H-7650).
Energy Dispersive X-Ray Spectroscopy (EDX) spectrum analysis
was performed on an X-ray energy instrument (EDAX, PV-9900,
USA). UV–vis spectra were obtained on a spectrophotometer V500 (JASCO, Japan). The pyrolysis process was implemented in a
SRJX-8-13 box-type furnace equipped with a KSY 12-16 furnace
temperature controller.
Electrochemical measurements including cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were carried out on a CHI 660B electrochemical workstation (Shanghai
Chenhua Apparatus, China) connected to a personal computer. EIS
was performed in the frequency range of 0.1–105 Hz with an amplitude of 5 mV.
A conventional three-electrode system was employed, in which
Ptx Pdy /MWCNTs modiﬁed glassy carbon electrode, a platinum
wire, and a saturated calomel electrode (SCE) served as the working
electrode, counter electrode, and reference electrode, respectively.
All potentials in this paper are reported with respect to SCE. A
solution of 2 M ethanol in 1 M KOH was used to study the electrocatalytic activity of the Ptx Pdy /MWCNTs catalysts toward ethanol
oxidation reaction (EOR). Prior to each electrochemical test, the
electrolyte was bubbled with high purity nitrogen gas for 30 min.
All the experiments were carried out at room temperature.

2.1. Reagents and materials
3. Results and discussion
MWCNTs (purity >95%) of 10–20 nm diameter were purchased
from Shenzhen nanotech port Co., Ltd. (China). All electrodes were
supplied by Tianjin Aida Co., Ltd. (China). All chemicals were analytical grade and were used without further puriﬁcation. Deionized
water was used to prepare aqueous solutions.

3.1. Preparation of Ptx Pdy nanoparticles onto MWCNTs
Fig. 1A shows the color change of the solution before and
after pyrolysis. For the preparation of Pt/MWCNTs or Pd/MWCNTs
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Fig. 1. (A) Photos of the solutions before (a)–(c) and after (a )–(c ) the pyrolysis process used for preparing different samples. Photo (a) Pt/MWCNTs; photo (b) Pd/MWCNTs;
photo (c) Pt3 Pd3 /MWCNTs. (B) UV–vis absorption spectra for the solutions before and after the pyrolysis process used for preparing different samples. Lines (a) and (a )
Pt/MWCNTs; lines (b) and (b ): Pd/MWCNTs; lines (c) and (c ): Pt3 Pd3 /MWCNTs.

catalysts, the aqueous solution containing H2 PtCl6 or PdCl2 without MWCNTs turned from light yellow (photo (a)) or bright yellow
(photo (b)), to colorless (photos (a ) and (b )) after pyrolysis and
ﬁltered, indicating that Pt4+ or Pd2+ were reduced to be Pt or Pd,

respectively. Similar phenomena were observed for the preparation of Ptx Pdy /MWCNTs catalysts, where the solution turned from
dark-brown to light yellow color, as exempliﬁed by the preparation
Pt3 Pd3 /MWCNTs catalyst, photos (c) and (c ).
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Ultraviolet–visible (UV–vis) absorption spectra of the solutions
before (curves of a–c) and after pyrolysis process (curves (a )–(c ))
were recorded in Fig. 1B to further investigate the reactions taking
place in the pyrolysis process. As shown by curve (a), an absorption
peak located at around 254 nm can be observed for the solution
containing H2 PtCl6 [22], which disappeared after the pyrolysis. It
was reported that the spectra in the far-UV region (200–250 nm)
correspond to the peptide n → * electronic transition [23]. It is
reported that as a result of selfoxidation the carbon surface is
usually decorated with oxygen containing functional groups representing compounds such as carboxylic acids, phenols, lactones,
carboxylic anhydrates, ketones, ethers, quinones or pyrones [24].
Probably, at a high temperature of 200 ◦ C, Pt ions were reduced to
pure metal by the reducing groups such as OH and COOH attached
to the surface of the MWCNTs [24]. Similar reaction occurred for the
case of Pd. After the pyrolysis process, the peak at 210 nm disappeared and a smaller absorption peak at around 230 nm appeared,
indicating of a new complex produced [25]. Interestingly, for the
solution having both of the ions Pt and Pd, after the pyrolysis
process, except for the decreased absorption peak, the peak position was blue-direction shifted for around 20 nm, which can be
explained by the higher ligand ﬁeld associated with the Pd metal
center [26]. That is to say, the complex formed in the pyrolysis
process has been altered to a new one after the pyrolysis process.
Also, in all above UV–vis curves, after pyrolysis, the intensities of all
absorption bands decreased to some extent, indicating that all the
anions were consumed in some degree in the course of pyrolysis
[27].

Fig. 2A shows the XRD patterns of the as-prepared samples.
For pure MWCNTs, Fig. 2A(a), a main diffraction peak centering
around 26◦ is assigned to the facet of (0 0 2) of MWCNTs [14]. For
Pt/MWCNTs and Pd/MWCNTs catalysts, Fig. 2A(b) and (c), except
for the main diffraction peak of MWCNTs, four characteristic peaks
corresponding to the facet of (1 1 1), (2 0 0), (2 2 0) and (3 1 1) of the
face-centered cubic (fcc) crystalline Pt and Pd can also be observed.
These results are well consistent with the values reported previously for Pt [28] and Pd [29] nanoparticles. Interestingly, as shown
by the dashed pink line located at around 68◦ , the diffraction peak
(2 2 0) for the Pt3 Pd2 /MWCNTs catalyst is found to be in between
that of Pt/MWCNTs and Pd/MWCNTs, indicative of the alloy formation between Pt and Pd [30], which is caused by the incorporation
of Pd in the fcc structure of Pt. No evident peaks of Pt or Pd oxides
were observed in the XRD patterns of the catalysts, probably due to
the small particle size or amorphous form of these oxides existing
in the catalysts.
Fig. 2B displays the XRD patterns of Ptx Pdy /MWCNTs catalysts
with different feed molar ratios of Pt to Pd. As expected, the intensities of all diffraction peaks alter correspondingly with the change
of atomic ratios of Pt to Pd. Generally, stronger intensity of the
diffraction peak corresponds to higher crystallinity [31]. Therefore,
based on the intensity of the diffraction peak at 47◦ , the crystallinity of the samples can be interpreted as Pt3 Pd1 /MWCNTs >
More
Pt3 Pd4.5 /MWCNTs > Pt3 Pd3 /MWCNTs > Pt3 Pd2 /MWCNTs.
interestingly, for Pt3 Pd3 /MWCNTs catalyst, an evident new diffraction peak located around 34◦ is clearly observed, which can be
assigned to the facet of (1 1 1) of PdO. That is to say, a new phase
exists in Pt3 Pd3 /MWCNTs catalyst, which is rather different from
other catalysts.
To determine the composition of the as-prepared samples, a typical spectrum of EDX for the catalyst of Pt3 Pd2 /MWCNTs is shown
in Fig. 3. Except for the C element, only the peaks corresponding to
the elements of Pt and Pd were observed. This not only strongly

Fig. 2. (A) XRD patterns of typical as-prepared samples. Patterns (a)–(d) correspond
to MWCNTs, pure Pt/MWCNTs, Pd/MWCNTs and Pt3 Pd2 /MWCNTs. (B) XRD patterns
of Pdx Niy /MWCNTs catalysts with different atomic ratios of Pt to Pd. Patterns (a)–(d)
correspond to Pt3 Pd1 , Pt3 Pd2 , Pt3 Pd3 and Pt3 Pd4.5 .

indicated that pure Pt and Pd can be fabricated by this novel
method, but also veriﬁed that the resultant particles seen in image
(c) of Fig. 4A are the alloy particles of Pt3 Pd2 rather than other substances. Why only the elementary Pt and Pd instead of their oxides
were generated by this pyrolysis process? Probably, in the presence of distilled water and MWCNTs, a redutive environment was
produced by the some reactions between water and carbon such as
C + H2 O = CO + H2 [32]. That is to say, the produced CO and H2 are
all reducing agents, which can reduce the oxides formed during
the pyrolysis. In other words, a reducing environment was created by the system containing MWCNTs and water. Consequently,
only elementary Pt and Pd were generated. Thus, it can be concluded that under proper conditions bimetallic particles can be
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3.2. Physical characterization of MWCNTs-supported Ptx Pdy
catalysts
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Fig. 3. EDX spectra for three typical catalysts. Patterns (a)–(c) correspond to
Pt/MWCNTs, Pd/MWCNTs and Pt3 Pd2 /MWCNTs.
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Fig. 4. (A) SEM images of four typical samples prepared in this work. Image (a) Pt/MWCNTs; image (b) Pd/MWCNTs; image (c) Pt3 Pd2 /MWCNTs; image (d) Pt3 Pd3 /MWCNTs.
(B) TEM images for the prepared samples. Image (a) Pt3 Pd1 /MWCNTs; image (b) Pt3 Pd2 /MWCNTs; image (c) Pt3 Pd3 /MWCNTs; image (d) Pt3 Pd4.5 /MWCNTs.

fabricated by this simple pyrolysis process, which is expected to
be very beneﬁcial to the industrial production of nanoparticles due
to its simplicity in manufacture.
Fig. 4A shows the SEM images of four typical catalysts of
Pt/MWCNTs, Pd/MWCNTs, Pt3 Pd2 /MWCNTs, and Pt3 Pd3 /MWCNTs.

The white dots on the surface of MWCNTs, Fig. 4A(a), are evident of Pt particles generated during the pyrolysis process, which
is consistent with our previous report [14]. Some small particles can also be observed on the surface of MWCNTs for both of
Pd/MWCNTs (Fig. 4A(b)) and Pt3 Pd2 /MWCNTs (Fig. 4A(c)) catalysts.
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Interestingly, for the catalyst of Pt3 Pd3 /MWCNTs, more particles
were observed to be immobilized onto the surface of the MWCNTs relative to Pt3 Pd2 /MWCNTs, which strongly indicated that the
atomic ratio of Pt to Pd can greatly affect the amount of particles
produced in the pyrolysis process.
TEM images of these four typical samples are displayed in Fig. 4B.
It can be seen that for all the catalysts as-prepared particles are
uniformly distributed on the outer walls of the MWCNTs, and no
obvious agglomeration of the nanoparticles was found. The particle
sizes of Pt3 Pd1 , Pt3 Pd2 , Pt3 Pd3 and Pt3 Pd4.5 were estimated, to be
around 3.6, 3.4, 3.3 and 3.7 nm, respectively, from the TEM images.
It is evident that cluster particles rather than spherical particles are
observed for the catalyst of Pt3 Pd3 /MWCNTs. From the information
acquired from XRD results, the difference in the particle shape is
believed to be caused by the new substance of PdO generated in
the pyrolysis process at a feed molar ratio of Pt to Pd of 3:3.
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The cyclic voltammograms (CVs) of EOR on various catalystsmodiﬁed GC electrode in 1 M KOH are shown in Fig. 5A. Close
inspection reveals that on all the three catalysts two well-deﬁned
peaks, with (f) located at ∼−0.25 V in the anodic sweep and (b)
located at ∼−0.42 V in the cathodic sweep, are clearly observed,
strongly demonstrating that EOR can occur on all the catalysts of
Pt/MWCNTs, Pd/MWCNTs and Pt3 Pd2 /MWCNTs in a basic medium,
which is in good accordance with the previous report [10,33,34].
It is generally accepted that the forward oxidation current peak
(f) is assigned to the oxidation of freshly chemisorbed species
coming from ethanol adsorption, and the reverse oxidation peak
(b) is primarily associated with removal of carbonaceous species
not completely oxidized in the forward scan, rather caused by
freshly chemisorbed species [35]. Obviously, the peak currents of
(f) and (b) of Pt3 Pd2 /MWCNTs are signiﬁcantly larger than those
on the Pt/MWCNTs and Pd/MWCNTs, implying that a signiﬁcantly
enhanced catalytic activity can be achieved through the alloy of Pt
and Pd via the facile method of pyrolysis.
To compare the electrocatalytic activities of Ptx Pdy /MWCNTs
with different atomic ratios of Pt to Pd toward EOR, CV curves
obtained on the catalysts are present in Fig. 5B and C. The peak
current of EOR in Pt3 Pd3 /MWCNTs is much larger than that on
other catalysts, thus, CV curves of EOR on these catalysts were
not drawn in a ﬁgure. In Fig. 5B, the catalyst of Pt3 Pd2 /MWCNTs
shows the largest peak current among all the samples, implying that Pt3 Pd2 /MWCNTs has the highest electrocatalytic ability
toward EOR as compared to the catalysts of Pt3 Pd1 /MWCNTs and
Pt3 Pd4.5 /MWCNTs. Meanwhile, when the atomic ratio of Pt to Pd
is 3:4.5, the current peaks corresponding to EOR decreased significantly, indicating that excessive amount of Pd is not good for the
catalysis of Pt toward EOR. Except for the peak current, the onset
potential of the ﬁrst oxidation peak in the anodic sweep is also
a key parameter reﬂecting the catalytic activity exhibited by the
catalyst [35]. The onset potentials and some other electrochemical
parameters obtained from Fig. 5B are summarized in Table 1. The
onset potential for the catalyst of Pt3 Pd2 /MWCNTs is around 55 mV
and 33 mV lower compared to the catalyst of Pt3 Pd1 /MWCNTs
and Pt3 Pd4.5 /MWCNTs, respectively. Evidently, the peak currents
of peak (f) and peak (b) obtained on the catalyst of Pt3 Pd2 /MWCNTs
are the largest ones among all the peak currents. More interestingly,
the peak current ratio of peak (f) to peak (b), as shown in Table 1,
varied dramatically with the atomic ratio of Pt to Pd. The incomplete
oxidized carbonaceous species, such as CH3 COads , could accumulate on the electrode and poison the electrode. Thus, the ratio of the
forward anodic peak current (peak (f)) to the reverse anodic peak
current (peak (b)), i.e., If /Ib , could be used to evaluate the poisoning tolerance of catalyst [36]. A larger If /Ib ratio indicates a better

Pt/MWCNTs
Pd/MWCNTs
Pt3Pd2/MWCNTs

Pt3Pd2/MWCNTs

3
2
1
0
-0.8

-0.4

0.0

0.4

E/V vs. SCE
Fig. 5. (A) CVs obtained on the glassy carbon electrode in 1 M KOH + 2 M C2 H5 OH
at the scan rate of 20 mV s−1 . Curves (a)–(c) were obtained on the Pt/MWCNTs,
Pd/MWCNTs and Pt3 Pd2 /MWCNTs modiﬁed GC electrode. (B) CVs obtained on
the Ptx Pdy /MWCNTs coated glassy carbon electrode in 1 M KOH + 2 M C2 H5 OH at
the scan rate of 20 mV s−1 . Curves (a)–(c) were obtained on the Pt3 Pd1 /MWCNTs,
Pt3 Pd2 /MWCNTs and Pt3 Pd4.5 /MWCNTs modiﬁed GC electrode. (C) CVs obtained
on the Ptx Pdy /MWCNTs coated glassy carbon electrode in 1 M KOH + 2 M C2 H5 OH
at the scan rate of 20 mV s−1 . The red and black curves were obtained on the
Pt3 Pd2 /MWCNTs and Pt3 Pd3 /MWCNTs modiﬁed GC electrode. (For interpretation
of the references to color in ﬁgure legend, the reader is referred to the web version
of the article.)

oxidation ability of ethanol during the anodic scan. However, in this
case, the If /Ib ratio in Pt3 Pd2 /MWCNTs catalyst is the smallest one
among all the ratios, and the ratio of Qf to Qb in Pt3 Pd2 /MWCNTs
is also the smallest one among the ratios obtained. Therefore, this
result indicated that it is not comprehensive to evaluate the catalytic
activity of catalyst only by using the ratio of the If to Ib .
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Table 1
Electrochemical parameters obtianed from Fig.5B.
Peak (b)
Potentials (V)

Electric quantity (mC)

Current (A)

Potentials (V)

Electric quantity (mC)

153
908
233

−0.30
−0.24
−0.24

2.50
150
2.70

23
1818
260

−0.36
−0.37
−0.41

0.50
92
0.85

To one’s surprise, when the atomic ratio of Pt to Pd is 3:3, as
shown by the black curve in Fig. 5C, signiﬁcantly enhanced peaks
of EOR are seen clearly. It can be seen that the peak currents for
peak (f) and peak (b) on the catalyst of Pt3 Pd3 /MWCNTs are about
5 and 2.4 times larger than that on the Pt3 Pd2 /MWCNTs, respectively. Also, the onset potentials of peak (f) and peak (b) in the
catalyst of Pt3 Pd3 /MWCNTs are, respectively, negatively shifted for
150 mV and positively shifted for 60 mV as compared to those of
Pt3 Pd2 /MWCNTs. Along with the results shown by XRD (Fig. 2B)
and TEM (Fig. 4B), it is believed that the enhanced peak current
shown on the Pt3 Pd3 /MWCNTs was not simply resulted from the
increased amount of prepared particles. That is to say, the mechanism of EOR on Pt3 Pd3 /MWCNTs differed from that on the catalyst
of Pt3 Pd2 /MWCNTs, probably due to the existence of the new substance of PdO as veriﬁed by pattern (c) in Fig. 2B. In fact, it has been
reported that introducing some metal oxides, such as CeO2 [37],
SnO2 [38], RuO2 [39] and ZrO2 [40], into the catalyst of Pt can greatly
diminish the CO poisoning effect, leading to an increased electrochemical performance. Very recently, Xi’s group [41] found that
TiO2 nanoparticles can promote the catalytic activity of Pt toward
EOR, and thought that when there is a certain amount of TiO2
nanoparticles of proper size (e.g. 10 nm) added evenly, a high Pt
utilization and good electron conductivity can be achieved, leading
to an improvement of more than 50% in terms of ethanol oxidation
peak current. To the best of our knowledge, till present, no paper
reporting the promoting effect of PdO on the catalysis of Pt toward
EOR was published.
To probe the tolerance of the MWCNTs-supported Ptx Pdy
catalyst in the EOR, Chronoamperometric measurements were performed in 1 M KOH solution containing 2 M ethanol for a duration
of 1000 s. Fig. 6A shows the current decay at a ﬁxed potential of
−0.3 V of GC electrodes modiﬁed with Pt, Pd, and Pt3 Pd2 in 1 M KOH
containing 2 M ethanol. The polarization currents at the Pt and Pd
catalysts decayed rapidly during the initial period. However, at the
GC electrode modiﬁed with Pt3 Pd2 , the current decayed slowly.
The decrease in current is due to the surface poisoning induced
by the intermediate CO species. The lower current decay rate of
Pt3 Pd2 may be due to the effective cleaning of the electrode surface, which is consistent with the CV curves described in Fig. 5A.
Furthermore, it was observed that the current for EOR on the electrocatalyst of Pt3 Pd2 remained much higher than the other catalysts
even at 1000 s, which probably was resulted from the alloying of
Pd with Pt as compared to that of the pure Pt and Pd catalysts.
To compare the electrochemical stability of all the catalysts for
EOR, the chronoamperometry curves for the electrooxidation of
ethanol at −0.5 V on various catalysts are illustrated in Fig. 6B.
Although the currents are decayed for all the catalysts, the limiting
current of Pt3 Pd3 /MWCNTs catalyst keeps the highest value when
compared to the other catalysts throughout all the range under the
same experimental conditions. To one’s surprise, the ploarization
currents of EOR displayed on the catalysts of Pt3 Pd4.5 and Pt3 Pd1
are close to zero compared to those presented on the catalysts of
Pt3 Pd3 and Pt3 Pd2 . This further conﬁrms that a proper amount of Pd
alloyed with Pt can effectively increase the catalysis of Pt. The electrochemical performances toward EOR of catalysts of Ptx Pdy , based
on Fig. 6B, are in the following decreasing order: Pt3 Pd3 , Pt3 Pd2 ,
Pt3 Pd4.5 , Pt3 Pd1 . This result is consistent with that obtained from

If /Ib

Qf /Qb

Onset potentials (V)

6.70
0.50
0.90

4.7
1.6
3.1

−0.67
−0.72
−0.69

CV curves in Fig. 5A–C very well. It should be mentioned that the
electrochemical performance order displayed by the catalysts is not
consistent with the crystallinity order deduced from the XRD patterns shown in Fig. 2A and B. Is it right to evaluate the catalysis of
a catalyst toward EOR only by the crystallinity and particle sizes?
More works should be done to clarify the relationship between the
catalysis and the employed catalysts.
3.4. Analyzing mechanism
To investigate the reasons why Ptx Pdy catalysts with various
feed molar ratios of Pt to Pd exhibit different electrocatalytic activities toward EOR, CVs of four typical catalysts, i.e., Pt3 Pd1 /MWCNTs,
Pt3 Pd2 /MWCNTs, Pt3 Pd3 /MWCNTs and Pt3 Pd4.5 /MWCNTs, in 1 M
KOH are plotted in Fig. 7A. No evident redox peaks were found
on the catalyst of Pt3 Pd1 and Pt3 Pd4.5 . However, on the other two
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Fig. 6. (A) Chronoamperometry curves at −0.3 V of as-prepared samples-coated
GC electrode in 1 M KOH + 2 M C2 H5 OH. These colored curves correspond
to Pt/MWCNTs, Pd/MWCNTs and Pt3 Pd2 /MWCNTs modiﬁed GC electrode. (B)
Chronoamperometry curves at −0.5 V of as-prepared samples-coated GC electrode
in 1 M KOH + 2 M C2 H5 OH. These colored curves correspond to Pt3 Pd1 /MWCNTs,
Pt3 Pd2 /MWCNTs, Pt3 Pd3 /MWCNTsand Pt3 Pd4.5 /MWCNTs modiﬁed GC electrode.
(For interpretation of the references to color in ﬁgure legend, the reader is referred
to the web version of the article.)
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Fig. 7. (A) CVs obtained on the glassy carbon electrode in 1 M KOH at the scan rate of 20 mV s−1 . Colored curves were obtained on the Pt3 Pd1 /MWCNTs, Pt3 Pd2 /MWCNTs
Pt3 Pd3 /MWCNTs and Pt3 Pd4.5 /MWCNTs modiﬁed GC electrode. (B) Open circuit potentials of various catalyst modiﬁed GC electrodes in 1 M KOH. (C) Nyquist plots for the
catalysts coated GC electrode in 1 M KOH + 2 M C2 H5 OH aqueous solution, in which the catalysts are various. It should be mentioned that these experiments were conducted
at the open circuit potentials. (D) Bode plots, showing the plots of (−phase angle (◦ ) vs. log(f/Hz)), obtained for the catalysts coated GC electrode in 1 M KOH + 2 M C2 H5 OH
aqueous solution. It should be mentioned that these data used in this ﬁgure were from Fig. 7C. (For interpretation of the references to color in ﬁgure legend, the reader is
referred to the web version of the article.)

catalysts, i.e., Pt3 Pd2 /MWCNTs and Pt3 Pd3 /MWCNTs, the peaks of
hydrogen evolution at around −1.4 V are clearly observed, and
correspondingly, the oxidations peak of hydrogen on Pt3 Pd2 and
Pt3 Pd3 at about −0.76 and −0.62 V, respectively, are present. Also,
two reduction peaks in the catalysts of Pt3 Pd2 and Pt3 Pd3 , corresponding to the reduction of PdO [42], are seen at −0.42 V and
−0.4 V, respectively. Besides the properties of the catalyst, the
electrochemically active surface area (EASA) of the electrode also
inﬂuences the reaction rate [43], and thus the value of EASA was
estimated ﬁrst. As addressed above, the reduction peak at around
−0.4 V corresponds to the reduction of PdO to Pd, from which the
electrochemically active surface area (EASA) of the electrodes can
be estimated. Based on the previously published work [43], the
EASA of the electrodes can be estimated using the following equation:
EASA =

Q
SI

(2)

where Q is the coulombic charge for the reduction of palladium
oxide [35]. ‘S’ is the proportionality constant used to relate charge
with area and ‘I’ is the catalyst loading in ‘g’. A charge value of
405 mC/cm2 is assumed for the reduction of PdO monolayer [35].
Unfortunately, the exact amounts of Ptx Pdy /MWCNTs composites
cannot be weighed by our present technique. Thus, we can only estimate the values of EASA approximately assuming that the loading
of two catalysts are identical. Based on CV curves in Fig. 7A, the
values of EASA for Pt3 Pd2 /MWCNTs, Pt3 Pd3 /MWCNTs were calculated to be 0.028, 0.034 mm2 , respectively. That is to say, the
catalyst of Pt3 Pd3 /MWCNTs has the larger value of EASA relative
to Pt3 Pd2 /MWCNTs. As veriﬁed by the XRD pattern in Fig. 2B, when

the feed molar ratio of Pt to Pd is 3:3, a new phase of PdO was
formed in the catalyst, which may account for the larger value
of EASA in Pt3 Pd3 /MWCNTs partly. Also, from Fig. 7A, it can be
seen that the hydrogen evolution peak potential on the catalyst of
Pt3 Pd3 is positively shifted for about 100 mV compared with that on
Pt3 Pd2 . Correspondingly, the hydrogen desorption peak potential
on catalyst of Pt3 Pd3 is positively shifted for about 130 mV compared to that of Pt3 Pd2 . That is to say, compared to the catalyst of
Pt3 Pd2 , the hydrogen evolution on the catalyst of Pt3 Pd3 gets easier and desorption of hydrogen becomes difﬁcult. Thus, more ions
of OH− were generated in the vicinity of the catalyst of Pt3 Pd3 in
comparison with that of Pt3 Pd2 . Although it is accepted that the
process of EOR involves many intermediate products (such as linearly adsorbed CO and CO2 , CHx,ads species [44]) and ﬁnal products
(such as CO2 , acetaldehyde and acetic acid), and its mechanism
remains suspended, the simpliﬁed mechanistic steps can be represented recently as follows [45]
CH3 CH2 OH ↔ (CH3 CH2 OH)ads

(3)

(CH3 CH2 OH)ads + 3OH− → CH3 COads + 3H2 O + 3e−

(4)

OH− ↔ OHads + e−

(5)

CH3 COads + OHads → CH3 COOH

(6)

CH3 COOH + OH− → CH3 COO− + H2 O

(7)

Thus, according to above steps, more created OH− can yield
a larger amount of OHads , which can greatly accelerate the steps
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(4)–(6). As a result, the process of EOR was signiﬁcantly facilitated, leading to an enhanced peak current of EOR. To the
best of our knowledge, this is the ﬁrst time to report that the
addition of a proper amount of PdO can catalyze the EOR, though
Jiang’ group [46] has found that the proper addition of oxides like
CeO2 , NiO, Co3 O4 and Mn3 O4 can signiﬁcantly promote catalytic
activity and stability of the Pd/C electrocatalysts for the alcohol
electrooxidation. Recent work has revealed that hydrous RuO2 is a
more active catalyst for alcohol oxidation than that of Ru0 as part
of bimetallic Pt–Ru alloy, and it was interpreted that hydrous RuO2
(RuO2−ı (OH)ı ) can play the role of donor of the oxygen-containing
species that promote the CO to CO2 oxidation. And it was reported
[47] that RuO2 is rapidly and reversibly oxidized and reduced by
electrochemical protonation.
RuO2 + ıH+ + ıe− ↔ RuO2-ı (OH)ı

0 ≤ı≤ 2

(8)

Similarly, the hydrous PdO may behave like the oxide of RuO2
since the presence of PdO can facilitate the hydrogen evolution as
shown in Fig. 7A.
Meanwhile, Mann et al. studied the direct ethanol fuel cells
based on the PtSnO and PtSnInO catalysts [48]. And he explained
that the enhanced performance of PtSnO and PtSnInO electrocatalysts as compared to pure Pt catalyst was due to the fact that the
electron afﬁnity of tin oxide on a Pt surface can sufﬁciently pull the
methyl group off the ␣-carbon of a surface-bound ethanol, facilitating the complete oxidation of ethanol. Probably PdO formed in this
work can play the same role as tin oxide does in PtSnO. Also, it is
addressed that for the alcohol electrooxidation on Pt–Ru/C catalyst,
Pt acts as the main active site for catalyzing the dehydrogenation
of alcohol during the oxidation reaction and oxygen-containing
species (OHad ) can form on the Ru surface at lower potentials, and
these oxygen-containing species react with CO-like intermediate
species on the Pt surface to produce CO2 and release the active sites.
Similarly, when the content of oxide is low, there are not enough
oxide sites to effectively assist the releasing of adsorbed CO-like
poisoning specie and the catalysis effect is not most evident. With
the increasing of the oxide content (for the catalyst of Pt3 Pd3 relative to Pt3 Pd2 ), the sites for the formation of oxygen-containing
species, OHad , increase, leading to the quick recovery of the active
sites on the Pt and thus high oxidation current for the reaction.
Fig. 7B shows the curve of open circuit potential (Eocp ) of the
working electrode against time. It can be seen for that except for
the catalyst of Pt3 Pd4.5 , in the duration the values of Eocp for the
other catalysts changed accordingly, namely, a signiﬁcant increase
of Eocp is observed in the ﬁrst immersion stage and a steady state
value is established after a certain time of about 100 s. Generally, it
is though that the initial electrode surface was relatively active and
it became passive during corrosion because of the development of
a protective layer [49]. Thus, at the beginning stage of immersion,
metal ions may be released due to the dissolution of metal particles in basic medium, leading to an enhanced electrode potential.
And then a steady state value was achieved due to the equilibrium
between the dissolution of metal and the sedimentation of metal
ions [49]. Evidently, the values of Eocp for the catalysts at 400 s are in
the following declining order: Pt3 Pd3 , Pt3 Pd2 , Pt3 Pd4.5 and Pt3 Pd1 .
This order accords with the electrochemical response in CVs very
well (Fig. 5B and C).
As one typical curve in EIS measurement, Nyquist plot is of vital
importance for evaluating the electrochemical performance of the
working electrode. Based on the previous report [50], the semicircle appearing at the high frequency region corresponds to a circuit
having a resistance element parallel to a capacitance element, and
a semicircle with a larger diameter corresponds to a larger charge
transfer resistance (Rct ). It can be seen from Fig. 7C that for the catalysts of Pt3 Pd1 , Pt3 Pd2 and Pt3 Pd4.5 , a semicircle appearing in the
higher frequency region is followed by a declined line appearing in
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the lower frequency region, which is similar to the previous report
on the CNTs-supported Pd nanoparticles [51]. The catalyst of Pt3 Pd1
shows the largest semicircle, indicative of the biggest value of Rct .
This result is consistent with that showed in the CVs of Fig. 5B.
Interestingly, for the catalyst of Pt3 Pd3 , the semicircle is too small
to be seen as shown in Fig. 7C. Therefore, EOR can take place much
easier on the catalyst of Pt3 Pd3 than on the other samples prepared,
which accords with the results obtained from the CVs in Fig. 5C very
well.
To acquire more useful information on the electrical properties
of the catalysts, Bode plots for all the samples are illustrated in
Fig. 7D. It is evident that all the four catalysts coated GC electrodes
showed a symmetric peak, which may correspond to the relaxation process of the electrode|solution interface [52]. The lower
phase angle at 0.02 Hz of the Pt3 Pd3 /MWCNTs coated GC electrode
(54.0◦ ) compared to other samples (62.4◦ for Pt3 Pd1 /MWCNTs,
62.2◦ for the Pt3 Pd2 /MWCNTs, 73.4◦ for the Pt3 Pd4.5 /MWCNTs) is
indicative of less capacitive behavior since ideal capacitive systems
usually give a phase angle of ca. −90◦ [53]. It should be noticed that
for the Pt3 Pd3 /MWCNTs modiﬁed GC electrode, a ﬂat plateau is
exhibited in the frequency region from 0.1 Hz to 10 Hz. This curve
may correspond to a new process occurring on the interface of
electrode|solution. This phenomenon probably was resulted from
the new phase of PdO that has been detected by XRD patterns.
While for the catalyst of Pt3 Pd1 , a second time constant located
at the frequency from 100 Hz to 10 kHz is clearly displayed, indicative of another interfacial process occurring at the metal substrate.
According to results shown in Fig. 7C and D, it can be concluded
that the surface structure of the Pt3 Pd3 /MWCNTs modiﬁed GC electrodes is different from the other catalysts.
4. Conclusion
For the ﬁrst time, MWCNTs-supported Ptx Pdy composite
nanoparticles with a diameter close to 4 nm were prepared by a
facile method of pyrolysis. XRD result reveals an alloy of Pt3 Pd2
coexisting with PdO at a feed molar ratio of Pt to Pd of 3:3. The
results from electrochemical measurement showed a signiﬁcantly
increased peak current of EOR on the Pt3 Pd3 /MWCNTs modiﬁed
electrode. The presence of PdO is inferred to be responsible for
the greatly enhanced peak current of EOR. The facile preparation
of Ptx Pdy composite nanoparticles supported by MWCNTs with
enhanced catalytic activities is promising for catalysts manufacturing at a large scale for ethanol oxidation reaction.
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