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Au/Pt and Au/Pt;Ni nanowires as self-supported electrocatalysts with
high activity and durability for oxygen reductionf
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Novel Au/Pt and Au/Pt3Ni nanostructures consisting of Pt
and Pt3Ni alloy nanodendrites grown on Au nanowires were
synthesized, which exhibited high electrocatalytic activity and
durability toward oxygen reduction when used as self-supported
catalysts.

Electrochemical energy conversion devices, ranging from fuel
cells to metal—air batteries, require effective electrocatalysts for
the oxygen reduction reaction (ORR).! Currently, most popular
ORR electrocatalysts consist of Pt nanoparticles physisorbed
on carbon supports of high surface area. However, before such
electrocatalysts are ideal for a wide range of practical applica-
tions, several critical issues must be addressed. (1) The ORR
activity of these Pt nanocatalysts is relatively low owing to the
inherently slow oxygen reduction kinetics. (2) Pt surface atoms
suffer from serious dissolution and migration during the electro-
catalytic process, resulting in aggregation of nanoparticles and
deterioration of surface area and catalytic activity.” (3) The
serious carbon corrosion is also a critical problem with respect
to the durability of catalysts.®

Recently, Pt-based hetero-nanostructures have shown enhanced
electrocatalytic activity.* For instance, Pt—Pd bimetallic nano-
dendrites exhibit much higher ORR activity than commercial
Pt catalysts owing to the presence of highly active exposed
facets.*" Also, the ORR activity of Pt catalysts can be much
improved by incorporating other metal(s) to form an alloy
with the proper composition and crystal phase.’ Pt;Ni is one
of the most successful examples for such cases.’** The high
ORR activity of Pt;Ni is attributed to the weaker OH adsorp-
tion arising from the decrease of the d-band center on the Pt
skin formed by surface segregation.>® However, remarkable
improvement has been achieved solely in electrocatalytic
activity in most of the above studies. For further evolution
of the state-of-the-art Pt-based heterogeneous and alloy
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nanostructures, synthesis of nanocatalysts with both high
activity and excellent durability is highly desirable and techno-
logically important.®

One-dimensional (1-D) metal nanostructures have attracted
particular attentions due to their excellent electrocatalytic
performance.” In general, the high conductivity of 1-D metal
nanostructures due to the path directing effects of the struc-
tural anisotropy is conducive to the reaction kinetics on the
catalyst surfaces.”*¥ Moreover, 1-D metal nanostructures
are less vulnerable to dissolution and aggregation than nano-
particles during the electrocatalytic process due to the millimetre-
scale length.”” Despite the fact that 1-D metal nanostructures
have high conductivity and structural stability, the development
of promising electrocatalysts by utilizing the support effect of
1-D metal nanostructures has not been fully exploited.

Considering that the incorporation of Au can suppress Pt
dissolution and migration during ORR,'“®? the growth of Pt
or Pt;Ni alloy on Au nanowires may integrate the advantages
of Pt-based bimetallic catalysts with 1-D nanostructures to
yield highly active and durable self-supported nanocatalysts.
Herein, novel Au/Pt and Au/Pt;Ni nanowires consisting of Pt
and Pt3Ni alloy nanodendrites grown on Au nanowires were
synthesized, which exhibited much enhanced electrocatalytic
activity and durability toward ORR when used as self-supported
catalysts.

In the first step, we prepared uniform Au nanowires following
a reported methodology (Fig. S1, ESIT).® These Au nanowires
were then used as seeds for the formation of Au/Pt nanowires.
The morphologies of the prepared Au/Pt nanowires were
examined by scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM). Typical SEM and TEM
images reveal that a dense array of nanodendrites grow on the
Au nanowires (Fig. 1a and b and S2a (ESI¥)). Fig. 1d shows the
high angle annular dark field scanning (HAADF-STEM) image
and energy-dispersive X-ray (EDX) elemental mapping of Au
and Pt, revealing the heterogeneous structure of the bimetallic
nanowires, consisting of Au as the core and a dendritic Pt
shell. The heterogeneous structure of the Au/Pt nanowires was
also confirmed by X-ray diffraction (XRD). As shown in Fig. S3
(ESIf}), obvious Pt peaks can still be distinguished from the
strong Au diffraction peaks though they are overlapped to some
extent. The HRTEM image (Fig. Ic) indicates that the lattice
spacing in the nanodendrites is 0.227 nm, consistent with the
(111) lattice spacing of the face centered cubic (fcc) Pt.
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Fig. 1 SEM (a), TEM (b), HRTEM (c) and HAADF-STEM-EDX
mapping (d) images of Au/Pt nanowires.

The synthesis of Au/Pt;Ni nanowires was similar to that of
Au/Pt except that an appropriate amount of Ni was intro-
duced, and similar morphologies as Au/Pt nanowires can be
observed (Fig. 2a and b and S2b (ESI¥)). The structure and
composition of Au/Pt;Ni nanowires were further charac-
terized as follows: (1) The inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) result suggests that the
molar ratio between Pt and Ni is 2.9:1, which is close to
3:1.(2) The d lattice spacing of the dendritic shell shown in the
HRTEM image is 0.222 nm (Fig. 2c), closely matching that of
the (111) plane of Pt;Ni alloy (0.221 nm). (3) As shown in the
elemental mapping (Fig. 2d), both Pt and Ni are distributed
evenly in the nanodendrites. (4) The diffraction peaks slightly
shift to higher angles compared with those for pure Pt (Fig. S3,
ESIt). These results clearly indicate the formation of Pt;Ni
alloy nanodendrites on Au nanowires.

The UV-Vis-IR spectra of Au/Pt and Au/Pt3Ni nanowires
display that the surface plasmon peak at 525 nm and the broad
band above 900 nm of the Au nanowires are completely
damped out by the deposition of Pt or Pt3Ni (Fig. S4, ESI¥).
This result suggests that Au nanowires are fully covered by Pt
or Pt3Ni. No obvious Au features are detected in the cyclic
voltammograms for Au/Pt and Au/Pt;Ni nanowires with the
upper potential opened to 1.8 V, also confirming little exposed
Au atoms on the surface of nanowires (Fig. S5, ESIt). The
presence of a Pt-rich outermost layer for Au/Pt;Ni nanowires
is further confirmed by using surface sensitive carbon monoxide
(CO) electro-oxidation (Fig. S6, ESIt). The Pt-rich surface
should be conducive to preventing Ni from leaching when the
Au/Pt;Ni nanowires are exposed to the hostile electrochemical
environments. The ICP-AES results suggest that the molar
ratios of Auto Pt are 49:51 and 52 :48 for Au/Pt and Au/Pt3Ni
nanowires, respectively, which are close to the molar ratio of
Au nanowires to Pt precursor (1: 1). The density of dendrites on

Fig. 2 SEM (a), TEM (b), HRTEM (c) and HAADF-STEM-EDX
mapping (d) images of Au/Pt;Ni nanowires.

Au nanowires can be controlled via simply changing the molar
ratio of Au nanowires to Pt precursor. As shown in Fig. S7
(ESIt), Au/Pt and Au/Pt;Ni nanowires with fewer dendrites
were obtained when the molar ratio of Au nanowires to Pt
precursor decreased from 1:1 to 2:1.

After surface treatment with #-butylamine by using a reported
method,> the Au/Pt and Au/Pt;Ni nanowires were tested as
self-supported nanocatalysts for studying their electrocatalytic
activity. The specific electrochemically active surface areas
(SEASAs) of Au/Pt and Au/Pt;Ni catalysts were detected by
measuring the areas under the hydrogen adsorption/desorption
peaks of the cyclic voltammograms in 0.1 M HClOy solution
(Fig. 3a), assuming that a monolayer of H adatoms requires
210 mC cm 2. The SEASAs of Au/Pt and Au/Pt;Ni catalysts
are 72.3 and 74.2 m* g~!, which are a little higher than that
of commercial Pt/C catalyst (68.4 m*> g'). The high SEASAs
of Au/Pt and Au/Pt;Ni catalysts should be attributed to the
small size of the nanodendrites (mostly <3 nm). Although these
nanowires were directly used as electrocatalysts without addi-
tional carbon supports, they still exhibited extremely large
SEASAs, highlighting their high conductivity.

The ORR measurements were performed in O,-saturated
0.1 M HCIOy solutions at room temperature by using a rotating
disk electrode (RDE). A characteristic set of polarization curves
for the ORR on Au/Pt;Ni, Au/Pt and Pt/C catalyst modified
RDE:s are displayed in Fig. 3b. Two distinguishable potential
regions are clearly observed in the polarization curves: the well-
defined diffusion limiting current region below 0.6 V and the
mixed kinetic-diffusion control region between 0.7 and 1.0 V.
The RDE polarization curves show that both Au/Pt;Ni and
Au/Pt catalysts have more positive onset potentials than the
Pt/C catalyst. The half-wave potentials (£,,) of Au/Pt;Ni,
Au/Pt and Pt/C are 0.892, 0.870 and 0.849 V, respectively.
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Fig. 3 (a) Cyclic voltammograms for Au/Pt;Ni, Au/Pt, and Pt/C
catalysts at 50 mV s~ ', (b) ORR polarization curves for Au/Pt;Ni, Au/
Pt and Pt/C catalysts recorded at room temperature in an O,-saturated
0.1 M HCIO,4 aqueous solution with a sweep rate of 10 mV s~' and a
rotation rate of 1600 rpm. (c, d) Specific activity (jxa) and mass activity
(jum) for these three catalysts, which are given as kinetic current
densities (j) normalized to the real Pt surface areas and the Pt mass,
respectively. Insets show the activities at 0.9 V.
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In order to compare the activity of different catalysts, the
kinetic currents in the kinetic-diffusion control regions, which
are normalized to both the real Pt surface areas and the Pt mass,
are calculated from the ORR polarization curves by using mass-
transport correction (Fig. 3c and d). The Au/Pt catalyst exhibits
a specific activity (jxa) of 0.308 mA cm 2 at 0.9 V, which is 2.3
times that of Pt/C (0.136 mA cm™2). The specific activity of
Au/Pt nanowires is also much higher than that of Au/Pt core/
shell nanoparticles reported previously (~0.2 mA cm™? at
0.8 V),* which may highlight the superior support effect of
1-D nanostructures. The corresponding mass activity (i) of
the Au/Pt catalyst is 0.223 mA pg 'p, which is 2.4 times that
of Pt/C (0.093 mA pg~'py). The high mass activity of the Au/Pt
catalyst can be explained as follows: (1) The Au/Pt catalyst
provides high SEASA due intrinsically to the dendritic morpho-
logy. (2) The Au/Pt catalyst offers facile pathways for electron
transfer owing to the incorporation of ultralong 1-D Au nano-
wires. (3) The nanodendrites on Au nanowires tend to possess
(111)-orientation-rich Pt surfaces that possess high activity
toward ORR (Fig. S8, ESI{). As expected, the Au/Pt;Ni
catalyst exhibits a further enhanced ORR activity owing to
the alloy effect of Pt and Ni. For instance, the specific activity at
0.9 V is 0.646 mA cm™2, which is much higher than those of
Pt/C and Au/Pt catalysts. The corresponding mass activity is
0.479 mA pg ', 5.2 and 2.1 times those of Pt/C and Au/Pt
catalysts. The mass activity of Au/Pt;Ni nanowires is almost
higher than that of recent Pd-Pt bimetallic nanodendrites
(0.241 £ 0.013 mA pg~'p)* and carbon black-supported Pt;Ni
nanoctahedra (~0.3 mA pg™'p).%

The electrochemical stability of the catalysts was also
investigated by the accelerated durability tests, which were
carried out at room temperature in O,-saturated 0.1 M HCIO,4
solutions by applying cyclic potential sweeps between 0.6 and
1.1 V at 50 mV s~'. As shown in Fig. S9 (ESIY), the Au/Pt,
Au/Pt;Ni and Pt/C catalysts showed losses of 6.8%, 9.9% and
37.9% in SEASA after 5000 potential cycles, respectively. As a
result, the Au/Pt, Au/Pt;Ni and Pt/C catalysts retained 89.7%,
86.4% and 53.2% of initial mass activities at 0.9 V, respectively.
The morphologies of these electrocatalysts after durability
tests were characterized by TEM, as shown in Fig. S10 (ESI¥).
Although serious sintering and aggregation were observed for
the Pt/C catalyst, the morphologies of the self-supported Au/Pt
and Au/Pt3Ni catalysts were still maintained, highlighting the
excellent structural stability of these nanowires. The enhanced
durability can be explained as follows: (1) The presence of
subsurface Au atoms can make a remarkable contribution to
the durability enhancement of the Pt skin layer based on the
well-known place-exchange mechanism.® (2) Compared with
the weak interactions between carbon supports and Pt nano-
particles, the stronger interactions between Pt or Pt;Ni dendritic
shell and Au core should be conducive to the durability
enhancement. (3) Au is stable in the given potential range
for ORR, which can avoid structural instability arising from
the support corrosion at high potentials.

In summary, we have successfully synthesized Au/Pt and
Au/Pt3Ni nanowires consisting of small-sized Pt and Pt3Ni
nanodendrites on Au nanowires. The Au/Pt and Au/Pt;Ni

nanowires can be used as self-supported electrocatalysts to
offer enhanced electrocatalytic activity and durability toward
ORR. The strategy reported here may be helpful for further
evolution of the recent state-of-the-art Pt-based heterogeneous
and alloy nanostructures.
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