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High-performance polypyrrole functionalized PtPd
electrocatalysts based on PtPd/PPy/PtPd three-layered
nanotube arrays for the electrooxidation of small
organic molecules

Han Xu1,2, Liang-Xin Ding1,2, Chao-Lun Liang1, Ye-Xiang Tong1 and Gao-Ren Li1

Here, we report novel high-performance polypyrrole (PPy) functionalized PtPd electrocatalysts based on PtPd/PPy/PtPd three-

layered nanotube arrays (TNTAs) for the electrooxidation of small organic molecules, such as methanol, ethanol and formic

acid, which are superior fuels for direct alcohol fuel cells (DAFCs) or direct formic acid fuel cells (DFAFCs). The unique hollow

structures, array structures and sandwich-like structures of PtPd/PPy/PtPd TNTAs will provide fast transport and short diffusion

paths for electroactive species as well as a large exposed surface area for efficient interaction with electroactive species. In

particular, the unique sandwich-like structure of PtPd/PPy/PtPd TNTAs results in electron delocalization among the Pt 4f

orbitals, Pd 3d orbitals and PPy p-conjugated ligands, and in electron transfer from the PPy to Pt and Pd atoms, leading to

higher contents of metallic Pt and Pd and synergistic effects for electrocatalytic reactions. Because of the above merits, the

designed PtPd/PPy/PtPd TNTAs exhibit significantly improved catalytic activity and durability for the electrooxidation of small

organic molecules compared with those of PtPd TNTAs and commercial Pt/C and Pd/C catalysts.
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INTRODUCTION

Platinum is the best electrocatalyst for fuel cells, which have been
regarded as promising future power sources, although great progress
has been made towards the fabrication of non-platinum electrocata-
lysts, such as the functionalized carbon-nanotubes/graphene and non-
precious metal oxides.1–5 However, several critical issues must be
solved before Pt-based electrocatalysts can be commercialized. For
example, the electrocatalytic reaction is kinetically limited, the low
CO poisoning tolerance causes severe durability of catalyst, and the
scale of Pt catalysts leads to high cost.6–10

To address these issues, many recent efforts have been devoted to
synthesizing Pt–M bimetallic electrocatalysts (where M¼Pd, Co, Ni,
Fe, Au, Cu, and so on).11–16 The bimetallic Pt-based electrocatalysts
have unusual electronic structures and arrangements of surface atoms
in the near-surface region, and accordingly exhibit improved
electrocatalytic activity and cycle stability compared with the mono-
metallic Pt.17–21 Because of the outstanding activity derived from
the presence of powerful catalytic components of Pt and Pd, the
bimetallic PtPd composites are particularly favorable for reducing the

Pt consumption.22–30 An alternative approach is to tailor the
nanostructures of Pt-based catalysts to obtain high performance.31–

39 Noble metal nanomaterials embedded in one-dimensional (1D)
nanotube arrays have been highlighted in literature reports.40–41 In
contrast to nanoparticles, 1D nanotube arrays can obviously improve
the mass transport and catalyst utilization because of their unique
anisotropy and hollow nanostructures, which make them less
vulnerable to dissolution, Ostwald ripening and aggregation during
fuel cell operation.42–44 In addition, the hybridization method
provides an effective strategy to enhance the performance of
catalysts.45–51 Conducting polymers, such as polypyrrole (PPy) and
polyaniline (PANI), have received special attention as dopants in
catalyst applications because of their unique p-conjugated structures,
which lead to good environmental stability, high electrical and proton
conductivity in acidic environments and unique redox properties.52–56

Recently, we demonstrated that the addition of PANI could obviously
improve the electrocatalytic activity and durability of Pd catalysts.57

Therefore, by combining the merits of bimetallic PtPd, conducting
polymers and nanotube arrays (NTAs), novel electrocatalysts with low
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cost and high catalytic activity and durability can be designed and
fabricated because of special synergistic effects and shape effects.
However, to date, almost no studies have focused on this challenge.

Based on the above considerations, in this study, we developed
novel PPy functionalized PtPd electrocatalysts based on PtPd/PPy/
PtPd three-layered nanotube arrays (TNTAs) for the electrooxidation
of small organic molecules such as methanol, ethanol and formic acid,
which are superior fuels for direct alcohol fuel cells (DAFCs) or direct
formic acid fuel cells (DFAFCs). The motivation for designing such
PtPd/PPy/PtPd TNTAs are as follows: (i) the interactions of PPy
layers with PtPd layers would alter the electronic states of Pt and Pd
atoms, leading to synergistic effects for catalytic reactions; (ii) the
special PtPd/PPy/PtPd TNTAs would relax the transport of active
species because of the hollow nanotube array structures, and the
double thin layers of PtPd in the TNTAs would enable fast
electrocatalytic reactions and provide short diffusion paths for the
electroactive species; (iii) the PtPd/PPy/PtPd TNTAs would obviously
enhance the utilization rate of electrocatalysts because of the hollow
structure, array structure and anisotropic morphology; and (iv) PtPd/
PPy/PtPd TNTAs that are directly grown onto a conductive substrate
provide excellent electrical contact with the current collectors, which
would enable each PtPd/PPy/PtPd nanotube to effectively participate
in catalytic reactions and eliminate almost all of the ‘dead’ volume.
The electrochemical measurements confirmed that the designed PtPd/
PPy/PtPd TNTAs exhibit significantly enhanced electrocatalytic per-
formance and long-term cycle stability compared with PtPd NTAs as
well as the commercial Pt/C and Pd/C catalysts. To our knowledge,
this is the first study of electrooxidation of small organic molecules on
PtPd/PPy/PtPd TNTAs.

MATERIALS AND METHODS

Synthesis of PtPd/PPy/PtPd TNTAs
All chemical reagents were analytical (AR) grade. Electrochemical synthesis was

performed in a simple three-electrode electrolytic cell via galvanostatic electro-

deposition, and a graphite electrode was used as the counter electrode (spectral

grade, 1.8 cm2). The saturated calomel electrode (SCE) was used as the reference

electrode, which was connected to the cell with a double salt bridge system. The

PtPd/PPy/PtPd TNTAs were fabricated using the following procedures:

(1) A ZnO nanorod array template was electrodeposited in a solution of

0.01 M Zn(NO3)2þ 0.05 M NH4NO3 with a current density of

0.5 mA cm�2 at 70 1C for 90 min. Ti plates (99.99%, 1.5 cm2) were used

as the substrate for electrodeposition, which were prepared using the

following steps before each experiment: first, they were polished by SiC

abrasive paper with coarseness ranging from 300 to 800 grits; then, they

were dipped in HCl solution (5%) for 10 min, rinsed with acetone in an

ultrasonic bath for 5 min and finally washed with distilled water.

(2) ZnO@PtPd core–shell nanorod arrays were prepared by the electrodeposi-

tion of PtPd onto the surfaces of ZnO nanorods in a solution of 1.0�
10�3 M H2PtCl6þ 0.6� 10�3 M PdCl2þ 1.0� 10�3 M NaH2PO2 �H2Oþ
0.2� 10�3 M C6H5Na3O7 � 2H2O (the pH value was controlled to 4.0±0.2

with NaOH) with a current density of 0.25 mA cm�2 at 30 1C for 35 min.

(3) PPy layers were electrodeposited onto the surfaces of ZnO@PtPd nanorod

arrays to form ZnO@PtPd@PPy in a solution of 0.01 M pyrroleþ 0.05 M

Na2SO4 by galvanostatic electrolysis at 1.0 mA � cm�2 for 30 min at 70 1C.

(4) PtPd layers were further electrodeposited onto the surfaces of

ZnO@PtPd@PPy nanorods to form ZnO@PtPd@PPy@PtPd nanorods in

a solution of 1.0� 10�3 M H2PtCl6þ 0.6� 10�3 M PdCl2þ 1.0� 10�3 M

NaH2PO2 �H2Oþ 0.2� 10�3 M C6H5Na3O7 � 2H2O (the pH value was

controlled to 4.0±0.2 with NaOH) with a current density of

0.25 mA � cm�2 at 30 1C for 35 min.

(5) The synthesized ZnO@PtPd@PPy@PtPd nanorod arrays were immersed in

a 3% NH3 �H2O solution for 2 h to completely remove the ZnO nanorod

array template, and the PtPd/PPy/PtPd TNTAs were finally fabricated. The

fabricated PtPd/PPy/PtPd TNTAs were washed with doubly deionized

H2O several times.

Characterization of the PtPd/PPy/PtPd TNTAs
The morphologies of the synthesized PtPd/PPy/PtPd TNTAs were characterized

using a field-emission scanning electron microscope (FE-SEM, JSM-6330F), a

transmission electron microscope (TEM, JEM-2010HR) and a high-angle

annular dark-field scanning TEM (HAADF-STEM, FEI Tecnai G2 F30). The

chemical composition of the PtPd/PPy/PtPd TNTAs was characterized by

energy-dispersive X-ray spectroscopy (EDS, INCA 300) and X-ray photoelec-

tron spectroscopy (XPS, ESCALAB 250). All XPS spectra were corrected using

the C 1s line at 284.6 eV. Curve fitting and background subtraction were used.

Electrochemical measurements
Cyclic voltammetry and chronoamperometry measurements were performed

on a CHI 760D electrochemical workstation (CH instruments, Inc.) with a

standard three-electrode electrolytic cell. A Pt foil served as the counter

electrode. A SCE was used as the reference electrode (in this paper, all

potentials were the values vs SCE). Prior to performing the measurements, the

electrolyte solution was purged with high-purity nitrogen gas for at least

10 min. All electrochemical measurements were performed at 25±3 1C. PtPd/

PPy/PtPd TNTAs grown on a Ti substrate served as the working electrode.

Before the electrochemical measurements were performed, the surfaces of the

PtPd/PPy/PtPd TNTAs were covered by 10ml of Nafion (5 wt%) solution. The

electrodes, with commercial Pt/C catalysts used as working electrodes, were

prepared as follows: a glassy carbon electrode (diameter of 4 mm and an

apparent surface area of 0.1256 cm2) was polished with 0.3 and 0.05mm Al2O3

sequentially and then washed with doubly deionized H2O three times. Eight

milligrams of Pt/C catalyst (20% Pt on Vulcan XC-72, JM) and 2 ml of

C2H5OH were mixed to obtain the catalyst slurry. Then, 8.5ml of slurry was

uniformly spread onto the surface of the glassy carbon electrode. After drying,

4.5ml of Nafion (5.0 wt.%) solution was applied to cover the surface of the

catalyst layer, thus completing the fabrication of the working electrode of

commercial Pt/C (Pt loading: 54mg cm�2). The electrodes with commercial

Pd/C used as working electrodes were prepared by the same procedure

described above (Pd loading: 24mg cm�2). CV curves of methanol, ethanol

and formic acid oxidation reactions were recorded between �0.20 and 1.00 V

vs SCE at a scan rate of 100 mV s�1. Chronoamperometry curves of methanol,

ethanol and formic acid oxidation reactions were measured at 0.55, 0.65 and

0.20 V. For the above CV and chronoamperometry measurements, a solution of

0.5 M CH3OHþ 0.5 M H2SO4 was used for the methanol oxidation reaction, a

solution of 0.5 M CH3CH2OHþ 0.5 M H2SO4 was used for the ethanol

oxidation reaction and a solution of 0.5 M HCOOHþ 0.5 M H2SO4 was used

for the formic acid oxidation reaction. Prior to all experiments, the electrolyte

solution was purged with high-purity nitrogen gas for 10 min. All electro-

chemical measurements were performed at room temperature (25±3 1C).

RESULTS AND DISCUSSION

The schematic illustration of the procedures utilized to fabricate
PtPd/PPy/PtPd TNTAs is shown in Figure 1. After the fabrication of
the ZnO nanorod arrays (NRAs), PtPd layers were then electro-
deposited onto the surfaces of the ZnO nanorods to form PtPd/ZnO
NRAs. PPy layers were further electrodeposited onto the surfaces of
the PtPd/ZnO NRAs to form PPy/PtPd/ZnO NRAs. Next, the PtPd
layers were further electrodeposited onto the surfaces of the PPy/
PtPd/ZnO NRAs to form PtPd/PPy/PtPd/ZnO NRAs. Finally, the
PtPd/PPy/PtPd TNTAs were fabricated by dissolving the ZnO
nanorods from the PtPd/PPy/PtPd/ZnO NRAs in a 0.5 M NaOH
solution. The details of the fabrication procedures are described in the
experimental section in the supporting information. SEM images of
the synthesized ZnO, PtPd/ZnO, PPy/PtPd/ZnO and PtPd/PPy/PtPd/
ZnO NRAs are shown in Figures 2a–d, respectively. A typical SEM
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image of the fabricated PtPd/PPy/PtPd TNTAs is shown in Figure 3a.
The nanotubes are separated from each other, and the high density of
voids in the volume of material can be clearly observed; thus, an
excellent three-dimensional (3D) space for the mass transfer of
reactant and resultant molecules exists in the PtPd/PPy/PtPd TNTAs.
The lengths of the PtPd/PPy/PtPd nanotubes are approximately 2mm.
A typical TEM image of the PtPd/PPy/PtPd TNTAs is shown in
Figure 3b, which indicates that the PtPd/PPy/PtPd TNTAs have a
homogeneous wall thickness of approximately 60 nm and an inner
diameter of approximately 200 nm. To verify the sandwich-like
nanostructures in the PtPd/PPy/PtPd TNTAs, a TEM image of the

frontal view of a PtPd/PPy/PtPd nanotube is shown in Figure 3c,
which reveals the sandwich-like structures and indicates the successful
fabrication of PtPd/PPy/PtPd TNTAs. The magnified TEM image of
the PtPd layers in the marked red area in Figure 3c is shown in
Figure 3d, which indicates that the PtPd layers consist of nanocrystals
of a size ranging from 3 to 4 nm. The magnified TEM image of the
middle PPy layers in the marked green area in Figure 3c is shown in
Supplementary Figure S1, which indicates that the PPy layers are
amorphous. The unique sandwich-like structures in the PtPd/PPy/
PtPd TNTAs enable the electroactive species to have complete access
to the catalysts, thus enabling the PtPd layers to efficiently participate

Figure 1 Schematic illustration of the fabrication process of the PtPd/PPy/PtPd TNTAs.

Figure 2 SEM images of the fabricated (a) ZnO NRAs, (b) PtPd/ZnO NRAs, (c) PPy/PtPd/ZnO NRAs and (d) PtPd/PPy/PtPd/ZnO NRAs.
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in the electrocatalytic reactions. For comparison, PtPd nanotube
arrays (NTAs) were also synthesized by a similar method, and an
SEM image of some representative NTAs is shown in Supplementary
Figure S2.

To further study the PtPd layers in PtPd/PPy/PtPd TNTAs, high-
angle annular dark-field scanning TEM (HAADF-STEM) images were
obtained in the marked area in Figure 3b and a typical HAADF-
STEM image is shown in Figure 3e, which reveals the dispersed PtPd
nanocrystals of a size of approximately 4 nm. EDX mapping was
performed in the marked area in Figure 3e to characterize the
distributions of Pt and Pd. The corresponding EDX maps for
elements of Pt and Pd are shown in Figures 3f and g, respectively,
which indicate that the elements of Pt and Pd both are well dispersed
in the PtPd layers. The Pt/Pd atomic ratio in the PtPd/PPy/PtPd
TNTAs was determined to be approximately 57/43. The XRD pattern
of the PtPd/PPy/PtPd TNTAs is shown in Figure 4a, and no peak is
observed other than the peaks of the Ti substrate. This lack of
response can be attributed to the small size of the PtPd nanocrystals
and the amorphous PPy layers in the sample.

Fourier transform IR spectroscopy (FTIR) spectra of the PtPd/PPy/
PtPd TNTAs and PPy NTAs are shown in Figure 4b. For the PPy

NTAs, the strong peak at approximately 1109 cm�1 indicates the
doping state of PPy, and the broad band at 3000–3500 cm�1 is
attributed to the C–H and N–H stretching vibrations of PPy.55–56,58–60

The peak at 1263 cm�1 is attributed to the C–N stretching vibrations
of PPy.61 The PtPd/PPy/PtPd TNTAs exhibit a similar FTIR spectrum
to that of the PPy films, as shown in Figure 4b. The differences
between the FTIR spectra of the PtPd/PPy/PtPd TNTAs and the PPy
NTAs are the shift in the characteristic bands to higher wave numbers
and the stronger peak intensities for the PtPd/PPy/PtPd TNTAs,
which suggests the presence of electron interactions between the PPy
layers and the PtPd nanocrystals.

To investigate the effects of PPy on the electron structures of Pt and
Pd, XPS spectra of PtPd/PPy/PtPd TNTAs and PtPd NTAs in the Pt
4f, Pd 3d and N 2p regions were measured. For every sample, the Pt 4f
peak can be deconvolved into two pairs of doublets, as shown in
Figure 5a-b. A comparison of the relative areas of the integrated
intensity of the Pt0 and PtII peaks in Figure 5a indicates that most of
the Pt exists as PtII in the PtPd NTAs, whereas much less PtII exists in
the PtPd/PPy/PtPd TNTAs, as shown in Figure 5b; thus, the
introduction of PPy can significantly decrease the content of PtII

and increase the relative content of Pt0 in PtPd/PPy/PtPd TNTAs.

Figure 3 (a) SEM image of the PtPd/PPy/PtPd TNTAs; (b) TEM image of a typical PtPd/PPy/PtPd nanotube; (c) TEM image of a frontal PtPd/PPy/PtPd

nanotube; (d) HRTEM image of the area marked red in (c); (e) HAADF-STEM image of the marked area in (b); (f) Pt elemental mapping image of the

marked area in (e); (g) Pd elemental mapping image of the marked area in (e).
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In addition, we observed a definite positive shift of B0.25 eV in the
binding energy of Pt 4f in the PtPd/PPy/PtPd TNTAs relative to that
in the PtPd NTAs, indicating the change of the electronic states of the
Pt atoms. For the PtPd/PPy/PtPd TNTAs and the PtPd NTAs, the Pd
3d peak can also be deconvolved into two pairs of doublets, as shown
in Figures 5c and d. A comparison of the integrated intensities of the
Pd0 and PdII peaks in Figure 5c indicates that more Pd exists as Pd0 in
the Pd/PPy/Pd TNTAs and that less PdII is present, that is, the relative
content of Pd0 in the PtPd/PPy/PtPd TNTAs increased. The Pd 3d
peaks of the PtPd/PPy/PtPd TNTAs shifted by approximately 0.44 eV
to higher binding energies relative to those of the PtPd NTAs,
indicating the change of the electronic states of the Pd atoms. The
XPS spectra of the PtPd/PPy/PtPd TNTAs and the PPy NTAs in the N
2p regions are shown in Figures 5e and f, respectively; compared with
the PPy NTAs, the PtPd/PPy/PtPd TNTAs exhibit a much higher
content of ¼N-. We also observed a definite positive shift of
B0.55 eV in the binding energy of -NH- for the PtPd/PPy/PtPd
TNTAs relative to the PPy NTAs. Therefore, the above shifts in
binding energy of the Pt 4f, Pd 3d and N 2p peaks confirm the
presence of electron interactions among Pt, Pd and PPy in the PtPd/
PPy/PtPd TNTAs, which lead to a higher content of metallic Pt and
Pd and to synergistic effects for electrocatalytic reactions.

The electrocatalytic activity of the PtPd/PPy/PtPd TNTAs and of
the PtPd NTAs and Pt/C catalysts towards methanol oxidation was

studied in a solution of 0.5 M CH3OHþ 0.5 M H2SO4, and the CVs
at 100 mV s�1 are shown in Figure 6a; the specific electroactivity of
PtPd/PPy/PtPd TNTAs was B4.5 times and B5.2 times higher than
that of the PtPd NTAs and the Pt/C catalysts, respectively. (The
current densities all are normalized to the electrochemically active
surface area (ECSA).) The PtPd/PPy/PtPd TNTAs also exhibited an
obviously lower onset potential of the forward anodic peak than those
of the PtPd NTAs and Pt/C catalysts, as shown in Figure 6b,
indicating that they are more favorable for methanol electrooxidation.
In addition, the onset potential of the backward scan peak of the
PtPd/PPy/PtPd TNTAs obviously shifted positively relative to those of
the PtPd NTAs and the commercial Pt/C catalyst, as shown in
Figure 6c. It is well known that the backward anodic peak is attributed
to the continuous oxidation of incompletely oxidized carbonaceous
intermediates, such as CO, HCOO�, and HCO�, accumulated on the
surfaces of the catalysts during methanol oxidation.62 Therefore, the
positive shift of the onset potential of the backward scan peak suggests
the weakened chemisorption of the intermediate species on the PtPd/
PPy/PtPd TNTAs, which will facilitate the removal of the adsorbed
intermediate species to generate clean and active surface sites, thereby
enhancing the electroactivity and durability of the PtPd/PPy/PtPd
TNTAs.

The CVs of the PtPd/PPy/PtPd TNTAs with an increasing cycle
number are shown in Figure 6d, and the corresponding change of the

Figure 4 (a) XRD patterns of the Ti substrate, PtPd NTAs and PtPd/PPy/PtPd TNTAs; (b) FT-IR spectra of the PPy NTAs and the PtPd/PPy/PtPd TNTAs.

Figure 5 XPS spectra of Pt 4f of the (a) PtPd NTAs and (b) PtPd/PPy/PtPd TNTAs; XPS spectra of Pd 3d of (c) PtPd NTAs and (d) PtPd/PPy/PtPd TNTAs;

and XPS spectra of N 2p of (e) PPy NTAs and (f) PtPd/PPy/PtPd TNTAs.
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peak current density is shown in Figure 6e. At the initial cycles, the
peak current density of the PtPd/PPy/PtPd TNTAs drastically
increases, and the maximum peak current density appears at
approximately the 50th cycle. After 50 cycles, the peak current density
exhibits a slow attenuation with further increases in the cycle number.
After 500 cycles, the conservation rate of the peak current density is
B81.16% of the maximum value, indicating that the PtPd/PPy/PtPd
TNTAs have good cycle stability for methanol electrooxidation.
However, the peak current density of the PtPd NTAs exhibits a much
lower conservation rate (B56.07%) of the maximum value than do
the PtPd/PPy/PtPd TNTAs after 500 cycles, as shown in Figure 6f.
Therefore, the PtPd/PPy/PtPd TNTAs exhibit a significantly enhanced
cycle stability compared with the PtPd NTAs catalysts, indicating the
positive role of PPy in performance enhancement of the PtPd
catalysts.

To further evaluate the advantage of PPy in resisting surface
poisoning of the electrocatalysts, the chronoamperometry curves of
the PtPd/PPy/PtPd TNTAs, PtPd NTAs and Pt/C catalysts were
measured in a solution of 0.5 M CH3OHþ 0.5 M H2SO4, as shown
in Figure 6g. The potentials were held at 0.55 V during the

measurements. Compared with the PtPd NTAs and Pt/C catalysts,
the PtPd/PPy/PtPd TNTAs clearly exhibited a much higher current
density over time and a much slower attenuation, indicating a much
higher catalytic activity for methanol electrooxidation and a much
higher tolerance to the carbonaceous species generated during
methanol electrooxidation.

The above results demonstrate the high electrocatalytic activity and
cycle stability of PtPd/PPy/PtPd TNTAs, and the structure of the
PtPd/PPy/PtPd TNTAs enables the enhanced performance of cata-
lysts. This enhancement may be attributed to the special shape effects
and synergistic effects: first, the TNTAs, with a hollow structure, a
sandwich-like structure, an array structure and anisotropic morphol-
ogy, provide efficient diffusion paths for electroactive species, which
significantly enhances the diffusion rate and intercalation of the
electroactive species and the utilization rate of the catalyst; second, the
electron delocalization among the Pt 4f orbitals, the Pd 3d orbitals
and the PPy p-conjugated ligands in the PtPd/PPy/PtPd TNTAs will
alter the electronic structures of Pt and Pd and lead to synergistic
effects. The synergistic effects between the PPy layers and the PtPd
nanocrystals markedly lower the onset potential of the forward anodic

Figure 6 (a) CVs of the PtPd/PPy/PtPd TNTAs, PtPd NTAs and commercial Pt/C catalysts in a solution of 0.5M CH3OHþ0.5M H2SO4 at 100mVs�1;

(b) the magnified forward scan peaks of the CVs in (a); (c) the magnified backward scan peaks of CVs in (a); (d) CVs of the PtPd/PPy/PtPd TNTAs from the

1st to the 500th cycle; (e, f) The change of the peak current density with increasing cycle number for the (e) PtPd/PPy/PtPd TNTAs and (f) PtPd NTAs;

(g) chronoamperometry curves of the PtPd/PPy/PtPd TNTAs, PtPd NTAs and commercial Pt/C catalysts in a solution of 0.5M H2SO4þ0.5M CH3OH at

100mVs�1.
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peak, positively shift the onset potential of the backward scan peak,
and obviously enhance the electroactivity and durability of the PtPd/
PPy/PtPd TNTAs, as shown in Figures 6a–g. The special shape effects
and synergistic effects of the PtPd/PPy/PtPd TNTAs on catalytic
reactions are illustrated in detail in Figure 7.

Herein, the designed PtPd/PPy/PtPd TNTAs also exhibited high
electrocatalytic activity and durability for ethanol oxidation. Figure 8a
shows the electrocatalytic activity of the PtPd/PPy/PtPd TNTAs
towards ethanol oxidation compared with the PtPd NTAs and the
Pt/C catalysts in a solution of 0.5 M CH3CH2OHþ 0.5 M H2SO4. The
PtPd/PPy/PtPd TNTAs exhibited B4.5 times and 6.5 times higher
specific electroactivity than that of the PtPd NTAs and the Pt/C
catalysts, respectively. In addition, among the catalysts tested, the

PtPd/PPy/PtPd TNTAs exhibited the lowest onset potential of the
forward anodic peak, indicating they are the most favorable catalysts
for ethanol electrooxidation. Figure 8b shows the CVs of the PtPd/
PPy/PtPd TNTAs with increasing cycle number, and the correspond-
ing change of peak current density is shown in Figure 8c. The peak
current density of the PtPd/PPy/PtPd TNTAs drastically increases at
the initial cycles, and the maximum peak current density appears at
the 200th cycle. After 200 cycles, the peak current density nearly
remains constant with further increases of the cycle number. After 500
cycles, the attenuation of the peak current density is onlyB4.19%,
indicating excellent cycle stability of the PtPd/PPy/PtPd TNTAs
for ethanol oxidation. However, after 500 cycles, the PtPd NTAs
exhibit much more severe attenuation of the peak current density

Figure 7 Nanotube array architectures and sandwich-structured walls in PtPd/PPy/PtPd TNTAs provide rapid transport and short diffusion paths for

electroactive species; a large exposed surface for the efficient interaction with the electroactive species; and synergetic effects among Pt, Pd and PPy for

electrocatalytic reactions.

Figure 8 (a) CVs of the PtPd/PPy/PtPd TNTAs, PtPd NTAs and commercial Pt/C catalysts in a solution of 0.5M CH3CH2OHþ0.5M H2SO4 at 100mVs�1;

(b) CVs of the PtPd/PPy/PtPd TNTAs from the 1st to the 500th cycle; (c, d) the change of the peak current density with increasing cycle number for the (c)

PtPd/PPy/PtPd TNTAs and (d) PtPd NTAs; (e) chronoamperometry curves of the PtPd/PPy/PtPd TNTAs, PtPd NTAs and commercial Pt/C catalysts in a

solution of 0.5M H2SO4þ0.5M CH3CH2OH at 100mVs�1.
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(B29.34%) than that of the PtPd/PPy/PtPd TNTAs, as shown in
Figure 8d. Therefore, compared with the PtPd NTAs, the PtPd/PPy/
PtPd TNTAs exhibited significantly enhanced cycle stability as
catalysts for ethanol electrooxidation. Figure 8e shows the chron-
oamperometry curves of the PtPd/PPy/PtPd TNTAs, PtPd NTAs and
Pt/C catalysts as measured in a solution of 0.5 M CH3CH2OHþ 0.5
M H2SO4. Compared with the PtPd NTAs and the commercial Pt/C
catalysts, the PtPd/PPy/PtPd TNTAs exhibit significantly enhanced
electrocatalytic activity over time and a much higher tolerance to the
carbonaceous species generated during ethanol electrooxidation.

In addition, the designed PtPd/PPy/PtPd TNTAs exhibited high
catalytic activity and cycle stability for formic acid electrooxidation.
The electrocatalytic activity towards formic acid oxidation of the
PtPd/PPy/PtPd TNTAs and of the PtPd NTAs and the Pd/C catalysts
were studied in a solution of 0.5 M HCOOHþ 0.5 M H2SO4, as
shown in Figure 9a, which indicates that the specific electroactivity of
the PtPd/PPy/PtPd TNTAs is B2.4 times and 5.0 times higher than
those of the PtPd NTAs and the Pd/C catalysts, respectively. The CVs
of the PtPd/PPy/PtPd TNTAs with an increasing cycle number are
shown in Figure 9b, and the corresponding change of the peak current
density is shown in Figure 9c. After 250 cycles, the attenuation of the
peak current density of the PtPd/PPy/PtPd TNTAs is only B6.42%,
indicating excellent cycle stability of the PtPd/PPy/PtPd TNTAs for
formic acid electrooxidation. In contrast, the PtPd NTAs exhibited a
much more severe attenuation (33.38%) of the peak current density
than that of the PtPd/PPy/PtPd TNTAs after 250 cycles, as shown in
Figure 9d. Therefore, the PtPd/PPy/PtPd TNTAs exhibited signifi-
cantly improved cycle stability compared with that of the PtPd NTAs
for formic acid electrooxidation. The chronoamperometry curves of
the PtPd/PPy/PtPd TNTAs, PtPd NTAs and Pd/C catalysts in
Figure 9e also indicate that, among the catalysts tested, the PtPd/

PPy/PtPd TNTAs have the highest catalytic activity for formic acid
electrooxidation and the highest tolerance to the carbonaceous species
generated during the oxidation of formic acid. In addition, compared
with the PtPd/PPy/PtPd films and the PtPd/PPy two-layered nano-
tube arrays, the PtPd/PPy/PtPd TNTAs also exhibited high activity
and durability for the electrooxidation of methanol, ethanol and
formic acid, as shown in Supplementary Figures S3–S8.

CONCLUSIONS

In summary, we have designed and synthesized novel high-perfor-
mance PPy functionalized PtPd electrocatalysts based on PtPd/PPy/
PtPd TNTAs for the electrooxidation of small organic molecules. The
unique hollow structures, array structures and sandwich-like struc-
tures in the PtPd/PPy/PtPd TNTAs provide rapid transport via short
diffusion paths for electroactive species and a large exposed surface
area to enable efficient interaction with electroactive species. In
particular, the unique sandwich-like structure of PtPd/PPy/PtPd in
the sample results in both electron delocalization among the Pt 4f
orbitals, the Pd 3d orbitals and the PPy p-conjugated ligands and
electron transfer from PPy to the Pt and Pd atoms, leading to
synergistic effects for catalytic reactions. Because of the above merits,
the designed PtPd/PPy/PtPd TNTAs exhibit significantly improved
catalytic activity and durability for the electrooxidation of small
organic molecules compared with those of the PtPd NTAs and the
commercial Pt/C and Pd/C catalysts. The design strategy for creating
multi-walled composite nanotube arrays will pave the way towards
the fabrication of new catalysts with high performance in the future.
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Figure 9 (a) CVs of the PtPd/PPy/PtPd TNTAs, PtPd NTAs and commercial Pd/C catalysts in a solution of 0.5M HCOOHþ0.5M H2SO4 at 100mVs�1;

(b) CVs of the PtPd/PPy/PtPd TNTAs from the 1st to the 250th cycle; (c, d) the change of the peak current density with increasing cycle number for the (c)

PtPd/PPy/PtPd TNTAs and (d) PtPd NTAs; (e) chronoamperometry curves of the PtPd/PPy/PtPd TNTAs, PtPd NTAs and commercial Pd/C catalysts in a
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