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ABSTRACT

We streamlined a way towards first experimental demonstration of synthesizing one-dimensional
Co-Cu-Fe-Ni-Zn high-entropy alloy (HEA) nanowires (NWs) by an economical electrochemical
technique in aqueous medium. HEA NWs have a face-centred cubic structure with nanocrystalline
features, including twins along the nanowire of uniform length ~ 50 um and diameter 100 £ 20 nm.
Control over the formation and uniform stoichiometry (required range for HEAs ~ 5-35 atom %)
throughout the HEA NWs and its nanocrystallinity was achieved using pulse electrodeposition. These
Co-Cu-Fe-Ni-Zn nanowires are a new family of HEAs containing both magnetic and non-magnetic

elements in addition to its new 1D morphology.
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A breakthrough in attaining single FCC phase high-entropy alloy nanowires through aqueous elec-
trochemical route which facilitates new possibilities for unexplored applications of high-entropy

alloys at lower dimensions.

Introduction

Unique one-dimesional (1D) morphology like nanowires
of pure metals, alloys and their oxides, sulphides, nitrides
have become imperative in electronics [1,2] such as
transistors, quantum devices, nanosensors, etc. In addi-
tion, due to their exceptional functionalities through a
wide concentration range, they are being used in several
device applications such as in energy [3] and biomedicine
[4]. On the other hand, studies reported on metallic
nanowires are restricted to a very small compositional
space not exceedingly more than three to four elements
[5,6]. Furthermore, the current evolution of new high-
entropy alloys with remarkable performance has opened

the possibilities of exploring enormous combination of
unfamiliar alloys in bulk [7-9]. Recently, new initiatives
have been taken in downsizing these HEAs into thin
films [10] and nanoparticles [11] but not towards other
new morphologies. In addition, there are very limited
HEA families that have been investigated by conventional
methods of synthesis due to complexities in mixing of
multiple elements in a large compositional space [12,13].
Therefore, a demand to develop a new combination of
alloys is still high, preferably high-entropy alloys with
various morphologies having unprecedented functionali-
ties which would contribute to a significant advancement
for the next-generation materials. In anticipation, a few
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attempts have been made on multicomponent oxides by
dealloying [14]; however, there is no investigation found
on HEA NWs especially on a new alloy system in a single
step.

With the inclination on fabricating nanowires, very
few approaches have been preferred such as chemical
methods [15-17], lithography [18], printing [19] etc.
Moreover, several aspects, such as chemical stability,
crystallinity, and composition of the HEA NWs, must
be taken into consideration, while nominating a suit-
able technique among the numerous available methods
[20-22]. Out of the existing methods, the available elec-
trochemical approach is conterminous for synthesizing
nanowires [22,23] and it is recently being used in syn-
thesizing multicomponent alloy thin films. In this regard,
template-assisted electrochemical approach has several
advantages such as simplicity of operation, low cost, ease
of availability, reliability and scalability with a new com-
bination of concentrated elements [22,24]. In addition,
unlike the conventional techniques, it is a single-step pro-
cess, where excellent crystallinity, single-phase nanowires
with wider tunability in terms of composition range,
morphology, and properties can be attained at relatively
low temperatures.

In this work, we demonstrate the synthesis of a new
family of quinary alloy nanowires, a formidable task
notably by conventional techniques for developing HEAs.
This study reveals the prominent pulse electrodeposi-
tion technique, yet is seldom used for HEAs, to synthe-
size unique Cobalt (Co)-Copper (Cu)-Iron (Fe)-Nickel
(Ni)-Zinc (Zn) HEA NWs assisted by an anodic alu-
minium oxide (AAO) template. Several parameters were
taken into account and we were successful in synthesiz-
ing Co-Cu-Fe-Ni-Zn nanocrystalline nanowires with
single FCC phase in a single step at above-room tem-
perature using an aqueous electrolyte. As the current
strategy of fabrication of HEA NWs has not been imple-
mented to date, the pursuit of suitable application is a
major challenge. However, these nanowires composed
of five elements in the form of single-phase alloy with
high aspect ratio can be explored in the new direction
where multi-functionality is of major importance over
the conventional nanowires.

Materials and methods

The AAO wafers with gold contact have been pur-
chased from InRedox, USA (AAO Wafer diameter
10 £ 0.1 mm, thickness 50 &2 pm, Au layer back con-
tact thickness 0.5£0.1 pum, pore diameter 100 =20
nm). The AAO wafer as cathode and electrolytic
nickel as anode have been used for synthesis of
HEA NWs. An aqueous electrolyte containing metal

salts of iron (II) sulphate heptahydrate (FeSO4-7H,0),
cobalt (II) sulphate heptahydrate (CoSO4-7H,0), nickel
(II) sulphate hexahydrate (NiSO4-6H,0O), nickel (II)
chloride hexahydrate (NiCl,-6H,0), copper (II) sul-
phate pentahydrate (CuSO4-5H,0) and zinc sulphate
heptahydrate (ZnSO4-7H,0) have been used as a
source for ionic concentration by dissolving them
in de-ionized water. Sodium citrate tribasic dihydrate
(HOC(COONa)(CH,COONa),-2H,0) and boric acid
(H3BO3) have been added to the electrolyte as com-
plexing agent and buffer, respectively. No surfactants or
other additives like brighteners, refiners, etc. were added
to the electrolyte. Pulse electrodeposition technique has
been employed to synthesize HEA NWs at ~45°C at
an electrolyte pH ~3.5. After the deposition, HEA-
deposited AAO wafers were dissolved in NaOH to collect
the nanowires. HEA NWs have been collected with the
help of a strong magnet followed by washing and dis-
persion in an organic solvent for further microstructural
characterization.

Characterization

Nanowires were initially characterized by JEOL JSM
7800F field emission gun scanning electron micro-
scope having Zirconia/Tungsten filament, equipped with
an EDAX Energy-dispersive X-ray spectroscopy (EDS)
detector to confirm their morphology and composition.
Furthermore, these nanowires were characterized by
transmission electron microscopy (TEM) for a detailed
analysis of crystallinity, phase, etc. Nanowires for TEM
characterization were prepared by dispersing them in
ethanol, followed by ultrasonication. After drying on a
lacey carbon copper grid, the nanowires were inspected
using a JEOL ARM-200F analytical transmission elec-
tron microscope equipped with an imaging Cs-corrector
under an acceleration voltage of 200KeV. The probe
convergence semi-angle was approximately 30 mrad.
Selected area electron diffraction (SAED) patterns were
acquired at a camera length of 20 mm. Several high-
resolution TEM images were obtained with an image
corrector in a parallel beam mode. High-angle annu-
lar dark field scanning TEM (HAADEF-STEM) images
were recorded using an annular-type detector with col-
lection semi-angle ~ 100-269 mrad. STEM-EDS spectra
and elemental mapping were acquired as well.

Results and discussion

Experimental scheme (Figure 1) represents the com-
plete process for preparation, deposition and collection
of HEA NWs. Morphological and microstructural details
of nanowires, containing all five elements with their
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Figure 1. Schematic representation for the synthesis of 1D Co—Cu-Fe-Ni-Zn high-entropy alloy nanowires and illustration of the step-
by-step process from the synthesis on AAO template to the separation of nanowires from AAO.

Table 1. Stoichiometry of HEA nanowire throughout the length.

Element Composition (at. %) = Error
Iron (Fe) 262+1.8
Cobalt (Co) 27.2+2.1
Nickel (Ni) 270+14
Copper (Cu) 10.6 + 3.1
Zinc (Zn) 9.0+23

stoichiometry, were determined by field emission gun
scanning electron microscopy (FEGSEM) and scanning
transmission electron microscopy (STEM) assisted with
EDS.

Observations made from FEGSEM (Figure 2) revealed
that, the synthesized nanowires are very uniform in
length and diameter with smooth surface finish. Also,
composition of the nanowires along their length is invari-
ant with the presence of all five elements in the HEA
composition range (5-35 at. %) throughout the wire
(Table 1). Furthermore, the uniform composition along
the length of the nanowire shows the reliability of the
method for complex alloy systems like HEAs. Usually, Fe-
based alloys, specifically containing Fe, Co and Ni, follow
anomalous behaviour during the deposition [25] which
dominates the composition range in the order of Fe >
Co > Niirrespective of the experimental parameters.

Contrarily, due to the geometrical constraints, such
as porous structure of AAO template with pore diam-
eter of 100+ 20 nm, the composition of alloy directly

followed the electrolytic concentration unlike in deposi-
tion of thin films. On the other side, duration of the elec-
trodeposition for synthesizing present HEA NWs is a few
minutes only unlike the existing studies on electrochem-
ical synthesis of nanowires [26]. In addition, due to the
growth in porous structure, several phenomena, which
usually occur during the thin film depositions, probably
may not occur in the nanowire deposition. For further
determination of crystallinity and phase, the nanowires
were characterized by TEM.

Representative microstructure of the HEA nanowire
is shown in Figure 3. The low magnification TEM in
Figure 3(a) clearly displays the nanowire length is typical
of the order of several microns in size and the diame-
ter is around 100 nm. A bright field TEM image, taken
from the individual nanowire of Figure 3(a), contains
several polycrystalline grains, appearing in dark contrast
in Figure 3(b). The SAED pattern also confirmed that
nanowire is indeed polycrystalline with random orienta-
tion. Furthermore SAED rings (Figure 3(b)) reveal that
individual nanowires are of face-centred cubic (FCC)
structure. Polycrystalline features observed in nanowires
are due to the application of pulse during the deposi-
tion where new nucleation occurs during every pulse
ON time. High-resolution TEM of nanowire revealed
extremely fine size nanotwin lamellae within a grain, as
shown in Figure 3(c). These twins are oriented along 111
planes, as shown in the inserted fast Fourier transform
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Figure 2. FEGSEM micrographs of pulse electrodeposited nanowires separated from Au/AAO template (a) aligned HEA NWs show their
uniform length and flexibility (b-c) are the magnified micrographs indicating the uniform distribution in the width of the nanowires

prepared by pulse electrodeposition.

Figure 3. TEM characterization of nanowires. (a) Low magnifica-
tion TEM image showing the morphology and average diameter
of 100 nm for a wire. (b) Bright field TEM and corresponding SAED
pattern display that the nanowire is polycrystalline with FCC struc-
ture. (c) High-resolution TEM image taken on the [011] zone axis
reveals that the nanowire is composed of nanotwin lamellae with
spacing in the range of 1-5 nmon 111 planes.

pattern (FFT) in Figure 3(c) that lie parallel to nanowire
surface and growth direction, and spacing is extremely
fine in the range of 1-5 nm.

Furthermore, STEM-EDS chemical mapping reveals
that the nanowire contains HEA elements of Fe, Co,
Ni, Cu and Zn (Figure 4(a-f)). These five elements are
homogenously distributed throughout the nanowire with
a defined HEA composition. The chemical composition,
obtained from STEM-EDS of several HEA nanowires, is
shown in Table S1, which is consistent with SEM-EDS of
Table 1.

Several reports explained the growth mechanism of
single/polycrystalline metal nanowires by 2D/3D nucle-
ation/growth, instantaneous and progressive growth
based on the overpotential and kinetics of nucleation
[27,28]. However, the growth mechanism of the HEA
NWs, especially for an alloy system with five elements
is very complex. In the present study, the application
of pulse, ON and OFF time plays a significant influ-
ence in forming nanowires with uniform composition
etc. It is well understood that the growth of the nanowires
begins from the Au seed layer which is a back con-
tact for the AAO template. During the pulse condi-
tion, potential gradient and mobility of metal ions and
their competition led to the growth process [26]. The
hydrates/complexes of five elements further reduce its
mobility during the reduction process. Therefore, appli-
cation of pulse in addition to the electrolyte concentra-
tion resulted in the formation of nanocrystalline FCC
containing multiple elements with uniform composition
unlike in conventional DC deposition. But, after OFF
time, followed by forward pulse ON time enables the
new nucleation having uniform distribution, and fill-
ing efficiency of elements throughout the pore homo-
geneously. On the other side, twin formation in thin
films for FCC materials during the pulse electrodeposi-
tion is very common [29-31]. In the present deposition,
probably due to the five dissimilar ions that fill a very
small pore size of 120 nm during pulse leads to a large
amount of stress development. Simultaneously during
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Figure 4. STEM-EDS of a nanowire. (a) HAADF-STEM image contrast shows the nanowire is polycrystalline with a grain size of few tens
of nanometre in size with random orientation. (b—f) EDS chemical mapping obtained from the region reveals (b) iron (Fe), (c) cobalt (Co),
(d) nickel (Ni), (e) copper (Cu) and (f) zinc (Zn), which are uniformly distributed throughout the individual nanowire.

every forward pulse (ON), the stacking arrangement of
atoms gets disturbed and may not follow the regular
stacking sequence which finally results in faults in the
wire which further leads to the formation of twins along
the length of the wire [31]. Although the formation-
growth mechanism of HEA NWs is yet to be understood,
however, the twin formation in HEAs during the depo-
sition can be explained by two reasons: Primarily, due
to the evolution of stresses/strains and their relaxation
[29,30] during the pulses and secondly, owing to the ele-
ments having dissimilar crystal structures such as FCC,
BCC (body-centred cubic) and HCP (hexagonally close
packed), leading to the generation of dislocations/faults
in the stacking sequence of the nanowire, which probably
resulting in the formation of nanotwins.

These findings are uncommon for the high-entropy
alloy morphologies in the primary attempt, where their
large aspect ratio, alloying elements and ultimately a
single-phase alloy with highly stable crystal structure. On
the other side, the biggest advantage of this study is that
these nanowires consist of five transition elements more
specifically distinctive entities of iron, cobalt, and nickel
present in the alloy makes HEA NWs magnetic. Having
magnetic (Fe, Co, Ni), non-magnetic (Cu, Zn) transition
elements in HEA NWs and corrosion/oxidation-resistant
elements (Ni, Cu, Zn), these NWs are probably an effi-
cient alternative for the existing nanowires with limited

functionality in healthcare/device applications. Further
modification/engineering of these nanowires in terms of
size, aspect ratio, composition, etc., can improve their
synergistic effect in revealing their distinctive unexplored
functionalities.

Conclusions

We emphasized our study in the direction of the unex-
plored 1D morphology of high-entropy Co-Cu-Fe-Ni-
Zn alloy and reported the primary observations. Nanocry
stalline nanowires with FCC structure are reported by
an electrochemical approach in a single step using aque-
ous electrolyte. Application of pulse for the preparation
of these nanowires enables the possibility of control over
its formation simultaneously with composition and crys-
tallinity which are shown from the microstructural anal-
ysis by TEM, STEM etc. Moreover, the formation of twins
in HEA NWs of five elements with dissimilar crystal
structures may aid in good ductility in this new morphol-
ogy. The unique combination of Co-Cu-Fe-Ni-Zn HEA
nanowires developed by an electrochemical approach
facilitates the design of various multifunctional novel
nanostructures in the area of HEAs. In addition, being the
foremost observation of HEA NWs, this can significantly
influence both basic and applied research perspectives of
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advanced nanomaterials research which is different from
its bulk counterparts.
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