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Recent progress on the synthesis of metal alloy
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nanowires as electrocatalysts
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Benefiting from both one-dimensional (1D) morphology and alloy composition, metal alloy nanowires
have been exploited as advanced electrocatalysts in various electrochemical processes. In this review, the
synthesis approaches for metal alloy nanowires are classified into two categories: direct syntheses and
syntheses based on preformed 1D nanostructures. Ligand systems that are of critical importance to the
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formation of alloy nanowires are summarized and reviewed, together with the strategies imposed to
achieve the co-reduction of different metals. Meanwhile, different scenarios that form alloy nanowires
from pre-synthesized 1D nanostructures are compared and contrasted. In addition, the characterization
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1. Introduction

Developing sustainable energy harvesting and storage methods
to reduce or replace fossil fuel usage has become one of the
most focused-on research areas in recent years.'”> Overcoming
the low kinetics of many important electrochemical processes
is of critical importance for the application and commerciali-
zation of future techniques, such as fuel cells that directly
convert chemical energy to electrical energy, the water-splitting
process that produces H, as clean energy sources, and the CO,
reduction and conversion devices that help to reduce the
greenhouse gas level in the atmosphere and produce func-
tional carbonaceous products.®™® Catalysts are indispensable
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and electrocatalytic applications of metal alloy nanowires are briefly discussed.

for achieving this, and thus significant amounts of research
have been devoted to developing catalysts with high activity
and durability."*>*

The performances of the catalysts can be improved by opti-
mizing the morphology, composition, and other structural pro-
perties of the materials."®?>® The adsorption and desorption
of the reactants and intermediates on the surface of the cata-
lysts depend directly on the amount of active sites and the
adsorption energy at these sites, which is in turn determined
by the shapes and surface structures of the catalysts.'

The unique structural characteristics of one-dimensional
(1D) nanostructures, or nanowires, give rise to multiple advan-
tages in catalytic reactions, as recently summarized in several
comprehensive review works.”>** Firstly, the nanowires with
high aspect ratio have enormous surface areas that can provide
a large number of active sites for electrochemical
reactions.””*>** Although geometrically, the surface area of
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the nanowires is smaller than the same volume of nano-
particles with the same diameters, in practice they may still
have more exposed surface areas during the electrochemical
processes, as nanoparticles are more vulnerable to aggregation
during the catalyst loading and cycling processes.’>*' This
also give rise to the second advantage of nanowires: they
usually have better structural stability, being more resistant to
dissolution, aggregation and Ostwald ripening, and thus show
improved durability in catalytic reactions.’® The linear elonga-
tion of nanowires is also considered to provide electron high-
ways for charge transportation and diffusion tunnels for mass
transportation, and both are beneficial for catalytic
activity.>”* Lastly, nanowires are readily assembled into free-
standing 2D films or 3D networks, which are more easily pro-
cessed into electrodes in devices.>

On the other hand, the formation of the metal alloy provides
an additional dimension to modify the chemical and physical
properties of catalytic nanomaterials. Recently, the exploration of
1D nanostructure catalysts has gradually extended from pristine
metal nanowires to multi-metal alloys.>>**

One major benefit of forming an alloy is to provide adjust-
ment of the surface electronic structures of the catalysts,
leading to optimized binding between the catalyst surfaces
and key intermediates of the electrocatalytic reactions.*>**# For
example, metals have different adsorption energies towards
the *OH species, which is the key intermediate during oxygen
reduction reactions (ORRs).>***? And although Pt and Pd are
the best ORR catalyst candidates, the adsorption energies of
*OH on these metals are still not optimized according to the
volcano plot.***® Forming alloys inevitably leads to electron
transfer between the different metals. In addition, the intro-
duction of foreign metal would alter the bond lengths of the
metallic crystals. These effects would cause change in the elec-
tron density on both elements, causing variation of the adsorp-
tion energies of the reaction intermediates.

Moreover, there are also synergistic ensemble effects
between the metal compositions. For example, the AuCu
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Fig. 1 Schematics illustrating the advantages of 1D metal alloy
nanostructures.

surface would have increased selectivity for C-C formation in
the CO, reduction reaction (CO,RR), as the Au atoms around
the Cu could provide addition binding sites for the *COOH
intermediates.*" Also, the Pd-M alloy has a lower risk of being
poisoned by CO, as the CO,q only adsorbs on the adjacent Pd
atoms.*” The Pd-M alloy surface, with Pd more diluted on the
surface compared with pure Pd, is thus more preferred in pro-
cesses such as formic acid oxidation.

Combining both the advantages of 1D nanostructures and
alloy materials, metal alloy nanowires are thus promising elec-
trocatalyst candidates (Fig. 1). On one hand, this group of
material inherits the structural advantage of 1D nano-
structures, possessing a large number of surface active sites,
high structural stability, and high electron mobility during
electrochemical processes.*** On the other hand, the intrin-
sic catalytic activity of the material could be further enhanced
by adjustment of the compositions.***> For instance, Ni and/
or Co were often incorporated into Pt and Pd to from alloy
nanowires with improved ORR performances. Other metals,
such as Au, Ag, Cu, Rh, Ru, Zn, Ir, Pb and Fe etc. are also
common metal compositions in alloy nanowires.

Synthesis is of fundamental importance in the exploration
of advanced functional materials. Many works about alloy
nanowires have emerged recently, and the electrocatalytic per-
formances of these materials have been studied thoroughly. In
this work, the synthetic approaches, mostly solution-based
chemical methods, for different metal alloy nanowires are
reviewed and categorized. 1D nanostructures with imperfect
wire-like morphologies, such as chain-like nanostructures and
branched nanowire networks, are also included as they
are sometimes considered as nanowires and possess similar
structural advantages. While some of the syntheses and
applications of Pt and Pd-based nanowires have been separ-
ately reviewed in recent review works, this work aims to system-
atically discuss the mechanism for obtaining 1D structures,
the various synthetic approaches that are used to enable the
formation of the alloys, and the recently developed strategies
that advance the synthetic capabilities. To better illustrate
syntheses, the common characterizations for metal alloy nano-
wires are first introduced. In addition, the applications of
metal alloy nanowires as electrocatalysts are also briefly sum-
marized to demonstrate the advantage of this group of
materials.
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2. Characterization of metal alloy
nanowires

Characterizations are vital for synthetic works, and they also
provide clues for mechanism studies and discussions about
structure-property co-relationships. For metal alloy nanowires,
both the structures and the compositions of the synthetic pro-
ducts need to be well characterized, and the structural aspect
includes both the morphological shapes and crystalline struc-
tures of the materials.

The morphology of the 1D nanostructures can be confirmed
easily with microscopic methods, including most commonly
transmission electron microscopy (TEM) and scanning electron
microscopy (SEM). Often, either TEM or SEM would be necessary
to indicate the morphology of the nanowires, yet both can be
used to give better illustrations, including the topology of nano-
wires with rough surfaces as well as possible porous structures.
However, although almost all syntheses would allow microscopic
characterizations, it should be noted that these methods can only
provide information for a tiny portion of the product obtained
from the synthesis. Low magnification images that contain
sufficient numbers of the nanowires should be provided to verify
the uniformity of the synthesis.

Another key issue that has often been overlooked is that micro-
scopic methods are off-line characterizations that show only the
appearance of the species on the specimen. The dried sample
may undergo transformations when loaded to the sample holder
and subjected to vacuum for electron microscopic characteriz-
ations. Therefore, although most works have interpreted growth
mechanisms based on TEM images of the intermediates at
various reaction stages, the possibility of deviation of the charac-
terization results from the solution situations in reality needs to
be considered when constructing the synthesis mechanisms.
Control experiments are highly desirable to confirm the hypoth-
eses in addition to the characterization results.

The crystalline structures of metal alloy nanowires are usually
characterized with high-resolution TEM techniques (HRTEM) and
diffraction techniques such as Xray diffraction (XRD) and
selected area electron diffraction (SAED). The former provides the
d spaces value of some low index facets of a small portion of the
samples, while the diffraction methods give the ensemble pro-
perties. It should be noted that ultrathin metal nanowire may
suffer beam damage and undergo lattice transformations when
under high energy electron beams during the HRTEM character-
izations,*® bringing ambiguities to the structure discussions.
Additionally, surface organic ligands may blur the images during
the characterization after being reduced by the electron beam
and accumulated on the surface of the nanowires. Therefore, the
acceleration voltage of the electron beam may need to be lowered
and the nanowires’ surface may need to be cleaned to remove
organic ligands before HRTEM characterizations.

The composition of metal alloy nanowires takes much more
effort to be characterized. Given the small diameters of most
nanowires, the distribution of the metals is usually character-
ized with energy-dispersive X-ray spectroscopy (EDS) coupled
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with high-angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM). EDS mapping can give the
distribution of the various elements across the nanowires.
Again, for ultrathin nanowires, the mapping process would be
much more difficult, as the low quantity of metal materials
would require repeated scans and thus prolonged scanning
times, adding to the risk of being affected by image shifting,
vibration and possible damage from the beam. Even with pro-
longed scan durations, EDS mapping may not provide atomic
resolution. Therefore, characterization of the atomic distri-
bution of the different elements remains a great challenge. On
the other hand, HAADF-STEM, which characterizes the Z con-
trast of the samples, can provide certain information about the
nanowires’ composition.?” It generates intensity profiles that
can be used to establish the features of the element distri-
butions, especially with the aberration-corrected high-resolu-
tion HAADF-STEM which can provide atomic-scale images.

Apart from the microscopic methods, powder XRD results
are often used as evidence to illustrate the formation of alloy.
Deviations of the XRD peaks from the pristine metal phases
due to shrinking or expansion of the lattice structures is
usually attributed to the incorporation of a foreign metal with
different crystalline constant.*®*° A typical bimetallic alloy
would have peaks occurring in between those of the two pris-
tine metals, unless a certain alloy phase was generated. In
addition, the width of the XRD peaks can be used to estimate
the grain sizes in the nanowires.

The electronic structures of the metals in an alloy are often
characterized with X-ray photoelectron spectroscopy (XPS)
methods, which also help to confirm the existence of certain
elements. The change of binding energies in XPS spectra can
be explained by electron transfer between the metals in the
alloy. Thus the XPS results are strong evidence for the for-
mation of the alloy structures, and also can provide clues to
explain the change of catalytic activity of the alloy nanowires.

Apart from the usual characterizations, recently the X-ray
absorption spectroscopy (XAS) methods X-ray absorption near-
edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS) have been employed to investigate the
atomic and electronic structures of the metals in alloy nano-
wires.”® XANES can precisely characterize the oxidation state of
the metals. The XANES edges change in intensity and position
if the oxidation state of the target metal varies. And the oxi-
dation state of the sample can be confirmed by comparing the
spectra with those of compounds with known oxidation states.
For instance, the XANES of the three elements in the PtNiMo
nanowires were compared and contrasted with pristine metal
foils and a few common compounds (Fig. 2a, ¢ and e).”’ In
particular, the shoulder peak in the XANES feature of Mo
suggests that some of the Mo in the alloy nanowires is similar
to that in MoO;. The EXAFS method provides complementary
information about the local atomic structures. The EXAFS
signals are oscillations of the wave of the ejected photoelectron
scattered by the surrounding atoms. Both the distances and
types of the surrounding atoms affect the EXAFS spectrum,
therefore it can also give the fine structures of the alloy nano-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 XAS analyses of the PtMoNi NWs. XANES (a) and EXAFS (b) ana-
lysis of Pt Lz-edge (FT range, 4.3 to 14.5 A™Y). XANES (c) and EXAFS (d)
analysis of Ni K-edge (FT range, 2.5 to 12.5 A™%). XANES (e) and EXAFS (f)
analysis of Mo K-edge (FT range, 2.0 to 10.5 A™%). Reprinted with per-
mission from ref. 51. Copyright 2017 from AAAS.

wires. Again by comparing the EXAFS spectra with references,
typical interactions can be assigned (Fig. 2b, d, and f). For
instance, the EXAFS spectra of Ni indicate that there are two
Ni species in PtNiMo alloy nanowires: NiO as indicated by the
scattering between 1.5 and 2.0 A, and metallic Ni in the
PtNiMo alloy. The peak between 2.0 and 2.9 A was probably
the combination of both the Ni-Ni scattering in NiO and the
Ni-metal scattering in the alloy.

Although the XAS methods can provide useful information
on the fine structure of alloy nanowires, they have not been fre-
quently used in the reported syntheses. One key issue is that
they are synchrotron analyses that require the use of synchro-
tron radiation, which may not be available to many research-
ers. Similar issues also apply to the cutting-edge microscopic
characterizations that provide atomic resolution on nanowire
structures, as these methods require well-trained personnel to
operate the instrument and interpret the results. Thus, inter-
disciplinary cooperation has become increasingly important
and desirable in the related communities.

3. Direct synthesis of alloy nanowires

There are two major issues of concern in the synthesis of
metal alloy nanowires: (1) how to induce the 1D growth of the

This journal is © The Royal Society of Chemistry 2023
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metals, and (2) how to form the alloy with certain composition
in a controlled manner.

Unlike intrinsically linear materials such as carbon nano-
tubes, metals have highly symmetric crystalline structures.
Instead of elongating in two directions, the equivalent facets
in metal crystals grow simultaneously to give 3D structures,
unless the symmetry is broken with certain mechanisms. In
bottom-up approaches, the crystalline symmetry can be broken
with either templates, the oriented attachment mechanism, or
kinetic-controlled growth induced by either defects or ligands.

Direct synthesis of metal alloy nanowires usually follows
similar mechanisms that form pristine metal nanowires, but
with simultaneous co-precipitation of all alloy compositions
(Fig. 3). The synthesis of nanowire can be realized via either
templating methods or self-assembly processes. Tubular hard
templates can be used coupled with the deposition process to
generate 1D nanostructures. And in solution, one or multiple
structure-directing reagents, such as CTAC, CO and PVP, are
usually required to induce the 1D growth of the metal nano-
structures. Some of the structure-directing reagents are con-
sidered to form micellar-structures to induce the linear growth
of the metals, while in some cases the exact mechanisms of
the 1D growth have not been completely established yet.

For templating methods, overcoming the differences in the
reduction potential of various metal precursors is the key issue
for a successful co-precipitation process. In solution-based syn-
thesis, one composition of the alloy nanowire is usually
responsible for the morphological construction, serving as the
“nanowire template”. Pt or Pd is often the metal that plays this
role, probably because the syntheses of the Pt and Pd nano-
wires are quite feasible compared with other nanowires.
Nevertheless, those formed via a one-pot procedure and that
have no obvious core-shell structures are still discussed in this
section. Often, the chemical environments in direct syntheses
allow the co-reduction or autocatalytic reduction of the precur-
sors of the alloys, while sometimes synthetic adjustments are
necessary to enable the co-precipitation processes. It is also
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Fig. 3 Schematics illustrating the formation mechanisms that forms the
metal alloy nanowires directly with chemical methods.
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noticed that in some rare cases nanowires can only be
obtained when there are two or more metal precursors, and no
single-metal nanowires can be obtained.

3.1 Electrodeposition with hard templates

Hard templates have often been combined with electrodeposi-
tion to synthesize nanowires. This approach has been fre-
quently used to obtain nanowires made of the magnetic
metals, for instance the super invar (Fe-CO-Ni) alloy nanowire;
it is difficult to reduce these metals in a wet-chemical environ-
ment, probably due to their relatively low reduction potentials
compared with the noble metals.>>">® One of the most widely
applied templates for 1D electrodeposition is the anode-alumi-
num-oxide (AAO), which can be easily obtained by anodizing
Al foil and removed after the synthesis with chemical etching.
With the AAO template, a vertically aligned nanowire array can
be electrodeposited, with the diameters of the nanowires
determined by the pore sizes. Nanowires synthesized with this
method wusually have diameters of about the tens of
nanometres.

Recently, there have been several works reporting the synth-
eses of Pd-based nanowires with the AAO-templated electrode-
position methods, including pure Pd and PdBi,”” PdFe,*®
PdCo*® and PdNi*® nanowire arrays. The applied potentials
often significantly affect the composition of the PdM alloy
nanowires. This is because Pd can be deposited at relatively
low overpotential, while the other metals need much negative
potentials. The overall Pd compositions usually decrease with
the increase of the applied potentials. Alternatively, the ratio of
the precursors in the electrolyte can be adjusted to control the
composition of the final nanowires. The removal step of the
hard AAO template can offer an additional chance to tune the
nanowire composition and modify the surface topology of the
nanowires. For instance, PdBi nanowires with a rough surface
can be generated during the etching of the AAO templates
after depositing smooth PdBi nanowires in the template.’”
Meanwhile, the composition of Bi in the alloy also dropped
from 15% to 3% due to the dissolution of the surface Bi
(Fig. 4).

The templates in electrodeposition restrict the outlines of
the nanowires, and the deposition conditions can provide
extra controls on the morphologies of the alloy nanowires. A
recent synthesis of FeCoNi nanowires carried out the depo-
sition at low pH condition with polycarbonate as the template,
and produced porous nanowires.”® The H, bubbles formed
during the electrodeposition were utilized as the dynamic tem-
plates of the pores in the alloy nanowires. Moreover, post-syn-
thetic processing such as surface etching can be conducted to
produce PdM nanowire arrays with rough or porous surfaces,
and to further adjust the composition of the nanowires.””"*

Templated electrodeposition is a feasible method to syn-
thesize metal alloy nanowires with both noble and non-noble
metal compositions. The composition of the alloy nanowires is
usually controlled by the reduction potentials. Both the
surface morphology and compositions of the obtained nano-
wires can be further adjusted with post-synthetic treatments.
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Fig. 4 (a) Schematics illustrating the electrodeposition process with
AAO template; (b) SEM and (c) magnified SEM images of PdBi nanowires
with rough surfaces. (d) EDS analysis results showing the compositions
of PdBi nanowires before and after being etched in 4 M NaOH.
Reprinted with permission from ref. 57. Copyright 2019 from American
Chemical Society.

3.2 Solution-based synthesis with molecular ligands

Many metal-based nanowires have been synthesized via solu-
tion-based chemical methods. The homogeneous environment
in wet-chemical synthesis can offer good structural uniformity
and afford potentially massive production. During the synth-
eses, apart from the metal precursors and the reducing
systems, one or more molecular structure-directing reagents or
ligands, such as the organoammonium halides, organoa-
mines, metal carbonyls which provide CO and/or non-ionic
surfactants, are usually added as vital ingredients to induce
the 1D growth of the metals. Normally, the ligands were con-
sidered as either promoting the oriented attachment of par-
ticle intermediates to form 1D assemblies, or forming micelle
templates facilitating the 1D growth of the metal crystals. The
exact mechanism of the 1D growth induced by some of the
structure-directing reagents had been thoroughly studied, yet
for some other ligands, it remains unclear how these species
direct the linear growth of metal nanostructures.

This journal is © The Royal Society of Chemistry 2023
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3.2.1 Organoammonium halides-induced growth.
Organoammonium halides have been widely employed in the
synthesis of nanowires and nanorods.®*®* The organoammo-
nium halides with long carbon chains are amphiphilic, and
they are believed to form tubular-like micelles that serve as
soft templates. One widely applied solution-based system to
synthesize Pt-based alloy nanowires employs the cetyltri-
methylammonium (CTA") halides, typically cetyltrimethyl-
ammonium chloride (CTAC), as the structure-directing
reagent, with metal acetylacetonate (acac) as the precursor,
oleylamine as the solvent and glucose as the reductant.
PtNi,*>™% PtCo,”®”! PtFe,°>”* PtRh,*® PtZn’? and the ternary
PtNiCo,*® PtNiFe,*> PtCoRh,”* PtRuNi’> alloy nanowires have
been shown to be synthesized with the CTAC system (Fig. 5).
The majority of these alloy nanowires possess a chain-like or
zigzagging morphology, suggesting plausible similar for-
mation mechanisms. In addition, Ga-doped Pt;Co nanowires
with a lavender morphology were obtained by introducing Ga
(acac), during the synthesis.”® Sometimes, cetyltrimethyl-
ammonium bromide (CTAB) can be used to replace CTAC and
obtain similar nanowire structures.”” In some reported synth-
eses CTAB and CTAC were interchangeable, while in other
works only one of them can induce the 1D growth. This ambi-
guity may be because the ligand not only directs the mor-
phology of the nanostructure, but also greatly affects the
reduction and deposition kinetics of the metals. More recently,
subnanometer high-entropy-alloy (HEA) nanowires composed
of more than five metals, the PtRuNiCoFeMo nanowires, were

Fig. 5 TEM/STEM/HAADF-STEM images of (a) PtNi, (b) PtCo, (c) PtFe,
(d) PtRh, (e) PtZn, (f) PtCoRh, (g) PtNiFe, (h) PtNiCo and (i) PtRuNi nano-
wires synthesized with CTAC as the structure-directing reagent.
Reprinted with permission from ref. 65, 71-75. Copyright 2015 and 2018
from WILEY-VCH GmbH, 2016 and 2019 from Springer Nature, 2020
and 2021 from the Royal Society of Chemistry.
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reported to be synthesized following a similar approach, with
stearyltrimethylammoium bromide (STAB) as the surfactant.”®
While many HEA nanostructures have been obtained viag high-
temperature processes,” % this work demonstrates the poten-
tial of the solution-based methods in the synthesis of complex
alloys.

Mechanistic investigation of the formation of PtNi alloy
nanowires indicated that during synthesis, Pt was first reduced
and formed ultrathin nanowires, followed by the reduction of Ni
and the formation of a core-shell intermediate.®® As the
reduction progressed further, an alloy process occurred and the
interdiffusion of the metal atoms led to the formation of the
alloy nanowires (Fig. 6). Moreover, the surface layer of the ultra-
thin nanowires was usually considered Pt-rich, as compared with
Ni the Pt atoms would be chemically more stable and thus con-
centrated on the surface as the result of both the interdiffusion
and ripening processes. Overall, this method relies greatly on the
formation of the 1D Pt nanostructure. Without Pt, Ni alone could
not have linear growth. Nevertheless, the interdiffusion of metal
atoms at high temperatures is also of critical importance to the
formation of uniform alloy phases, such as the Pt;Ni alloy phase
in PtNi alloy nanowires.

The sequential reduction of Pt and Ni suggests that the syn-
thesis can be modified to two-step procedures, through which
the phase and composition of the PtNi alloy nanowires can be
adjusted more precisely. It was reported that varying the quan-
tity of the Ni(acac), added in the second step could lead to the
formation of a series of Pt;Ni, Pt;Niz, Pt;Ni, 5 and Pt;Nig alloy
nanowires, with the excess Ni forming a segregated Ni phase.®®
Further etching of the Ni phases with acetic acid led to the for-
mation of a porous Pt;Ni nanowire with improved electro-
catalytic performance. Another recent work indicates that
apart from crystallization during the synthesis process, post-
synthetic thermal treatment under NH; atmosphere can also
induce Ni segregation on the surface of the PtNi nanowires, as
the Ni has stronger affinity towards NH; than Pt.®”

The two-step procedure also provides means to form alloys
with metals having large potential differences or reducing

ot §?§§3§ZZ? PurePl Ptrich PX,NI
Fig. 6 (a) TEM images of 1D PtNi intermediates collected from the
reactions at different reaction times during the CTAC-mediated synthesis
of PtNi alloy nanowires. (b) Schematics illustrating the growth mecha-
nism of 1D PtNi nanowires. Reprinted with permission from ref. 65.
Copyright 2015 from WILEY-VCH GmbH.
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kinetics with Pt, such as PtCu and PtCulr, PtCuRh, PtCuPd
nanowires.?""®? Typically, the reaction mixture was first heated
with solely the Pt precursor to generate ultrathin Pt nanowires,
and then the precursors of the other metals were added
together with additional Pt precursor to induce the formation
of the alloy nanowires. The reduction temperature of the
second stage can be increased to facilitate the reduction of the
second metal. For instance, PtCoRh spiral nanowires could be
obtained by first forming PtCo alloy nanowires at 130 °C, and
then raising the reaction temperature to 170 °C to achieve the
reduction and deposition of Rh.”*

In this CTAX (X = Br or Cl)-induced synthesis, although the
solvent oleylamine is reductive, additional reductant glucose
was also added to promote the reduction of the metal with low
reduction potential. In the absence of glucose, pure Pt nano-
wires were usually obtained. An exception is the formation of
chain-like PtNi nanostructures under the solvothermal con-
dition at 180 °C.** The high-temperature solvothermal con-
dition probably maintained a highly reductive environment
that allowed the reduction of Ni and the formation of Ni-rich
nanospheres along the Pt nanowires. Other reductants have
also been introduced. Replacing the glucose with ascorbic acid
or citric acid during the synthesis of Pt;Ni nanowires yielded
sinuous nanowires or short nanorods, repectively.® These
results verified that the reduction system also played an impor-
tant role in the 1D growth, as the deposition of the metal
atoms on certain surfaces of the nuclei was related closely to
the adsorption/desorption kinetics of the ligand and the depo-
sition kinetics of the metal. Alternatively, PtNiMo ultrathin
nanowires were produced by purging pressurized H, (30 bar)
into the nanowire growth system.51 H, was considered as both
controlling the slow kinetics for the growth of the nanowires
and providing structural regulation for nanowire formation.

Carbonyl reagents, typically Mo(CO)s>' and W(CO),,*>*°
have been introduced into some of the syntheses, and their
addition can cause the transformation of the nanowire mor-
phology from chain-like to ultrathin. Upon heating, metal car-
bonyl decomposes to release CO, which adsorbs strongly on the
Pt surface and provides restriction to the lateral growth of the
nanowires. As a result, ultrathin Pt-based nanowires were
obtained with the metal carbonyl additives. For instance, the
length of the Pt;Ni nanowire increased from 9 nm to about
35 nm when the mass of Mo(CO)s added into the system was
doubled from 2 mg to 4 mg.*” Moreover, the presence of CO was
found to be critical for the smoothening of the nanowires after
the oriented attachment process. Chain-like assembly of nano-
particles was obtained if there were no metal carbonyl additives
during the synthesis (Fig. 7).2* Alternatively, CO could be intro-
duced to the system by directly blowing the reaction mixture with
gaseous CO. After that, the autoclave containing Pt(acac), and Fe
(acac), was sealed and heated under solvothermal condition to
generate ultrathin PtFe nanowires.®® Apart from morphological
control, the introduction of CO also generates a highly reductive
environment. Even without glucose, PtRu nanowires could
still form in the presence of W(CO)s, with dimethyl-
dioctadecylammonium chloride as the ligand.*
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Fig. 7 (a) Schematics illustrating the effect on the W(CO)¢ on the
surface of the PtCu nanowires and (b and c) HAADF-STEM images of (b)
the smooth PtCu nanowires (inset showing the corresponding FFT
pattern) and (c) the rugged PtCu nanowires. Reprinted with permission
from ref. 82. Copyright 2020 from Springer Nature.

Another type of double-chain organo-ammonium halide
has been employed in the growth of Pd-based alloy nanowires
in aqueous solutions. A typical system carries the reaction in
aqueous solution, with dioctadecyldimethylammonium chlor-
ide (DODAC)*>°' as the structure-directing reagent and
L-ascorbic acid as the reductant. The aqueous solution favours
the usage of the r-ascorbic acid, while the hydrophobic carbonyl
reagents are not compatible for this synthesis. More impor-
tantly, in aqueous solution the double-chain DODAC was con-
sidered to be a better ligand compared with the more com-
monly used CTAB and CTAC: the double-chain organo-
ammonium halide can form stable tubular mesophases in the
aqueous solution, providing stable soft templates for the for-
mation of single-crystalline Pd nanowires (Fig. 8).°> Simply by
reducing AgNO; or H,PtCls together with H,PdCl,, alloys PdAg
and PdPt nanowires can be obtained. One variation of this
system was the introduction of NaH,PO, as the reductant to
replace the ascorbic acid. NaH,PO, also provides P during the
reduction, leading to the formation of PdCuP alloy nanowires.”?
Recently, a similar molecule, dihexadecyldimethylammonium
chloride (DHDAC) has been employed as the structure-directing
reagent to synthesize ultrathin PdAg nanowires.”* The ratio of
Pd and Ag in the alloy nanowire was consistent with the ratio of
the metal precursors. Interestingly, this system is incapable of
forming pure metal nanowires. When solely Pd or Ag precursor
was used, Pd or Ag nanoparticles were obtained.

Besides the ammonium halides, hexadecylpyridinium
chloride (C;6-py) was also recently discovered to be capable of
forming micelle-like soft templates for the synthesis of 1D Pd-
based nanostructures. The amphiphilic ligand first assembled
with the Pd precursor and formed columnar structures. After
adding H3BO; and dimethylamine borane (DMAB), PdB nano-
particles nucleated inside the columnar structures. Finally, the
nanoparticles attached together to generate wavy PdB and
PdMB (M = Cu, Pt) nanowires.””

This journal is © The Royal Society of Chemistry 2023
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Fig. 8 Synthesis of the Pd nanowires with DODAC. (a) Small-angle XRD
patterns of the powder mainly consisting of DODAC and H,PdCl,, with
the inset showing the photograph of the spongy powder in a glass
bottle. (b) Structural representation of a characteristic p6mm mesos-
tructure. (c) Proposed formation mechanism of Pd nanowires based on
a self-assembly process. (d and e) TEM images of the Pd nanowires
observed at different magnifications. Reprinted with permission from
ref. 92. Copyright 2016 from the Royal Society of Chemistry.

3.2.2 Metal carbonyl-induced synthesis. As mentioned
above, CO has often been introduced in the form of metal car-
bonyl together with structure-directing ammonium halide to
promote the elongation of Pt-based ultrathin nanowires.
Alternatively, metal carbonyls alone have been shown capable
of inducing the formation of PtFe,”>” PtCo,”” PtCoFe’® and
PtFeNi®® alloy nanowires. Organic solvents with high boiling
points were usually used in these systems, as metal carbonyls
are soluble in these solvents and their decomposition requires
high temperatures. In a typical synthesis, Pt(acac),, Fe(CO)s or
Co,(CO); and oleylamine were mixed with octadecene solution
containing sodium oleate and heated to 240 °C to induce the
decomposition of the carbonyl compound and the reduction
of Pt, forming PtFe or PtCo alloy nanowires.®” In the synthesis
of PtCoFe alloy nanowires, an extra additive 1,2-hexadecane-
diol was added during the synthesis.’®

In a recent work, PtIrFe alloy nanowires with face-centred
cubic (fce) lattice were first synthesized via the CO procedures,
and then the lattice structure was transformed to the more
active face-centred tetragonal phase with post-synthetic treat-
ment (Fig. 9). The strong reducing ability of CO enabled the
reduction of Pt(acac), and Ir(acac),, and together with Fe that
originated from Fe(CO)s, trimetallic nanowires with classic fcc

This journal is © The Royal Society of Chemistry 2023
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Fig. 9 Synthesis of fct-PtFelr/C via a silica-protected annealing strat-
egy. (a) Schematics illustrating the synthesis process. (b—d) TEM images
of (b) fcc-phase PtFelr nanowires, (c) fcc-PtFelr-OA/C@SiO,, and (d) fct-
PtFelr/C. (e) XRD pattern of the fct-PtFelr/C. (f) HAADF-STEM image of
a nanowire in fct-PtFelr/C viewed along the [100] axis. Red and cyan
spheres represent Pt (Ir) and Fe, respectively. (g) Simulated atomic
arrangement for fct-phase PtFe viewed along the [100] axis. (h)
Z-Contrast intensity profile taken along the cyan line in (f). Reprinted
with permission from ref. 100. Copyright 2021 from Wiley-VCH GmbH.

lattice phase and random atomic distribution could be
obtained.’® The presence of the high-melting-point metal Ir
was vital to the following thermal treatment and lattice trans-
formations. After being deposited on carbon support and
encapsulated by silica shell, the nanowires were subjected to
thermal treatment at 690 °C and underwent phase transition
without changing in morphology. The obtained PtIrFe nano-
wires became an ordered alloy with fct phase, and exhibited
improved catalytic performances.

CO species normally induce the formation of 2D Pd-based
materials, such as nanosheets and nanoplates.**'%'"'%* They
were considered to bind strongly on the {111} facets of the Pd
structures, preventing deposition on the basal surface. Thus,
the nanostructures would expand only at the {111} twinning
planes, leading to the formation of nanoplates and
nanosheets. Recently, there was also work employing CO as
ligands for the formation of Pd-based nanowires. PdBi and
PdBiM (M = Cu, Co and Mn) nanowires were synthesized in
the presence of the carbonyl reagent Mo(CO)g."** The complex
system contained another two capping agents, tetrabutyl-
ammonium bromide (TBAB) and PVP. Also, Mo(CO)s, ascorbic
acid and the solvent formamide were all reductive. An orien-
tated attachment mechanism was proposed to indicate that
the twisty nanowires were formed via the assembly of PdBiCu
nanoparticles (Fig. 10). The relatively complex ligand system
probably weakened the strong effect of CO on the Pd-based
materials. It was found that the presence of the Bi precursor
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Fig. 10 Schematics illustrating the growth mechanism of PdBiCu nano-
wires, (a) morphology evolution of nanowires from the precursor nuclei,
and (b) effect of Mo(CO)e presence on the morphology. Reprinted with
permission from ref. 104. Copyright 2021 from the American Chemical
Society.

was critical for the growth of the 1D nanostructures, while the
CO helped the coalescence of the oriented particles.

3.2.3 Organoamine-induced synthesis. Oleylamine has
been used in many synthetic routes as the solvent; meanwhile,
it was also considered in forming micelle-like structures or
linear Au'-oleylamine complexes with Au precursors to induce
the formation of ultrathin Au-based nanowires.'®> Pure Au
nanowires have been reported to be formed with oleylamine as
the ligand, and sometimes as the solvent and reductant at the
same time."**'?” Later, AuAg alloy nanowires were reported by
reducing HAuCl, and AgNO; in the mixture of oleylamine and
oleic acid (Fig. 11a).'°® Other long-chain organoamines are
also capable of inducing the growth of Au-based nanowires.
Octadecylamine can facilitate the formation of AuCu nanowire
coils with glucose as an additional reducing agent,'®
was also used in aqueous solution to grow AuAg nanowires
with ascorbic acid as the reducing agent (Fig. 11b and ¢)."*° In
terms of forming ultrathin Au-based nanowires, oleylamine is
a quite promising reagent, although the formation mechanism
has not been completely revealed, and the growth system is
not quite versatile enough for morphological adjustments. To
date, there have been very few reports on the synthesis of oley-
lamine-stabilized Au nanowires with thicker diameters.

Recently, there was a report employing oleylamine as the
structure-directing reagent to form Pt-based nanowires. The
synthesis generated nerve-like PtPb alloy nanowires with
various compositions under solvothermal conditions, with
toluene as the solvent and borane tert-butylamine complex
(BTBA) as the reducing agent (Fig. 11d-h).""! The obtained
nanowires did not have well-defined linear or ultrathin mor-
phologies. Their formation was attributed to an oriented
attachment process induced by oleylamine, while the metal
precursors, the acetylacetonate salts, were also of critical
importance for co-reduction and the formation of uniform
PtPb grains. The nanowire morphology would cease when the
Pb(acac), precursor was absent.

and it
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Fig. 11 TEM images of (a) AuAg nanowires synthesized in oleylamine
and oleic acid; (b) AuAg nanowires and (c) AuCu nanocoils synthesized
with octadecylamine as the structure-directing reagent. (d—g) Ptz sPb
nanowire intermediates taken at (d) 30 min, (e) 1 h, (f) 2 h and (g) 4 h of
reaction times with oleylamine as the structure-directing reagent. (h)
Schematics illustrating the formation mechanism of the Ptz sPb nano-
wires, with yellow balls and green balls representing Pt and Pb atoms.
Reprinted with permission from ref. 108-111. Copyright 2016 from the
American Chemical Society, 2013 from Wiley-VCH GmbH, 2018 from
Elsevier.

The in situ formed dimethylamine was employed as the
structure-directing reagent in a widely applied synthesis of Pt-
based nanowires. It was initially developed to synthesize Pt
nanowire bundles, and was later extended to a variety of Pt-
based alloy nanowires (bundles), including bimetallic PtAu
(ptpd),"*>'*  PtNi,"**  PtCo,"">''® PtRu,'” and ternary
PtNiCu''® and PtNiAu'"® alloy nanowires (Fig. 12). Typically, Pt
precursor H,PtCls and KOH were dissolved in a mixture of
ethylene glycol (EG) and N,N-dimethylformamide (DMF) and

Fig. 12 TEM and SEM images of (a) PtPd, (b) PtNi, (c) PtCo, (d) PtRu, (e)
PtNiCu and (f) PtNiAu nanowire bundles synthesized by heating the pre-
cursors in the mixed solution of DMF and EG at solvothermal condition.
Reprinted with permission from ref. 112, 114, 116-119. Copyright 2019
and 2020 from the American Chemical Society, 2018 and 2021 from
Springer Nature, 2020 from the Royal Society of Chemistry.
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heated under solvothermal conditions to induce the formation
of Pt nanowire bundles. Although the decomposition of DMF
released CO, spectroscopic results suggested that there was no
CO binding on the nanowire bundles. Therefore, the other
decomposition product of DMF, dimethylamine, was deduced
to be the structure-directing reagent in this synthesis. In
addition, the mechanism study suggested that the Pt nanowire
bundles were formed via the coalescence of the 1D aligned
nanoparticles.'*°

In order to achieve the co-precipitation of the different
metals and the formation of alloys, the reaction parameters
such as the type and ratio of the metal precursors, the solvent
ratio and the amount of KOH, might need further modifi-
cation, as the co-reduction of metals is sensitive towards the
reaction conditions. For instance, strained PtPd nanowires
were obtained with Pt(acac), and Pd(acac), as the metal precur-
sors, and the composition of the alloy could be adjusted by
varying the feeding ratio of the metal precursors.'*> PtFe nano-
wires of various compositions were also obtained with Pt
(acac), and Fe(acac),, and by adding oleylamine as the solvent
ingradient."*!

Additional reducing reagent could be introduced into this
system to promote the co-precipitation of Pt and metals with
low reduction potentials. It was found that the addition of
strong reducing agent ascorbic acid was vital for the formation
of PtRu alloy nanowires.''” Without ascorbic acid, only Pt@Ru
nanowires with the Ru islands attached to the Pt nanowires
were obtained.

In terms of the formation mechanism, the autocatalytic
effect was found to play a vital role in forming the alloy struc-
tures in this ligand system as well. For instance, Pt and Ni
were co-precipitated in the solvothermal condition, yet the
reduction system was not capable of reducing Ni** in the
absence of Pt,"'* indicating that Ni** was reduced via an auto-
catalytic mechanism. It is noted that although the Pt*" was
reduced prior to Ni**, the product obtained was not the core-
shell material. Interdiffusion between the two metals led to
the formation of Pt;Ni alloy nanowires. In the same work the
authors also believed that the growth of the Pt;Ni nanowires
followed the seed-mediated mechanism, in contrast to the
well-accepted oriented attachment mechanism, as no nano-
particle intermediates were observed.

Recently, another amino ligand, 4-aminopyridine, was
exploited as a structure-directing reagent for alloy nanowires
in aqueous solution. The anisotropic epitaxial growth yielded
AuPd alloy nanowires and AuCu alloy nanowire bundles, at
different temperature and reaction times (Fig. 13a-d)."*****
For the synthesis of the AuPd alloy nanowires, nanowires were
formed by reducing Au and Pd with ascorbic acid at 80 °C for
just 2 min. The nanowire structure cannot form in the absence
of either Au, Pd precursors or the 4-aminopyridine. On the
other hand, to form AuCu nanowires, the reaction only needed
to be reacted at 20 °C for 10 min. Replacing the ascorbic acid
with a stronger reducing agent such as NaBH, compromised
the linear structure of the nanowires. Au nanowires could be
obtained at this condition with only the Au precursors. Thus,
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Fig. 13 (a and b) Schematics illustrating the synthetic processes of
AuPd nanowires and AuCu nanowire bundles with 4-aminopyridine as
the structure-directing reagent. (c and d) TEM image of (c) AuPd nano-
wires and (d) AuCu nanowire bundles. (e) Schematics illustrating the for-
mation mechanism of the ultrathin AgPt alloy nanowires with
PNIPAM-NH, as the structure-directing reagent. Reprinted with per-
mission from ref. 122, 123 and 125. Copyright 2022 from Elsevier and
2017 from Springer Nature.

the reaction kinetics is also of critical importance for many
ligand systems, and variation of the precursor concentration
would cause the change of reduction kinetics. Amine-termi-
nated poly(N-isopropylacrylamide) was employed to synthesize
wavy AgPt nanowires (Fig. 13e)."”> The amine-terminated
polymer was believed to preferentially adsorb onto the {110}
and {100} facets of the AgPt nanoparticles, facilitating the
oriented attachment of the nanoparticles along the [111]
direction.

3.2.4 Non-ionic surfactants as structure-directing reagents.
Although the exact mechanisms are not yet fully understood or
explained, several non-amphiphilic surfactants have also been
employed in the synthesis of metal and metal alloy nanowires,
or more exactly chain-like networks. PVP is one of the most
widely used surfactants in nanosynthesis. It has been
employed in many synthesis studies as a capping agent to
stabilize the nanoscale structures against aggregation. In some
cases, it was found to induce linear aggregation or formation
to form nanowires.

Au-based AuAg'*® and AuAgPd*® alloy nanowires with ultra-
thin morphology have been reported synthesized with PVP as
the structure-directing ligands in DMF solution (Fig. 14). Both
works obtained alloy nanowires with unusual fan-like twisted
structures or the Boerdijk-Coxeter-Bernal (BCB) lattice.

Nanoscale, 2023,15, 2488-2515 | 2497
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Fig. 14 TEM images of (a) AuAg and (b) AuAgPd nanowires synthesized
with PVP as ligand in DMF solution. (c) Schematics illustrating the for-
mation of the highly strained and bent AuAgPd alloy nanowires.
Reprinted with permission from ref. 126 and 48. Copyright 2011 and
2021 from the American Chemical Society.

The AuAg alloy nanowires were considered strained, and the
nanowire would undergo chiral transformation and twist into
double helices upon Pd deposition and the formation of core-
shell structures. Similarly, the AuAgPd alloy nanowires were
found to be highly strained as well. The mechanism study indi-
cated that during synthesis, single-crystalline AuAg nanowires
would first form at the initial stage, followed by the deposition
of the Pd sheath, which would cause the lattice structure of
the nanowires to transform into fan-like structures.

When PVP was employed as the structure-directing reagent
in the syntheses of Pt and Pd-based alloy nanowires, wavy or
chain-like networks were usually obtained, suggesting rela-
tively weak control of PVP on the morphology of the nanowires
(Fig. 15a-f). For instance, wavy Pt;Ag nanowires have been
formed under solvothermal conditions with PVP as the
capping agent.””” And Pd and PdM (M = Ag, Ni, Cu, Y) nano-
wire networks have recently been synthesized in a wet-chemi-
cal system with DMF and EG as the solvent and reducing
agent, and also PVP as the capping agent.'”® PdSn nanowire
networks could be formed by employing SnC,0, as the Sn
source and adding NH,Cl as additional capping agent.'*
Alternatively, PdSn nanochains were formed with (NH,),PdCl,
and SnCl, as precursors, and EG and citric acid as solvent and
reductant in solvothermal conditions."*® PdCu nanowires have
also been reported to be obtained with similar reagents in the
solvothermal condition.’*! In this case, Cu was believed to be
crucial for the formation of the nanowire networks, and in the
absence of Cu, only Pd nanoparticles were formed.
Alternatively, pure Cu particles with sizes in the hundreds of
nanometres were obtained if there was no Pd precursor.
Almost all the Pd and Pd-based nanowires synthesized with
PVP resemble chain-like networks, and mechanisms involving
particle attachment were usually proposed to explain the
assembly behaviour of the particles.
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Fig. 15 TEM images of (a) PtzAg, (b) PdAg, (c) PdNi, (d) PdY, (e) PdSn, (f)
PdCu, (g) AgPd and (h) Ag@AgPd nanowires synthesized with PVP as the
structure-directing reagent in aqueous solutions. (i) Schematics illustrat-
ing the oriented attachment of Ag@AgPd nanoparticles into networked
Ag@AgPd nanowires. Reprinted with permission from ref. 127-129, 131,
133 and 134. Copyright 2020 from Springer Nature, 2018 and 2021 from
the Royal Society of Chemistry, 2017 from Elsevier.

There was also an unusual PVP-involved synthesis. Ru-Pd
(Rh and Ag) alloy nanowires were generated by first synthesiz-
ing Ru nanoparticles with diameters of 2-3 nm with a polyol
process, and then reducing the second metal together with the
Ru nanoparticles in the presence of PVP under a solvothermal
condition.”®> The formation of the nanowire structure was
attributed to an attachment process assisted by the hetero-
geneous nucleation of Pd, and the linear structure was
obtained as a balance between the van der Waal’s interaction
and electrostatic repulsion between the particles. PVP in this
work was believed to function as a stabilizer to assist the
attachment process.

The PVP derivative polyvinylpyrrolidone imine was
employed to induce the formation of AgPd nanowires in polyol
solutions (Fig. 15g). Again an assembly mechanism was pro-
posed: the two metals were first reduced into AgPd nano-
particles and then assembled into nanowire networks."** And
interestingly, Ag@AgPd core-shell nanowires could also be
obtained by the assembly of Ag@AgPd core-shell nano-
particles (Fig. 15h and i)."**

This journal is © The Royal Society of Chemistry 2023
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Sometimes, additional reagents need to be introduced in
order to assist the co-reduction of metals during one-pot syn-
thesis. With the presence of sulphite (SO;>”) and proton (H"),
twisty PANi nanowires can be synthesized in PVP-containing
aqueous solution under hydrothermal conditions.’* The
effect of sulphite was found to be crucial for the co-precipi-
tation process, and pure Pd nanowires could be obtained with
it. H" was found necessary for the formation of 1D mor-
phology: increasing the pH would lead to the emergence of
nanoparticles. While the HCI that was used to dissolve PdCl,
was considered as the proton source, supplying extra protons
with H,SO, can also lead to the formation of twisty nanowires,
and it is noted that HCOOH was also involved in the system. A
similar synthesis was developed to grow the ternary PtCuNi
nanowires, with the solvent water replaced by EG."*® Sulphite
also served as the key reagent for this electroless-plating
process that enabled the co-precipitation of the metals,
especially the reduction of Ni**. Hence, sulphite is one useful
reagent that helps the co-reduction and precipitation of
metals, and induces alloy formation in the solution-based syn-
thesis of alloy nanowires.

Additionally, there have also been reports about using other
commercial surfactants, such as NP-40 and Pluronic F127, to
synthesize Pd-based nanowires. Nanowires formed with these
reagents had morphologies similar to those formed with PVP.
Reducing K,PtCl, and K,PdCl, with ascorbic acid in the pres-
ence of F127 under hydrothermal conditions can yield PdPt
nanowires."” Introducing H;BO;/DMAB as the B source and
NaH,PO; as the P source during the synthesis can lead to the
formation of PdBP nanowires.'*® Chain-like PdBi and PdBiAu
structures can be synthesized via a hydrothermal method, with
DMF and oleylamine as the solvent and F127 as the addi-
tive."*® Alternatively, NP-40 as the structure-directing agent can
be used to produce PdCu as well as PdFePb (and PdPb or
PdFe) alloy nanowires."*'** Both reports employ the boro-
hydride reducing system, with either NaBH, or KBH, as the
reducing agent in ice-cold aqueous solution. Formation of the
nanowire structure was believed to be an anisotropic epitaxial
growth guided by NP-40.

Apart from the abovementioned families of ligands, there
are also syntheses of alloy nanowires or chain-like structures
employing uncommon ligands or even without molecular
ligands. For instance, using N,N-dimethylacetamide as the
solvent and formamide as the ligand, binary PtCu, PtCo and
ternary PtCuCo nanochains could be synthesized in solvo-
thermal conditions.'**

Overall, solution-based methods can be highly diverse in
terms of the metal precursors, structure-directing reagent,
reduction systems and the reaction conditions. Single or com-
binations of molecular and polymeric morphological directing
agents or ligands are necessary during the reduction and depo-
sition of metal to induce 1D growth. The most widely used
ligands are CTAC (or CTAB), CO, various amine species and
polymeric surfactants such as PVP. Micelle-templates or
oriented attachment are the commonly proposed mechanisms
in the solution-based synthesis. It is clear that the solvent and
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the reduction system need to be carefully matched with the
ligand to enable the anisotropic growth of metal crystals.

3.3 Other methods

Besides the abovementioned template-based or solution
chemical syntheses, several uncommon methods have also
been developed to obtain alloy nanowires, and each method is
specific to a certain type of alloy nanowire.

3.3.1 Spinodal decomposition and dealloying. Recently, a
dealloying strategy was developed to synthesize Al-based high-
entropy alloy nanowires."*? Typically, Ni, Co, and Ru were first
melted to form a solid solution, followed by the introduction
of a fourth metal (either Mo, Cu, V or Fe). The solid solution
was then melted in Al to form an Al-based alloy. Interestingly,
the metals would undergo spinodal decomposition and exist
as thin nanowires. High-entropy Al-Ni-Co-Ru-X alloy nano-
wires were then obtained after etching of the pure Al phase
with alkaline solution. During the dealloying procedure, a
layer of spinel oxide also formed on the surface of the alloy
nanowire.

3.3.2 Template-less electrodeposition. Screw-like single-
crystalline PtPd nanowires with diameters around 30 nm have
been prepared with a template-less electrodeposition method
on clear glass-carbon electrodes (Fig. 16)."** The formation of
the nanowires was achieved by first imposing a relatively nega-
tive reduction potential to initiate nucleation, and then apply-
ing a square-wave potential of 100 Hz frequency to maintain
the growth of the nanowires. The molar ratio of Pd** and Pt**
in the electrolyte solution was 4:1, and deviation from that
ratio would lead to failure of the formation of the PdPt nano-
wires: no nanowires could be obtained with pure K,PtCl, or
H,PdCl, as the precursor. And the composition of the final
PdPt nanowires was not controlled by the feeding ratio of the
precursors, but rather by the upper potential limit of the
square-wave potential applied during growth.

3.3.3 Direct-current arc-discharge. A direct-current arc-dis-
charge process was developed to generate Ni-Co chain-like
3 The high-temperature arc process evaporated the
anode containing both Ni and Co into a homogeneous atomic
mixture. The atomic mixture then crystallized to form chain-
like Ni-Co particles and aggregated to a web-like product at
the top of the discharge chamber. The compositions of the

nanowires.

Fig. 16 (a) SEM and (b) TEM image of the PdPt nanowires synthesized
with template-less electrodeposition. Reprinted with permission from
ref. 144. Copyright 2018 from the Royal Society of Chemistry.
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alloy could be adjusted by the metal ratio in the anode. This
method employed neither ligand nor solvent, and it could also
produce pure metal nanochains. The obtained alloy chains
have diameters of 40-50 nm and length up to several micro-
metres. Surface oxidation would occur immediately after in
nanochains exposed to air, generating core-shell structures.

4. Forming alloy on existing
nanowires

Compared with the direct formation approaches, synthesizing
alloy nanowires based on existing nanowire structures circum-
vents the challenge of inducing 1D growth in metallic crystals.
In cases of forming ternary or more alloys, the ingredients of
the alloys can be introduced simultaneously or sequentially.
Depending on the reactivity of the templating nanowires and
the metal precursors, either replacement reactions, hetero-
geneous doping or heterogeneous nucleation would occur
when the templating nanowires were mixed with the metal
precursors (Fig. 17). The heterogeneous doping process was
guided by the spontaneous interdiffusion between the metals,
and a thermal annealing process could be employed to mix
the metals in the core and shell layers if a core-shell structure
was initially obtained.

4.1 Forming alloy shell on metal nanowires

Synthesis of the core-shell nanowires with shell made of the
alloy of the core metal can often be achieved simply with one-
pot procedures. Due to the difference in the reduction poten-
tial, the second metal only starts to be reduced after the
reduction and formation of the core nanowire, even if all the
metal precursors are added together at the beginning of the
reduction process. For instance, Au@PtAu nanowires could be
obtained based on an a-naphthol-induced synthesis of Au
nanowires (Fig. 18a)."*® Pt was only present in the shell layer

Forming alloy shell on metal nanowires
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Fig. 17 Schematics showing the different scenarios of forming alloy
(core—shell) nanowires from existing 1D nanostructures.
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Fig. 18 TEM images of (a) Au@PtAu, (b) Cu@NiCu, (c) PtNi/PtPb/Pt, (d)
Au@PdPb, (e) Au@PdPt core-shell or multishell nanowires and (f)
RhCuAgPd/Pd nanowires synthesized depositing the alloy shell on the
preformed metal nanowires. Reprinted with permission from ref.
146-151. Copyright 2021 from Science Press and Elsevier, 2017 from the
Royal Society of Chemistry, 2020 from Springer Nature, 2017 from the
American Chemical Society.

as its reduction only started after the formation of the core Au
nanowires.

Besides, reaction temperature can be used to trigger the for-
mation of the alloy shell. Cu@NiCu core-shell nanowire can
be formed with a method derived from the synthesis of the Cu
nanowires (Fig. 18b)."*” Although both the Cu(acac), and NiCl,
were added at the beginning of the synthesis, the Ni only exists
in the surface alloy layer as its reduction only occurred after
the temperature was raised from 185 °C to 220 °C.

Nevertheless, a multi-step procedure is also quite plausible
for the synthesis of core-shell alloy nanowires. PtNi/PtPb/Pt
multishell nanowires were obtained by first synthesizing the
PtNi nanowires in oleylamine solvent with CTAB as the struc-
ture-directing reagent, and then the reaction mixture was
cooled slightly followed by the addition of Pb(acac), to induce
the formation of the PtPb shell (Fig. 18¢)."*®

Less commonly, alloy shells can be deposited on nanowires
made of a foreign metal. The core and the shell materials
must be carefully considered to allow the epitaxial growth of
the shell on the core nanowires. PdPb (or Pd) shell can grow
epitaxially on Au nanowires to form Au@PdPb nanowires, due
to the small lattice mismatch between Au and Pd (Fig. 18d)."*°
Also, networks of Au@PdPt core-shell nanowires were syn-
thesized by first reducing the HAuCl, with sodium citrate to
form in situ Au nanowires, and then adding the Na,PdCl, and
K,PtCls sequentially, and lastly another reducing agent
ascorbic acid (Fig. 18e)."° Interestingly, the residue Au ions
must be kept low during the reduction of Pd and Pt, as the
ternary alloy Au-Pd-Pt would have a larger lattice mismatch
with the Au nanowires, which would lead to the formation of
isolated nanoparticles instead of coaxial nanowires.

When the interfacial energy between the alloy materials
and the seed nanowires is too high to form uniform core-shell
structures, nanowires with surface alloy islands are obtained.
RhCuAgPd/Pd nanowires were synthesized with Pd nanowires

This journal is © The Royal Society of Chemistry 2023
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as the seeds (Fig. 18f).">' The metal precursors were added
after the formation of the Pt nanowires, and were reduced by
the residual ascorbic acid left in the reaction mixture during
the formation of the Pd nanowires.

4.2 Doping and surface modification

Post-synthetic doping and surface modification generate alloy
nanowires based on the interdiffusion of metals, an entropy-
driven process that occurs when atoms of different metals are
brought together. Also, the diffusion kinetics of the metals
must be sufficient to allow the spontaneous dispersion of the
second metal into the lattice of the original nanowire and
form solid solutions after being deposited onto the existing
nanowires. For ultrathin nanowires, the interdiffusion process
usually occurs easily; and in some cases, the formation of the
alloy would even cause change in the lattice structure, indu-
cing strain in the lattice and change in the morphologies of
the nanowires. If the core nanowires were too thick to achieve
homogeneous mixing of the different metals, core-shell nano-
wires with an alloy shell would be obtained.

Strictly speaking, many of the abovementioned direct synth-
eses of Pt-based alloy nanowires also followed the hetero-
geneous doping mechanism. Although all metal precursors
were added simultaneously during the one-pot syntheses, Pt
with the highest reduction potential would be reduced first
and form nanowires with the assistance of the structure-
directing reagent, and the second metal was then deposited on
the Pt nanowires to form the alloy nanowires. Alternatively,
heterogeneous doping could also be carried out as a separated
step, with the second metal being reduced in a different
environment. In a recent work, Ga(acac), was reduced with
ascorbic acid in the presence of preformed Pt nanowires to
form ultrathin PtGa nanowires (Fig. 19a-d).">> A more obvious
procedure was the formation of PtSn nanowires on carbon
support.’®® Pt precursors were first mixed with the carbon
support and reduced by HCOOH for different times to obtain
nanowires, followed by the addition and reduction of SnCl,
with HCOOH for 48 h to form the alloy nanowires.

In a recent work, the early transition metal W was intro-
duced into the pre-formed Pt nanowire through an electro-
chemical etching process to form PtW alloy nanowires.”>* An
amorphous WO, shell was first grown onto the Pt nanowires
by depositing W precursors at 300 °C, followed by etching of
the oxide layer and doping of W in the nanowires. Similar to
other alloys, the reduction of W was attributed to the autocata-
lytic effect on the Pt surface, where the surface Pt-H acts as a
strong reducing agent to reduce W. After that, the interdiffu-
sion between the W and Pt in this electrochemical environ-
ment would allow the formation of the PtW nanowires.

Oleylamine-stabilized ultrathin Au nanowires have been
employed as precursors for Au-based alloy nanowires. AuM (M
= Pt, Cu and Pd) was obtained via heterogeneous doping pro-
cesses occurring at the liquid-liquid interface of EG and
hexane (Fig. 19e-i).'>® The as-synthesized Au nanowires were
first dissolved in the non-polar phase, while the metal precur-
sors were in the polar phases and brought to the interface by
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Fig. 19 (a) Schematics illustrating the two-step synthesis of PtGa nano-
wires. (b) TEM, (c) HAADF-STEM and (d) atomic-resolution aberration-
corrected HAADF-STEM image (with the corresponding FFT pattern) of
the PtGa nanowires. (e) Schematics illustrating the formation of Au—M
nanowires at the liquid-liquid interface. (f-i) The resulting TEM images
of (f) Au, (g) AuCu, (h) AuPd, and (i) AuPt nanowire arrays. Reprinted with
permission from ref. 152 and 155. Copyright 2019 and 2018 from the
American Chemical Society.

the oleic acid additive. Glucose was employed as the reducing
agent, and the reduction was carried out with microwave
heating.

Alternatively, double helical AuAg and AuPd nanowires/
nanoropes have been shown to be formed by directly reducing
Ag or Pd in the presence of oleylamine-stabilized ultrathin Au
nanowires (Fig. 20).">*"” The double helical AuAg nanowires
were formed in the non-polar phase while the AuPd nanoropes
were synthesized in aqueous solution. Either way, the inter-
diffusion of the metals can occur at room temperature and
simultaneously with reduction of the second metal. The ultra-
thin Au nanowires were believed to be single crystalline and
elongating along the [111] direction of the fcc lattice, and the
alloying process altered the lattice structures of the ultrathin
nanowires. The resulting lattice structures contained a lot of
fan-like segments. While the BCB lattices should be straight in
outline, the disordered lattice structure in the double helical
nanowires may be the complex intermediates which were kine-
tically trapped half-way in between the transformation from
fce lattice to BCB lattices. The alloying process also imposed
strain in the nanowires and twisted the straight nanowires into
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Fig. 20 (a) Schematics illustrating the twisting of Au—Ag double helix
nanowires. (b) TEM image of ultrathin Au—Ag alloy helices. (c) TEM
image of AuPd nanoropes. (d) Schematics illustrating the braiding of
AuPd nanoropes. Reprinted with permission from ref. 156 and 157.
Copyright 2018 from WILEY-VCH GmbH and 2020 from the American
Chemical Society.

double helices. The strain and the lattice structure in the
double helical alloy nanowires can be further adjusted with a
H,0,-assisted fusion process, producing solid AuPd nanowires
with optimized internal strain for catalytic applications.">®

In contrast, surface deposition would not have a significant
effect on the morphologies of nanowires with large diameters,
but would form an alloy surface layer that greatly changes the
physical and chemical properties of 1D nanostructures. Ag
nanowires (or nanotubes) with improved chemical stability
and mechanical strength can be obtained with surface-doping
of Pd via galvanic replacement in the presence of the reducing
agent ascorbic acid.’®® The morphology and composition of
the final structure can be adjusted by pH, which directly
affects the reducing ability of ascorbic acid. Similarly, an Ir
layer can be formed on the Ag nanowire surface and form
Ag@AgIr core-shell nanowires with a two-step heating pro-
cedure.'®® The Ag core could then be etched with HNOj; to
yield the AgIr alloy nanotubes.

4.3 Thermal annealing

Thermal annealing is one conventional method to produce
alloy materials.’”'®" However, applying thermal annealing in
the synthesis of alloy nanowires can be quite challenging. The
nanowires, especially those that are ultrathin in nature, might
not be able to maintain 1D morphology at elevated tempera-
tures, as surface diffusion and atom migration would inevita-
bly happen in company with the interdiffusion process. On
the other hand, spontaneous interdiffusion of metal atoms
would occur in ultrathin nanowires at room temperature, gen-
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erating alloy nanowires directly during synthesis or via the
post-synthetic deposition process. Thus, thermal annealing
can only be applied to the thick core-shell 1D nanostructures
to generate alloys with ordered crystalline phase.

One typical demonstration of this approach was the syn-
thesis of CuzAu alloy nanowires with precise composition via
the thermal annealing of the core-shell Cu@Au nanowires
(Fig. 21).'°> The annealing process was performed under the
forming gas atmosphere so as to suppress the wire sintering
during the high-temperature process. The Cu-Au forms a
series of solid solutions at different annealing temperatures,
and intermediate CuAu alloy nanowires with L1, phase were
obtained when the temperature was below 200 °C. The L1,
CuzAu phase would emerge above 220 °C, and complete con-
version to the uniform CuzAu L1, phase was realized at 320 °C.
Since the alloy process occurs by the interdiffusion of the core
and shell materials, both raising the temperature and
lengthening the annealing time would favour the formation of
the alloy CuzAu L1, phase. Compared with the pristine Cu
nanowires and the Cu@Au core-shell nanowires, the final
CuzAu alloy nanowires exhibit improved thermal stability.
When annealed in air, the CuzAu only undergoes phase tran-
sition and morphology change above 250 °C, whereas phase
transition in the other two nanowires starts at only 150 °C (Cu)
and 200 °C (Cu@Au).
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Fig. 21 (a—c) HAADF-STEM images and EDS elemental mappings of (a)
pristine Cu@Au core-shell nanowire (b) an intermediate obtained after
annealing the Cu@Au nanowires at 200 °C and (c) CuAu alloy nanowires
obtained after annealing the Cu@Au nanowires at 320 °C. XRD patterns
of (d) CuzAu, (e) Cu@Au core-shell prepared at 140 °C and (f) Cu nano-
wires after annealing in air for 1 hour at elevated temperatures.
Reprinted with permission from ref. 162. Copyright 2020 from Springer
Nature.
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4.4 Sacrificing nanowire templates

When nanowires of the more active metal were employed as
template to synthesize alloy nanowires, the alloying process
would happen simultaneously with the galvanic replacement
process. Sometimes, extra reducing agents were added to
prevent overreaction between the metal nanowires and salt pre-
cursors. Often, tubular and porous structures with alloy shells
were obtained, as the reduction and deposition always start
from the surface of the template nanowires.

PdCu-SnO, nanowires could be formed by direct galvanic
replacement between Na,PdCl, and the Cu-SnO, nanowires, *®3
while the porous PdAg nanowires need the presence of
ascorbic acid in the galvanic replacement process between the
Ag nanowires and Pd precursors at 80 °C.'** An opposite case is
the formation of PtCu nanowires via the post-synthetic alloying
of Cu nanowires. The Cu nanowires can directly react with
H,PtCl,. However, in the absence of the reducing agent ascorbic
acid, only surface-decorated Pt nanoparticles were obtained."®®
In another work, the formation of either solid PACu nanowires
or hollow PdCu nanotubes was determined by a ligand,
dimethyl distearylammonium chloride,'®® which was believed
to adsorb strongly on the (100) facets of the Cu nanowires
(Fig. 22). In the presence of the ligand, the galvanic replacement
could only occur at the ends of the Cu nanowires, leading to the
formation of the tubular structure (Fig. 22d and e).

Te nanowires have been employed as a hard nanoscale tem-
plate for the synthesis of various metal and metal alloy nano-
wires, such as Pd, PdPt and PdAu nanowires (Fig. 23a-¢).'®”"%®
The Te nanowires were oxidized with metal salt precursors.
Therefore, the formation of the nanowires was achieved by gal-

Pd?* + Cu® — Pd° + Cu®

)
)

20 +opd S ond + .pd

Pd? + Cu® 3@ P + Cu*

% N0 + Pd 4— N2 + .Pd

Fig. 22 (a) Schematics illustrating the selective galvanic displacement
reaction on different facet of Cu nanowires; and the resulting TEM
images of PdCu (b and c) nanowires and (d and e) nanotubes. Reprinted
with permission from ref. 166. Copyright 2020 from Elsevier.
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Fig. 23 TEM images of (a) PdPt, (b) PtAgTe, (c) PtRuAgTe, (d) PtPdRuTe
and (e) AuPdPt nanowiress synthesized via replacing the Te nanowires
with metal precursors. (f) Schematics illustrating the formation mecha-
nism of AuPt porous nanowires and (g) the resulting TEM image of AuPt
porous nanowires. Reprinted with permission from ref. 167, 169-171.
Copyright 2019 from the Royal Society of Chemistry, copyright 2017,
2019 and 2022 from the American Chemical Society.

AuPtTe NWs AuPtPNWs

vanic replacement between the metals and the sacrificing Te
template. Additionally, the sequence of adding metal precursors
is crucial for the composition of the alloy nanowires. For
instance, in order to form the quaternary PtPdRuTe alloy,'® the
RuCl; needed to be mixed first with the Te nanowires to initiate
the galvanic replacement and yield the RuTe, nanowire, followed
by the addition of the Pt and Pd precursors. If all the metal pre-
cursors were added together, only ternary PtPdTe nanowires
could form, as Pt and Pd possess high reduction potential, and
they would deposit on the surface of Te nanowire first, inhibiting
the galvanic replacement reaction between Te and Ru’".
Similarly, PtAgTe and PtRuAgTe nanowires could be obtained at
solvothermal condition, with the stepwise transformation from
Te nanowires to AgTe, nanowires and finally the PGM-containing
alloy nanowires."”® This templating method also offered a simple
route to produce porous alloy nanowires, such as AuPt and PdPt
porous nanowires. Typically, the Te-containing alloy nanowires
were firstly formed via galvanic replacement between the Te
nanowires and the metal precursors, and the residue Te in the
alloy nanowires was then etched with NaClO to produce the
porous morphology (Fig. 23f and g).'”"'”>

Metal ions and polymeric fibres, including biological
macromolecules that form linear assemblies in solution and
electrospun nanofibers,'”>'”* could assemble into 1D nano-
structures and act as self-sacrificing templates to synthesize
1D alloy nanowires."”>"”® For instance, insulin amyloid fibrils
(INSAFs) have been exploited to synthesize PtRh'®° and
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Fig. 24 (a) Schematics illustrating the formation of PtRhPd nanocoils
and (b) TEM image of the PtRhPd nanocoils. (c) TEM image of AuPd
nanowires synthesized with Triton X-114 as the structure-directing
reagent and (d) the schematics illustrating the formation mechanism of
the Triton X-114 induced synthesis. Reprinted with permission from ref.
181 and 182. Copyright 2020 from the American Chemical Society and
2020 from Elsevier.

PtRhPd"®" nanowires (Fig. 24a and b). The mixture of the
metal precursors was first adsorbed onto the bio-templates,
and then reduced with the strong reducing agent NaBH, to
yield alloy nanowires, or more specifically, nanochains made
of small alloy nanoparticles. Afterwards, the biological tem-
plate INSAF could be removed by washing with ammonia.

Sometimes, co-assembly of metal ions with organic surfac-
tants could form insoluble fabric nanostructures and act as
self-templates for the formation of metal nanowires; for
instance, incubating HAuCl, and PdCl, with the commercial
surfactant Triton X-114 to form fabric assemblies (Fig. 24c and
d)."® Reducing the intermediates with KBH, yielded AuPd
ultrathin nanowires. Similar procedures have also been
employed to produce PdCu alloy nanowires.'®

5. Metal alloy nanowires as
electrocatalysts

Like the pure metal nanowires, most of the noble metal-based
alloy nanowires are excellent electrocatalysts, as normally at
least one of the nanowire compositions is an active catalyst for
one or more electrochemical reactions.

5.1 Oxygen reduction reactions

The oxygen reduction reaction (ORR) is the key process that
happens at the cathode of fuel cells. Its slow kinetics remains
the most challenging problem for the fuel cell industry.'®* To
date, platinum (Pt) remains the most promising and appli-
cable commercial ORR catalyst, and replacing the benchmark
Pt/C with Pt-based alloy nanowires with superior activity and
stability is one meaningful way to reduce the usage of this
expensive noble metal.'®® Moreover, forming PtM alloys with
non-noble metals can further cut the cost of the catalysts.
While Pt is considered the most reliable metal catalyst for
oxygen reduction, the binding energies of the oxygen species
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Fig. 25 (a) Model of the activity (A) at a cell potential of 0.9 V as a func-
tion of the adsorption energy of oxygen, AEo. The predictions of the
model for PtzM (M = Ni, Co, Fe, Ti) alloys are shown relative to the pre-
dictions for Pt at the DFT-calculated values of AEo. (b) The correlation
between the d-band center and AEo (c) sp-broadened 2p orbital for
O(qg), projected p density of states of oxygen atoms on Pt(111), and pro-
jected d density of states of Pt(111). (d) DFT calculations of oxygen
adsorption energy. AEg as a function of compressive strain on (d(a))
(211) and (d(b)) (311) surfaces. The filled circles represent AEg values on
the hollow sites while the open circles represent the bridge sites. The
black and grey curves correspond to AEg values on pure Pt and PtzNi
surface with top-layer Ni atoms completely removed. (d(c)) AEg on the
(111) facet of the Pt nanoparticles as a function of the particle size.
Reprinted with permission from ref. 36 and 39. Copyright 2006 and
2015 from Wiley-VCH GmbH.

are still too strong on the Pt surface (typically the (111) facets)
according to the volcano plot and calculations (Fig. 25a-c).*®
Formation of PtM alloy is believed to decrease the binding ener-
gies of O, and oxygen species (AEg) on the Pt surface, leading to
enhancement of the ORR activities. Conventionally, the d-band
centre, which is the average energy of d states that bind to the
oxygen on the catalyst surface, is often evaluated as it is a direct
indication of the AE,. A decrease in the d-band centre would
lead to a less-filled d-band and thus weaker binding towards the
surface oxide. Incorporating another transition metal, such as Ni
and Co, would cause shrinkage of the skin Pt-Pt distance (the
strain effect) as well as transfer of charge from Pt to the doping
metal via the d-d interaction (the ligand effect), decrease of the
d-band centre of the Pt and enhancement of the ORR activities
(Fig. 25d).>® Based on this prediction, various PtNi, PtCo, PtFe,
PtSn, PtCu, and PtPb alloy nanowires have been developed and
demonstrated as superior ORR catalysts.

This journal is © The Royal Society of Chemistry 2023
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Besides Pt, Pd alloy is also an emerging material for ORR,
owing to the similar physical and chemical properties of Pt
and Pd. Many Pd-based alloy nanowires have also been
applied as ORR catalysts, such as PdAu, PdNi, PdCu and PdBi
nanowires. Similar to Pt, formation of PdM alloy also offers
the ligand and strain effect on the electronic structure of Pd,
lowing the d-band centre of Pd and offering much improved
performances.

While the PtNi alloy has a more optimized electronic struc-
ture than the pristine Pt, a NH; treatment was developed
recently to further fine-tune the AEs on the PtNi nanowire
surface.’” The as-synthesized PtNi nanowires were first washed
with acetic acid to obtain a Pt-rich skin, followed by the NH;
treatment. NH; has a slightly stronger adsorption to Ni than
Pt, and this would promote the spillover of Ni and increase the
Ni composition at the surface, decreasing the d-band centre
and AE, (Fig. 26).” The PtNi-C/NH; nanowires exhibited
specific (SA) and mass activities (MA) of 3.86 mA cm > and
1.02 A mgp. ' respectively, much better than the benchmark
Pt/C and the untreated PtNi/C nanowires.

On the other hand, the strain effect of alloying was also
recently shown to be quite sensitive to the alloy compo-
sitions."** A series of strain-modulated PtPd nanowires was
synthesized via the solvothermal process in the mixed solvent
of DMF and EG. The nanowires have the BCB lattice with
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Fig. 26 (a) Models of Pt-skin covered PtNi alloys with different Pt: Ni
ratio. (b) NHs adsorption on Pt or Ni atoms of PtNi alloy with different
Pt : Ni ratio. (c) d-band center (eq4, red line) of Pt-skin covered on PtNi
alloy with different Pt: Ni ratio and corresponding O adsorption energy
(blue line). (d) mass and specific activities of Pt/C, PtNi/C—H, NWs and
PtNi/C—NH3z NWs at 0.9 V (vs. RHE). () ORR Polarization curves of PtNi/
C—H; NWs, PtNi/C-NH3z NWs and Pt/C. Reprinted with permission from
ref. 67. Copyright 2021 from Elsevier.
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Fig. 27 (a) XRD patterns of Pt;,Pdgg/C, Pt3s5Pdes/C, PteoPd40/C, and
Pt;gPd,,/C nanowires (b) lattice parameters for Pt,Pdigo_, NWs/C on
the relative composition of Pt%, the solid black line is according to
Vegard's law based on the lattice parameters of Pt and Pd. (c) Schematic
illustration of the catalytic synergy for the ORR over PtPd nanowires fea-
turing the (111) facet. (d) Adsorption energy for molecularly adsorbed O
on Pt,Pd;;_, clusters (n = 1-21) obtained by DFT calculations. Reprinted
with permission from ref. 112. Copyright 2020 from the American
Chemical Society.

mostly (111) facets, which are favourable for ORR. Moreover,
XRD characterizations indicated that the alloying process
caused either shrinkage or expansion of the lattice in the
nanowires (Fig. 27). Lattice shrinking would lead to compres-
sive Pt-Pt distance and weakening of the adsorption energy of
oxygen species (*OH and *O) on the nanowire surface. The
DFT calculation indicated that nanoclusters with 75%Pt in the
alloy can bind more O, species and less OH and O. Thus, the
nanowires with the optimized composition of Pt;sPd,, had a
subtle shrinking in lattice and exhibited the best catalytic
activity among the series.

Although the d-block transition metals are usually used for
alloying with Pt and Pd, main group metals such as Ga can
also be incorporated into Pt to form alloy nanowires with
improved ORR performance.'® Instead of the d-d interaction,
the Ga varied the electronic structure of Pt via the p—d hybrid-
ization interaction, causing redistribution of electron density
on the skin Pt(111) surface and the downshift of the d band
centre. This led to the boosting of ORR activities. Another
advantage of forming PtGa alloy is the increase of the surface
stability. The p-d interaction caused the Pt to be more resist-
ant to oxidation, and the Ga to be less prone to leaching. The
stability of both Pt and Ga contributed to the overall stability
of the catalysts.

In terms of stability, alloy nanowires benefit from both the
anisotropic morphology and the alloy nature. It is well
accepted that the 1D morphology can provide more interaction
points between the metal catalyst and the carbon support,
helping to prevent the dissolution of the nanowires and
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band of the Pt atoms in the pure Pt and Pt;Co surfaces, respectively.
The horizontal lines indicate the calculated d-band centres. Reprinted
with permission from ref. 76. Copyright 2020 from the American
Chemical Society.

increase the charge transfer capabilities. The alloy contributes
to the chemical stability of the catalysts. For instance, it was
calculated that Pty /Pt;Co had a decreased surface energy
compared with pristine Pt, and addition of Ga would further
decrease the surface energy, leading to an increase in the stabi-
lity of the surface and the stability of the PtCoGa catalyst
during catalytic cycles (Fig. 28).”°

In a recent work, a leaching mechanism was proposed to
explain the ultrahigh stability of twisty PtNi nanowires."*> The
nanowires would first benefit from the twisting morphology,
which formed a self-tangled morphology on the electrodes,
and thus made the nanowires more resistant to coalescence
and detachment. Moreover, the continuous leaching of Ni in
the alloy would constantly replenish the surface active sites
during the catalytic process. As a result, the E;/, of the twisty
PtNi can be maintained for almost 200 000 ORR cycles, much
longer than those in normal ORR catalytic systems.

5.2 Alcohol oxidation reactions

Many Pt- and Pd-based alloys are bi-functional catalysts. They
also exhibit satisfying activities for alcohol oxidation reactions
(AORs), which are the important anode reactions in direct
alcohol fuel cells (DAFCs). This is because the AOR catalyst
needs to have a certain affinity for the oxygen species, as the
catalytic AORs involve the surface dissociation of H,O and for-
mation of oxide species on the catalysts as the oxygen sources.
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Typical alcohol oxidation reactions include the methanol oxi-
dation (MOR), ethanol oxidation (EOR), and sometimes formic
acid oxidation (FAOR), ethylene glycol oxidation (EGOR) and
glycerol oxidation (GOR) reactions. Among them, MOR is the
most studied catalytic process. Many Pt-based alloy nanowires,
including PtPd, PtPb, PtCu, PtCo, PtRu, PtIr, and ternary
PtCuNi nanowires have been demonstrated as having excellent
performances as MOR catalysts. It is also reported that some
Pd-based nanowires and the NiCu alloy nanowires are good
MOR catalysts. As the anode reaction for direct ethanol fuel
cells (DEFCs), EOR reactions are also widely studied. PtAg,
PtZn, PtFe and PtCuNi, PtMoNi, and the Pd-based PdAu, PdAg
and PdCu alloy nanowires have been shown to have improved
EOR performances.

One key concern in MOR (and also other AORs) is the elim-
ination of the carbonaceous intermediates, typically CO,gq,
during the oxidation reaction. CO binds strongly on the pris-
tine Pt surface, blocking the surface active sites and de-
activating the catalysts. The catalytic activity is thus compro-
mised, as extra overpotential is required to remove the inter-
mediates. Owing to the ligand effect of alloying, many metal
alloy nanowires benefit from the reduced binding energy for
the carbonaceous intermediates. For instance, the onset oxi-
dation potential for CO,q would continuously shift to the
cathodic side as the Pd percentage in the AuAgPd nanowire
decreased gradually, indicating the decrease of the CO adsorp-
tion energy on the catalyst surface (Fig. 29d).*® This could be
attributed to the electron donation from Au and Ag to Pd. A
similar effect was observed in Pt;Ag nanowires, and the weak
affinity of Ag was also believed contribute to the weak adsorp-
tion of CO on the Pt;Ag nanowires.'*”

In addition to lowering the adsorption of CO,q, the per-
formance of alcohol oxidation catalysts can be enhanced by
promoting the adsorption of OH,q4, which would accelerate the
oxidation kinetics and the elimination of the carbonaceous
species. A strain effect was recently introduced to elevate the
affinity of surface Pd towards OH,q. The tensile strain in Pd,
which is caused by the lattice mismatch between the AuAg and
sheath Pd in the ultrathin nanowires, raised the d-band centre
of Pd and increased the adsorption of OH species.’® As a
result, the highly strained AuAgPd showed superior perform-
ances in EGOR and other biomass-derived alcohol oxidations
(Fig. 29).

Alternatively, some oxophilic metals can be incorporated
into the metal nanowires to alter the surface affinity for OH,g4.
In a recent work, PtCoRh ternary nanowires were reported to
possess outstanding MOR activities.”* Typically, Rh is more
oxophilic than Pt, and the formation of PtRh nanowires could
increase the surface adsorption of OH species. Moreover, CO,q
bonds to the PtRh surface in a bridge manner and was thus
more easily removed.

Oxophilic main group metals can also be incorporated to
tune CO adsorption and the performance of the alcohol oxi-
dation on the Pd and Pt surface. For example, Pb can be oxi-
dized at much lower potential. Therefore, on the surface of
PtPb alloy, water dissociation occurs more easily on the Pb

This journal is © The Royal Society of Chemistry 2023
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strains (Ad/d from XRD) in the AuAgPd alloy nanowires. (b) XRD patterns
of the Pd-hs-x nanowires. (c) PdO reduction peaks of the Pd-hs-x nano-
wires in N,-saturated 0.5 M KOH (scan range: 0.1-1.2 V). (d) CO stripping
voltammograms of the nanowires in 0.5 M KOH. Vertical bars indicate
the onset potentials of the CO oxidation peaks. (e) CV curves of the Pd-
hs-x, Pd-Is-x, Pd-ls'-x nanowires and the commercial Pd/C in 0.5 M EG
+ 0.5 M KOH (scan rate: 50 mV s7%). (f) SA and MA of the Pd-hs-x and
Pd-ls-x catalysts in the EGOR. (g) Comparison of the EGOR activity of
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with permission from ref. 48. Copyright 2021 from the American
Chemical Society.

sites, and the resulting Pb-OH,q could help to oxidize the
CO,q on adjacent Pt atoms. As a result, the nerve-like Pt; sPb
nanowires exhibited improved MOR activity in both acidic and
alkaline conditions: the SA and MA are 4.10 (1.18 A mgp. ')
times and 5.24 (2.78 mA cm?) times higher than those of Pt/C
in the acidic condition, and 3.45 (2.84 A mgp ') and 4.12
(6.51 mA cm™?) times higher in the alkaline condition.'** This
strategy was also employed in ultrathin PdB nanowires.’> The
incorporation of B into the nanowires was believed not only to
weaken the adsorption of CO, but also facilitate the adsorption
of OH.

Besides enhancing the activities of the nanowires, alloying
also contributes to the stability of the catalysts. One typical

This journal is © The Royal Society of Chemistry 2023
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case is the ultrathin PtNiMo nanowires synthesized via the
thermal decomposition of Mo(CO)s and the H,-assisted
reduction of Pt(acac), and Ni(acac),.”" The ternary nanowires
exhibited superior activity and durability in MOR, and the
enhanced durability of the PtNiMo nanowires was attributed
to the Mo incorporation. The author carried out DFT calcu-
lations and showed that Mo can stabilize the uncoordinated
sites via the strong Mo-Pt and Mo-Ni bonds, preventing the
PtNi nanowires from dissolution and diffusion. As a result, the
PtNiMo alloy nanowires exhibited much better activities and
stabilities compared with Pt black and Pt/C (Fig. 30).

Being a type of 1D nanostructure, many works about alloy
nanowires emphasized the structural advantage of these cata-
lysts, such as the pathway of electron and mass transport and
the increased number of surface defects as active sites.
Recently, further optimization of the structure factor was per-
formed in a type of PtNiCu alloy nanowire. The exposed (110)
and (100) facets in the PtNiCu nanowires increased from 36%
to 88.3% after washing the as-synthesized nanowires with acetic
acid.""® Compared with (111) facets, the (110) facets possess
more abundant active catalytic sites and the (100) facets have
lower surface energy, which favours the desorption of CO,q. The
synergistic effect of the two facets led to lower onset potentials
for CO,q and easier oxidation of the CO,q on the catalyst
surface. Thus, the PtNiCu alloy nanowires after acid treatment
exhibited a specific activity of 3.25 mA cm™2, 2.2 and 4.5 times
higher than those of PtNiCu nanowires and Pt/C.

Apart from the AORs, there were reports about applying

metal alloy nanowires, such as the high-entropy
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Fig. 30 Morphology and the electrochemical performance of PtNiMo
alloy nanowires. (a) CVs of Pt black, Pt/C and as-prepared PtMoNi nano-
wires recorded in 0.5 M H,SO4 + 2 M CH3CH,OH solution at a scan rate
of 50 mV s, (b) Comparison of SAs and MAs of the three catalysts. (c)
chronoamperometric curves for the three catalysts recorded at 0.5 V
versus SCE. (d) HAADF-STEM image (inset: enlarged image) of the
PtMoNi nanowires. Reprinted with permission from ref. 51. Copyright
2017 from AAAS.
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PtRuNiCoFeMo nanowires, as catalysts for the hydrogen oxi-
dation reaction (HOR), which is also an important anode reac-
tion for fuel cells. A recent work investigated in detail the
effect of Ni in the PtNi alloy nanowires for alkaline HOR.'*%*%¢
PtNi alloy nanowires with the Ni presented either at the core
or the surface of the nanowires were compared, and it was
found that the surface Ni could enhance the HOR activity
more significantly by increasing the adsorption of both *H
and *OH species.

5.3 Water-splitting and CO, reduction reactions

The electrocatalytic water-splitting process produces H, as
chemical fuel. The process involves the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER). As a 1 —
e~ process, the kinetics for HER is relatively fast on a Pt cata-
lyst surface. Still, many Pt- and Pd-based nanowires have been
demonstrated to be capable of further accelerating the HER
kinetics.'® For instance, the PtM-S alloy nanowires formed
with SO5>~ as the additive in aqueous condition had ultrathin
morphology and an optimized number of surface Pt/M-S(OH)
interfaces. The Pt/M-S(OH) interfaces were composed of both
the oxide/sulphide sites for effective water cleavage and the Pt
surface for effective formation of H, from the H,4. Thus, the
alloy nanowires showed superior activity for the HER in alka-
line conditions. The MA and SA of the alloy nanowires were
more than 5 times higher than that of the Pt/C.

Pt and Pd-based metal alloy nanowires have seldom been
applied as OER catalysts, probably because they were out-com-
peted by RuO, and IrO, in catalytic OER reactions.
Nevertheless, the OER activity of the Ru-containing high-
entropy AINiCoRuX alloy nanowires had been demonstrated
besides their HER and ORR activity.'*® It was found that the
OER activities decreased when Co was added into the AINiRu
alloy, while the further incorporation of Mo yielded the
AINiRuCoMo alloy with the best OER performance. The author
investigated the effect of Mo using calculation methods. By cal-
culating the occupancies of the e, orbital of the octahedral
sites in the surface oxide with inverse spinel structure, it was
concluded that Mo doping would make the e, occupancies in
both Co and Ru close to unity, leading to optimized ORR and
OER activities in the quinary alloy.

Electrocatalytic reduction of CO, (CO,RR) has become an
emerging field in recent years, as it is one potential solution for
slowing down and stopping the increase of the level of CO, in
the atmosphere. However, CO,RR is a complex reaction with
multiple pathways and products, and must compete with HER
in aqueous systems.'®*°! Thus, a catalyst is of critical impor-
tance for electrocatalytic CO,RR, and a variety of metal-based
catalysts have been developed for effective and selective CO,RR.

On the other hand, there are only a few reports about alloy
nanowires for CO,RR applications, as Pt-based materials are
more suited to the competitive HER.'®> In one recent work,
AgPd (Pd,Ag) nanowires were designed as an efficient CO,RR
catalyst, as Pd can reduce CO, to formate with low overpoten-
tial and high selectivity (Fig. 31)."”* Since Ag has much weaker
affinity for CO, the formation of an Ag alloy would weaken the
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Fig. 31 CO,RR performance of AgPd and Pd nanowires. (a) Polarization
curves of Pd4Ag in CO,- or N,-saturated 0.1 M KHCOs. (b) Total current
density of AgPd at different working potentials. (c) Potential-dependent
formate selectivity of AgPd in comparison with those of pure Pd and
typical Pd catalyst from the literature. (d) Long-term chronoampero-
metric curves of AgPd and pure Pd for 15 000 s at a few selected poten-
tials as indicated. (e—g) Analysis of the CO accumulation on AgPd and
pure Pd during CO,RR. Positive going polarization curves on (e) AgPd
and (f) pure Pd immediately after 1 h CO,RR electrocatalysis at different
working potentials as indicated; (g) integrated CO oxidation charge and
corresponding CO surface coverage on AgPd and pure Pd at different
working potentials. Reprinted with permission from ref. 194. Copyright
2020 from Wiley-VCH GmbH.

CO binding on the catalyst surface sites, therefore inhibiting
the CO poisoning that usually happens in Pd-based catalysts
(Fig. 31e-g). As a result, the AgPd alloy nanowire can maintain
more than 90% formate selectivity until the reduction poten-
tial reaches —0.3 V (vs. RHE), and also exhibits long-term stabi-
lity for formate production at —0.43 V (vs. RHE).

5.4 Other applications

Besides functioning directly as electrocatalysts, metal nano-
wires have been utilized in electrochemical analysis, catalytic
reactions and other applications. For instance, PtNi nanowires
have been assembled on reduced graphene oxide and applied
as H,0, sensors;'** ultrathin PdAg nanowires were applied as
glucose sensors;'”® and PdPt nanowires with excellent oxi-
dation ability can be used for the detection of acid phospha-
tase in acidic conditions."®®

PtCoFe alloy nanowires were applied as the counter elec-
trode and boosted the efficiency of dye-sensitized solar cells.”®
Compared with pure Pt nanowires, the PtCoFe nanowires cata-
lysed the conversion of I;” to I” more efficiently. The DFT cal-
culation showed that the (111) facets of the ternary alloy could
adsorb the I, intermediates after the initial decomposition of
the I;7, and facilitate the dissociation of I, into I". The theore-
tical result also further specified that the more active ternary
alloy was Pt;9Co,3Fe,g from the adsorption and desorption
energies of I, on different (111) surfaces.

This journal is © The Royal Society of Chemistry 2023
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PdM (M = Ag, Y, Ni, Cu) nanowires were recently loaded
into a polybenzimidazole (PBI) membrane to form a mixed
matrix membrane (MMM) with improved H, transportation
and separation abilities (Fig. 32)."*® Since H, dissolves and
diffuses through the metallic Pd in the form of H atoms, the
PdM nanowires in the membrane can form continuous high-
ways for the transportation of H, through the membrane. The
addition of alloy metal would further increase the permeability
of H and in the meantime reduce consumption of the expen-
sive Pd. On the other hand, CO,, the other product of steam
reforming, can only diffuse through the PBI blocks. As a
result, the MMM showed an impressive separation ability com-
pared with the polymer membranes.

Some alloy nanowires were shown to be highly active in
certain organic reactions. For example, PtFe nanowires can
facilitate the selective and efficient hydrogenation of acetophe-
none and yield more than 90% of 1-phenylethanol at 99.3%
conversion at 200 min."*® Both the activity and the selectivity
of the alloy nanowires were much better than that of the pure
Pt nanowires as well as the PtFe nanocubes. The high activity
and selectivity of the alloy were attributed to the electron trans-
fer from Pt and Fe, which produced electron-deficient surface
Pt sites that are more favourable to the C=O groups.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review

Moreover, the nanowire morphology leads to various high-
index surface facets, as compared with the cubic PtFe. The
stepped sites on the high-index facets would prefer the adsorp-
tion of C=O0 over the aromatic rings, while both groups would
be adsorbed on the cubic facets, leading to the improved
selectivity on the nanowires.

In summary, metal alloy nanowires have diverse appli-
cations in electrocatalysis owing to the numerous metal combi-
nations. Pt- and Pd-based nanowires have been investigated as
advanced ORR, AOR and HER catalysts, as alloying could
further optimize the electronic structures of the Pt and Pd and
improve the catalytic performances. Nanowires containing Ru
or Ir may be applied as OER catalyst, and the non-noble metals
like Co and Ni are also active for this reaction. The electro-
catalytic CO, reduction, on the other hand, is to some extent
underexplored at this moment. The Au and Ag-based materials
usually have high selectivity for CO, and Cu is current the only
metal that can facilitate the formation of the C-C bond in
CO,RR. Therefore, it is desirable to synthesize and investigate
the CO,RR properties of nanowires made of these metals.

6. Conclusions and outlook

This work focuses mainly on the chemical syntheses of alloy,
mostly noble metal-based, nanowires in recent years. Both the
morphological control and the composition adjustment need
to be considered in the synthesis of metal alloy nanowires. In
order to achieve growth of the 1D nanostructure, the alloy
nanowires can either be formed directly or via the post-syn-
thetic processing of pristine metal nanowires. The latter can
also be considered as a type of templating method, with the
metal nanowires as the templating precursors, while the
former method involves the co-reduction and precipitation of
multiple precursors under certain chemical conditions.

Many methods that directly grow alloy nanowires have been
developed from the syntheses of the pristine metal nanowires.
Despite various compositions, alloy nanowires and the corres-
ponding synthesis of the pristine nanowires share the same or
similar mechanism for 1D growth, such as templating
methods, ligand-direct deposition and elongation, and
oriented attachment. Nevertheless, given the various reduction
potentials of the metal ions, modifications to the syntheses
need to be imposed to enable the co-reduction of the metal
precursors. The autocatalytic effect of Pt plays an important
role in many Pt-based syntheses, leading to the formation of a
large variety of Pt-based nanowires. Furthermore, additional
reducing agents with strong reducing abilities are required to
create a more reductive environment for non-noble metals.
Sometimes, less reactive precursors or additional coordination
ligands were introduced to overcome the differences in the
reduction potentials.

The methods based on existing nanowires can be divided
into two categories: displacement-based methods and those
without displacement reactions. The latter rely largely on the
interdiffusion of the atoms to form the alloy nanowires.
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Typically, the interdiffusion can occur easily in ultrathin nano-
wires, resulting in a thorough mixing of the metal atoms and
homogeneous phases in the alloy nanowires. In the relatively
thicker nanowires, interdiffusion would encounter a kinetics
problem, resulting in only surface doping. The thermal anneal-
ing process can help to initiate the interdiffusion and for-
mation of homogeneous crystalline phases, while protection
layers may be required for ultrathin nanowires to maintain the
morphology during the high-temperature processes. In con-
trast, syntheses with template nanowires made of metals with
low reduction potentials usually involve displacement reac-
tions between the templates and the growth materials. These
methods often produce tubular structures, as the displacement
is always initiated from the nanowire surfaces.

Applications of metal alloy nanowires were also briefly
reviewed. The metal alloy nanowires all exhibited improved
catalytic properties, demonstrating the advantages of this
group of materials. Many works discussed the compositional
advantages of the alloys: the strain effect and the ligand effect
of the alloy formation alter (or optimize) the electronic struc-
ture of the nanomaterials, making the surface more favourable
to heterogeneous catalytic processes. Computational works,
such as DFT calculations, were sometimes employed to articu-
late the effect in detail. Generally, the Pt or Pd composition in
the alloy is still considered as the active site for catalytic pro-
cesses, and the d band centre of the surface Pt/Pd and the
adsorption energies on the surface Pt/Pd are varied by the
alloying metals.

Although a variety of metal alloy nanowires have been syn-
thesized and investigated, there remain plenty of challenges in
this field. First, exploration of new routes or approaches to the
synthesis of nanowires remains highly desirable. Synthesis is
the foundation of all applications. Increase of the composition
and structural diversities in the alloy nanowires would provide
larger material reservoirs for customized applications. On the
other hand, although a variety of synthetic protocols have been
developed in the past several decades, ligand systems that are
compatible with both inducing 1D growth and accommodating
mixing of different metals are still quite limited.

In terms of understanding the syntheses, although the
majority of the reported works provided studies on the growth
processes, the underlying formation mechanisms for many 1D
structures remain largely unclear. For example, many works
attributed the formation of the 1D nanostructures to the
oriented attachment mechanism, while the motivation as well
as the step-by-step procedures for the oriented attachment
process are to some extent underexplored: metal crystals are
highly symmetric, and a symmetry-breaking mechanism would
be required to drive the 1D assembly. Furthermore, the exact
roles of the structural-directing reagents in many solution-
based chemical processes were not specified. For instance,
both CO and PVP have been reported as being able to induce
the formation of Pt-based nanowires, yet the morphologies of
the nanowires obtained with CO reagents are distinctively
different from those induced by PVP. Therefore, it is quite un-
likely that the two species take effect in a similar way. Cutting-
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edge characterization techniques such as in situ TEM might be
able to provide additional insights into the growth mechanism
and properties,"”” while systematic and ingenious design of
the control experiments would also be helpful for logical
deductions.

There is still plenty of room for new alloy materials.
Bimetallic alloy nanowires remain to be the most commonly
synthesized 1D nanostructures. Forming alloys with more
metals would definitely create materials with more diverse pro-
perties. And, of course, this would add to the complexities of
the synthesis. Also, the compositions of the alloy nanowires
need to be better controlled and characterized. Currently, the
compositions of many metal alloy nanowires are adjusted by
varying the feeding ratios of the metal precursors, and some-
times the metal ratio in the final nanowires deviates from the
feeding ratios. Although characterizations such as EDS
mapping were provided in almost all works, the microscopic
distribution of the metal atoms remains largely unclear, except
for those forming alloy crystal with determining phases. This
uncertainty would compromise the validity of the theoretical
calculations, and also cause difficulties in identifying the
structure—property correlations.

Finally, being an additional dimension to tuning the
chemical and physical properties of nanostructures, phase
engineering has drawn increasing attention in recent years. A
series of nanostructures containing metastable phases have
been synthesized and demonstrated to have excellent electro-
catalytic activities.'*®'?® Nanowires with high strain phases
have been reported in some works, and the investigation of
phase-dependent activities in alloy nanowires has just began.
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