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www.rsc.org/ Synthesis of CosSs, NisS,, Co and Ni nanowires by solventless thermolysis of a mixture of metal(ll) acetate and cysteine in
vacuum is reported. The simple precursor system enables the nanowire phase to be tuned from pure metal (Co or Ni) to
metal sulfide (CosSs, NisS;) by varying the relative concentration of the metal(ll) acetate. The growth environment
facilitates new insights through in situ characterization using field-emission scanning electron microscopy (FESEM) and
thermogravimetric analysis with gas chromatography-mass spectrometry (TGA-GC-MS). Direct observation by FESEM
shows the temperature at which nanowire growth occurs and suggests adatoms are incorporated into the base of the
growing nanowire. TGA-GC-MS reveals the rates of precursor decomposition and identity of the volatilized ligand
fragments during heat-up and at the nanowire growth temperature. Our results constitute a new approach for the
selective fabrication of high quality CosSs and Ni3S, nanowires and more importantly provides new understanding of
precursor decomposition reactions that support symmetry-breaking growth in nanocrystals by heat-up synthesis.

. . . . o 24-28
various morphologies with narrow size distributions. Only a

Introduction few direct bottom-up syntheses have been reported for CoySg
nanocrystals including nanowires.”® *° Rather, most reported
techniques utilize a multi-step method whereby a metal oxide
structure is first formed and the sulfide phase is produced by
exchange of the oxygen atoms for sulfur.?® 3 The
morphology is heavily influenced by the intermediate cobalt
oxide nanocrystal, and often hollowing of the nanostructure by
the Kirkendall effect is observed.***

Real-time characterization has led to significant breakthroughs
in fundamental understanding of nanocrystal growth. Utilizing
the reaction environment for solventless thermolysis enables
studying the reaction steps by electron microscopy and TGA-
GC-MS. Advances through electron microscopy studies include
observation of multistep nucleation pathways, measured
nanowire growth kinetics, observation of layer-by layer growth
in nanowires and morphological changes owing to catalyst

Colloidal  synthesis by  hot-injection  and heat-up
coprecipitation techniques are powerful methods for achieving
monodisperse nanocrystals with controllable size, morphology
and composition.l'6 An understanding of the precursor
conversion reactions is crucial to expanding the scope of these
techniques to new material systems and morphologies.e'lo To
date, few reports have examined the reactivity of precursors
that support anisotropic growth highlighting the need for in
situ characterization.” ™ > Characterization of the reactions
during nanocrystal growth is challenging due to the speed at
which transformations occur, and solvent effects.”>*® In situ
characterization studies have utilized mostly UV-vis
absorbance and nuclear magnetic resonance spectroscopies in
the solution state, although these techniques can suffer due to
lack of sensitivity (in NMR), the generation of optically . . 36-40
transparent species, anomalous extinction due to scattering, migration (VLS growth). However slow progress has been

. . made as typical reaction conditions are inherently
and temperature dependent optical properties of ; . o . o .
16-23 incompatible with high resolution imaging conditions (i.e. wet
nanocrystals.

Solventless thermolysis is a versatile sub-set of coprecipitation environments, elevated pressures, and high temperatures).

techniques that enables crystal growth under straightforward Nanocry:tar: griwltlh by solventles;ls fthermoIIyS|j5 overcomes
conditions, and has been used to synthesize high quality many of the challenges presented from solution or vapor

copper, nickel, lead and bismuth sulfide nanocrystals of phase precursors.
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Figure 1 Schematic illustrating nanowire synthesis: M" acetate (M = Co, Ni) and M**
bis-cysteinate (M*'Cys,) in aqueous solution are dropcast onto a silicon wafer.
Nanowire growth of the M°® and/or M,S, phase is achieved by annealing in high
vacuum with the nanowire phase determined by the M":Cys mole ratio.

In our previous work, we showed that various thiol sources act
as efficient capping ligands to support nanowire growth.41 The
unique properties of nanowires make them important as
active materials in catalysis,42 photodetectors,43 a4 high density
magnetic data storage45 and beyond.4e' *” In this paper an
examination of the growth precursors used in a high-vacuum
thermolysis technique that yields nanowires of CoqSg, Ni3S,, Co
and Ni is provided. Metal(ll/Ill) bis-cysteinate and metal(ll)
acetate (where metal = cobalt or nickel) were used to examine
the influence of their relative concentrations on the resultant
nanowire phase. In situ characterization of the thermolysis
behaviour of the precursors was examined using FESEM and
TGA-GC-MS. The results reveal (in both precursor systems) a
single-step mass loss event to yield M,S, species followed by a
slow loss of sulfur species at nanowire growth temperature.
Sulfur species are known capping ligands that can support
anisotropic crystal growth and provide control over the
resultant crystal morphology.27' 48, 49 Capping ligands are
typically either added to growth precursors, or generated in
situ as reaction by-products during nanocrystal growth. The
latter approach, employed here, is advantageous due to the
ability to eliminate side reactions, greater precursor air
stability (relative to metal alkyls), and ease of manipulation.50
2 Our results constitute a new approach for the selective
fabrication of high quality CosSg and Ni;S, nanowires, which
have compelling applications in optoelectronics,53 advanced
energy storage and conversion® * and catalysis.’® *’
Moreover, our findings provide insights into the precursor
conversion rates and byproducts that support anisotropic
crystal growth by solventless thermolysis.

Results

Synthesis of Nanowires. Commercially available cobalt(ll)
acetate tetrahydrate, nickel(ll) acetate tetrahydrate and L-
cysteine (Cys) were employed as metal and sulfur sources for
the growth of Co and Ni nanowires, and their sulfide phases
pentlandite (CogSg) and heazlewoodite (NisS,). In a typical
growth procedure, a solution containing the precursor
compounds is dropcast onto a clean silicon substrate with a
native oxide layer (Figure 1). After air-drying, the specimen is
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Figure 2 SEM images of CosSg and Co nanostructures grown from Co":Cys solutions
with mole ratios of 0.9 (a and b), 4.9 (c and d) and 9.7 (e and f). g) X-ray diffraction
patterns of growth products from the three solutions.

loaded into a high-vacuum annealing chamber and evacuated
to a pressure of 107 mbar (precipitation of nanocrystals was
not observed). The sample is heated to a growth temperature
at a rate of 2 — 3 °C/sec, and annealed before cooling to room
temperature. The annealing temperature for CogSg/Co
nanowire growth was 590 * 20 °C, and the total annealing time
at this temperature was 1 hour (a typical plot of the
temperature measured as a function of time during heat-up
and growth is shown in Figure S1). Precursor compounds for
Ni3;S,/Ni nanowire growth were annealed for 5 hours at 415 £
10 °C (a description of the synthesis method can be found in
the Supporting Information).

The cysteine concentration in the precursor solution was kept
constant at 9.0 + 0.5 mM and the amount of metal(ll) acetate
was varied to achieve M”:Cys mole ratios in the range 0.9 - 9.7.

This journal is © The Royal Society of Chemistry 20xx
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We show that the nanowire phase can be tuned between pure
metal (Co0 or Nio) and metal sulfide by adjusting the relative
concentration of the metal(ll/Ill) bis-cysteinate complex and
metal(ll) acetate, which is achieved by varying the mole ratios
of the M" (metal(ll) acetate) and S (cysteine) reagents.

a)

B = [001]

Figure 3a) TEM image of a CogSg nanowire with FFT (inset). b) SAED pattern of

nanowire in a). ¢) TEM image of a Co nanowire. d) SAED pattern of nanowire in c).

Nanowire Morphology, Structure and Composition. Data
obtained using nanowires from thermolysis of 0.9, 4.9 and 9.7
Co”:Cys mole ratio solutions are shown in Figure 2. Figures 2a
and b show typical morphology of nanowires grown from a 0.9
(Co”:Cys) precursor solution, with the X-ray diffraction pattern
(Figure 2g) matching face-centred cubic (FCC) CoySg (PDF 04-
004-4525). Minor peak intensities were indexed to FCC co®
(PDF 00-015-0806). The nanowires have a broad diameter
distribution with a mean of 125 nm based on an analysis of 82
structures (Figure S2). The variation in length was considerable
with a number of nanowires extending over 20 um with an
aspect ratio > 400, the average was 5.4 um (Figure S3).

Nanowire morphologies from 4.9 and 9.7 (Co”:Cys) solutions
are shown in Figures 2c-d, and Figures 2e-f respectively.
Characterization by X-ray diffraction shows the dominant
phase to be FCC Co (PDF 00-015-0806) with a minor presence
of FCC CosSg (Figure 2g). The 4.9 (Co”:Cys) solution produced
nanowires and nanorods with a mean diameter of 130 nm
based on an analysis of 47 structures (Figure S4), with an
average length of 1.6 um (Figure S5). X-ray diffraction patterns
show the variation in abundance of FCC CogSgto FCC Co® as the
Co”:Cys mole ratio is varied from 0.9 to 9.7 (Figure 2g).

TEM and SAED characterization of isolated CosSg and Co
nanowires from starting 0.9 and 4.9 (Co”:Cys) mole ratio
solutions (respectively) is shown in Figure 3. The nanowires
are high quality, single-crystal structures with smooth surfaces
and negligible presence of structural defects such as stacking

This journal is © The Royal Society of Chemistry 20xx

faults. TEM characterization of a 60 nm CogSg nanowire and
the corresponding FFT is shown in Figure 3a. The nanowire is
shown to have a well-defined, smooth edge with the presence
of a 3 - 4 nm capping layer surrounding the nanowire. The
selected area electron diffraction (SAED) pattern of the same

Figure 4 Time-dependent SEM characterisation during CogSg nanowire growth. ai-iii)

SEM images showing a nanowire growth sequence over 95 seconds. Bi-iii) Image
sequence captured over a 10 minute period.

nanowire is shown in Figure 3b. Characterization by SAED
shows the nanowire to be single-crystal. The SAED pattern was
indexed as the FCC Fm3m space group using the CogSg
parameters. The zone axis is [001] (Figure 3b). The {200} plane
spacing was measured to be 4.8 A in agreement with CosSg
(dizooy = 4.964 A). The nanowire growth direction was
determined to be in the <100> direction by the FFT and the
shape factor induced streaking of the SAED pattern.58 Figure 3c
shows a TEM image of a cobalt nanowire with a 80 nm
diameter and a capping layer. The SAED pattern (Figure 3d)
was resolved along the [001] zone axis and the {200} plane
spacing was measured to be 1.72 A in agreement with FCC Co
(1.772 A). The nanowire growth direction was <110>. The
growth direction was determined by the shape factor induced
streaking of the diffraction intensity spots and correlated by
the shadow imaging technique (Figure S6). Compositional
analysis using energy dispersive X-ray spectroscopy (EDS) of
isolated CoqSg and Co nanowires from 0.9 and 4.9 (Co”:Cys)
precursor solutions (Figure S7) further supports XRD and SAED
phase assignment.

Time-dependent FESEM characterization during nanowire
growth is shown in Figure 4. Growth was achieved using a 0.9
(Co:Cys) precursor solution and the substrate preparation
procedure outlined in the experimental section. FESEM
characterization was performed at a stabilized temperature
(540 °C) under high vacuum (9 x 10°® mbar). Images were
captured at a constant magnification. The growth sequence of

J. Name., 2013, 00, 1-3 | 3
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Figure 5 SEM images of Ni3S, and Ni nanostructures grown from starting 1.0 (a and

b), 3.9 (cand d) and 4.9 (e and f) Ni":Cys mole ratio solutions. g) X-ray diffraction
patterns of the nanostructures.

the two nanowires is shown in Figures 4ai-iii and Figures 4bi-iii
respectively. Nanowires are shown to grow directly from the
residual precursor film at the stabilized growth temperature.
The results confirm nanowire growth at a stabilized
temperature and not during cool down (or only during heat-
up). Based on the characterization of the nanowire in Figures
4bi)-iii) the unique shape of the tip supports the proposal that
adatoms are incorporated into the nanowire below the film
surface. Analogous to a base-driven growth mechanism.

The method can also be used to synthesize Ni° and NisS,
nanowires. Figures 5a and b show SEM images of nanowires
grown by thermolysis of a 1.0 (Ni":Cys) mole ratio solution, and
the corresponding X-ray diffraction pattern is shown in Figure
5g. Nanowires of the rhombohedral phase NisS, (PDF 04-008-
8458, Figure 5a and b) were obtained only after oxidation of

4 | J. Name., 2012, 00, 1-3
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the precursor solution using 30% w/w H,0,. The resultant
nanowires and nanorods had an average diameter of 66 nm
based on an analysis of 59 structures (Figure S8).

Nanostructures grown from the 3.9 solution are shown in
Figure 5c and d, where the resultant nanowires have an
average diameter of 100 nm based on an analysis of 32
structures (Figure S9). The nanostructures had a mixture of
phases, with the dominant phase being FCC Ni° (PDF 04-010-
6148) and a minor presence of NisS, (Figure 3g). Thermolysis of
the 4.9 solution resulted in nanostructures of the lowest
aspect ratio (Figure 5e and f) composed of FCC Ni°® with a
minor presence of NisS, (Figure 5g). The presence of NisS, is

[Co'"Cys,(H0),]

100§
9 'ﬂ
% : -45 %
- Sw |l
S ‘ ~— (.79%
8 500 1000
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Retention Time (min)

Figure 6 Total ion chromatographs taken every 30 °C between 30 — 900 °C, the
heating rate was 3 °C/min for cobalt(lll) bis-cysteinate. (inset) Thermogravimetric
data for cobalt(lll) bis-cysteinate.

attributed to atmospheric oxidation of the dropcast and dried
precursor solution.

Further characterization of individual Ni3S, and Ni nanowires
was performed by energy dispersive X-ray spectroscopy (EDS),
transmission electron microscopy (TEM) and selected area
electron diffraction (SAED). The results confirm that the
nanowires are single crystals, with the phases matching those
determined by XRD (Figure S10). No nanowire growth was
observed upon decomposition of only metal(ll) acetate, in
agreement with prior reports.s‘g'63

Precursor Chemistry. Addition of cysteine to cobalt(ll) salts
forms a cobalt(lll) bis-cysteinate complex.64 Characterization of
the isolated cobalt-cysteine complex by UV-vis absorbance
(Figure S11a) and FTIR (Figure S13) confirms the octahedral
coordination geometry with cysteine acting as a bidentate
ligand via S and N donors to the cobalt(lll) centre (see
Supporting Information for further discussion).m'66 High-
resolution mass spectrometry of the isolated cobalt complex
shows an isotope distribution pattern with a maximum
intensity at m/z = 298.9580. Modelling of this distribution
produces an excellent fit for a molecular formula of

This journal is © The Royal Society of Chemistry 20xx
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Figure 7 Total ion chromatographs taken every 30 °C between 30 — 900 °C, the
heating rate was 3 °C/min for nickel(ll) bis-cysteinate. (inset) Thermogravimetric
data for nickel(ll) bis-cysteinate.

[CoCeH1,N,0,S,]%, with a mass deviation of 5ppm, confirming
that the solution-state inner coordination sphere of the
nanowire precursor contains one cobalt(lll) and two cysteine
units (cobalt(lll) bis-cysteinate). The oxidation of cobalt(ll) (in
cobalt acetate) to cobalt(lll) in the complex is attributed to
exposure of the solution to atmospheric oxygen; the
associated colour change can be slowed by degassing using N,
(Figure 514).67"69 The UV-vis absorbance spectra of the 0.9 and
4.9 (Co”:Cys) precursor solutions (Figure S12a) show identical
absorbance bands to the isolated complex (Figure S11a); the
multiple band at 515 nm due to the cobalt(ll) acetate is not
observed as it is of low intensity (€ = 4.6 M'lcm'l) and obscured
by the precursor complex. The identical absorbance maximum
in each of the precursor solutions indicates that the inner
coordination sphere of the cobalt complex remains unchanged
with varying Co”:Cys ratios.
UV-vis absorbance spectra for the 1.0, 3.9 and 4.9 nickel(ll)-
cysteine precursor solutions (Figure S12b) confirm the square
planar d® nickel(ll) complexes in all solutions, and are in
agreement with the solid state structure of Ni”Cysz.70 The
nickel(ll) acetate bands expected at 395 (g = 5.0 M'lcm'l), and
724 nm (e = 2.0 M"lcm"l) due to Ni(H20)62+ were not observed
in the nanowire precursor solutions due to their low intensity.
The precursor product in the 1.0 (Ni”:Cys) mole ratio solution
could not be unambiguously identified following the addition
of H,0,. The FTIR spectrum of the isolated nickel-cysteine
product (Figure S13) shows bands similar to those of the
[Co”'Cysz(HZO)Z] spectrum (see Supporting Information for
further discussion).

Decomposition. TGA-GC-MS of the isolated
cobalt(lll) bis-cysteinate ([Co'”Cysz(HZO)Z]) complex (Figure 6),
shows that the coordinated cysteine is thermally stable to 180
°C before the onset of ligand decomposition, which occurs in a

Precursor

This journal is © The Royal Society of Chemistry 20xx

three-step process. The first process occurs between 30 to 180
°C (DTGpmax = 68 °C), with a mass loss of 10.2% attributed to the
loss of coordinated water (Calc: 8.4%) and some residual
moisture to produce anhydrous cobalt(lll) bis-cysteinate. The
temperature resolved extracted ion chromatographs for m/z =
18 (Figure S15a) are in excellent agreement with the
thermogravimetry, showing water present only between 30
and 180 °C with local maxima at 60 and 90 °C attributed to
unbound water and coordinated water, respectively.

The next process occurs between 180 to 240 °C (DTG = 233
°C), with a mass loss of 5.3% attributed to the loss of carbon
dioxide from the acetate anion (Calc: 10.3%). The mass
discrepancy is due to an overlap between two thermal events;

T T T T T T

, [Co Cys,(H,0),)

"l - —e

Counts (a.u.)

1 2 3 4 5 6 7
Retention Time (min)

Figure 8 Gas chromatograms of the thermolysis products at 270 °C for cobalt(111) bis-
cysteinate (top) and nickel(ll) bis-cysteinate (bottom).

the loss of CO, from acetate and the loss of cysteine ligand
moieties. The temperature resolved extracted ion
chromatographs for m/z = 44 (Figure S15c) are in excellent
agreement with the thermogravimetry, showing carbon
dioxide being present only between 180 and 240 °C with
maximum abundance at 240 °C, correlating to the DTG, of
the acetate decomposition. The TGA suggests that after
acetate decomposition, the charged [Co(Cys),]” species is
produced as an intermediate, which spontaneously dissociates
in the 240 to 300 °C range with a mass loss of 39.6% (DTG .y =
256 °C) to yield an unknown mixture of Co,S, sulfides. There is
no further loss of volatile species attributed to decomposition
of the Co(cys) complex beyond 300 °C (Figure 6 and Figure
S15).

The final process involves the steady loss of sulfur between
300 to 900 °C from the intermediate Co,S, residue remaining
after 300 °C, to yield a final product of CosSg as determined by
powder XRD of the TGA residue (Figure S16). The loss of sulfur
is observed as sulfur dioxide due to gas phase reactions
between sulfur and residual oxygen, and is the only volatile
species produced beyond 300 °C (Figure 6 and Figure S15e).
TGA-GC-MS of nickel(ll) bis-cysteinate (Figure 7) reveals similar
thermal behaviour to that of cobalt(lll) bis-cysteinate. The
complex is thermally stable to 180 °C before the onset of
ligand decomposition which occurs in a two-step process. In
contrast to the decomposition of cobalt(lll) bis-cysteinate,

J. Name., 2013, 00, 1-3 | 5§
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there is no other mass loss due to carbon dioxide, which is
attributed to the lack of acetate anions within the neutral
nickel(ll) bis-cysteinate ([Ni”Cysz(HZO)z]) complex. Between
220 and 290 °C the approximate 45% mass loss event is
attributed to decarboxylation of the cysteine ligands followed
by N- and S-containing heterocyclic species to form
intermediate Ni,S, residue. Finally, there is a loss of sulfur
above 300 °C (Figure S15f) to yield a final product of non-
stoichiometric Ni3S; g (as determined using XRD, Figure S17).
Total ion chromatographs of the volatile species for both
[Co”'Cysz(HZO)z] and [Ni”Cysz(HZO)z] shortly following the main
decomposition step show a mixture of S- and N-heterocyclic
species, water and carbon dioxide (Figure 8). Of these species,
thiophene (R; = 2:301 min), 2-methyl-thiazole (R; = 3:020 min),
2-methyl-pyridine (R; = 3:092 min), 3-acetamido-pyrrolidine (R;
= 3:292 min) and 2-methyl-2-thiazole were unambiguously
assigned. The presence of these species is in agreement with
the literature for thermal decomposition of cysteine at
temperatures above 200 °C.”* The absence of ammonia, and
presence of heterocyclic nitrogenous compounds in the
chromatographs strongly suggests that there was no cleavage
of the C-N bond within the cysteine moieties. The presence of
these heterocyclic species can be explained by intra-molecular
cyclization of intermediate immonium ions formed by cleavage
of the CH — C = O bond within the cysteine Iigand.72‘ &
Similarly, the presence of CO, and water is attributed to the
decarboxylation of the amide moiety in the cysteine ligands. It
can be inferred that a very similar thermal decomposition
process is occurring during the thermolysis of these two
precursors, given the similarity of the volatile species
produced.

Conclusions

The versatility of cysteine-based precursors is demonstrated in
phase-controlled nanowire synthesis by solventless
thermolysis. CosSg and Co nanowires were realized by heat-up
synthesis using the precursors cobalt(lll) bis-cysteinate and
cobalt(ll) acetate, the phase was determined by the mole ratio.
A similar strategy was successful in the Ni3S,/Ni system.
Characterization of the nanowire phase, morphology, growth
direction and composition is provided showing the nanowires
to be high-quality structures with the presence of a capping
layer. Understanding of the conversion reactions from
precursor to nanowire is elucidated through detailed
characterization of the precursors and reaction steps during
thermolysis. Real-time characterization using FESEM confirms
nanowire formation does in fact occur at the stabilized growth
temperature (and not during cool down) and provides
evidence for a base driven mechanism. The results are used to
support analysis by TGA-GC-MS of the bis-cysteinate
precursors. Analysis by TGA-GC-MS shows the cysteine ligands
are thermally stable to 220 °C before undergoing
decomposition. At temperatures greater than 300 °C the
steady generation of SO, is the only volatilized species
observed. The generation of such species has been shown
previously to support anisotropic growth in nanocrystals. The

6| J. Name., 2012, 00, 1-3

results provide new insights into the reaction steps and
moieties that support symmetry breaking growth in metal and
metal sulfide nanocrystals.
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