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The ability to control the chemical composition and the
interface structure of multicomponent heterogeneous metal-
lic catalysts without the support of porous carbon materials
and foreign oxides is a challenging catalyst design area and
can be aided by understanding the respective function of the
metallic components. Generally, the alloy surface has an
unusual electronic structure and arrangement of surface
atoms in the near-surface region. A monolayer of noble
metals, such as Pt or Pd,[1] deposited on a host metal or alloy
may induce strain and ligand effects, which can improve the
activities.[2] The promising strategies to change activities
concern introducing a guest metal to form near-surface
alloys and heterogeneous interfaces[3] that endow the surface
and interface with improved catalytic properties.[3a,c,4] How-
ever, the active metals, including Au, Fe, Ni, Cu, are usually
alloyed or protected by noble metal layer, the naked-state
effect of these active metals on the catalytic activity is
unknown, but it is fascinating because of the unique interface
and different oxidation state of the active metal.

Recently, some research work focused on the unique
catalytic activity of dispersed metal nanoparticles supported
on oxides and the metal/oxide support interface boundary
sites has provided evidence for the enhancement of the
catalytic activity.[5] However, these support oxides are usually
impossible to reverse, which means that the oxides cannot be
reduced into metallic state, and the oxidation state cannot be
adjusted. Herein, we describe a Pd-Au/CuO@Cu heterostruc-
tured nanoparticle tube (HNT) catalyst, in which the CuO
layer can be formed at lower potential when a metal (gold)
component is added into the bimetallic PdCu system. The
CuO layer formation is aided by the potential difference of
the Au/Cu system. At negative potential, the CuO layer can
be reduced and the PdAuCu catalyst is restored.

The PdAuCu HNT was synthesized by a facile, non-
aqueous solution electrodeposition method.[6] Unlike the
seeded-growth method or metallic-precursor reduction[3c,7]

for the synthesis of heterostructure nanoparticle materials,
which require a mass of surfactants that will hinder the
catalytic activity of metal surface, this strategy just uses
dimethyl sulfoxide (DMSO) as a solvent and as a surfactant,
which is bound to the metal surface by the sulfur atom in an
inverted pyramid configuration and can be washed away
easily owing to it weak absorption on the surface.

We synthesized a family of PdAuCu HNT catalysts by a
one-step electrodeposition route onto an anodic aluminum
oxide (AAO) template in anhydrous DMSO solution without
the addition of any other surfactants (see Supporting Infor-
mation). The aim of designing a tubular structure is to
enhance the performance durability, eliminate the support-
effect problem, and relax the Ostwald ripening and aggrega-
tion in contrast to the situation for particles.[8] The scanning
electron microscopy (SEM) images in Figures 1a and 1b
show that the as-synthesized PdAuCu HNTs have lengths of
several micrometers and a diameter of about 300 nm. The
PdAuCu HNTs were completely dispersed and provided a
three-dimensional space for the mass transfer of O2 and H2O2

molecules. A typical transmission electron microscopy

Figure 1. SEM images of PdAuCu HNTs showing the tubular (a) and
well-dispersed (b) features. c) TEM image of a single PdAuCu HNT.
Top inset: the electron diffraction pattern. Bottom inset: Montage
showing the corresponding EDX maps of the Pd-L, Au-M, and Cu-K
signals (Pd green, Au blue, Cu red; the overlay is a reconstructed
PdAuCu HNT; inset scale bar is 500 nm). d) XPS scans of PdAuCu,
PdCu, and PdAu HNTs; Cu* indicates the Auger line of Cu.
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(TEM) image of the PdAuCu HNT shows the homogeneous
wall thickness (Figure 1c). The tube wall is porous and
consists of several layers of overlapped tiny particles, so the
inner surfaces of the tubular catalyst are available as active
sites (see Figure S1 in the Supporting Information). The size
of the PdAuCu particles is about 2–6 nm, as revealed by the
electron diffraction pattern (Inset in Figure 1c). The diffrac-
tion rings indicate small-size characteristics. For comparison,
a PdCu nanoparticle tubular catalyst has also been prepared
by the same route. The SEM and TEM images (see Figure S2
in the Supporting Information) indicate the PdCu has a
tubular structure and the tube wall is thin enough for O2 and
H2O2 molecules to penetrate through it. From the amplified
TEM image, even the particle-like rough surface morphology
was also observed. The PdCu nanoparticle had an average
size of 3.5 nm as indicated by the HRTEM image (see
Figure S2 in the Supporting Information).

The PdAuCu HNTs was characterized by means of
powder X-ray diffraction (XRD). The results clearly
showed that the PdCu catalyst has a partial alloying phase
without the addition of Au, and the reflection appeared at
41.58 for PdCu (111). Weak Pd diffraction peaks were also
detected (see Figure S3 in the Supporting Information). In the
whole process, the atom percentage of Cu was kept approx-
imately 55% and always constant. When about 3at. % by
atom % of Au was introduced into the PdCu catalyst, the
Au(111) and Au(200) diffraction peaks appeared as did
Pd(311), and the relative intensity of characteristic PdCu(200)
decreased. With the increase of atom percentage of Au to
21%, the diffraction peaks of PdCu become weak, but the
diffraction peaks of Au and Pd become clear. This phenom-
enon can be explained by a phase equilibrium of the Pd-Au-
Cu ternary system.[9] When the atom percentage of Cu was
fixed at 55 %, the introduction of Au changes the relative
atom ratio of Pd, Au, and Cu, and moves the PdCu ratio
outside that of the alloying phase isothermal section and the
separated phase may form.

We further studied the surface composition of PdAuCu
HNTs by X-ray photoelectron spectroscopy (XPS; Fig-
ure 1d). The strong signals from Pd3d and Au4d indicate
the presence of Pd and Au. Because metallic Cu has low
crystallinity and is absent in XRD patterns, the naked Cu/
CuO was determined by energy position of the LMM Auger
line of Cu (568 eV).[10]

Owing to the major reduction potential difference
between Pd, Au, and Cu the preferential deposition may
occur in this mixed Pd-Au-Cu ternary electrolyte solution.
The energy-dispersive X-ray spectroscopy (EDX) maps were
used to investigate elemental distributions and ratios of Pd,
Au, and Cu metals (Figure 1c inset, and Figure S4 in the
Supporting Information). The images reveal that the elements
Pd, Au, and Cu are uniformly dispersed in PdAuCu HNTs.
The elemental distribution also represents the homogeneous
particle distribution. So the dispersed particle provide plenty
of interface area with highly active sites.

The electrocatalytic properties of PdAuCu HNTs toward
the oxygen reduction reaction (ORR) along with those of
PdCu and PdAu HNTs, and the commercial Pt/C catalysts
(Johnson-Matthey, 20 wt %) have been investigated. Fig-

ure 2a shows the cyclic voltammogram (CV) curves. It
shows that both the PdCu and PdAu have lower intensity
redox waves than the PdAuCu catalyst. The redox waves of

PdAuCu and PdCu appears at �0.12 and �0.21 V assigned to
the reduction reaction of Cu2+ to Cu+ and Cu+ to Cu,[11] which
indicates that the introduction of Au can lower the oxidation
potential of Cu and favor the formation of active CuII species
through the potential difference of Au/Cu system. Moreover,
this CuO can be easily transformed to Cu under the negative
CV reducing treatment. Undoubtedly, the presence of CuII

species can improve the catalytic properties toward ORR, but
whether this enhancement is due to Cu2+ mediators,[11] or
arises from adsorption sites to increase the concentration of
O2 over the cathode[12] is still controversial. In our experi-
ment, the CuII species can form under lower potential in the
presence of Au, demonstrating that both adsorption site and
mediator function can occur (see Figure S5 in the Supporting
Information).

The ORR measurements (Figure 2b) were performed in
O2 saturated 0.1m KOH solutions at room temperature using
a glassy carbon rotating disk electrode with a sweep rate of
50 mVs�1 at 1600 rpm. For the PdAuCu, PdCu, PdAu, and Pt/
C catalysts, the low metal loading of Pd or Pt was 10.2 mgcm�2.
The PdAuCu electrode showed an onset potential of 0 V, a
shift of about 0.1 V to more positive potential than for the
PdCu electrode, and the diffusion-limiting current from �0.8
to �0.25 V is very steady and nearly twice that of PdCu (the
current density for PdAuCu at �0.2 V (vs. Ag/AgCl, if not
specified otherwise.) reaches 4.75 mAcm�2, nearly three
times than that of PdCu (1.75 mAcm�2), indicating the
accelerated ORR kinetics caused by Au. The PdAu electrode
for ORR has similar onset potential to PdAuCu, but the
diffusion-limiting current is also lower, indicating that the

Figure 2. a) CV curves recorded in Ar-purged 0.1m KOH solution at
room temperature with a sweep rate of 50 mVs�1. b) ORR polarization
curves for PdCu, PdAu, PdAuCu HNTs, and Pt/C catalysts. Inset: the
mass activity at �0.2 V for these four catalysts.
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enhanced catalytic activity of PdAuCu cannot be achieved by
just Au or Cu. Comparing this PdAuCu catalyst with the Pt/C
catalyst, the half-wave potential for ORR shifts towards more
positive potential by 42 mV. Moreover, PdAuCu has the
highest mass activity and even 2.7 times higher than that of
PdCu and 1.6 times than that of Pt/C (Figure 2, inset). The
improved activity of the PdAuCu catalyst for ORR might be
due to the change of electronic structure and local reactivity
of the surface in complex and mixed particle interfaces,[13] the
presence of CuII species formed at lower potential[11, 12] (see
Figure S5 in the Supporting Information), and oxygen incor-
poration at the metal/oxide interface.[14]

The formation of hydrogen peroxide (H2O2) as an
intermediate in ORR is the main energy loss on using
gaseous O2 as the oxidant, suggesting that H2O2 cannot be
used directly as a liquid oxidant for fuel-cell applications
because the HO2

� reduction occurs only with large over-
potentials. We investigated the catalytic activity of PdAuCu
towards H2O2 reduction (HR) in argon-saturated 0.1m KOH
aqueous solution (Figure 3a). The CV curves are very similar
to those obtained for the ORR, which means H2O2 can also
serve as an oxidant for fuel-cell applications and exhibit a high
limiting current. For PdAuCu the trace is approximately a
straight line from �0.8 to �0.25 V like for the ORR CV
curves. At the present stage, the measured similar CV curves
(with the oxygen-reduction current at the mixed kinetic-
diffusion control region between �0.25 and �0.08 V) in the
HR reaction, which are similar to the ORR reation, are due to
the catalytic decomposition of H2O2 and the high absorption

of, and the reduction of, the in situ produced O2. The high
catalytic activity toward ORR of the PdAuCu catalyst as the
mentioned above plus the unique decomposition of H2O2 and
adsorption of O2 induced the indirect reduction of the
overpotential of the H2O2 reduction. The unique enhanced
catalytic activities of PdAuCu may be due to the polarization
effect at the noble metal and metal oxide interface.[15]

For fuel-cell applications, we also performed the inves-
tigation of the stability and durability of these catalysts in
argon-saturated 0.1m KOH aqueous solution (Figure 3a). The
Pt/C catalyst has a drastic decrease even at the initial several
circles. The PdCu catalyst is also somewhat unstable but has a
higher reduction current, conversely PdAu is very stable but
has a lower current. The PdAuCu catalyst shows synergistic
effects from combining PdCu and PdAu catalysts, it is both
stable and has a higher current. To evaluate the long-term
electrocatalytic performance, the chronoamperograms (cur-
rent–time profiles) of these catalysts were recorded with a
bias at �0.2 V in argon-saturated 0.1m KOH solution with
7.84 mm H2O2 (Figure 3b). It is clear that the Pt/C electrode
in H2O2 solution undergoes accelerated corrosion and causes
the degradation of Pt/C catalyst (J becomes less negative). As
a result of the stabilization characteristics of Au towards
ORR,[16] and as found in our case for the HR reaction, the
long-term catalytic ability of the PdAuCu catalyst has been
improved from 4 to 6 mA cm�2 compared to PdCu catalyst.

In conclusion, the as-synthesized PdAuCu HNT dual
catalyst provides a promising route to the development of
next-generation of mixed gas/liquid oxidant fuel cells with
ultra-high electrical power output. The dual catalyst takes
advantage of its unique catalytic properties for the HR
reaction with an overpotential as low as for ORR. This
PdAuCu HNT dual catalyst architecture also provides a new
understanding of the synergistic effect, and consequently
helps in designing new electrocatalysts with excellent stability
and durability.
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