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ABSTRACT: Metal and metal alloy nanowires have applications ranging from spintronics to drug
delivery, but high quality, high density single crystalline materials have been surprisingly difficult
to fabricate. Here we report a versatile, template-free, self-assembly method for fabrication of sin-
gle crystalline metal and metal alloy nanowires (Co, Ni, NiCo, CoFe, and NiFe) by reduction of
metal nitride precursors formed in-situ by reaction of metal salts with a nitrogen source. Thiol re-
duction of the metal nitrides to the metallic phase at 550-600°C results in nanowire growth. In this
process, sulfur acts as a uniaxial structure-directing agent, passivating the surface of the growing
nanowires and preventing radial growth. The versatility of the method is demonstrated by achiev-
ing nanowire growth from gas-phase, solution-phase or a combination of gas- and solution-phase
precursors. The fabrication method is suited to large-area CVD on a wide range of solid sub-

strates.

Introduction

Metal nanowires are building blocks for realizing new devices with applications in optoelectronics,
spintronics,'™ biosensing and medicine,” as well as in catalysis,® motors,” and drug delivery.® Metal
nanowires also enable fundamental studies of ballistic transport and of the effect of dimensionality on

phenomena such as spin and orbital momentum and magnetic anisotropy.” Currently, template electro-
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deposition is the most commonly used method for producing uniform, high-density metal nanowires.
Recent advances in the electrodeposition technique have made it possible to fabricate single crystalline
nanowires from noble and low melting point metals.'™'" The method has been extended to the ferro-
magnetic metals Co, Fe and Ni and their alloys, with control over crystal structure and composition.'' "
However, electrodeposition is a cumbersome process that requires fabrication of anodic aluminium ox-
ide, polycarbonate or diblock copolymer templates, metal electrodeposition, and template removal.'*"”
Electrodeposited growth of single-crystal Ni nanowires has only been achieved for small pore diameters
(50 nm), with TEM characterization indicating considerable surface roughness,'® while cobalt nan-
owires have high concentrations of stacking faults."”” Fracturing of high aspect ratio structures, surface

roughening and contamination due to post-deposition template removal processes are common problems

of the technique.”

Template-free self-assembly of single-crystal cobalt and nickel nanowires has been achieved by epi-

21-24 125—27

taxial growth in solution and from the vapor phase, and solvotherma methods. However, low
yields and substrate limitations have limited applications of epitaxially-grown nanowires, while sol-
vothermal growth methods typically produce aggregates of low aspect ratio nanowires. To date, no gen-

eral method of template-free self-assembly of binary or ternary metal alloy nanowires has been reported.

Here we report a versatile and scalable fabrication technique for single crystalline metal and metal al-
loy nanowires (eg. Co, Ni, NiCo, CoFe, and NiFe). The method employs reduction of metal nitride pre-
cursors formed in situ by reaction of metal salts with a nitrogen source. Nanowires may be grown using
gas-phase, solution-phase or a combination of gas- and solution-phase precursors. We also examine the

roles of the reactants and intermediate metal phases™ in the uniaxial growth mechanism.
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Table 1. Experimental conditions used to prepare Co, Ni and Fe metal and alloy nanowires.

Precursor Gas Pressure
M:N:S
Process  Metal salt (M) N source™® S source®* Molar NHs  CoHyoS
ratios Py (Py)
1 Co(CH;CO0), (s) CsH,NO,S (s)  CsH,NO,S(s)  1:3.1:3.1 N/A  N/A
1 Ni(CH;CO0), (s) CsH,NO,S (s)  CsH,NO,S(s)  1:3.1:3.1 N/A  N/A
1 Co(CH5CO0),,Ni(CH;COO), (s)  C3H,NO,S(s)  CsH,NO,S(s)  1:3.1:3.1 NA  N/A
2 Co(CO)3NO (v) ‘NH; (v, 0.7) 4C4H10S (v) N/A d.13 ‘0.13
3 Co(CH5COO0); (s) C3sH,NO3 (s) C4HioS (v, 2) 1:4.7 N/A 03
3 Ni(CH;CO0); (s) C3sH,NO3 (s) C4HioS (v, 2) 1:3.6 N/A 045
3 Co(CH5C0O0),,Ni(CH;COO0), (s)  C3H,NO; (s) C4HioS (v, 2) 1:7.1 N/A  0.13
3 Co(CH5COO0),,Fe(CH;CO0),(s)  C3H,NO; (s) C4HioS (v, 2) 1:7.9 N/A  0.13
3 Fe(CH5COO),,Ni(CH;CO0),(s)  C3H,NO3 (s) C4HioS (v, 2) 1:7.9 N/A  0.13
4 Co(CH5COO0); (s) NHs (v, 0.5) CiHioS (v,2) N/A 0.4 0.4

(s) = solid phase precursor. (v, sccm) = vapor phase precursor, flow rate in sccm. Molar ratios are provided for solu-

tion-phase precursors only. Gas pressures have units of mbar.
*Annealing was conducted for 1 hour at 550-600°C in each case.” C3H;NO,S = L-cysteine, C;H;NO; = L-serine.
¢ C3H;NO;S = L-cysteine, C,H, oS = 1-butanethiol. * Gases mixed before introduction into vacuum chamber.



Nanoscale Page 4 of 14

Results and Discussion

Precursors and growth conditions used to synthesize cobalt, nickel, iron and alloy nanowires from
vapor (v) and solution (s) phase precursors are presented in Table 1. We demonstrate nanowire growth
using four different processes. In Process 1, cobalt nanowires were grown using a single-step annealing
process in which an aqueous solution of cobalt(Il) acetate, Co(CH,COO),, and L-cysteine was drop-cast

onto a silicon substrate, dried, and then heated under high vacuum (10 mbar) at 600°C (Figure 1a).

The resultant nanowires were characterized by transmission electron microscopy (TEM), energy filtered

TEM (EFTEM) and electron energy loss spectroscopy (EELS).

Cobalt, sulfur and carbon EFTEM elemental maps show that the nanowires contain Co and S (SI
Figure S1a). Scanning electron microscopy (SEM) reveals that nanowire growth occurs predominately
on regions where the dropcast film has delaminated from the substrate. A representative SEM image of
a high-yield cobalt nanowire region is shown in Figure 1b. The nanowires have lengths of up to tens of
micrometers and diameters ranging from of 40 to 120 nm (Figure 1c). Previous work has established
that the only Co-S phases that are stable under our growth conditions (T<650C and low sulfur concen-

trations (X<0.3)) are the bulk Co,S, phase and Co metal®.

Together, the information obtained from HRTEM and EELS conclusively establishes that the nan-
owires are single-crystalline cobalt metal, rather than Co,S,. EELS spectra (SI Figure S1b) do not con-
tain the oxygen-K edge (at ~ 540 €V) that is characteristic of cobalt oxides (CoO and Co,0,)”. High-
resolution TEM images (SI Figure 1¢) revealed that the nanowires are single crystals with lattice fringe-
resolved d-spacings of 2.02 and 2.03 A corresponding to the (11-1) planes of face centered cubic (FCC)
Co (2.05 A), coated with a thin (~ 4 nm) amorphous overlayer (for comparison, the lattice spacing of fcc
Co,S, is 10 A) *'. Fast Fourier transforms (FFT) (SI Figure S1c) of nanowires grown directly on a gold

TEM mesh (SI Figure 1d) confirm that the crystal structure is cubic, and that the growth direction is [11-
4
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1]. The presence of Co and S, and the absence of O and C in the nanostructures indicate that the amor-

phous layer at the nanowire surface is composed of sulfur.

(a) Process 1
L-Cysteine + Co?*
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Figure 1. (a) Schematic of Process 1 showing self-assembly of Co nanowires from a dropcast and dried aqueous pre-
cursor solution which was annealed in high vacuum at 600°C for 40-60 minutes. (b) SEM image of the nanowires. (c)
Nanowire diameter distribution.

To elucidate the roles of each chemical component in the nanowire formation mechanism, Process 1
was repeated using aqueous solutions of cobalt(Il) acetate alone (SI Figure S2a), cobalt(Il) acetate and
the amino acid L-serine which contains no thiol group (CsH7NOs, SI Figure S2b), and cobalt(Il) acetate
and L-cysteine which contains both amine and thiol groups (CsH;NO,S, SI Figure S2c). Cobalt nan-
owire growth was observed only in the third experiment, demonstrating that nanowire formation re-
quires the presence of both amine and thiol groups in the precursor mixture. Nickel nanowire growth
using Process 1 also occurs only when both amine and thiol groups are present (SI Figures S2d-f). We
hypothesized that the role of the amine is to form a metal nitride precursor, which is subsequently re-
duced by the thermal treatment and/or the thiol during growth to yield the metallic nanostructures. In

Process 1, L-cysteine provides a convenient source of both of these moieties in a single molecule.

If the above hypothesis is correct, an all-vapor phase synthesis approach could be envisaged. Thus,

L-cysteine was substituted with a combination of gaseous ammonia (NH3) and 1-butanethiol (C4H;(S)

in Process 2 (Figure 2a). First, cobalt tricarbonyl nitrosyl vapor (0.27 mbar Co(CO)sNO) was decom-

posed onto a silicon substrate at 150°C. After evacuation of residual Co(CO)sNO from the vacuum

5
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chamber, the substrate was heated to 550-600°C and then annealed in either ammonia vapor (Figure 2b),
I-butanethiol vapor (Figure 2c) or a mixture of ammonia and butanethiol vapors (Figure 2d) for 40-60
minutes. When only ammonia or only 1-butanethiol was used, the resultant cobalt nanostructures were
irregular in shape and nanowires were absent. In the presence of both ammonia and 1-butanethiol, co-
balt nanowires were produced. This experiment confirms our hypothesis that a nitrogen source and a
reducing thiol compound are both required for nanowire growth and, importantly, demonstrates that all
reactants can be supplied from the vapor phase in a low-pressure, low-temperature CVD growth pro-

CCSS.

(a) Process 2

Thermal Decomposition C

Co(CO),NO

Figure 2 (a) Schematic illustration of three variants of Process 2. SEM images of nanostructures grown by annealing a
film formed by decomposition of Co(CO)sNO in (b) gaseous ammonia, (¢) butanethiol, and (d) ammonia and bu-
tanethiol environments at 550-600°C for 40-60 minutes.

To further clarify the roles of amines and thiols in the nanowire growth process, we conducted exper-
iments using two-step processes in which these species are introduced separately. In the first variant of
this method, N is incorporated in the liquid phase precursor mixture (Process 3). In the second variant,
N is supplied from the gas phase during an initial annealing step, followed by evacuation of the chamber

(Process 4). In both processes, sulfur is then supplied from the gas phase during a second thermal an-

nealing step.



Page 7 of 14 Nanoscale
In Process 3 (Figure 3a), a dropcast aqueous solution of cobalt(Il) acetate and L-serine was annealed
in a gaseous 1-butanethiol environment at 550°C for 1 hr producing cobalt nanowires as shown in Fig-
ure 3b. Annealing cobalt(Il) acetate and L-serine in ammonia (Figure 3c) or in vacuum (SI Figure S2b)
yielded irregular, three dimensional nanocrystallites rather than nanowires. Similar results were obtained

for Ni nanowires (SI Figure S3).

In Process 4, a drop-cast aqueous solution of cobalt(Il) acetate was annealed using the two step pro-
cess shown in Figure 4a. The first annealing step was performed for 1 hour in ammonia vapor at
Tn=350-380°C. This annealing step produced the irregular three dimensional nanocrystallites shown in
Figure 4b. In the second step, ammonia was evacuated from the vacuum chamber, and a 1 hour anneal

was performed in a gaseous 1-butanethiol environment at 550-600°C (Ts), yielding the nanowires

shown in Figure 4c.

(@) Process 3 L-serine + Co?
CH,S ‘ }Kf © NH,

Figure 3. (a) Schematic of Process 3. SEM images of cobalt nanostructures grown by annealing of drop-cast, dried
aqueous solutions of Co(II) acetate and L-serine in (b) butanethiol vapor and (c) ammonia vapor at 550 °C for 1 hr.
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(a) Process 4
Step 1 Step 2

Figure 4. (a) Schematic of Process 4, in which annealing of a dropcast cobalt salt solution in gaseous ammonia at
Tn=350-380°C (Step 1) is followed by annealing in butanethiol at Ts=550-600°C (Step 2). SEM images of the growth
product (b) following Step 1, and (c) following Step 2.

Both the order of N and S supply and the chosen annealing temperatures were found to be critical to
the formation of nanowires. The regimes used in Processes 1-4 were developed in light of previous
work on temperature-dependant transformations of cobalt (and other metal) compounds. Decomposition
of metal(II) salts in the presence of amines has been shown to form metal nitride species below 300°C**
34 Under high vacuum conditions or in an inert gas, the metal nitrides decompose upon further heating
to 500-570°C to form the metal and eliminate nitrogen®>>®. Thus, in our technique, nanowire growth
proceeds via an intermediate metal nitride phase. Subsequent reduction of the metal nitride to the metal-
lic form in the presence of thiol at 550-600°C gives rise to the growth anisotropy responsible for the

formation of nanowires.

The growth of one-dimensional structures from metals possessing cubic crystal structure can be un-
derstood in the context of symmetry-breaking nanostructure growth®’. We propose that the role of sulfur
is to passivate nanowire growth in the radial direction. Sulfur (and thiol groups more generally) are well
known passivating agents for the growth of metal and semiconductor nanostructures. Such passivation
techniques have been widely employed to engineer anisotropic nanocrystal and nanowire growth in the

solution phase®”*, but have only recently been extended into the vapor phase, with sulfur being used as
8
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a surfactant in chemical vapor deposition (CVD) of GaSb nanowires®’. Precursor-bound coordinating
ligands can also act as surfactants to direct the CVD growth of gold nanowires and nanoplates®. The
current results show that sulfur can be used as both a reducing and structure-directing agent in vapor

phase nanowire growth.

Having established the necessary conditions for nanowire growth, we demonstrate the utility of the
process to synthesize binary alloy nanowires. In addition to single crystalline Ni and Co nanowires, Ni-
Co, CoFe and FeNi alloy nanowires have been prepared (Figure 5). Figure 5a shows Ni nanowires
grown using Process 1 in which a dropcast aqueous solution containing Ni(Il) acetate and L-cysteine
was annealed in high vacuum at 550-600 °C. Figure 5b shows Ni nanowire growth by Process 3, in
which a dropcast solution containing Ni(II) acetate and serine is annealed in 1-butanethiol at 550-600
°C. NiCo, FeNi and FeCo alloy nanowires were also synthesized using Process 3 with the precursor mo-
lar ratios listed in Table 1. Typical morphologies of NiCo, FeNi and FeCo nanowires are shown in Fig-
ure 5c-e respectively. In all cases, the highest nanowire concentration occurs at sites where the film has
undergone delamination. SEM and SAED characterization of single crystalline NiCo nanowires grown
by Process 1 at 430°C is provided in Figure 6a and 6b respectively. The SAED pattern can be indexed to
the FCC phase of NiCo. The composition of these binary alloy nanowires can be tuned by suitable ad-

justment of the precursor molar ratios.
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Figure 5. (a) Ni nanowires grown by Process 1. (b) Ni nanowires grown by Process 3. (c)-(e¢) NiCo, FeNi and FeCo al-
loy nanowire growth from Process 3, with corresponding EDS maps.

Zone axis = [112]

Figure 6. (a) SEM image of NiCo alloy NWs grown by Process 1. (b) SAED pattern of a NiCo nanowire, which can be
indexed to a FCC crystal structure.

10
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Conclusions

These results represent the first demonstration of high quality metal nanowire fabrication with a wide
range of compositions by a template-free technique. The nanowire growth proceeds through an amine-
promoted metal nitride intermediate, which is subsequently reduced to the metallic phase in the pres-
ence of thiol. The thiol acts as both a reducing agent and a uniaxial structure-directing agent. The amine
and thiol functionalities can be introduced as solution-phase precursors or in vapor phase but important-
ly, both are necessary for nanowire growth. The versatility of the method has been demonstrated by
growth of uniform single-crystalline metal and alloy nanowires with a range of compositions (Co, Ni,

NiCo, CoFe, and NiFe) on metal as well as semiconducting surfaces.

METHODS

Process 1: Si and SiO, wafers with a 100 nm thermal oxide layer were cut to Smm x Smm substrates and sonicated for 10
minutes each in acetone, isopronyl, and MilliQ water. Cobalt acetate (0.2g, cobalt(Il) acetate tetrahydrate 98% Sigma Al-
drich) and L-cysteine (0.3g, 97% Sigma Aldrich) were dissolved in 24 mL DI water in atmosphere with no further purifica-
tion procedures. The solution was sonicated for 5 minutes and then drop-cast onto the substrate at 100 °C. The substrate was
loaded into a high vacuum chamber and heated in a single step to the growth temperature (550-600°C). Growth was per-
formed in high vacuum (10 mbar) for 1 hour, before the sample was cooled to room temperature and removed for character-
1zation.

Process 2: The substrate was heated to 145°C and the chamber filled with Co(CO)zNO vapour to a pressure of 0.27 mbar.
After 20 minutes, Co(CO)zNO was exhausted, and both ammonia (0.7 sccm) and butanethiol were introduced until the total
pressure reached 0.13 mbar. The substrate was heated to 600 C in the butanethiol/ammonia gas mixture for 1 hour before the
gases were exhausted and the substrate cooled to room temperature.

Process 3: Co(Il) acetate (0.02g, Cobalt(II) acetate tetrahydrate 98.0% Sigma Aldrich) and serine (0.04g, 99.0% Sigma Al-
drich) were dissolved in 2 mL ethanol. The substrate was loaded into the chamber and evacuated to 0.03 mbar. Butanethiol
was then introduced into the chamber to a pressure of 0.3 mbar. The sample was then heated to 550°C in butanethiol at a rate
of 30°C per minute, held at 550°C for 1 hour, then cooled to room temperature and removed for characterization.

Process 4: Cobalt acetate (0.2g, Cobalt(Il) acetate tetrahydrate 98.0% Sigma Aldrich) was dissolved in 24 mL DI water in
atmosphere with no further purification procedures. The solution was drop-cast onto a substrate held at 100°C. After loading
the substrate into the growth chamber, it was evacuated to 0.03 mbar and ammonia was introduced at a flow rate of 0.5 sccm.
The substrate was heated to 350°C as the pressure was increased to 0.4 mbar NH;. After 60 minutes, NH; was exhausted,
butanethiol was introduced at 0.5 sccm up to a total system pressure of 0.4 mbar, and the substrate was annealed at 550-
600°C for 1 hour.

Alloy nanowire growth:

NiCo: Process 1: Cobalt acetate (0.03g, cobalt(Il) acetate tetrahydrate 98% Sigma Aldrich), nickel acetate (0.03g, nickel(II)
acetate tetrahydrate 99.998% Sigma Aldrich) and L-cysteine (0.1g, 97% Sigma Aldrich) were dissolved in 8 mL DI water in
atmosphere with no further purification procedures. The solution was sonicated for 5 minutes and then drop-cast onto the
substrate at 100 °C. The substrate was loaded into a high vacuum chamber and heated in a single step to the growth tempera-
ture (420-470°C). Growth was performed in high vacuum (10 mbar) for 1 hour, before the sample was cooled to room tem-
perature and removed for characterization.

Process 3: Ni(II) acetate (0.1g, nickel(Il) acetate tetrahydrate 99.998% Sigma Aldrich), Co(II) acetate (0.1g, Cobalt(II) ace-
tate tetrahydrate 98.0% Sigma Aldrich) and serine (0.3g, 99.0% Sigma Aldrich) were dissolved in 24 mL DI H,O. The sub-
strate was loaded into the chamber and evacuated to 0.03 mbar. Butanethiol was then introduced into the chamber to a pres-

11
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sure of 0.3 mbar (0.23 Torr). The sample was then heated to 550°C in butanethiol at a rate of 30°C per minute, held at 550°C
for 1 hour, then cooled to room temperature and removed for characterization.

FeCo: Process 3: Fe(Il) acetate (0.063g, iron(II) acetate 95% Sigma Aldrich), Co(II) acetate (0.1g, Cobalt(Il) acetate tetra-
hydrate 98.0% Sigma Aldrich) and serine (0.3g, 99.0% Sigma Aldrich) were dissolved in 24 mL DI H,O. The substrate was
loaded into the chamber and evacuated to 0.03 mbar. Butanethiol was then introduced into the chamber to a pressure of 0.3.
The sample was then heated to 550°C in butanethiol at a rate of 30°C per minute, held at 550°C for 1 hour, then cooled to
room temperature and removed for characterization.

FeNi: Process 3: Fe(Il) acetate (0.063g, iron(Il) acetate 95% Sigma Aldrich), Ni(II) acetate (0.1g, Nickel(II) acetate tetra-
hydrate 99.998% Sigma Aldrich) and serine (0.3g, 99.0% Sigma Aldrich) were dissolved in 24 mL DI H,0. The substrate
was loaded into the chamber and evacuated to 0.03 mbar. Butanethiol was then introduced into the chamber to a pressure of
0.3 mbar. The sample was then heated to 550 C in butanethiol at a rate of 30 C per minute, held at 550 C for 1 hour, then
cooled to room temperature and removed for characterization.

SEM and TEM characterization: SEM imaging was performed at 5 kV in a Zeiss Supra 55VP directly following growth.
For TEM analysis an identical solution containing (L-cysteine and Co(Il) acetate tetrahydrate) was prepared and dropcast
onto a 300um Au mesh and heated under identical growth conditions. TEM analysis was carried out on either a FEI Tecnai
T20 or JEM-2200FS FEG.
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