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Vertically aligned noble metal nanowire arrays were grown on
conductive electrodes based on a solution growth method. They
show significant improvement of electrocatalytic activity in ethanol
oxidation, from a re-deposited sample of the same detached
nanowires. The unusual morphology provides open diffusion
channels and direct charge transport pathways, in addition to the
high electrochemically active surface from the ultrathin nanowires.
Our best nanowire arrays exhibited much enhanced electro-
catalytic activity, achieving a 38.0 fold increase in specific activity
over that of commercial catalysts for ethanol electrooxidation. The
structural design provides a new direction to enhance the elec-
trocatalytic activity and reduce the size of electrodes for minia-
turization of portable electrochemical devices.

Fuel cells have higher fuel conversion and electrical efficiencies
as compared with conventional combustion or power genera-
tion technologies."” Liquid fuels such as methanol or ethanol
are of particular interest because of their high volumetric
energy density and ease of handling as compared with other
fuels such as hydrogen, apart from being renewable and less
toxic, leading to the development of direct alcohol fuel cells
(DAFCs).? DAFCs rely on reactions between the fuel (methanol
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or ethanol) at the anode and the oxidant (molecular oxygen) at
the cathode.? Both anodes and cathodes require efficient cata-
lysts to lower the electrochemical overpotential for high energy
conversion efficiency.

So far, platinum (Pt) is still the best anode catalyst, but its
usage has been greatly limited by its prohibitive cost.**
Compared with Pt, palladium (Pd) is more abundant and has
good catalytic activity for alcohol oxidation; it works under
basic conditions which are more amenable for device fabri-
cation, but its catalytic activity is inferior to that of Pt.>°
Therefore, how to improve the catalytic activity of Pd for
alcohol oxidation to match that of Pt has attracted increasing
interest. Various approaches have been attempted to improve
the performance of Pd electrodes. For example, facet engi-
neering”® and compositional design (e.g., alloying), either with
a transition metal>'® or oxide,''* were found to positively
influence the catalytic activity of Pd. To increase the electro-
chemically active surface area (ECSA) while maintaining good
electrode conductivity and mass transport properties, Pd
electrocatalysts were grown into one-dimensional nano-
structures**'* or loaded onto nanofibers and nanosheets, such
as carbon nanotubes (CNTs),'>'® oxide nanotubes,"” or gra-
phene.'®" Most of the improvements came from the facet
engineering and compositional design, whereas the structural
design led to only marginal improvements.

Here, we show that standing nanowire arrays have special
effects on the electrocatalytic performance of ethanol oxidation,
upgrading the Pd catalyst to the level of typical Pt catalysts. The
arrays of ultrathin nanowires provide a highly electrochemically
active surface, while at the same time improve the electronic
charge transport and facilitate the diffusion of reactants as well
as products. These improvements collectively lead to superior
catalytic activity by more than one order of magnitude as
compared to the commercial electrocatalysts. The solution
synthesis of nanowire arrays could be readily scaled up,
providing a new design to enhance the electrocatalytic activity
and to miniaturize the electrode for portable electrochemical
devices.
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Noble metal (NM) nanowire arrays including Au® and core-
shell Au@Pd were grown on conductive fluorine-doped SnO,
(FTO) substrates (Fig. 1). The entire growth process took less
than 2 h at room temperature. As displayed in the scanning
electron microscopy (SEM) images (Fig. 1b), the Au nanowires
stand densely and vertically on the substrate. The diameter of
the Au nanowires is around 3-5 nm (Fig. 2a) while the length
can be tuned by changing the growth time (Fig. S1T). After
coating Pd on the Au nanowires, the nanowires remain verti-
cally aligned but their diameter increases slightly to 5-8 nm.
The crystal structure was examined by transmission electron
microscopy (TEM). Both Au and Au@Pd nanowires are quasi-
single-crystalline (Fig. 2b and d). Energy-dispersive X-ray spec-
troscopy line scan and electron energy loss spectroscopy (EELS)
elemental mapping were conducted to investigate the Pd
distribution in Au@Pd nanowires (Fig. 2e-i). It is clear that Pd
has successfully enwrapped the Au nanowires to form a core-
shell nanostructure (Fig. 2e and f).

The electrocatalytic properties of the as-prepared nanowire
arrays were evaluated and compared to those of the nano-
particle (NP) electrocatalysts. Fig. S2at displays the cyclic vol-
tammetry (CV) curves, which show that the Au nanowire arrays
exhibit significantly higher catalytic activity towards ethanol
electrooxidation as compared with the gold nanoparticles (Au
NPs), which can be clearly observed from the forward oxidation
peak at 1.3 Vvs. RHE. The maximum mass specific current of Au
nanowire arrays reaches 1345.0 A g ', which is 11.6 times
higher than that of the Au NPs (115.7 A g~ '). Additionally, the
Au nanowire arrays also exhibit excellent electrocatalytic dura-
bility throughout 1 h of continuous electrochemical operation.
It is generally believed that Au is not a good electrocatalyst for
ethanol oxidation relative to Pd and Pt.** Even so, our Au
nanowire arrays were able to display enhanced -catalytic
performance, exceeding the performance of the commercially
available Pd/C catalyst by 7.8 times.

Fig.1 Digital photograph and SEM images of a vertically aligned noble
metal (NM) nanowire forest. (a) A digital photograph showing the bare
FTO glass, FTO glass with Au nanowires (NWs), and FTO glass with
Au@Pd NWs. (b and ¢) Large area SEM image of Au and Au@Pd NWs.
(d—f) SEM images of Au@Pd NWs grown on conducting carbon cloth.
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Fig. 2 Physical characterization of the vertically aligned NM nanowire
forest. (@) TEM image of Au NWs. (b) HRTEM image of Au NWs. (c) TEM
image of Au@Pd NWs. (d) HRTEM image of Au@Pd NWs. (e and f)
HRSTEM image of Au@Pd NWs showing a clear core—shell nano-
structure. (g and h) Electron energy loss spectroscopy (EELS) mapping
of a single Au@Pd NW as displayed in (f). (i) Energy dispersive X-ray
spectroscopy (EDX) line scan along the cross-section of a single
Au@Pd NW as shown in (f).

Furthermore, when the Au nanowires were coated with a thin
layer of a more effective ethanol oxidation catalyst - Pd, the
electrocatalytic activity was immediately doubled. The forward
oxidation peak mass specific current of Au@Pd nanowire arrays
at 1.0 V vs. RHE increases to 2237.7 A g~ ', which is 12.9 times
higher than that of the commercially available Pd/C
(172.6 A g ', Fig. 3a and S4at), making it the highest among
all reported Pd-based electrocatalysts (Table S47). Control
experiments were performed to compare Pd NPs and Au@Pd
NPs (Fig. S31), which showed similar performance and ruled out
the possibility of Au-Pd synergistic effects.

To investigate the origin of the enhancement, the ECSA of
Au@Pd nanowires and Pd/C was determined from PdO reduc-
tion and was 110.1 and 43.3 m* g, respectively (Fig. S57).
Clearly, the Au@Pd nanowires could provide more catalytic
sites per unit mass of the catalyst for ethanol electrooxidation as
compared to Pd/C. It is important to note that such a high ECSA
cannot be achieved simply by stacking Pd/C to the same thick-
ness as the height of nanowire arrays (Table S1t), which offers
a huge advantage when the size of the electrode is limited. As
the high ECSA can already be achieved on a planar FTO glass
electrode, it is conceivable that more active sites could be
provided by our nanowire arrays in a highly porous, three-
dimensional electrode. The seeded solution growth method of
NM nanowire arrays makes it possible for nanowires to be
grown on arbitrary conductive supports, such as carbon fiber
cloth as shown in Fig. 1d-f and S7,T increasing the possibility to
produce electrodes with an ultra-high ECSA.

Apart from the high ECSA, the standing nanowire arrays are
also expected to facilitate diffusion of reactants and products,
owing to the open channels among the nanowires. The diffu-
sion properties were assessed by measuring the ECSA of nano-
wire arrays with different nanowire lengths. The ECSA of
Au@Pd nanowires remains almost constant up to 600 nm in
length (Fig. S8 and Table S17), indicating that the active surface
area of nanowires increases proportionally with their mass. This
is a good indication that diffusion should not be a limiting

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrocatalytic properties of Au@Pd NWs. (a) CV curves of Au@Pd NW, Pd/C and detached Au@Pd NW catalysts measured in solutions of
1.0 M NaOH and 1.0 M ethanol at a scan rate of 50 mV s™%. The inset shows the zoom-in CV curves of Pd/C and detached Au@Pd NWs. (b)
Chronoamperometry graph measured at 0.87 V vs. RHE. (c) CV curves of Au@Pd NWs, Pd/C and detached Au@Pd NWs measured in solutions of
0.5 M H,SO4 at a scan rate of 50 mV s% (d) Specific current and current density comparison of Au@Pd NWs, Pd/C and detached Au@Pd NWs.

factor in submicron nanowire arrays. On the other hand, Pd/C
showed a progressive decrease in the ECSA with increasing
electrode thickness (Fig. S8 and Table S1t), suggesting that
diffusion is indeed a problem in nanoparticle-based electro-
catalysts. This conclusion is further confirmed via comparing
the ethanol diffusion coefficient in the Au@Pd nanowires and
Pd/C electrodes estimated from the Randles-Sevcik method
(Fig. S9 and Table S27), where the diffusion coefficient in the
Au@Pd nanowires (2.8 x 10~ cm? s™") is about two orders of
magnitude larger than that in Pd/C (2.9 x 10 "® em®s™%).

Besides, the electronic conductivity of the nanowire arrays is
also expected to be better than that of their nanoparticle-based
counterpart. The aligned nanowires would provide a direct
pathway to transport electrons. In contrast, when catalyst-
loaded support particles pack into a film, such as Pd/C, elec-
trons face not only scattering, but also multiple junctions
among the layers of particles as illustrated in Fig. S10.7 These
junctions contribute significantly to the high resistance, and
thereby severely decrease the electronic conductivity of the
nanoparticle film. Typically, the conductivity of nanowires® is
at least one order of magnitude higher than that of their
nanoparticle counterpart.>

Most importantly, the orientation of nanowires was found to
greatly influence the electrochemical performance. Once the Au

© 2021 The Author(s). Published by the Royal Society of Chemistry

or Au@Pd nanowires were detached from the substrate, the
electrocatalytic activity dropped drastically to nearly the same
level as that of the respective nanoparticles, highlighting the
importance of the nanowire alignment (Fig. 3a, S2a and S4af).
We measured the ECSA of both aligned and detached nanowires
(110.1 m*>g ' and 81.8 m”> g~ ' respectively, Fig. $61) and noticed
that there was only less than 30% decrease in ECSA after
detaching the nanowires. Based on previous studies, metallic
junctions were seen to increase the resistivity of metal nano-
structures by a few orders of magnitude.> Thus, the decrease in
activity by detaching nanowires from the substrate could be
mainly attributed to the greatly increased difficulty in charge
transport. In the case of nanowire arrays, the direct contact of
individual nanowires with the conductive substrate ensures
good electronic conductivity. This high electrode conductivity,
together with the facilitated reactant and product diffusion and
large ECSA provides the nanowire arrays with unprecedented
electrochemical performance. With this insight, it is not
surprising that the previous efforts of loading catalysts onto
nanowires'>'* and CNTs"*>'° could not achieve the same level of
performance as our nanowire forest.

The electrocatalytic activity of nanowire arrays can be further
optimized by coating the nanowires with catalysts having higher
intrinsic catalytic activities. Previously, we demonstrated the

Nanoscale Adv., 2021, 3,177-181 | 179
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Fig. 4 Optimization of electrocatalytic properties. (a) CV curves of Au
NWs with different Pd: Pt ratios, commercial Pd/C, and Pt/C
measured in solutions of 1.0 M NaOH and 1.0 M ethanol at a scan rate
of 50 mV s~ The inset shows the zoom-in CV curves of Pd/C and Pt/
C. (b) Chronoamperometry graph measured at 0.87 V vs. RHE. The
inset shows the zoom in chronoamperometry graph for Pd/C and Pt/
C.

Au@Pd core-shell nanowires for ethanol oxidation. If we add Pt
into the Pd shell, the electrocatalytic activity can be further
enhanced as shown in Fig. 4. Among the tested samples, the
Au@Pd, ,Pt; (Table S31) core-shell nanowire arrays show the
highest activity, achieving a peak mass specific current as high
as 6568.1 A g~', which is 2.9 times higher than that of the
Au@Pd nanowire arrays, and 38.0 times higher than that of Pd/
C (Fig. 4). We also compared the performance of Au@Pd, ,Pt;
nanowires with commerecially available platinum on Vulcan XC-
72 (Pt/C), which demonstrated a 20.0 fold enhancement in the
mass specific current (Fig. 4).

Conclusions

In summary, we have demonstrated that by simply changing the
morphology of the electrocatalyst from nanoparticles to
standing nanowire arrays, we can dramatically improve the
catalytic activity by providing a more electrochemically active
surface for electrocatalysis, open channels for improved mass
transport, and better conductivity. Such a new design principle
may provide a simple means to enhance the electrocatalytic
activity, to miniaturize the electrode for portable devices, and to
improve the effectiveness of existing and emerging electro-
chemical technologies.
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