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For the ﬁrst time, it was found that dry-grinding the mixture containing technical grade PdO and multiwalled carbon nanotubes (MWCNTs) can generate a catalyst with ultrahigh electrocatalytic activity for
ethanol oxidation reaction (EOR). The as-prepared catalysts were denoted as PdO/MWCNTs. For a
comparison, the graphene and graphite supported PdO samples were also prepared using the same
process, leading to the formation of PdO/graphene and PdO/graphite catalysts respectively. The structural
details, the morphologies as well as the particle sizes of the prepared catalysts are mainly characterized
by X-ray diffraction (XRD) and transmission electron microscopy (TEM). Although no novel diffraction
peaks were observed in the XRD patterns of the resulting samples, the morphologies of the samples after
the dry-grinding process have changed greatly as compared to the starting materials of PdO. The results
also indicate that the PdO/MWCNTs catalysts show the smallest particle sizes among all the prepared
catalysts. The catalytic activities of the prepared PdO/MWCNTs catalysts towards EOR are examined by
electrochemical measurements, and the results obtained from cyclic voltammery (CV) test demonstrated
that the PdO/MWCNTs catalyst delivers a forward peak current density for EOR of 5029 mA mg1 at a scan
rate of 50 mV s1, which is about 2.1 times higher than the reported value (2361 mA mg1) obtained on
the (Pd/C) catalyst. After detailed analysis, it is thought that the easier hydrogen evolution process on the
PdO/MWCNTs catalyst is regarded as the main reason for its excellent electrochemical performance as
compared to other catalysts, i.e., PdO/graphene and PdO/graphite. Most interestingly, the as-prepared
catalyst has electrocatalytic activity for both methanol oxidation reaction and formic acid oxidation,
which were also explored approximately in this preliminary work.
ã 2014 Elsevier Ltd. All rights reserved.
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1. Introduction
The development of novel methods to fabricate highly efﬁcient
electrocatalysts for ethanol oxidation reaction (EOR) has attracted
considerable attention mainly due to the unique properties of
ethanol such as low toxicity, high energy density, biocompatibility
and abundant availability [1]. Recently, the electrocatalytic activity
of Pd towards EOR in alkaline media is reported to be higher and
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more stable than that of Pt [2]. Therefore, many approaches have
been developed to fabricate Pd or Pd based alloy or composite
nanocatalysts. For instance, Zhou et al. [3] described a chemical
approach for preparing Pd nanoparticles that were immobilized on
the manganese dioxide modiﬁed reduced graphene oxide, where
(NH4)2PdCl6 and NaBH4 were employed as the starting materials.
Prof. Wang’s [4] group found that carbon supported Pd nanoparticles could be simply synthesized through an ultrasound
assisted way. In their work, H2PdCl4 and ethylene were,
respectively, employed as the precursor of Pd and reducing
reagent. Aggarwal’s group [5] have reported the synthesis of
palladium nanoparticles on a platinum (Pt) electrode which was
accomplished by using an electrodeposition method of a
potentiostatic pulse, where the plating solution was 0.1 M H2SO4
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containing 1 mM K2PdCl4. Although a large number of methods
have been developed to prepare Pd nanoparticle catalysts, the
works concerning the preparation of Pd-based composite nanoparticle catalysts by a very simple process of dry-grinding have not
been reported yet.
Additionally, many kinds of Pd salts have been used as the
precursors to prepare the Pd based nanocatalysts. For instance,
Lan’s group [6] prepared Pt-Pd nanowire arrays and Pt-Pd
nanotube arrays by using one-step electrodeposition, in which
(NH4)2PdCl4 was employed as the precursor of palladium. Wang
and his coworkers [7] reported a simple and facile method for the
preparation of reduced graphene oxide nanosheets (RGOs)
supported Au-Pd bimetallic alloyed nanoparticles. In the work,
PdCl2 was utilized as the starting material for producing Pd
nanoparticles. Zhou et al. [8] investigated the formic acid
electrooxidation on a Pd decorated Fe/C nanocatalyst, in which
K2PdCl4 and NaBH4 were applied as the precursor of Pd and
reducing agent, respectively. To the best of our knowledge,
however, the work, that used technical grade PdO as the precursor
to prepare the Pd-based composite nanoparticle catalyst via a very
simple dry grinding method, has not been published yet.
Meanwhile, PdO has been widely utilized as a catalyst in the
research ﬁeld of catalysis. For example, Weaver’s group [9]
investigated the molecular adsorption and dissociation of nbutane on a PdO(101) thin ﬁlm using temperature-programmed
reaction spectroscopy (TPRS) experiments and density functional
theory (DFT) calculations, and found that the formation of
relatively strongly-bound complexes on PdO(101) serves to
electronically activate C-H bonds in addition to prolonging the
surface lifetimes of these reactive precursors. Ferri [10] studied
the inﬂuence of the synthesis method on the structure of
Pd-substituted perovskite catalysts for methane oxidation, and
reported that the exposure of PdO on the perovskite oxide surface
is crucial for the catalytic activity. Neurock and his co-worker [11]
studied the diverse pathways by which C-H bonds in CH4 react on
bare Pd clusters, Pd cluster surfaces saturated with chemisorbed
oxygen (O*), and PdO clusters by using mechanistic assessments
and density functional theory. Above review strongly indicated the
molecule of PdO has an evident catalysis towards some peculiar
organic reactions. Or in other words, there must be some
interactions between PdO and some organic molecules, which
may be beneﬁcial to the catalysis of the PdO-contained catalysts.
Very recently, it is found that PdO played a key role in improving
the electrocatalysis of the Pd-based catalysts. For example, Xing’s
research group [12] prepared a novel Pd-based catalyst by
annealing commercial Pd/C catalyst under the O2 atmosphere,
and found that as-prepared catalysts exhibited excellent catalytic
activity and stability for formic acid electrooxidation (FAEO), and it
was thought that the formed Pd oxides/hydrous oxides (POHOs)
could provide the required oxygen species for intermediate CO
oxidation during the oxidation process of formic acid. Pan and his
coworkers [13] studied electrocatalytic performance of Pt nanoparticles electrodeposited on the PdO thin ﬁlm in methanol
oxidation reaction (MOR) in acidic media, and found that the
resulting Pt/PdO electrode had a high electrocatalytic activity
toward MOR, and deemed that the synergism of the bifunctional
mechanism and the electronic effect should be responsible for the
excellent electrochemical performance of the prepared Pt/PdO
catalyst. As far as we are aware, except above two reports, the
detailed works on the electrocatalysis of PdO towards EOR are less.
In the present work, ultrahigh electrocatalytic activity toward
EOR of the MWCNTs supported PdO nanoparticle catalysts
prepared by a very simple dry-grinding method is reported. The
crystalline structure, chemical composition, and morphology of
the prepared PdO/MWCNTs catalyst were mainly characterized by
X-ray diffraction (XRD), energy-dispersive X-ray spectroscopy
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(EDX), transmission electron microscopy (TEM). The graphene and
graphite supported PdO nanoparticle catalysts were also prepared
using the same method for comparison.
2. Experimental
2.1. Reagents and materials
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 used
as received without further puriﬁcation. Doubly distilled water
was used to prepare aqueous solutions.
2.2. Preparation of carbon supported PdO
The synthesis of carbon supported PdO catalyst was achieved by
a very facile dry-grinding method. Brieﬂy, 4.1 mg PdO (technical
grade, PdO > 50 wt.%) was mixed with 15 mg carbon materials
(MWCNTs, graphene, or graphite). Then the mixture was ground in
a mortar for 20 min, as a result, the carbon supported PdO catalysts
were produced. The obtained samples supported on MWCNTs,
graphene and graphite were denoted as PdO/MWCNTs, PdO/
graphene and PdO/graphite, respectively. The preparation processes of KCl/MWCNTs, KCl/graphene and KCl/graphite catalysts
were identical to above process except for using KCl (2.5 mg)
instead of PdO.
2.3. Preparation of PdO/MWCNTs modiﬁed electrode
5 mg of PdO/MWCNTs catalysts was dispersed with the aid of
ultrasonic agitation in 1 mL of 0.1 wt.% Naﬁon ethanol solution, and
the resulting suspension solution was ultrasonicated for 30 min.
The glassy carbon (GC) electrode with a geometric area of 0.07 cm2
was polished with 0.05 mm alumina slurry and washed with
distilled water. The GC electrode was coated by casting 10 mL ink of
the catalyst and slowly dried in air to give PdO/MWCNTs modiﬁed
electrodes, thus, the loading amount of PdO particles on a GC
electrode was about 1.533 mg cm2. The PdO/graphene and PdO/
graphite electrodes were also fabricated based on the same
procedure.
2.4. Characterization
X-ray diffraction (XRD, Bruker D8 ADVANCE X-ray diffractometer equipped with a Cu Ka source (l = 0.154 nm) at 40 kV and
30 mA), transmission electron microscopy (TEM, HITACHI, TEM
H-7650), Energy-dispersive X-ray spectroscopy (EDX, PV-9900,
USA) and X-ray photoelectron spectroscopy (XPS, Kratos Analytical
spectrometer, Al Ka radiation) were employed to characterize the
crystal structure, morphology and chemical composition of the
prepared catalysts.
All electrochemical measurements including cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and
chronoamperometry (CA) were performed in a traditional three
electrode cell. A Pt wire and a saturated calomel electrode (SCE)
were used as the counter and reference electrode, respectively. The
electrochemical experiments were carried out in an N2-saturated
solution of 1.0 M KOH containing 1.0 M C2H5OH.
3. Results and Discussion
3.1. Characterization
Typically, XRD patterns of pure MWCNTs, raw material of PdO
and the prepared PdO/MWCNTs are presented in Fig. 1A-(a, b&c),
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respectively. Evidently, the peak located at around 2u = 25 is
assigned to the (0 0 2) crystallographic plane of the MWCNTs [14].
The diffraction peaks located at 2u = 34, and 56 in the XRD pattern,
Fig. 1A-(b), correspond to the (1 0 1) and (11 2) crystallographic
planes of the PdO (JCPDS#00-041-1107). Interestingly, after the
dry-grinding process, no novel diffraction peaks were observed in
the XRD pattern for the PdO/MWCNTs catalyst though the
intensities of the diffraction peaks corresponding to PdO were
attenuated. The characteristic diffraction peaks corresponding to
metallic Pd were not displayed, strongly indicating that no new
substances were produced by this dry-grinding process.
EDX spectra for the as-prepared samples are illustrated in
Fig. 1B. It indicates the presence of element Pd, O, and Cl in the raw
materials of PdO, Fig. 1B-(d). In the prepared composites, Fig. 1
B-(a, b&c), except the Pd, O, Cl elements, the peak of element
carbon is observed. This result demonstrated that no new element
was contained in the resulting samples. The high resolution XPS
spectra of raw materials PdO and prepared PdO/MWCNTs sample
are performed to study the chemical valence state of Pd element
and the results are depicted in Fig. 1C. The observed peaks of Pd 3d
are located at binding energy around 337.6 and 343.1 eV arising
from the Pd 3d5/2 and Pd 3d3/2 orbital, respectively, which belong
to the characteristic binding energy peaks of Pd(II) [15],Fig 1C-(a).
These two peaks in the PdO/MWCNTs sample are also at 337.9 and
343.1 eV, respectively, which indicates that the element of Pd in the
starting material of PdO has no chemical valence state change after
the dry grinding process. This result further veriﬁed that no
metallic Pd was formed in the resulting sample.
TEM images of the PdO and its corresponding carbon
composites are shown in Fig. 2. For the raw material of PdO,
Fig. 2(a), some irregular shaped bulk particles with a diameter
more than 100 nm are observed. Very interestingly, after the dry
grinding process, some black particles with a size less than 6 nm
are observed on the outer surface of MWCNTs, Fig. 2(b).
Meanwhile, for the PdO/graphene catalysts, after the dry grinding
process, some smaller particles with a strip-like shape anchored on
the surface of graphene are observed, Fig. 2(c). In addition, for the
PdO/graphite sample, Fig. 2(d), smaller particles were also
produced by this dry grinding method. However, in this case,
the particle aggregations were obviously observed. Fig. 2(e, f&g)
shows the SEM images of the prepared PdO/carbon composites. As
compared to SEM images (not provided here) for the pure carbon
sources, some small particles are surely immobilized on the
surface of the carbon materials after the dry grinding process.

demonstrated that the enhanced oxidation peaks of EOR displayed
on the PdO/MWCNTs catalyst are due to the introduction of
MWCNTs.
For a comparison, cyclic voltammograms (CVs) of EOR on the
prepared catalysts PdO/MWCNTs, PdO/graphene and PdO/graphite
are displayed in Fig. 3(B). The peak currents and onset potentials of
the forward peak for EOR on the MWCNTs, graphene, and graphite
supported PdO are approximately 5029 mA mg1 and -0.70 V;
1951 mA mg1 and -0.59 V; 1240 mA mg1 and -0.55 V, respectively. The increased peak current and decreased onset anodic
potential indicated an enhanced kinetics of the ethanol electrooxidation reaction. Thus, among these three catalysts, PdO/
MWCNTs showed the best electrochemical performance toward
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Fig. 3(A) shows the CV curves of EOR on pure MWCNTs, PdO, and
PdO/MWCNTs. Obviously, no oxidation peak is found on the pure
MWCNTs, Fig. 3A-(a). Interestingly, the electro-oxidation peak of
ethanol is also observed on the raw material of PdO, Fig. 3A-(b),
probably some Pd atoms are prepared when the potential scanning
was initialized at -1.0 V through an electrochemical reduction
reaction, i.e., PdO +2e +H2O!Pd + 2OH, or via a chemical
reduction reaction, H2 +PdO!Pd + H2O [16]. It should be mentioned that when the potential was scanned from -1.0 V, hydrogen
gas was prepared at the surface the used electrode based on the
electrochemical reaction, namely, 2H+ +2e ! H2. Unexpectedly,
signiﬁcantly enhanced oxidation peaks of EOR are displayed on the
PdO/MWCNTs catalyst, Fig. 3A-(c). It is worth noting that
compared to the PdO catalyst the onset potential of the forward
oxidation peak of EOR on the PdO/MWCNTs catalyst is negatively
shifted for about 200 mV, and the oxidation peak current of EOR is
around 5 times higher than that on the PdO sample. However, the
peak potentials of the forward peak of EOR on PdO and PdO/
MWCNTs catalysts are almost the same. These results strongly
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Fig. 1. (A) XRD patterns for (a) pure MWCNTs, (b) raw material of PdO and (c) asprepared PdO/MWCNTs; (B) EDX spectra for (a) PdO/graphite, (b) PdO/graphene, (c)
PdO/MWCNTs and (d) raw material of PdO; and (C) high resolution XPS spectra of
(a) raw material of PdO, (b) as-prepared PdO/MWCNTs sample.
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Fig. 2. TEM images for (a) as-received PdO, (b) PdO/MWCNTs, (c) PdO/graphene, and (d) PdO/graphite. SEM images for (e) catalyst PdO/graphite, (f) PdO/graphene, and (g)
PdO/MWCNTs.
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EOR. It should be noticed that the value of 5029 mA mg1 in the
case of PdO/MWNTs catalyst (Fig. 3B-(c)) is about 2.1 times higher
than the reported value of 2361 mA mg1 for the Pd/C catalyst [17]
EIS is a powerful technique which can be utilized directly to
compare the charge transfer process occurring at the interface
between the electrolyte and the modiﬁed electrode [16]. The
Nyquist plots are obtained on the three modiﬁed electrodes in
1.0 M KOH having 1.0 M C2H5OH at the open circuit potentials,
Fig. 3C. Generally, the value of the diameter of the semicircle
appearing at the high frequency region stands for the value of the
charge transfer resistance (Rct) [15]. Obviously, the process of EOR
in the PdO/MWCNTs catalyst, Fig. 3C, has a smaller value of Rct
(9 V cm2) when compared to that of PdO/graphene catalyst
(76 V cm2). This result is consistent with the results obtained CV
test from Fig. 3B very well. To further study the activity and
stability of the catalysts, i  t curves of the PdO/MWCNTs, PdO/
graphene and PdO/graphite toward EOR were recorded at -0.4 V,
Fig. 3D. In the whole region of activation polarization, the PdO/
MWCNTs catalyst exhibits the highest current density. The ﬁnal
current density of EOR on PdO/MWCNTs is about 4 times higher
than that on the PdO/graphene catalyst.
Very interestingly, the dry-grinding method prepared PdO/
MWCNTs catalyst also has electrochemical activity towards

methanol oxidation reaction (MOR) (Fig. 4A) and formic acid
electro-oxidation reaction (FAOR) (Fig. 4B). It should be noted
that in the case of MOR the catalyst of PdO/graphite has the
best electrocatalytic activity among the three prepared samples.
And in terms of FAOR, PdO/MWCNTs catalyst still showed the
highest electrocatalytic activity among all the three kinds of
catalysts. The detailed investigation on MOR and FAOR using the
prepared catalysts are under way in our lab, which is expected
to provide more novel results for the development of Pd-based
catalysts.
3.3. Mechanism analysis
Why did the PdO/MWCNTs catalyst exhibit such superior
electrocatalytic activity toward EOR? It is well-known that many
mechanisms have been proposed to explain the role of the second
or the third metal in the Pd-based alloy or composite nanoparticles
on the electrocatalytic activity towards EOR, such as the smaller
particle size, the larger electrochemical active surface area (EASA),
the strain and ligand effect and the bi-functional mechanism, et al.
However, due to the presence of O and Cl elements in the PdO/
MWCNTs catalyst, the aforementioned mechanisms cannot be
simply used to interpret the above obtained results.

Fig. 3. (A) CVs of EOR on (a) pure MWCNTs, (b) PdO, and (c) PdO/MWCNTs coated GC electrode obtained in 1 M KOH with 1 M C2H5OH at the scan rate of 50 mVs1; (B) CVs of
EOR on (a) PdO/graphite, (b) PdO/graphene, and (c) PdO/MWCNTs modiﬁed GC electrodes obtained in 1 M KOH with 1 M C2H5OH at the scan rate of 50 mV s1; (C) Nyquist
plots obtained on (a) PdO/graphite, (b) PdO/graphene, and (c) PdO/MWCNTs modiﬁed GC electrodes at the open circuit potential in 1 M KOH with 1 M C2H5OH; (D) i-t curves of
EOR on (a) PdO/graphite, (b) PdO/graphene, and (c) PdO/MWCNTs modiﬁed GC electrodes obtained in 1 M KOH with 1 M C2H5OH at a potential of -0.4 V.
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To clarify the role of Cl element in process of EOR, CVs of EOR on the
KCl/MWCNTs catalysts modiﬁed GC electrode were also measured
as shown by the black curve in Fig. 5 (A). It is clear that no oxidation
peak was found on the KCl/MWCNTs catalyst as compared to that
on the PdO/MWCNTs catalyst. Also, no oxidation peaks of ethanol
were displayed on the KCl/graphite and KCl/graphene catalysts
(ﬁgures not shown). This result effectively proved that the
electrocatalytic activity of PdO/MWCNTs towards EOR was
resulted from the presence of PdO rather than the Cl element.
Fig. 5 (B) presents the CV curves of the three catalysts in 1.0 M
KOH. According to the previous works [15], the reduction peaks
appearing at around -1.3 V should correspond to the evolution of
hydrogen gas, and the reduction peaks at -0.5 V may stand for the
electrochemical reduction of PdO to Pd [16]. Thus, the oxidation
peaks located at a lower potential than -0.5 V should correspond to
the electro-oxidation peak of Pd in the alkaline solution.
Interestingly, the shape of the oxidation peak at the PdO/MWCNTs
catalyst, Fig. 5(B)-(c), is much different from those occurring on the
other two catalysts. In Fig. 5B, it can also be seen that the hydrogen
evolution process proceeded more facilely on the PdO/MWCNTs
catalyst than that on the other two catalysts. Based on our previous
report [16], probably, the evolved hydrogen gas or atoms have
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Fig. 4. (A) CVs of MOR on (a) PdO/graphite, (b) PdO/graphene and (c) PdO/MWCNTs
modiﬁed GC electrodes obtained in 1 M KOH with 1 M CH3OH at the scan rate of
50 mV s1; (B) CVs of FAOR on (a) PdO/graphite, (b) PdO/graphene, and (c) PdO/
MWCNTs modiﬁed GC electrodes obtained in 1 M H2SO4 containing 1 M HCOOH at
scan rate of 50 mV s1.
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Fig. 5. (A) CVs obtained 1 M KOH with 1 M C2H5OH solutions on (a) KCl/MWCNTs,
(b) PdO/MWCNTs modiﬁed GC electrodes at scan rate of 50 mV s1. (B) CVs obtained
in 1 M KOH with 1 M C2H5OH solutions on (a) PdO/graphite, (b) PdO/graphene and
(c) PdO/MWCNTs modiﬁed GC electrodes at the scan rate of 50 mV s1; (C) CVs
obtained in 1 M KOH solution on (a) PdO/graphite, (b) PdO/graphene and (c) PdO/
MWCNTs modiﬁed GC electrodes at the scan rate of 50 mV s1.
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explain the fact that our prepared PdO/MWCNTs have better
electrocatalysis than the commercial Pd/C catalyst [17]. To study
the hydrogen evolution behavior on various carbon sources, CVs of
GC electrodes coated with the three types of carbon (MWCNTs,
graphite and graphene) in 1 M KOH were illustrated by Fig. 5 (C).
Clearly, the onset potential of hydrogen evolution process on the
MWCNTs coated GC electrode was negative than that on the other
two electrodes. In other words, prior to the process of EOR, more
hydrogen atoms or gases were prepared on the surface of
MWCNTs, which may react with PdO, generating more fresh Pd
particles via the chemical reaction, namely, H2 +PdO!Pd + H2O.
Consequently, PdO/MWCNTs catalyst showed the best electrocatalytic ability among all the three prepared catalysts. More works
are in progress in our lab.
4. Conclusions
Summarily, a carbon-supported PdO composite catalyst has
been successfully fabricated via a very simple dry-grinding
process, which is expected to be scaled up for large-scale
production of Pd-based catalysts. Among all the obtained catalysts,
MWCNTs-supported PdO catalyst showed the best electrocatalytic
activity performance for EOR. All these properties justiﬁed the
potential to use MWNTs-supported PdO composite particle as a
promising candidate catalyst for direct ethanol fuel cells (DEFCs).
Meanwhile, this preliminary work may provide some novel
concepts for explaining the electrocatalysis mechanism of Pd
based nanoparticles toward EOR.
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