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Abstract: PdCo nanotube arrays (NTAs) supported on carbon
fiber cloth (CFC) (PdCo NTAs/CFC) are presented as high-
performance flexible electrocatalysts for ethanol oxidation.
The fabricated flexible PdCo NTAs/CFC exhibits significantly
improved electrocatalytic activity and durability compared
with Pd NTAs/CFC and commercial Pd/C catalysts. Most
importantly, the PdCo NTAs/CFC shows excellent flexibility
and the high electrocatalytic performance remains almost
constant under the different distorted states, such as normal,
bending, and twisting states. This work shows the first example
of Pd-based alloy NTAs supported on CFC as high-perfor-
mance flexible electrocatalysts for ethanol oxidation.

Recently, portable and flexible electronic devices, such as
the roll-up displays, wearable devices, and small mobile
devices, have attracted great attention because of their
lightweight, bendable, and wearable nature.[1] The rapid
development of flexible and portable electronics has
prompted demands for flexible and lightweight energy
sources. Fuel cells, which have advantages of efficient
energy conversion, being clean, security, high energy density,
and low maintenance, are a promising power source.[2–5]

Accordingly flexible fuel cells will attract great interest and
will be an excellent candidate for the portable and flexible
electronics.[6] As a flexible electrochemical device, a prereq-
uisite is that every part should be made with flexible material.
Therefore, it is highly interesting and urgent to investigate the
flexible electrocatalysts for the development of flexible fuel
cells.

Conventional electrocatalysts of fuel cells are mainly
divided into two categories: one kind is binder-free and the
catalyst directly grow on current collector, such as Ti sheet,[7]

porous gold,[8] and ITO sheet;[9] another kind needs binder to
glue catalyst on the surface of current collector.[10–12] For most

studies, the glass carbon (GC) electrode was used as a current
collector.[13–15] The catalyst was firstly dropped on the surface
of GC electrode, then the binder-Nafion or PTFE (polytetra-
fluoroethene) was spread over the surface to immobilize the
catalyst. In the above studies, although the electrocatalysts
showed high electrocatalytic performance, the non-flexibility
of current collectors (such as Ti sheet, FTO, ITO, and GC)
obviously hinder the study of flexible electrocatalysts.[16–18]

Recently, some inorganic materials grown on flexible sup-
ports, such as carbon cloth,[19] graphene paper,[20] graphene
foams,[21] paper,[22] and nickel foam,[23] have been widely
reported as the flexible electrodes for supercapacitors, Li-ion
batteries, and organic photovoltaics. The reported electrodes
exhibited excellent mechanical flexibility and the different
bending states of electrodes almost did not affect their
electrochemical performance. However, so far there almost
has been no report on the flexible electrocatalysts for fuel
cells.

Herein, we first studied PdCo nanotube arrays (NTAs)
supported on carbon fiber cloth (CFC) (PdCo NTAs/CFC) as
flexible electrocatalysts for ethanol oxidation for direct
ethanol fuel cells (DEFCs). The CFC has excellent flexibility,
high conductivity, and a large surface area. Here the PdCo
NTAs directly grow on CFC by template-assisted electro-
deposition method, and the binder is not needed. The PdCo
NTAs/CFC are a prime example of flexible electrocatalysts
with well-defined multiple nanostructures, and they show
following advantages: 1) the NTAs and CFC will provide
large surface area, fast electrolyte penetration/diffusion
because of the hollow and porous structures; 2) the NTAs/
CFC will be much less vulnerable to dissolution, Ostwald
ripening, and aggregation, which is beneficial to the improve-
ment of stability of the catalysts; 3) as the CFC is highly
flexible, the PdCo NTAs/CFC electrocatalyst have excellent
flexibility and show great potential for flexible fuel cell
devices; 4) the optimization of the Pd and Co atom ratio can
be easily realized in the PdCo NTAs by electrodeposition
method and accordingly the electrocatalytic performance can
be significantly improved. The electrochemical measure-
ments demonstrate that the synthesized PdCo NTAs/CFC
exhibits high electrocatalytic activity and durability for
ethanol oxidation. What is more, we demonstrate that the
PdCo NTAs/CFC has excellent flexibility and its electro-
catalytic activity, cycling durability, and CO stripping ability
are almost completely unaffected by the different bending
states, indicating promising prospects for flexible fuel cell
devices.

Scheme 1 shows the fabrication procedures of PdCo
NTAs/CFC; the details are described in the Experimental
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Section in the Supporting Information. Here the CFC is used
as a support (or current collector). A SEM image of the CFC
is shown in the Supporting Information, Figure S1, and it is
clear that the CFC consists of carbon fibers with diameters of
about 7 mm. ZnO nanorod arrays (NRAs) are first coated on
the surface of CFC to form ZnO NRAs/CFC, and they
perpendicularly stand around the carbon fiber (Supporting
Information, Figure S2). The diameters and lengths of ZnO
nanorods are about 300 nm and 3.0 mm, respectively. Then
PdCo alloys were further coated on the surfaces of ZnO
NRAs to form ZnO@PdCo NRAs/CFC. It can be clearly seen
that the PdCo alloy wraps favorably share the surfaces of
ZnO NRAs and almost no deposit is packed into the
interspaces of ZnO nanorods (Supporting Information, Fig-
ure S3). After dissolving ZnO, the PdCo NTAs/CFC was
fabricated, and it shows excellent flexibility (Supporting
Information, Figure S4). SEM images of the PdCo NTAs/
CFC with different magnifications are shown in Figure 1a,b,

which shows PdCo nanotubes uniformly stand on the surface
of CFC and they are separate with each other. The magnified
SEM image of a typical PdCo nanotube is shown in Figure 1c,
which shows that the outer surface of PdCo nanotube consists
of many nanosheets, and thus will obviously further enhance
the surface area of catalysts. The EDX mapping is measured
on the PdCo nanotube to investigate the distributions of Pd
and Co. The corresponding EDX maps of elements Co and Pd
are shown in Figure 1d and e, respectively, which show that
the elements Co and Pd are both well-dispersed in the PdCo
nanotubes. The Pd/Co atomic ratio in PdCo NTAs is
determined to be about 0.23.

To confirm the hollow structure, a TEM image of a PdCo
nanotube was obtained (Figure 1 f), which clearly shows the
hollow structure and the nanotube surface is made of many
nanosheets. The thickness of nanotube wall is about 50 nm.
Obviously the hollow structure and nanosheets on the outer
surface of PdCo NTAs will offer a large void space, which will
be beneficial for mass transport of reactant and resultant
molecules and will obviously enhance the utilization rate of
electrocatalysts. A HRTEM image and SAED pattern of
PdCo NTAs were also measured and typical results are shown
in Figure 1g, which shows amorphous structures of PdCo
nanoparticles. An XRD pattern of PdCo NTAs/CFC is shown
in the Supporting Information, Figure S5, and no peak is seen
apart from the peaks of CFC. This can be attributed to
amorphous PdCo alloys in the sample.

To investigate the effect of Co on the electron structure of
Pd, an XPS spectra of PdCo NTAs/CFC and Pd NTAs/CFC in
the Pd3d regions were measured (Figure 2a). Each Pd 3d

peak can be deconvoluted into two pairs of doublets. A
comparison of the relative areas of integrated intensity of Pd0

and PdII shows that plentiful Pd exists as PdII in the Pd NTAs/
CFC catalyst, while less PdII is observed in the PdCo NTAs/
CFC catalyst, indicating that the introduction of Co can
significantly increase relative content of Pd0 in the PdCo
NTAs/CFC catalyst. Further, Figure 2a shows that the Pd 3d5/2

and 3d3/2 peaks of PdCo NTAs both shift to higher binding
energies (335.94 and 341.21 eV) relative to the Pd 3d5/2 and

Scheme 1. Representation of the fabrication of PdCo NTAs/CFC by
ZnO template-assisted electrodeposition.

Figure 1. a,b) SEM images of PdCo NTAs/CFC at different magnifica-
tions; c) SEM image of a typical PdCo nanotube; d) Co elemental
mapping in the PdCo nanotube; e) Pd elemental mapping in the PdCo
nanotube; f) TEM image of a typical PdCo nanotube; g) HRTEM
image and SAED pattern (inset) of PdCo nanotube.

Figure 2. XPS spectra of a) Pd3d and b) Co 2p performed on the PdCo
NTAs/CFC, Pd NTAs/CFC, and Co NTAs/CFC.
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3d3/2 peaks of Pd NTAs/CFC (335.67 and 340.94 eV). The
positive shifts (ca. 0.27 eV) of Pd peaks in binding energies
confirm the strong electron interactions involving Pd and Co
in the PdCo NTAs. Further, Figure 2 b shows that the Co 2p3/2

and 2p1/2 peaks of PdCo NTAs both shift to higher binding
energies relative to Co2p3/2 and 2p1/2 peaks of Co NTAs/CFC.
The positive shifts (ca. 0.75 eV) of Co peaks in the binding
energies also confirm the strong electron interactions involv-
ing Pd and Co in the PdCo NTAs. The electron interactions
between Pd and Co will obviously alter electronic states of Pd
atoms and accordingly will possibly improve the electro-
catalytic activity and durability of PdCo NTAs.

The PdCo NTAs/CFC electrocatalyst was firstly evaluated
by the electrochemically active surface area (ECSA) that is an
important parameter for the assessment of electrochemically
active sites of electrocatalysts. The ESCA of PdCo NTAs/
CFC can be calculated from the area of the reduction peak of
PdO. Figure 3 a shows CVs of PdCo NTAs/CFC, Pd NTAs/

CFC, and Pd/C catalysts in the deaerated KOH solution
(1.0m) at 50 mVs�1. The ECSA (m2/gPd) of the catalysts is
estimated according to the equation ECSA = Q/(0.405 � WPd),
where WPd represents Pd loading (mg/cm2) on the electrode,
Q is the coulombic charge by integrating peak area of the

reduction of PdO (mC), and 0.405 represents the charge
required for the reduction of PdO monolayer (mC/cm2

Pd).[24]

Herein, the ESCA of PdCo NTAs/CFC is calculated to be
50.13 m2 g�1, which is remarkably larger than those of Pd
NTAs/CFC (28.11 m2 g�1) and commercial Pd/C catalysts
(23.82 m2 g�1). The enhancement in ESCA of PdCo NTAs/
CFC can be attributed to hollow nanotube structure, hier-
archical structure in the walls of PdCo nanotubes, high
content of metallic Pd, and the effect of Co on the electronic
state of Pd.

Electrocatalytic activities of PdCo NTAs/CFC, Pd NTAs/
CFC and commercial Pd/C catalysts for ethanol oxidation
were investigated in the solution of 1.0m KOH + 1.0m
C2H5OH at 50 mVs�1, and the representative CVs are
shown in Figure 3b. The mass peak current density (normal-
ized to the mass of Pd) of PdCo NTAs/CFC is almost 1.7 times
higher than that of Pd/CFC NTAs and 4 times higher than that
of commercial Pd/C, indicating PdCo NTAs/CFC have
a much higher mass catalytic activity than Pd NTAs/CFC
and commercial Pd/C. Among the potentials of 0.81–0.99 V,
the PdCo NTAs/CFC always shows much higher mass activity
than Pd NTAs/CFC and commercial Pd/C at a certain
potential. Furthermore, when the current densities all are
normalized to the ECSAs of catalysts, the PdCo NTAs/CFC
shows circa 1.15 and circa 2.28 times higher current density
than Pd NTAs/CFC and commercial Pd/C catalysts, respec-
tively, as shown in the Supporting Information, Figure S7,
indicating the PdCo NTAs/CFC also have a higher ECSA
catalytic activity than Pd NTAs/CFC and commercial Pd/C
catalysts. Herein, we also studied the effect of the composi-
tions of PdCo NTAs on catalytic activity of catalysts. CVs of
PdCo NTAs/CFC catalysts with different contents of Pd in the
solution of 1.0m C2H5OH + 1.0m KOH at 50 mVs�1 are
shown in the Supporting Information, Figure S9, and the
summary of mass peak current densities is shown in the
Supporting Information, Table S2. It is clear to see that the
mass catalytic activity reaches to the maximum when the ratio
of Pd/Co in PdCo NTAs/CFC is 0.23.

Figure 3c shows various CVs of PdCo NTAs/CFC with
increasing cycle number in the solution of 1.0m KOH + 1.0m
C2H5OH at 50 mVs�1, and the change of peak current density
versus cycle number is shown in the Figure 3d. The catalytic
activity of PdCo NTAs/CFC has an increase in the initial
cycles and the maximum peak current density appears at the
60th cycle. After the 60th cycle, the peak current density
exhibits a slow attenuation with further increasing cycle
number. After 500 cycles, the conservation rate of peak
current density is about 90.6% of the maximum value,
indicating that the PdCo NTAs/CFC have superior cycling
stability for ethanol electrooxidation. Compared with PdCo
NTAs/CFC, the Pd NTAs/CFC and commercial Pd/C cata-
lysts exhibit lower conservation rates of the maximum peak
current densities (84.9 % and 81.6 %, respectively) after 500
cycles as shown in Figure 3d. Therefore, the PdCo NTAs/CFC
exhibit enhanced cycling stability compared with the Pd
NTAs/CFC and commercial Pd/C catalysts. Furthermore,
Figure 3d also shows PdCo NTAs/CFC catalyst owns much
higher catalytic activity than Pd NTAs/CFC and commercial
Pd/C catalysts during 500 cycles. After 500 cycles, the

Figure 3. a) CVs of PdCo NTAs/CFC, Pd NTAs/CFC, and commercial
Pd/C in 1.0m KOH solution at 50 mVs�1; b) CVs of PdCo NTAs/CFC,
Pd NTAs/CFC, and commercial Pd/C in 1.0m KOH + 1.0m C2H5OH at
50 mVs�1; c) CVs of PdCo NTAs/CFC from 1 st to 500th cycle in
solution of 1.0m KOH + 1.0m C2H5OH at 50 mVs�1; d) The cycling
stability of peak current densities of PdCo NTAs/CFC, Pd NTAs/CFC,
and commercial Pd/C with increasing cycles; e) SEM image of PdCo
NTAs/CFC after 500 cycles; f) Chronoamperometry curves measured
in 1.0m KOH + 1.0m C2H5OH at 50 mVs�1 (the corresponding poten-
tial was held at 0.77 V during the measurements).
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morphology of PdCo NTAs/CFC is still maintained very well
as shown in the Figure 3e, indicating the excellent structure
stability of PdCo NTAs/CFC.

To further evaluate the electrocatalytic activity and
stability of the PdCo NTAs/CFC catalyst, chronoampero-
metric experiments of PdCo NTAs/CFC, Pd NTAs/CFC, and
commercial Pd/C catalysts were carried out in 1.0m ethanol +

1.0m KOH solution (Figure 3 f). The potential was held at
0.77 V during the measurements. It is found that the mass
current density of PdCo NTAs/CFC is always much higher
than those of Pd NTAs/CFC and commercial Pd/C catalysts,
further demonstrating that the PdCo NTAs/CFC owns
a significantly enhanced electrocatalytic activity. This result
is in agreement with the CVs shown in Figure 3b. Further-
more, the PdCo NTAs/CFC shows much slower current decay
over time than Pd NTAs/CFC and Pd/C catalysts, indicating
that the PdCo NTAs/CFC catalyst has a much better
durability for ethanol oxidation.

To develop the flexible electrocatalysts, the catalytic
performance should be kept unchanged under the different
bending states. Herein, the effect of the flexibility of PdCo
NTAs/CFC on ESCA and catalytic activity is studied. To
investigate the ESCA of PdCo NTAs/CFC at the different
distorted states, CVs at the normal, bending, and twisting
states were measured in the deaerated KOH solution (1.0m)
at 50 mVs�1 (Figure 4a). It is clear to see that the CVs of

PdCo NTAs/CFC almost keep the same under the different
states of normal, bending, and twisting. Furthermore, CVs of
PdCo NTAs/CFC at different bending states were measured
in the solution of 1.0m KOH + 1.0m C2H5OH at 50 mVs�1

(Figure 4b), which also shows the CVs almost keep the same
under the different bending states. Therefore, the above
results indicate that the PdCo NTAs/CFC is an excellent
flexible electrocatalyst, and its ESCA and electrocatalytic
activity almost are not affected by the different bending
states.

To evaluate CO antipoisoning ability of PdCo NTAs/CFC,
CO oxidation experiments were carried out at room temper-
ature in the solution of 1.0m KOH that was purged with
nitrogen for 30 min and then was bubbled with CO gas
(99.99%) for 15 min. The potential was kept at 0.27 V to
achieve the maximum coverage of CO at the Pd active
centers. The residual CO in the solution was excluded by N2

(99.99%) for 20 min. Figure 5a shows two consecutive CVs of

PdCo NTAs/CFC recorded within the potentials between 0.27
and 1.27 V at 50 mVs�1 in the saturated CO solution of 1.0m
KOH. In the first forward scan, it is clear to see that a large
CO oxidation peak appears. On the second forward scan, the
CO oxidation peak disappears owing to the complete
elimination of CO on the surface of catalyst, indicating high
CO antipoisoning ability of PdCo NTAs/CFC. To investigate
the effect of flexibility of PdCo NTAs/CFC on CO antipoi-
soning ability under the different distorted states, the CO
oxidation measurements were carried out at the normal,
bending, and twisting states of PdCo NTAs/CFC in the
saturated CO solution of 1.0m KOH as shown in the
Figure 5b, which shows the CVs of the first scans almost are
the same and those of the second scans are also the same too.
Therefore, the CO antipoisoning ability of PdCo NTAs/CFC
electrocatalyst is almost not affected by the different distorted
states.

In conclusion, we have demonstrated an electrodeposition
strategy for the fabrication of novel flexible PdCo NTAs/CFC
electrocatalysts. The PdCo NTAs/CFC catalysts exhibit sig-
nificantly enhanced electrocatalytic activity and cycling
stability towards ethanol oxidation, indicating promising
potential of PdCo NTAs/CFC for DEFCs. Most importantly,
because of invariant performance under the various distorted
states, such as normal, bending, and twisting states, the PdCo
NTAs/CFC provides a fundamental opportunity for the
development of flexible electrocatalysts. Considering the
excellent performance and flexibility of PdCo NTAs/CFC,
the present encouraging findings might open up a new avenue
for the development of high-performance flexible Pd-based
alloy NTAs/CFC catalysts for fuel cells.
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