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This work reports a method of producing flexible cobalt nanowires (NWs) directly from the chemical

conversion of bulk precursors at room temperature. Chemical reduction of Li6CoCl8 produces

a nanocomposite of Co and LiCl, of which the salt is subsequently removed. The dilute concentration of

Co in the precursor combined with the anisotropic crystal structure of the hcp phase leads to 1D growth

in the absence of any templates or additives. The Co NWs are shown to have high saturation

magnetization (130.6 emu g�1). Our understanding of the NW formation mechanism points to new

directions of scalable nanostructure generation.
Introduction

1D nanostructures offer a unique opportunity to study the
electronic, plasmonic, magnetic, electrical, mechanical, and
thermal properties of materials to enable a wide range of
applications. Metal nanowires (NWs) have electrical properties
and a exible structure that can be utilized for exible solar cells
and touchscreens, while NWs with magnetic properties, as well
as oxide-based magnetic materials, can be used for thin lm
magnets with high energy density, spintronic circuits and
sensors.1–9 Metal NWs can also be used to complement polymer
NWs to serve as photodetectors and waveguides.10–12 Addition-
ally, research on metal-based NWs shows the importance of NW
geometries on their magnetic properties.13,14

The synthesis of 1D nanostructures generally employs either
a top-down or a bottom-up approach. A top-down approach uses
templates such as anodized alumina to conne the growth
inside the channels.15 In bottom-up solution-based synthesis,
ligands or surfactants are employed to encourage the growth of
the solid phase in a specic direction while vapor-phase growth
involves the use of catalysts to seed the growth.2,16 Examples of
bottom-up synthesis include using sol–gel approaches and even
rhizome plant extracts.17,18 Although the scalability of these
methods has advanced signicantly in recent years, it would be
highly desirable to synthesize 1D nanostructures from bulk,
ity of California-San Diego, La Jolla,

edu

versity, Stony Brook, NY 11794, USA

aboratory, Upton, New York 11973, USA

h, University of California San Diego, La

(ESI) available: Experimental details,
TEM images and XRD renement
3790d

the Royal Society of Chemistry
solid precursors without the need of additional structural
guiding agents. Such processes would be highly scalable and
robust, with the potential to offer low-cost 1D nanomaterials in
large quantities.

Examples of nanowire (NW) formation from decomposition
of bulk precursors without assistance from templates, ligands,
or catalysts are rare.19 Previously, aluminum metal–organic
NWs were formed by exposing AlLi alloy particles to alcohol,
dissolving out the Li alkoxide and forming Al(EtOH)3 NWs.20,21

The proposed formation mechanism is a minimization of strain
energy at the boundary of the chemical reaction front. However,
there are so far no simple methods of easily producing metal
NWs from bulk precursors. Most fcc metals have a strong
tendency to reduce their total surface energy by taking a highly
symmetric shape during growth, and therefore do not grow in
nanowire forms without templates or structural directing
agents.

We report a simple, scalable method of producing exible Co
NWs directly from bulk precursors at room temperature. We
have previously shown a process in which a metal halide
undergoes a conversion reaction with n-butyllithium to form
a nanocomposite of the metal and halide salt. The salt is then
Fig. 1 Schematic of synthesis procedure for producing Co NWs. Li6-
CoCl8 first undergoes a conversion reaction with n-BuLi to form
a nanocomposite, from which the salt is removed to leave Co NWs.
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removed through dissolution in methanol, leaving behind an
isotropic nanoporous metal.22 Here, we show that diluting the
precursor metal halide by using the Suzuki phase Li6CoCl8
results in a new NWmorphology. When the Suzuki phase reacts
with n-butyllithium, a nanocomposite of Co in a LiCl matrix is
formed. Upon removing the LiCl salt with methanol, the Co
atoms migrate and are extruded from the matrix as NWs (eqn
(1), Fig. 1).

Li6CoCl8 + 2BuLi / 8LiCl + Co 0 Co (NWs) (1)

This work introduces a more efficient and simple synthesis
procedure of producing Co NWs from bulk precursors. Under-
standing how to control morphology based on material prop-
erties can provide design guidelines to synthesize and tailor the
morphology of nanomaterials.
Experimental methods
Synthesis of Li6CoCl8, Li2CoCl4, and Li6NiCl8

Li6CoCl8, Li2CoCl4, and Li6NiCl8 precursors are synthesized
through a solid-state process as described previously.23–25 Stoi-
chiometric ratios of anhydrous CoCl2 or NiCl2 (98% Sigma-
Aldrich) and LiCl (99% Sigma-Aldrich) are ground using
a mortar and pestle for 10 min in an argon glovebox and then
vacuum sealed in a glass ampoule. The combined CoCl2 and LiCl
powders are heated at 400 �C and 315 �C for seven days to form
Li6CoCl8 and Li2CoCl4 respectively. The combined NiCl2 and LiCl
powder is heated at 540 �C for seven days to form Li6NiCl8. The
Li6CoCl8, Li2CoCl4 and Li6NiCl8 precursors are then cooled to
room temperature and stored in an argon glovebox (<10 ppmO2).
It is imperative that the precursors are pure and dry since both
chloride salts are very hygroscopic and can easily introduce
impurities if exposed to atmospheric conditions.

The precursor is converted into a nanocomposite following
a published procedure.22 The precursor is rst ground with
mortar and pestle and sieved so that particles are homogenous
and smaller than 150 mm. 1 g of precursor is then reacted with
�1.5 excess 0.05 M n-butyllithium (from 1.6 M in hexane,
Sigma-Aldrich and further diluted with hexane, HPLC, Fisher
Scientic) for seven days. The resulting nanocomposite powder
is isolated by rinsing with hexane with a lter funnel under
vacuum and allowed to dry overnight at room temperature. The
nanocomposite is further rinsed with methanol (HPLC, sparged
with argon for 1 h and desiccated with molecular sieves, Type
3A, Sigma-Aldrich) ve times to remove the LiCl salt. Since
methanol has a high volatility, drying the nal product over-
night at room temperature in the glovebox is sufficient to obtain
a fully dry nal product. The conversion and salt removal
processes take place in a glovebox. The writing of thesemethods
is structured so that natural language processing can extract
data and easily create a synthesis ow chart for future applica-
tions in building databases for materials synthesis machine
learning.26
21154 | RSC Adv., 2022, 12, 21153–21159
Laboratory and synchrotron X-ray diffraction

Lab XRD scans are done on a benchtop powder diffractometer
(Bruker D2-Phaser) using Cu Ka radiation (l ¼ 1.5406�A) in a 2q
range from 10� to 80� with scanning rate 0.02� s�1 and step size
0.05�. Samples are prepared in an argon glovebox using Kapton
tape to cover the powders to mitigate oxidation during scan-
ning. Diffraction peaks are indexed using X'Pert Highscore Plus
based on reference structures from the Inorganic Crystal
Structure Database (ICSD).

Samples are prepared for synchrotron XRD data collection in
an argon glovebox. Powders are ground, packed in Kapton
capillaries (Cole Palmer, polyimide), and sealed with epoxy to
mitigate oxidation during transport and data collection.
Synchrotron X-ray diffraction data are collected in transmission
geometry on beamline 17-BM-B of the Advanced Photon Source
(APS) at Argonne National Laboratory using an incident beam
energy of 27.439 keV (l ¼ 0.45185 �A).

Diffraction images were recorded on an amorphous Si 2D
area detector (Varex 4343CT, 2880 � 2880 pixel array, 150 � 150
mm pixel size) at a sample-to-detector distance of 400 mm. Data
were collected using 25 separate 0.8 second frames that were
summed for a total collection time of 20 seconds. The resulting
2D images were integrated to 1D patterns using pyFAI.27 The
instrument geometry (sample-to-detector distance, detector
tilts) was calibrated using data from a LaB6 standard (Pm�3m,
space group #221, a¼ 4.15682�A). Phase identication was done
using Jade,28 version 9, against reference patterns in the Inter-
national Centre for Diffraction Data (ICDD) database.29 Pawley
and Rietveld renements were done in TOPAS (Version 6,
Bruker-AXS).30–32 The instrumental contribution to peak proles
was modelled using a 6-term pseudo-Voigt function with
parameters determined through Pawley tting of the LaB6

standard and then xed for subsequent sample renements.
SEM and TEM characterization

SEM images are acquired with a Zeiss Sigma 500 scanning
electron microscope operating at 3 keV EHT voltage. Samples
are loaded into a sample holder, heat sealed in an aluminum-
lined blue bag, and brought to the SEM for rapid transfer
with minimal air exposure. Images are analyzed using ImageJ
soware to determine NW length.

TEM images are obtained at a 200 keV acceleration voltage
on a Thermo Fisher Talos 200X system. Small amounts of
sample powder are dropped on a copper-coated TEM grid which
is loaded into the sample holder in an argon glovebox, heat
sealed in an aluminum-lined blue bag, brought to the TEM and
inserted under argon gas ow. Images, lattice parameters and
electron diffraction patterns are analyzed using the Gatan
Micrograph soware and fast Fourier transform (FFT) tools.
Magnetic measurements

The magnetization of Co nanowire powder was characterized at
300 K by using Quantum Design vibrating sample magnetom-
etry (VSM). The powder was packed in sample holder in an
argon glovebox and quickly transferred in an argon-gas sealed
© 2022 The Author(s). Published by the Royal Society of Chemistry
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bag to the VSM. Before measuring the magnetic hysteresis loop,
the powder was saturated at 25 kOe. Then the moment vs. eld
loop was swept from 25 kOe to �25 kOe and back to 25 kOe
while keeping the sample chamber under vacuum to minimize
oxidation. Later, the measured moment was normalized to
magnetization by dividing the weight of powder. Note that
linear diamagnetic background was subtracted.
Results and discussion
Crystal structure and phase identication

The synthesized Suzuki phase Li6CoCl8 has a rock salt crystal
structure (Fm�3m) conrmed by X-ray diffraction (Fig. 2a) and is
a superstructure of LiCl with lattice parameters twice those of
LiCl and an ordered arrangement of cations and vacancies over
octahedral sites.

The nanocomposite formed aer reaction with n-butyl-
lithium for seven days shows the disappearance of certain
Fig. 2 (a) Laboratory XRD patterns of synthesized Li6CoCl8 (black) and
nanocomposite (red) with markers of literature peak positions of Li6-
CoCl8 (blue) and LiCl (green). (b) Synchrotron diffraction pattern of Co
NWs (black) with the simulated pattern (red) of an hcp (26%, blue) and
ccp (74%, orange) Co mixture. Markers are shown for six minor
unindexed peaks (purple), with further details in Fig. S4.†

© 2022 The Author(s). Published by the Royal Society of Chemistry
Suzuki peaks (2q ¼ 38.2, 39.2, 43.1), the signicant decrease in
intensity of other Suzuki peaks as well as the appearance of
peaks of LiCl (Fig. 2a). Because the Suzuki phase is a super-
structure of LiCl, the Li6CoCl8 sub-cell peaks correspond to the
same interplanar distances as the LiCl peaks and are nearly
exactly overlapped, thus reaction progress is primarily deter-
mined by changes in the Suzuki peaks. While the minor
residual Suzuki peaks indicate the reaction may not have pro-
ceeded to completion, any precursor le in the nanocomposite
is soluble and removed in the methanol dissolution step and
therefore does not affect the formation of NWs. Further exper-
iments on longer reaction times (30 days) show a fully converted
precursor with the same resulting NW morphology (ESI S1†).
Full conversion is exceedingly slow due to the diluted Co
precursor as Li6CoCl8; this slow rate is likely a result of the small
volume change that affects the reaction propagation. Estima-
tion of volume change from precursor to nanocomposite based
on eqn (1) is 3.5%. In comparison, CoCl2 experiences a 23%
volume expansion and full conversion occurs on the order of
hours.22 The small volume change will discourage a reaction
mechanism involving particle fracture and infusion of butyl-
lithium. During the lithiation process, the reaction front is
hypothesized to occur through extrusion, similar to the lith-
iation of FeF3 in which Li insertion and Fe extrusion occur
concurrently but the uoride lattice remains coherent.33 Here
the virtually identical structure of LiCl and Li6CoCl8 makes
a similar mechanism also likely.

While laboratory XRD is sufficient to determine the Suzuki
phase and analyze changes during conversion, synchrotron
XRD is required to fully resolve the cobalt phases in the NWs, as
is shown previously on ZnO/Co nanoporous composites.34 Lab
XRD of the Co NWs only shows a broad Co peak due to the
extremely small nanoscale Co domains (ESI S2†).

Synchrotron X-ray powder diffraction studies show that the
nal nanowire product contains a mixture of two different
cobalt polymorphs as well as a minor contribution from at least
one as-yet unindexed phase with all three components exhib-
iting broad peaks (Fig. 2b). While bulk Co is typically found in
its cubic close packed (ccp) form, a hexagonal close packed
(hcp) polymorph has previously been reported to be more stable
at low temperatures, and nanoparticles of cobalt commonly
exhibit a mixture of hcp and ccp polymorphs,35 one or both of
which may contain stacking faults.36,37 Powder diffraction
methods are frequently used to obtain quantitative insights into
phase fractions (based on the pattern of peak intensities) and
into sample size and strain (based on the peak proles), infor-
mation which is of interest for the present nanowire samples.

Initial efforts to model the Co nanowires diffraction pattern
through Rietveld renements where the peak shapes of hcp Co
and ccp Co follow conventional models of isotropic size and/or
strain broadening resulted in poor ts (ESI S3a†), as evidenced
by the large renement Rwp of 11.9% for the optimal parameter
choices. The problems in the tting persisted even when
utilizing Pawley methods which allowed the peak intensities of
these phases to be freely rened (Rwp ¼ 2.5%, ESI S3b†), further
supporting the conclusion that the primary challenge in the
renement is properly describing the sample peak shape.
RSC Adv., 2022, 12, 21153–21159 | 21155
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Fig. 4 Clockwise from top left: lower resolution TEM micrograph of
Co NWs shows an average NW diameter of �11 nm (a); higher reso-
lution TEM micrographs of Co NWs (b) with SAED insets of regions
showing predominantly hcp phase (c–f) as well as the intersection of
grains (d). Magnetic measurements show theMs of NWs is close to the
value of bulk cobalt value (g).
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Attempts to improve the tting of diffraction peaks in Rietveld
renements using anisotropic strain broadening38 and aniso-
tropic size broadening39,40 models in which the peak shapes are
hkl-dependent were similarly unsuccessful.

We therefore developed a novel approach for Rietveld
renement in which the pseudo-Voigt shape of each hkl peak
was independently rened using custom TOPAS macros written
for this purpose. This allowed the intensities of all the peaks for
the hcp and ccp polymorphs to be fully constrained by their
conventional structural model (with the isotropic displacement
parameter of Co additionally constrained to be the same in both
phases). Even within these strong constraints, it was possible to
obtain a far better t (Rwp ¼ 1.9%, ESI S3c†) than the other
conventional approaches. The rened lattice parameters and
crystallographic parameters of the two Co phases are provided
in the ESI, together with information in Table S2† about the
unindexed peaks that were utilized in the same manner for all
the ts shown in ESI S3.†

The need to use independent peak shape parameters for
each peak suggests that the nanoscale domains of the hcp and
ccp have shapes which are strongly anisotropic or irregular. The
much broader peaks of the ccp phase indicate that its domain
size is signicantly smaller than that of the hcp phase. While
the shape anisotropy suggests that the size cannot be captured
using a single dimension, the rened size parameters of 5 nm
(hcp) and 1.6 nm (ccp) approximated from Pawley ts using an
isotropic size broadening model (ESI Table S3†) provide a sense
of the relative scale of the domains of these two Co polymorphs.
The large breadths of the unindexed peaks (ESI S4†) are
comparable to that of the ccp Co phase, suggesting that these
unindexed peaks may be associated with a thin surface layer on
Co associated with surface oxidation or another decomposition
reaction. A thin surface layer may be constrained by the
underlying metal, perhaps preventing this phase from adopting
a known structure type and thus hindering efforts to index it.

The explicit use of structural models allows the relative
fractions of the hcp phase (26%) and ccp phase (74%) to be
extracted from the renements in a manner that would be
impossible if Pawley ts were used, though some uncertainty
remains in these phase fractions due to the overlapping inten-
sity of unindexed peaks with the dominant 111 peak of the ccp
Co phase at 2q ¼ 12.67�.
Fig. 3 SEM micrographs showing micron sized particles of Co NWs (a
and b). Higher magnification (b) shows flexible, homogenous wires
with an average length of 273 nm. Scale bars are 200 nm.

21156 | RSC Adv., 2022, 12, 21153–21159
Morphology and property characterization

SEM micrographs (Fig. 3a) show large micron sized particles of
NWs. Higher magnication (Fig. 3b) shows the NWs are long
(with an average length of 273 nm), exible and homogenous;
they appear to grow from the surface of the particle outwards
and are very well intermixed. To obtain further information on
the phases present and the direction of growth, the NWs are
also characterized using TEM (Fig. 4). Co NWs reported previ-
ously tend to be made of single crystal hcp Co growing
continuously in the 002 direction,5,41,42 however this new
morphology shows an unassisted growth mechanism that
produces curved, exible NWs.

Low resolution TEM images show the NWs have an average
diameter of �11 nm (Fig. 4a). Further details on NW geometry
can be found in ESI S5.†Multi-crystalline regions of intersecting
phases are revealed by high resolution images. Selected area
electron diffraction (SAED) micrographs show lattice spacings
of 2.02 �A corresponding to that of (002) direction of hcp phase
cobalt (Fig. 4c–f) as well as an instance of 2.16�A corresponding
to the (100) direction (Fig. 4d). This corresponds well with
previous reports of Co NWs synthesized by a polyol process
where cobalt nanorods are obtained by reduction of carboxylate
CoII salts in which the dominant direction is (002).5,41 Growth in
this direction is likely due to a thermodynamic driving force to
minimize the total surface free energy by exposing lower surface
free energy facets and therefore growing along the higher energy
(002) facet.43 Other regions also show the ccp phase is present
with lattice spacings of 2.05 �A corresponding to the (111) facet
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(ESI S6†). These observations are consistent with the results
from the XRD analysis. An intersection of these phases shows
that the wires do not grow continuously in one direction but are
rather a multigrain product which contributes to their exible
morphology. This most closely resembles a coalescence
attachment growth in which nanoparticles serve as building
blocks to form winding polycrystalline chains.44,45 We note that
the phase fractions derived from synchrotron XRD ttings differ
slightly from TEM observations because larger hcp domains are
easier to resolve than small ccp domains and TEM is a local
probe not meant for quantifying average behavior.

The magnetic properties of the Co NWs are measured using
vibrating sample magnetometry (Fig. 4g). The saturation
magnetization (Ms) is found to be 130.6 emu g�1, achieving 78%
the value of bulk cobalt. Such a high magnetization exceeds
recorded values previously reported for cobalt nanoparticles
and nanorods (102 and 113 emu g�1 respectively).5,46 Co is
known to be a ferromagnetic material and is oen used in hard
magnets to raise the Curie temperature and improve magnetic
properties due to an enhanced interdiffusion across inter-
faces.46,47 The NWs' strong magnetic properties combined with
their curved morphology make them a promising candidate for
applications such as spintronic circuits andmagnetic sensors.6,7

Additionally, intergrowths and stacking faults in the cobalt
nanoparticle catalysts have shown high catalytic activities in the
Fischer–Tropsch synthesis.4 It is worth noting that grain size as
well as doping may also affect magnetic properties,48–51 and the
addition of a second phase can enhance electronic
properties.52,53
Formation mechanisms

Based on these observations, we hypothesize that the aniso-
tropic hcp phase in a dilute precursor is responsible for NW
formation and next examine its validity by using other related
precursors. Li2CoCl4, which has an orthorhombic crystal
Fig. 5 SEM images comparing the effect of different precursors: Li6-
CoCl8 and Li2CoCl4 produce NWs (a and b), however less dilution ((c),
CoCl2) and a different ccp metal ((d), Li6NiCl8) lead to nanoporous
morphology.

© 2022 The Author(s). Published by the Royal Society of Chemistry
structure and is a less dilute system than Li6CoCl8, can be used
to probe whether the dilution or crystal structure of the
precursor plays a more dominant role in the formation mech-
anism of NWs. Li2CoCl4 was synthesized according to report by
Kanno et al.24 and XRD results show the formation of the Li2-
CoCl4 phase as well as the conversion to the nanocomposite of
LiCl and Co (ESI S7†). SEM images show the same exible, thin
and long NWs as those produced from the Suzuki phase
precursor (Fig. 5b). These contrast with a nanoporous metal
morphology when CoCl2 was used as a precursor (Fig. 5c).22

While the exact mechanism is unclear, the comparison of
various dilutions of the precursor metal halide from CoCl2 to
Li2CoCl4 to Li6CoCl8 shows that dilution is necessary to produce
NWs. This may be because of a combination of small volume
change and an extrusion-like process during lithiation. The
formation of NWs from a less dilute precursor as Li2CoCl4 also
aids in a more efficient synthesis procedure since less LiCl is
required and shows that the crystal structure of the precursor is
not as important as the dilution of Co in the LiCl matrix.

Additionally, Li6NiCl8 was synthesized to isolate the effect of
a dilute salt matrix by keeping the same metal to LiCl ratio as
the Li6CoCl8 precursor but using a different transition metal
that does not have an anisotropic phase. The XRD pattern
shows the Suzuki peaks in the Ni system, as well as conversion
to the nanocomposite and the nal product (ESI S8†). SEM
images of the nal product, however, reveal a nanoporous
morphology similar to that derived from previously reported
NiCl2 precursors (Fig. 5d).22 This result suggests that a critical
parameter for forming NWs is the anisotropic hcp phase that
leads to NWs due to the lower energy barrier of growing in
a preferential direction. Since Ni is only present in the fcc phase,
there is no driving force to produce anisotropic morphology.

Several key parameters that help achieve 1D growth in metal
NWs are highlighted: (1) a precursor with a low metal concen-
tration experiences a small volume change during lithiation and
encourages a slow, extrusion type of phase conversion process;
the resultant small size leads to a mixture of hcp vs. ccp phases,
(2) the precursor metal must be able to exist in an anisotropic
phase which allows growth in a preferred orientation. Addi-
tionally, the mixture of both Co phases with the larger hcp
phase being smaller than the NW dimensions and possible
stacking faults due to a coalescence attachment growth mech-
anism may contribute to the curved morphology.44,54

Conclusions

This work presents a novel method of synthesizing cobalt
nanowires from bulk precursors without the addition of cata-
lysts or external stimuli. By using a dilute Suzuki phase
precursor, Li6CoCl8, reacting with n-butyllithium to create
a nanocomposite, and then dissolving the resulting salt,
a cobalt nanowire morphology is achieved. This is enabled by
both the dilute salt matrix which affects the cobalt crystallite
size as well as the signicant presence of the hcp phase. Ulti-
mately, the anisotropic hcp phase allows for preferred growth in
the (002) direction. The same NW morphology can be achieved
with a less dilute precursor such as Li2CoCl4, however using
RSC Adv., 2022, 12, 21153–21159 | 21157
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a ccp metal such as Ni in Li6NiCl8 results in a nanoporous
morphology. A high saturation magnetization value of 130.6
emu g�1 shows the Co NW's magnetic properties exceed those
of previously reported cobalt nanoparticles and nanorods;
a property important for applications such as exible elec-
tronics, magnetic sensors and catalysts.5–7,46 This work provides
a scalable synthesis procedure at ambient conditions that can
help pave the way for future designs of nanowires.
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