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Multi-walled carbon nanotubes (MWCNTs) decorated with PdxCoy (the nominal atomic ratios of Pd to Co
were 3:1, 3:1.5, 3:2, 3:3, respectively) nanoparticles (denoted as PdxCoy/MWCNTs ) were fabricated by a
simple pyrolysis process, in which room temperature ionic liquids (RTILs) of butyl-3-methylimidazolium
hexafluorophosphate (denoted as [BMIM]PF6) was used as the solvent. X-ray diffraction (XRD) and
transmission electron microscopy (TEM) were all used to characterize the PdxCoy/MWCNTs catalysts,
showing that the PdxCoy particles were dispersed on the surface of the MWCNTs with an average particle
size of ~25.0 nm. The electro-catalytic activity of the PdxCoy/MWCNTs catalysts toward ethanol oxidation reaction (EOR) was examined by cyclic voltammetry (CV). It was revealed that the onset potential
was ~90 mV lower and the peak current was about four times higher for ethanol oxidation for
Pd3Co1.5/MWCNTs compared to those of Pd3Co1/MWCNTs. The possible catalysis mechanisms of the
Pd3Co1.5/MWCNTs toward EOR were also discussed.
Keywords: PdxCoy nanoparticles; Ionic liquids; Ethanol oxidation reaction (EOR).
INTRODUCTION
Recently, the ethanol oxidation reaction (EOR) has
gained much attention in the research field of direct liquid
fuel cells, 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) compared to that (6100 Wh kg-1) of methanol.1 Thus,
developing novel catalysts for EOR has become into an important research topic in electrochemistry. Although platinum (Pt) has been recognized as the most active catalyst for
ethanol oxidation, the high cost and limited supply of Pt
have constituted a major limitation to the development of
direct ethanol fuel cells (DEFC).2,3 Therefore, Pt-free catalysts such as Pd have been intensively studied.4 Among the
developed Pd-based catalysts, the binary composite particles of Pd-Co were rarely probed as a catalyst for EOR, especially in an alkaline solution, though the composite nanoparticles of Pd-Co have been widely used as catalysts for
oxygen reduction reaction (ORR) 5,6 and formic acid oxidation (FAO).7
Till present, there are two typical methods for synthesizing Pd-Co nanoparticles (NPs). The first is the chemical

reduction reaction. For example, Zhang et al.8 described
the preparation of Pd-Co alloys dispersed on Vulcan-XC72R carbon black powder by an ultrasonic-assisted chemical reduction approach, in which ammonium hexachloropalladate and cobalt nitrate were employed as the starting
materials, and sodium borohydride the reducing agent.
Wang and co-workers9 reported the preparation of Pd-Co
alloy catalysts, in which Pd(NO 3) 2 and Co(NO 3) 2·6H 2O
were used as the precursors, and the flowing H2/N2 gas as
the reducing agent. The second method is the electrochemical reduction reaction. For instance, Osaka et al.10 electrodeposited two types of Pd-Co films onto Au substrate by
applying different current density, where [Pd(NH3) 4]Cl2
and CoCl2·6H2O were utilized as the starting materials. To
the best of our knowledge, the preparation of PdxCoy composite NPs via a facile method of pyrolysis using the ionic
liquids as solvent, has been rarely reported yet, though
many papers concerning PdxCoy composite NPs were published so far.
Although its excellent features, like low-volatility,
non-toxicity, inflammability, higher conductivity compared to common organic solvents, and higher solubility

* Corresponding author. K. Ding, Tel: +86-311-80787400; Fax: +86-311-80787403; Email: dkeqiang@263.net;
Z. Guo, Tel: (409) 880-7654/7195; Fax: (409) 880-2197 E-mail: zhanhu.guo@lamar.edu
J. Chin. Chem. Soc. 2013, 60, 1135-1143

© 2013 The Chemical Society Located in Taipei & Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1135

Article

Yang et al.

for organic substances when compared with aqueous solutions have been well addressed, the application of room
temperature ionic liquids (RTILs) is still very limited.11 To
our knowledge, RTILs are mainly applied in the following
fields of chemistry, (1) as solvents in organic synthesis,12
and (2) as electrolytes in electrochemistry.13 Unfortunately,
the application of RTILs on a large scale has not been
achieved. In other words, extending the application of
RTILs is still a main challenge for chemical researchers.
Meanwhile, to our knowledge, except our previous work,14
the application of RTILs in pyrolysis process has been
rarely reported.
Although many novel kinds of carbon have been developed recently,15 carbon nanotubes (CNTs) still attracted
a great deal of attention due to their unique properties, such
as high specific surface area, electrical conductivity, and
good thermal and chemical stability, which make them a
good catalyst support for fuel cells.16-18 Thus, immobilizing
metal NPs on CNTs has turned into an interesting field
mainly due to the key roles of CNTs and metal NPs in the
field of electrocatalysis, biosensors and so on.19 To the best
of our knowledge, no paper reporting the immobilization of
PdxCoy composite NPs on CNTs via a method of pyrolysis
using RTILs as the solvent was published, though we have
anchored platium (Pt) NPs on the surface of muti-walled
carbon nanotubes (MWCNTs) by a pyrolysis process using
distilled water as the solvent successfully.20
In present work, four kinds of Pd xCo y/MWCNTs
based nanocomposite catalysts with various atomic ratios
of Pd to Co were fabricated by a facile method of pyrolysis,
in which RTILs of [BMIM]PF6 was employed as the solvent. The crystalline structures and morphology of the
MWCNT supported nanoparticles were studied by XRD
and TEM, respectively. The electrochemical activities of
the as-prepared NPs for ethanol oxidation reaction (EOR)
were investigated by cyclic voltammetry (CV) and chronoamperometry, revealing that the catalyst of Pd 3Co 1.5/
MWCNTs exhibited the highest catalytic activity among all
the samples. The possible catalytic mechanisms of the
Pd3Co1.5/MWCNTs toward EOR were also well discussed.
RESULTS AND DISCUSSION
XRD analysis
Fig. 1A shows the XRD profiles of the as-prepared
samples. According to our previous report, the main diffraction peak appearing at around 26º can only be assigned
to the facet (002) of MWCNTs.20 The planes (111), (200)
1136
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and (220) located at 2q values of about 39.9, 47 and 68º, respectively, are the characteristic diffraction peaks of face
centered cubic (fcc) crystalline Pd (JCPDS, Card No.050681), being consistent with the previous report14,21 very
well. Also, no diffraction peaks of Co or its oxides/hydroxides are observed, suggesting that Co particles or its oxides/hydroxides exist in amorphous phases.22 It can also be
seen that the intensities of all diffraction peaks changed
correspondingly when the atomic ratios of Pd to Co were
varied. For example, as shown by the green-circled part,
the intensity of the diffraction peak at 39.9º for Pd3Co1.5/
MWCNTs is obviously higher than that of Pd 3Co 1 and
Pd 3Co 2, indicating that the crystallinity of Pd 3Co 1.5/
MWCNTs is superior to the other catalysts.23 For the catalyst of Pd3Co3, no diffraction peaks corresponding to Pd are
observed at all, indicative of a poor crystallinity. Also, no
obvious diffraction peak shift is observed in the four XRD
patterns, indicating that Co is hard to alloy with Pd using
the present method.24 That is to say, the as-prepared
PdxCoy/MWCNTs catalysts were composite particles other
than alloy particles.
The average particle sizes of the catalysts were also
evaluated from Pd (111) peak by the Scherrer formula using equation (1):25
d(Å) =

kl
b cos q

(1)

where k is a coefficient (0.9), l the wavelength of X-ray
used (1.54056 Å), b the full-width half maximum and q is
the angle at the position of peak maximum. The calculated
particle sizes based on the plane (111) for Pd3Co 1/
MWCNTs and Pd 3Co 1.5/MWCNTs, are 28.15 and 22.71
nm, respectively. Thus, the particle size of Pd 3Co 1.5/
MWCNTs is smaller than the catalyst of Pd3Co1, suggesting a larger surface area can be provided by the nanoparticles of Pd3Co1.5 when the loadings are the same. Due to the

Fig. 1. XRD patterns for Pd3Co1/MWCNTs, Pd3Co1.5/
MWCNTs, Pd 3 Co 2 /MWCNTs and Pd 3 Co 3 /
MWCNTs
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poor crystallinity, the particle sizes of Pd3Co2 and Pd3Co3
were not calculated using this method.
TEM Analysis
As shown in Fig. 2, the morphologies of the three typical catalysts are characterized by TEM. It is evident from
image a that for the catalyst of Pd3Co1/MWCNTs after the
pyrolysis process, some black particles were decorated on
the surface of MWCNTs, implying that some nanoparticles
were fabricated by this pyrolysis method. Also, for the catalysts of Pd3Co1.5/MWCNTs and Pd3Co2/MWCNTs, some
small particles on the surface of MWCNTs are observed
clearly. It seems that smaller particles with a uniform distribution of particle size were found in the catalyst of
Pd3Co1.5/MWCNTs (image b), and larger particles are observed for the catalyst of Pd 3Co 2/MWCNTs (image c).
Based on the TEM images, the estimated particle sizes for
the catalysts of Pd3Co1 and Pd3Co1.5 are about 27 and 23
nm, respectively. This result accords with the calculated
values from XRD patterns very well. Thus, it can be concluded that the content of Co in the precursors has greatly
affected the resulted particle size and the morphologies of
the catalysts as well. SEM image of Pd3Co1.5/MWCNTs is
presented in image d, in which some white dotts were
found on the surface of MWCNTs. To determine the composition of the as-prepared samples, a typical spectrum of
EDX for the catalyst of Pd3Co1.5/MWCNTs is shown by the
inset in image d. Except for the C element, the peaks corre-

Fig. 2. TEM images of (a) Pd 3 Co 1 /MWCNTs, (b)
Pd3Co1.5/MWCNTs, and (c) Pd3Co2/MWCNTs,
Photo d is the SEM image of Pd 3 Co 1.5 /
MWCNTs, and the inset is the corresponding
EDX spectrum.
J. Chin. Chem. Soc. 2013, 60, 1135-1143

sponding to Pd, Co and O were displayed, indicating that
the nanoparticle of Pd3Co1.5 was not a pure bimetallic particle.
Interestingly, no obvious aggregation of the as-prepared particles was found in the TEM images (Fig. 2). How
does one understand this phenomenon? It was thought that
low charges and asymmetrically distributed charges are the
key factors causing nanoparticle aggregation.26 Probably,
[BMIM]PF6, which has a lower dielectric constant27 compared to water, can decrease the surface charge of the
PdxCoy NPs due to the change in polarity of the solvent.
Therefore, similar to the case described by Wang et al.,28
the newly formed Pd or Co atoms can migrate from the
[BMIM]PF6 to the [BMIM]PF 6/Pd xCo y interface in sequence, which is also analogous to the nanoparticle self-assembly at the toluene/water or hexane/water interface in
ethanol-mediated methanol.29,30 As a result, the agglomeration of PdxCoy particles was significantly suppressed, leading to a uniform dispersion. In other words, it is reasonable
to believe that the pyrolysis proces in RTILs should be different from that occurring in aqueous medium, which may
produce particles with some specific properties.
Electrochemical response
The cyclic voltammograms (CVs) of EOR in 1 M
KOH on the as-prepared catalysts are shown in Fig. 3. It
can be seen that no peaks were found on the catalyst of
Pd3Co3/MWCNTs, suggesting that more amount of Co in
the composite nanoparticles of PdxCoy would inhibit the
electrochemical oxidation process of ethanol. While for the
other three catalysts, EOR curves can be mainly characterized by two well-defined peaks, designated as Peak 1, centered at ~-0.2 V in the anodic sweep, and Peak 2, centered
at ~-0.45 V in the cathodic sweep, demonstrating that EOR
can take place on the three catalysts. Generally, the oxidation peak appearing in the forward scan corresponds to the

Fig. 3. CVs obtained on the as-prepared Pd x Co y/
MWCNTs coated glassy carbon electrode in a
solution of 1 M KOH + 1 M C2H5OH at a scan
rate of 20 mVs-1.
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oxidation of freshly chemisorbed species coming from ethanol adsorption, and the reverse scan peak is primarily associated with the removal of carbonaceous species not
completely oxidized in the forward scan. 31 The incompletely oxidized carbonaceous species, such as CH3COads,
could accumulate on the electrode and poison the electrode. Thus, the ratio of the forward anodic peak current
(peak 1) to the reverse anodic peak current (peak 2), i.e.,
I1/I2, could be used to evaluate the poisoning tolerance of
catalyst.31 A larger I1/I2 ratio indicates a better oxidation
ability of ethanol during the anodic scan and less accumulation of carbonaceous residues on the electrode surface. The
ratios of I1/I2 for Pd3Co1, Pd3Co1.5 and Pd3Co2 are estimated
to be 0.68, 0.76 and 0.64, respectively. That is to say,
Pd3Co1.5 showed a better electrochemical oxidation behavior among the as-prepared samples. Actually, no report on
the catalysis of Pd-Co nanoparticles toward EOR was published, though the alloy or composite particles of Pd-Co
have been employed as catalysts for oxygen reduction
reaction (ORR) in the previously published works.32,33
To get a clear comparison, linear sweep voltammetry
(LSV) was conducted on three typical catalysts as shown in
Fig. 4. One can see that the peak current of EOR on
Pd3Co1.5 is about 4 times larger than that on the catalyst of
Pd3Co1. While for Pd3Co2, the peak current of EOR was attenuated greatly. Also, the onset potential for EOR in
Pd 3Co 1.5 is about 90 mV negative compared to that on
Pd3Co1. Thus, the catalysis of Pd3Co1.5 for EOR is superior
to the other catalysts used in this experiment.
The electrochemical stability of the as-prepared catalysts for EOR was also investigated by chronoamperometry. Fig. 5 shows the current-time plots of all the catalysts in
1 M KOH and 1 M ethanol at -0.2 V. It can be seen that the
largest steady current value at 400s was exhibited in the

Fig. 4. Linear sweep voltammetry (LSV) obtained on
the (a) Pd 3 Co 1 (b) Pd 3 Co 1.5 and (c) Pd 3 Co 2 /
MWCNTs coated glassy carbon electrode in solution of 1 M KOH + 1 M C2H5OH at a scan rate
of 5 mVs-1.
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Pd3Co1.5/MWCNTs modified GC electrode, implying that
the Pd3Co1.5/MWCNTs catalyst showed the best electro-catalysis toward EOR, which may be resulted from its higher
crystallinity (Fig. 1) and smaller particle size (Fig. 2).
Nyquist plot is a typical curve in electrochemical impedance spectroscopy (EIS), which can be used for evaluating the electrochemical performance of a working electrode. Based on our previous report,34 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. Thus, approximately,
the diameter of the semicircle stands for the value of charge
transfer resistance. Unfortunately, it can be evidenced from
Fig. 6(A) that for all the catalysts in the whole frequency
region, no evident semicircle was displayed. However, for
the Pd3Co1.5/MWCNTs coated electrode, as shown by the
red-dotted line, a bended curve was presented, indicative of
a circuit containing charge transfer resistance and a capacitance (i.e., a RC circuit).35
To acquire more useful information on the electrical
properties of the as-prepared catalysts, Bode plots for all
the samples are illustrated in Fig. 6(B). It is evident that all
the coated GC electrodes showed one symmetric peak,
which may correspond to the relaxation process of the electrode/solution interface.36 Close inspection revealed that
for Pd 3Co 1 modified GC electrode, a flat plateau is observed in the frequency region from 4 to 20 Hz, indicating
the formation of a novel surface structure different from
Pd3Co1.5 and Pd3Co2. The lower phase angles at 0.01 Hz for
the Pd3Co1, Pd3Co1.5 and Pd3Co2 are -36º, -45º and -60º, respectively. This result strongly demonstrated that all the
PdxCoy/MWCNTs particles exhibited less capacitive behavior since ideal capacitive systems should give phase angles of ca. -90º.37,38

Fig. 5. Chronoamperometry curves of as-prepared
samples-coated GC electrode in 1 M KOH + 1
M C2H5OH. The applied potential is -0.20V vs.
SCE.
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Chronopotentiometric (CP) experiments were performed to provide further insight into the stability of each
electrode since CP is a powerful method to value the activity and stability of a catalyst especially when operated in a
fuel cell. Fig. 7 shows the chronopotentiometric curves of
ethanol oxidation for the three electrodes in which a constant current density of 0.20 mAcm-2 was applied for
36000s. It can be seen for the Pd3Co1.5/MWCNTs-modified
GC electrode that the polarization potential gradually increases with time, whose shape is very consistent with the

Fig. 6. (A) Nyquist plots for the catalysts coated GC
electrode in 1 M KOH + 1 M C2H5OH solution,
in which the catalysts are varied. (a) Pd 3 Co 1 /
MWCNTs, (b) Pd3Co1.5/MWCNTs, (c) Pd3Co2/
MWCNTs, respectively; and (B): Bode plots,
obtained for the catalysts coated GC electrode
in 1 M KOH + 1 M C2H5OH aqueous solution.
(a) Pd3Co1/MWCNTs, (b) Pd3Co1.5/MWCNTs,
(c) Pd3Co2/MWCNTs, respectively.

Fig. 7. Chronopotentiometric curves of EOR obtained
on the as-prepared catalysts in 1 M KOH + 1
MCH3CH2OH at 0.20 mA cm-2.
J. Chin. Chem. Soc. 2013, 60, 1135-1143

previously reported one concerning the bimetallic PdIr catalysts.39 However, the electrode potentials for Pd3Co1 and
Pd3Co2 reached the largest values of 2.12 V and 2.03 V at
around 2554s and 1817s, respectively. And then the electrode potential of Pd3Co1 drops gradually and stabilizes at
around 2.05 V, and the electrode potential of Pd3Co2 drops
evidently to be about 1.83 V at 35460s. The appearance of
the maximum electrode potential may correspond to the
formation of metal oxides, and the decrese of electrode potential is thought to be related to the dissolution of these oxides during the immersion based on the point of corrosion
science. 40 That is to say, for the catalysts of Pd 3Co 1 and
Pd3Co2, some oxides were formed on the surface of them
which may inhibit the process of EOR. This result can partially account for the lowered peak current of EOR on the
catalysts of Pd3Co1 and Pd3Co2 when compared to that displayed on Pd3Co1.5, as presented in Fig. 3. Thus, the catalyst of Pd3Co1.5 exhibited the best stability in this experiment, though with the increase in time an increased polarization potential was observed. This also indicated that a
proper amount addition of Co to Pd can facilitate the removal of the adsorbed ethoxi intermediates, and release
more active Pd sites for the EOR,41 and making the catalyst
more resistant to poisoning. This phenomenon observed in
Fig. 7 strongly suggested that the corrosion behavior of the
binary or ternary metal catalysts should be well considered
when evaluating their catalysis towards the electrochemical oxidation of small organic molecules especially in alkaline medium.
Why did the PdxCoy catalysts with various molar ratios of Pd to Co show such different electrocatalytic activity toward EOR? To disclose the possible reasons, CVs of
three typical catalysts, i.e., Pd3Co 1/MWCNTs, Pd3Co 1.5/
MWCNTs and Pd3Co2/MWCNTs, in 1 M KOH are plotted
in Fig. 8. It is revealed that there are no evident difference
of CVs between Pd3Co1/MWCNTs and Pd3Co2/MWCNTs,

Fig. 8. CVs obtained on three catalysts in 1 M KOH at
a scan rate of 20 mVs-1.
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excepting for two reduction peaks (one at -0.32 V and the
other at -0.46 V) appearing in the catalyst of Pd3Co2. It is
generally regarded that except for the catalytic properties
owned by a catalyst, the electrochemically active surface
area (EASA) of the electrodes is a key parameter influencing the activity of a catalyst, thus the value of EASA was
usually estimated first for ananlyzing the catalysis owned
by a catalyst. However, in this case, there is no necessary to
evaluate the EASA of the catalyst of Pd3Co2 since no enhanced peak current for EOR was displayed on it. In contrast to the CVs obtained on the above catalysts, the catalyst
of Pd3Co1.5 exhibited the typical signatures of hydrogen adsorption/desorption peaks (in the potential region from
-0.85 to -1.25 V) as well as the prominent palladium oxide
reduction process at ~-0.45 V. More interestingly, a weak
oxidation peak is displayed at about 0.16 V, correspondingly, and a reduction peak located at around -0.32 V is observed on the negative-direction potential scan. The shape
of CVs curves in Fig. 8 is rather different from formerly reported work of Pd electrode in alkaline solution.42 From the
obvious hydrogen adsorption and desorption peaks observed in Fig. 8, it can be deduced that more hydrogen gas
or hydrogen atoms were fabricated in the vicinity of the
electrode of Pd3Co1.5. Subsequently, more ions of OH- were
generated in the region close to the catalyst of Pd3Co1.5 in
comparison with that of Pd3Co1 and Pd3Co2. Owing to the
fact that the process of EOR invloves many intermediate
products (such as linearly adsorbed CO and CO2, CHx,ads
species43) and final products (such as CO2, acetaldehyde
and acetic acid), its mechanism still remains suspended.
However, a simplified mechanism has been provided recently as follows44
CH3CH2OH « (CH3CH2OH)ads
(CH3CH2OH)ads + 3OH- ®
CH3COads + 3H2O + 3eOH- « OHads + eCH3COads + OHads ® CH3COOH
CH3COOH + OH- ® CH3COO- + H2O

(1)
(2)
(3)
(4)
(5)

Thus, according to above steps, due to the easier process of hydrogen adsorption and desorption on the catalyst
of Pd3Co1.5, more ions of OH- were created yielding more
amounts of OHads. This can greatly accelerate the step (2),
(3), (4) and (5). As a result, the process of EOR was significantly facilitated, leading to an enhanced peak current and
lowered onset potential on the catalyst of Pd3Co1.5.
1140
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Mechanism of the pyrolysis process
To discuss the mechanism of this pyrolysis process,
photos of the filtered solutions are shown in Fig. 9(A). For
the pure RTILs of [BMIM]PF6, a colorless solution is observed. After adding Pd2+ and Co2+, a light blue solution
was observed instead. Interestingly, after the pyrolysis process, the filtered solution showed a brown color. This implies that there must be some interactions between
[BMIM]PF6 and Pd2+, Co2+ or MWCNTs in the pyrolysis
process, though the exact reaction mechanism cannot be
clarified by these photos only.
Fig. 9(B) shows the ultraviolet-visible (UV-vis) absorption spectra for the [BMIM]PF6 before and after pyrolysis process. As shown by curve a, for pure [BMIM]PF6, an
absorption peak located at around 230 nm was observed
clearly. It was reported that the spectra in the far-UV region
(200-250 nm) corresponds to the peptide n®p* electronic
transition.45 For the [BMIM]PF6 containing Pd2+ and Co2+
before pyrolysis, the intensities of all the absorption peaks
were significantly decreased compared to pure [BMIM]PF6,
suggesting that the amount of some groups in [BMIM]PF6
was lowered, probably due to the formation of some com-

Fig. 9. (A) Photos of the RTILs before and after pyrolysis. Photo a: pure [BMIM]PF 6 ; Photo b:
[BMIM]PF 6 containing Pd 2+ and Co 2+ before
pyrolysis; Photo c: [BMIM]PF6 containing Pd2+
and Co2+ after pyrolysis. (B) UV-vis absorption
spectra of (a) pure [BMIM]PF6, (b) [BMIM]PF6
containing Pd2+ and Co2+ before pyrolysis and
(c) [BMIM]PF6 containing Pd2+ and Co2+ after
pyrolysis.
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plex-like molecules via the reaction of the introduced Pd2+
or Co2+ with [BMIM]PF6. Generally, the empty orbits, such
as d-orbit, in Pd2+ or Co2+ can react with the electron pairs
in the imidazolium ring of [BMIM]PF6, which can greatly
lower the intensity of the absorption peak. This kind of interaction is very similar to that occurring in the formation
process of the self-assembled monolayer between the gold
substrate and calmodulin.34 For the filtered [BMIM]PF6 after pyrolysis, curve c, the intensity of the absorption peak
was further attenuated, suggesting that more imidazolium
rings of [BMIM]PF6 were consumed or destroyed during
the pyrolysis process. It should be noticed that in all the
curves the absorption peak position at around 230 nm were
not much shifted before and after pyrolysis. However, the
absorption peak at about 210 nm was varied greatly. For instance, for the pure RTILs, a broad peak at around 210 nm
is displayed in curve a, after addition of Pd2+ and Co2+, a
peak at about 213 nm is presented. It indicates that there
must be an interaction between [BMIM]PF6 and the added
ions though the position of the main peak at 230 nm was not
shifted. Interestingly, after the pyrolysis process, the peak
at 213 nm was reset to be around 210 nm, probably suggesting that the interaction between the Pd 2+ , Co 2+ and the
imidazolium ring of [BMIM]PF6 was demolished due to
the formation of Pd xCo y catalyst particles from the
[BMIM]PF6 solution.
Obviously, the reduction potential of Pd2+ and Co2+ is
different from each other,46 and Pd2+ has higher reduction
potential than Co2+. Thus, in the pyrolysis process, Pd atoms will precipitate first and enrich in the core and Co atoms then reduce mainly on the outer shell of the Pd atoms.
As a result, Pd-shell/alloy-core may form for the resultant
particles. Suo et al.47 reported that the key factor for designing a Pd-based alloy catalyst displaying remarkable oxygen
reduction reaction (ORR) activity is to produce a “Pd-shell/
alloy-core” structure from the calculation of density function theory (DFT). Probably, in this experiment, compared
to the other particles, a well-defined “Pd-shell/alloy-core”
structure has formed in the catalyst of Pd3Co1.5, which can
lead to an enhanced electrochemical response of EOR.

from Shenzhen nanotech port Co., Ltd. (China). All the electrodes
were purchased from Tianjin Aida Co., Ltd (China). All the chemicals were of analytical grade and used as-received without any
further treatment. Deionized water was used to prepare the aqueous solutions.
Preparation of PdxCoy/MWCNTs nanoparticles. Firstly,
5.96 mg PdCl 2 and an appropriate amount of Co(NO3) 2·6H2O
were dissolved in 4 mL [BMIM]PF6, in which the atomic ratios of
Pd to Co were different, namely, 3:1, 3:1.5, 3:2 and 3:3, respectively. Then, 20 mg MWCNTs were added to the above solution,
leading to a suspension solution. This resultant solution was then
ultrasonicated for 30 min. Secondly, the resultant suspension solution was placed in a home-made autoclave at room temperature,
and then the well-sealed autoclave was transferred to a box-type
furnace. Lastly, the temperature of the box-type furnace was increased to 200 ºC within 20 min and was maintained for 3 h to fulfill the pyrolysis process, which was implemented in an SRJX-813 box-type furnace equipped with a KSY 12-16 furnace temperature controller. After cooling down to room temperature, the filtered samples were thoroughly washed with ethylene chloride,
ethanol and distilled water successively, and dried in an ambient
condition to generate the MWCNTs supported PdxCoy catalysts
(denoted as PdxCoy/MWCNTs).
Preparation of PdxCoy/MWCNTs modified electrode.
Glassy carbon (GC) electrode (geometric area of 0.07 cm2) was
polished to a mirror finish with 50 nm alumina nanopowder suspensions before each experiment and served as a substrate for the
working electrode. The working electrodes were fabricated by
coating catalyst ink onto a glassy carbon electrode. The catalysts
ink was prepared by dispersing 1 mg catalyst in 1 mL Nafion ethanol solution (0.1 wt%). And after ultrasonication for 20 min,
about 15 mL ink was added to the surface of the GC electrode and
slowly dried in air, yielding a PdxCoy/MWCNTs-coated GC electrode.
Characterizations. The particle morphology was observed by scanning electron microscopy (SEM, HITACHI, S570) and transmission electron microscopy (TEM, HITACHI, H7650). Energy Dispersive X-Ray Spectroscopy (EDX) spectrum
analysis was carried out on X-ray energy instrument (EDAX,
PV-9900, USA). XRD analysis of the catalyst was carried out on a
Bruker D8 ADVANCE X-ray diffractometer equipped with a Cu

EXPERIMENTAL

Ka source (l = 0.154 nm) at 40 kV and 30 mA. The 2q angular re-

Reagents and materials. Room temperature ionic liquid of

gion between 10 and 90° was explored at a scan rate of 1°/step.

butyl-3-methylimidazolium hexafluorophosphate (denoted as

Electrochemical measurements including cyclic voltam-

[BMIM]PF6) a purity of more than 99% was obtained from

metry (CV) and electrochemical impedance spectroscopy (EIS)

Hangzhou Chemer Chemical Co., Ltd. (China). MWCNTs (purity

were carried out on a CHI 660B electrochemical workstation

>95%) with an average diameter of 10-20 nm were purchased

(Shanghai Chenhua Apparatus, China) connected to a personal
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computer. EIS was performed in the frequency range from 0. 01 to
5

10 Hz with an amplitude of 5 mV. A conventional three-electrode
system was employed, in which a PdxCoy/MWCNTs modified GC
electrode and a platinum wire were used as the working electrode
and counter electrode, respectively. It should be noted that the reference electrode was a saturated calomel electrode (SCE). All potentials in this paper were reported with respect to SCE. A solution of 1 M KOH containing 1 M ethanol was used to study ethanol oxidation activity. Prior to each electrochemical test, the electrolyte was bubbled with high purity nitrogen for 30 min to avoid
the influence of oxygen dissolved in the electrolyte. All the experiments were carried out at room temperature.

CONCLUSIONS
For the first time, Pd xCo y composite nanoparticles
with an average diameter close to 25 nm, generated by a
facile method of pyrolysis in the presence of MWCNTs using RTILs of [BMIM]PF6 as solvent, were employed as catalysts for EOR. Analysis revealed that the smallest particle
size and the better crystallinity of Pd3Co1.5 may be responsible for its better electrocatalytic activity toward EOR
when compared to the other samples. Results from LSV
showed a 90 mV decrease in the onset oxidation potential
and a four times enhancement in the peak current of EOR
for Pd 3Co 1.5/MWCNTs composite catalyst compared to
Pd3Co1/MWCNTs catalyst. More importantly, CVs of the
samples in alkaline medium indicated that hydrogen evolution became easier on the catalyst of Pd3Co1.5 as compared
to that on Pd3Co1 and Pd3Co2, which may be partially contributed to the enhanced peak current of EOR. Apart from
discussing the electro-catalysis of the composite nanoparticles toward EOR, presenting a novel method of pyrolysis
using RTILs as the solvent to synthesize nanoparticles is
the other main contribution of this work, which is expected
to be helpful for both extending the application of RTILs
and preparing nanoparticle supported CNTs on a large
scale. The present work may open a new path for the synthesis of promising electrocatalysts in the fuel cells.
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