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ABSTRACT

Nickel sulfide thin films and nanocrystals stabilized with oleylamine ligands are
prepared from two different nickel xanthates as single-source precursors, which
decompose at approx. 180 °C, and are thereby converted into nickel sulfide. These
nickel xanthates comprise branched alkyl moieties allowing the choice of a wide range
of nonpolar organic solvents for the processing to nickel sulfide thin films as well as to
nanoparticles. The crystal structures of both compounds show a typical square-planar
coordination of the sulfur atoms of both xanthates to the nickel central atom. The
thermal decomposition via the Chugaev reaction forming nickel sulfide was studied
by thermal gravimetric analysis showing the reaction taking place at about 180 °C.
Consequently, by thermally converting spin-coated metal xanthate films directly on
the substrates in the solid state, thin films consisting of hexagonal nickel sulfide are
formed. If the nickel xanthates are heated in an oleylamine solution, oleylamine-
capped nickel sulfide nanocrystals are obtained, exhibiting hexagonal NiS as main
phase and Ni3S, as secondary phase. This is also reflected in a sulfur-rich composition
of the synthesized nickel sulfide nanocrystals as observed from TEM-EDX analyses.
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phase and the morphology, these compounds
possess unique chemical and physical properties,

Introduction

The transition metal chalcogenide compound
nickel sulfide exhibits a multiplicity of phases and
stoichiometries, such as NiS (a-NiS and B-NiS),
NiS,, Ni3S,, NizSs and NizSe [1]. Depending on the
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which give nickel sulfides a wide applicability in
numerous technologies ranging from catalysis to
energy conversion and storage applications
[2-14].
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Nickel-(ID-sulfide (NiS) possesses two poly-
morphs, the low-temperature rhombohedral phase
(B-NiS, R3 m, millerite) and the high-temperature
hexagonal phase (a-NiS, P63/mmc, NiAs structure).
Depending on the composition, the o- to B-phase
transition can take place between 282 and 379 °C and
is accompanied with a volume change about 4% [1].
Millerite B-NiS has metallic properties [15, 16],
whereas the o-phase undergoes a phase transition
from a semiconducting antiferromagnetic to a
metallic paramagnetic phase at a temperature of
about —8 °C [17, 18]. NiS has shown potential as an
efficient counter electrode for dye-sensitized solar
cells [2], as a cathode material in rechargeable lithium
batteries [3] and as a catalyst for the hydrogen evo-
lution reaction [4].

Cubic pyrite NiS, (vaesite), suggested as a Mott-
Hubbard insulator, exhibits semiconductor behavior
with interesting electrical, optical and magnetic
properties [19] and is explored for applications in
hydrogen production [5] and batteries [6]. NizS,
(heazlewoodite) is a Pauli paramagnetic metal [20]
with a stable rhombohedral crystal structure [21] and
displays catalytic activity in water splitting reactions
[7, 8]. Metallic NisS, (polydymite) crystallizes in the
cubic spinel structure and shows itinerant electron
ferrimagnetism [22]. However, the synthesis of sin-
gle-phase metastable Ni3S, is challenging, because it
decomposes at higher temperatures (356 °C) to form
NiS and NiS, [1]. NizS; has been shown to be an
efficient electrode material for high-performance
supercapacitors [9, 10] and lithium ion batteries [11].
NiSe (godlevskite) has an orthorhombic structure
[23] and revealed excellent catalytic activity in
hydrogenation reactions [12] and electrochemical
sensors [13].

For the preparation of nickel sulfide nanomaterials
with different morphologies and phases, various
methods have been already successfully applied.
Among these are solid-state reactions [24, 25], phys-
ical vapor and atomic layer depositions [14, 26], laser-
induced reactions [27], electrochemical processes [8],
solvo- and hydrothermal routes [2, 4, 11-13], spray
pyrolysis [16], solution-based processes at room
temperature [6, 22], or microwave-assisted syntheses
[3, 51

In recent years, single-source precursors (SSPs)
have received significant attention since they can
often give a better control over stoichiometry and
offer the ability to tune their properties through
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ligand design, which granted in many cases a good
control over phase and morphology of the nanos-
tructures, which is very important in the view of
using these nickel sulfide nanostructures for specific
applications. Numerous single-source precursor
compounds, which already contain a nickel sulfur
bond, such as nickel dithiocarbamate [28-34],
dithiocarbonate (xanthate) [35-40], thiolate [10, 41],
dithiooxamide [42], thiourea [43], thiobenzoate [44],
thiobiuret  [45],  mercaptobenzothiazole  [46],
thiosemicarbazide [47], polysulfide [48], imi-
dodiphosphinate [49] or dithiophosphate [50], have
already been investigated for the fabrication of vari-
ous nickel sulfide nanostructures.

The attractive properties of metal xanthates, like
their usually good stability (also in solution), rela-
tively low decomposition temperature (below 200 °C)
and simplicity to tailor solubility and decomposition
behavior by variation of their organic side chains,
have ensured that they are widely employed in the
preparation of various metal sulfide nanomaterials
[35-39, 51-60].

A variety of binary (BiyS; [52, 61], CdS [53], CuS
[36], HgS [36], MnS [36], ZnS [36], PbS [60], PdS [35],
SnS [59], NiS [35-39]), ternary (copper indium sulfide
[51], copper antimony sulfide [54]) and quaternary
(copper zinc tin sulfide [55]) metal sulfide nanoma-
terials have already been synthesized via a thermally
induced decomposition of the metal xanthates, pro-
ceeding via the Chugaev elimination mechanism
[36, 51]. Far less explored is the conversion of metal
xanthates to metal sulfides at room temperature by
photochemically induced decomposition using UV
irradiation [56, 57] or direct chemical reaction with
primary amines. In this latter study, we have recently
demonstrated that the conversion of copper and
indium xanthates into CulnS, nanocrystals at room
temperature in the presence of oleylamine proceeds
via a reaction mechanism different to the Chugaev
elimination [58].

Considering the attractive potential of metal xan-
thates as SSPs for the production of metal sulfide
nanomaterials, it is surprising that there are only a
few reports dealing with the thermal conversion of
nickel xanthate complexes [35-39]. Therefore, in this
contribution we demonstrate the potential of the two
novel nickel xanthate precursors, nickel (II) O-3,3-
dimethylbutan-2-yl dithiocarbonate (NiXa-C6) and
nickel (II) O-2,2-dimethylpentan-3-yl dithiocarbonate
(NiXa-C7), as SSP for the preparation of nickel sulfide
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nanostructures. Thereby, we cover the synthesis and
characterization of both precursor compounds, dis-
cuss three routes to convert them into nickel sulfide
thin films and nanocrystals and investigate the
properties of the obtained nickel sulfide materials.

Experimental
Materials and methods

All chemicals were used as received without further
purification and purchased from commercial sources
as follows: nickel (II) chloride (NiCl,, 98%, Sigma-
Aldrich), oleylamine (OLA, 96.0% min. primary
amine, Cl8-content 80-90%, ACROS Organics),
chloroform (CHCl;, puriss. p.a., Sigma-Aldrich),
deuterated chloroform (CDCl3, 99.8 atom % D, VWR
Chemicals), methanol (MeOH, puriss., >99.7%,
Sigma-Aldrich), 2-propanol (99.9%, Sigma-Aldrich),
toluene (>99.0%, VWR Chemicals). Potassium O-3,3-
dimethylbutan-2-yl dithiocarbonate (KXa-C6) and
potassium O-2,2-dimethylpentan-3-yl dithiocarbon-
ate (KXa-C7) were prepared by the following previ-
ously published procedures [51, 55].

NMR spectra were acquired on a Bruker Ultra-
shield 300 MHz ('H NMR: 300 MHz, "*C NMR:
75 MHz) spectrometer at ambient temperatures in
CDClI; solutions. Chemical shifts (8) are quoted in
parts per million (ppm) and referenced to the resid-
ual solvent peaks according to values given in the
literature ("H NMR: 7.26 ppm, '*C NMR: 77.16 ppm)
[62]. Coupling constants (J) are reported in Hertz
(Hz), and splitting patterns are indicated by the fol-
lowing abbreviations: s (singlet), d (doublet), q
(quadruplet), m (multiplet).

FTIR spectra were recorded on a Bruker Alpha
FTIR spectrometer with a spectral resolution of
4 cm™! in the range between 4000 and 400 cm ™' with
24 scans. Films on silicon wafers were measured in
conventional transmission mode. All other FTIR
measurements were taken in attenuated total reflec-
tion (ATR) mode using the ALPHA'’s Platinum ATR
single-reflection diamond ATR module.

Thermal gravimetric measurements were taken on
a Netzsch Jupiter STA 449C thermogravimetric ana-
lyzer in aluminum oxide crucibles using helium as
purge gas with a flow rate of 50 mL/min. All mea-
surements were taken in the temperature range of
20-550 °C with a heating rate of 10 °C/min. The
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decomposition temperature T4 is quoted as the tem-
perature where 5% mass loss occurs.

Surface profile measurements were acquired on a
Bruker Dektak XT stylus profilometer equipped with
a 12.5-um-radius stylus tip. Line scans were per-
formed over a length of 2000 um with a stylus force
of 3 mg, a vertical bit resolution of 0.1 nm and a
horizontal distance of 0.667 pm between data points.
Film thickness and surface roughness were deter-
mined by means of arithmetic averaging calculations
from the obtained two-dimensional profile using the
software Vision 64.

UV-Vis absorption spectra of solutions were mea-
sured on a Shimadzu UV-1800 spectrophotometer
using a quartz cuvette of 1 cm path length with
increments of 1 nm. Transmittance and reflectance
spectra of thin films (substrate: glass slide) as well as
absorption spectra of nanoparticle solutions (solvent:
chloroform) were obtained using a PerkinElmer
Lambda 950 UV-Vis-NIR spectrophotometer equip-
ped with a 150-mm integrating sphere. Measure-
ments were taken in the wavelength range from 400
to 1600 nm in 1-nm steps with a scan speed of
281 nm/min and a slit width of 2 nm.

SEM-EDX analyses were performed at an acceler-
ation voltage of 3 kV on a Zeiss Ultra 55 fitted with a
thermal field emission gun and an EDAX Trident
EDS detector. An Everhart-Thornley secondary
electron (SE) detector and an energy-selective
backscattered electron (EsB) detector featured with
an integrated filtering grid were used for imaging.

Specimens for transmission electron microscopy
(TEM) observations were prepared by depositing a
drop of a nanoparticle solution (solvent: chloroform)
on a copper TEM grid supported with a Quantifoil
holey carbon film, followed by solvent evaporation at
room temperature. TEM images were obtained on a
FEI Tecnai F20 microscope equipped with a Schottky
field emission gun (FEG) fitted with a monochroma-
tor and a high-resolution Gatan imaging filter (HR-
GIF) with an UltraScan CCD camera. Energy-dis-
persive X-ray (EDX) spectra were recorded with an
EDAX Sapphire Si(Li) detector, which was attached
to the Tecnai F20 microscope.

X-ray diffraction measurements were taken on a
PANalytical Empyrean diffractometer in Bragg-
Brentano configuration operated at 40 kV and 40 mA
using CuKa radiation (4 = 1.5418 A).

For single-crystal X-ray diffractometry, suit-
able crystals were selected and removed from the
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Table 1 Crystallographic data and details of measurements for
compounds NiXa-C6 and NiXa-C7

mother liquor and immediately covered with silicone
oil. A single crystal was selected, mounted on a glass
rod on a copper pin, and placed in the cold N, stream
provided by an Oxford Cryosystems Cryostream.
XRD data collection was performed for the com-
pounds nickel (II) O-3,3-dimethylbutan-2-yl dithio-
carbonate (NiXa-C6) and nickel II) O-2,2-
dimethylpentan-3-yl dithiocarbonate (NiXa-C7) on a
Bruker APEX II diffractometer with use of MoKa
radiation (1 = 0.71073 A) and a CCD area detector.
Empirical absorption corrections were applied using
SADABS (Bruker (2012) Bruker AXS Inc., Madison,
Wisconsin, USA) [63]. The structures were solved
with the use of the intrinsic phasing option in
SHELXT and refined by the full-matrix least-square
procedures in SHELXL [64, 65]. The space-group
assignments and structural solutions were evaluated
using PLATON [66]. Non-hydrogen atoms were
refined anisotropically. Hydrogen atoms were loca-
ted in calculated positions corresponding to standard
bond lengths and angles. Disorder, as observed for
compound NiXa-C6, was handled by modeling the
occupancies of the individual orientations using free
variables to refine the respective occupancy of the
affected fragments [67]. Disordered positions for the
S5,CORR’ ligands in NiXa-C6 were refined using
75/25 split positions. Intermolecular interactions are
interpreted based on a Cambridge Structural Data-
base [68] search. Hydrogen bond and anagostic
interaction values fall within expected ranges [69-76].
Table 1 contains crystallographic data and details of
measurements and refinement for compounds NiXa-
C6 and NiXa-C7. CCDC 1520119 and 1520120 contain
the supplementary crystallographic data for com-
pounds NiXa-C6 and NiXa-C7, respectively. These
data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

Synthesis of nickel (II) O-3,3-
dimethylbutan-2-yl dithiocarbonate (NiXa-
Ceé)

Nickel (II) chloride (1.05 g, 8.1 mmol, 1.0 eq.) was
weighed into a Schlenk flask and dissolved in 40 ml
deionized water. A separately prepared solution of
potassium O-3,3-dimethylbutan-2-yl dithiocarbonate
(3.83 g, 17.7 mmol, 2.2 eq.) in 120 mL distilled water
was added dropwise to the nickel chloride solution at
room temperature under vigorous stirring. A
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Compound NiXa-C6 NiXa-C7
Formula C14H6Ni0,S,4 C16H30Ni0,S,4
Fw (g mol™") 413.28 44135

a () 6.1103(6) 7.7300(6)

b (A) 14.6787(14) 6.3208(5)
c(A) 11.0571(10) 21.9628(17)
a () 90 90

. X®) 100.927(6) 97.030(3)
0] 90 90

V (A3 973.74 (16) 1065.03(14)
4 2 2

Crystal size (mm)
Crystal habit

0.20 x 0.15 x 0.10
Block, green

0.06 x 0.05 x 0.01
Needle, green

Crystal system Monoclinic Monoclinic

Space group P2y/n P2y/n

deate (mg/m®) 1.410 1.376

p (mm~1) 1.43 131

T (K) 100(2) 100(2)

26 range () 2.3-32.5 2.7-33.1

F(000) 436 468

Rint 0.093 0.08

Independent reflns 3728 1848

No. of params 160 110

R1, wR2 (all data) R1 = 0.1253 R1 =0.0833
wR2 = 0.1310 wR2 = 0.1623

Ry, wR, (>20) R, = 0.0665 R, = 0.0658
wR, = 0.1221 wR, = 0.1557

MoKa (4 = 0.71073 A). R, = Z/|F |—|F./|ZIFs; WR, = [Zy
(F3—F3)/Z(Fa)1"?

greenish-yellow precipitate was formed immediately,
and the reaction mixture was stirred for further 3 h.
The resulting precipitate was isolated by filtration,
washed several times with distilled water and sub-
sequently dried under vacuum. The crude solid was
dissolved in 10 mL chloroform, filtrated through a
syringe filter to remove insoluble side products and
precipitated in 100 mL methanol. The precipitate was
separated by filtration, washed with chilled methanol
and finally dried under vacuum to yield NiXa-Cé6 as
green powder (yield: 2.8 g, 84%). Single crystals
suitable for X-ray diffractometry were obtained by
slow diffusion of methanol into a chloroform solution
of NiXa-Cé6 at 4 °C.

'H NMR (300 MHz, CDCly): du/ppm: 5.06 (q,
J =63 Hz, 1H, CH), 1.31 (d, | = 6.3 Hz, 3H, CH,),
0.96 (s, 9H, C(CHs),). '*C NMR (75 MHz, CDCl): 8¢/
ppm: 230.8 (CS0), 88.4 (CH), 35.0 (C(CHa)3), 25.7
(BC, C(CHzy)3), 14.9 (CHy).

@ Springer
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FTIR (on Si wafer): v/cm™": 2964, 2868, 1467, 1440,
1377, 1367, 1357, 1281, 1216, 1118, 1073, 1044, 1020,
1000, 981.

Thermal gravimetric analysis: T4 = 187 °C, mass
loss = 72% (calculated for NiS: 78%).

Synthesis of nickel (II) O-2,2-
dimethylpentan-3-yl dithiocarbonate (NiXa-
C7)

The reaction was performed in an analogous manner
to the described synthesis procedure of NiXa-C6,
with the only difference that potassium O-2,2-
dimethylpentan-3-yl dithiocarbonate (4.08 g,
17.7 mmol, 2.2 eq.) was used instead of potassium
0O-3,3-dimethylbutan-2-yl dithiocarbonate. NiXa-C7
was obtained as a green powder (yield: 2.6 g, 73%).

'"H NMR (300 MHz, CDCly): 8y/ppm: 5.07—4.92
(m, 1H, CH), 1.79-1.63 (m, 2H, CHy), 0.96 (s, 12H,
CHj). '®C NMR (75 MHz, CDCls): 8¢/ppm: 231.9
(C5,0), 93.8 (CH), 35.7 (C(CH3)3), 26.1 (3C, C(CH3)3),
23.0 (CHy), 11.1 (CHy).

FTIR (on Si wafer): v/cm™': 2968, 2874, 1475, 1459,
1397, 1369, 1355, 1306, 1279, 1255, 1216, 1130, 1079,
1053, 1028, 951.

Thermal gravimetric data: T4 =176 °C, mass
loss = 73% (calculated for NiS: 79%).

Preparation of nickel sulfide thin films

Nickel sulfide thin films were produced through
solid-state thermal decomposition of precursors
NiXa-C6 and NiXa-C7 on silicon wafers (for FTIR
measurements) or glass slides (for UV-Vis-NIR
analysis and XRD measurements) with sizes of
25 mm x 25 mm. Silicon and glass substrates were
cleaned by sonication in isopropanol and distilled
water each for 30 min and immediately before the
coating process, by treatment with an oxygen plasma
for 5min (Femto low-pressure plasma system,
Diener electronic). Precursor solutions in chloroform
of NiXa-C6 and NiXa-C7, respectively, with a con-
centration of 100 mg/mL were deposited on glass
slides via spin coating at 1800 rpm for 30 s and on
silicon wafers via drop coating. Obtained precursor
layers were converted to nickel sulfide films by
annealing in a preheated tube furnace (Nabertherm R
50/500/12) at 200 °C for 30 min under nitrogen
atmosphere. Layer thicknesses of the films deposited
on the glass substrates were found to be 60 and
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40 nm for the films prepared from the NiXa-C6 and
NiXa-C7 precursors, respectively.

Preparation of nickel sulfide nanoparticles

Nickel sulfide nanoparticles were prepared by a
solvothermal method and a synthesis route at room
temperature. In the first approach, a green-black
slurry of the precursor compound NiHex and NiHep,
respectively, in oleylamine with a concentration of
0.063 mmol/mL was prepared and transferred into a
round-bottom Schlenk flask. The slurry was heated to
200 °C through a preheated oil bath (210 °C) under
nitrogen atmosphere, and the reaction was allowed to
proceed for 1 h under continuous stirring before it
was cooled down to room temperature. Subsequent
separation and purification steps were performed
under ambient conditions. The black colored nickel
sulfide nanoparticles were precipitated by adding
methanol and collected by centrifugation at 2500 rpm
for 5 min. To remove by-products and unreacted
precursors, as-prepared nanoparticles were re-dis-
solved in chloroform, precipitated with methanol,
separated by centrifugation and finally dried under
vacuum.

In an analogous manner to our recently published
procedure [58], nanoparticles were also prepared at
room temperature under nitrogen atmosphere in a
glovebox (LABmaster DP, MBraun) by dissolving
NiXa-C6 in toluene with a concentration of
0.063 mmol/mL. Decomposition of NiXa-Cé6 was
induced by adding oleylamine (OLA) in a NiXa-
C6:OLA molar ratio of 1:4 under vigorous stirring,
whereby the green solution turned brown. The reac-
tion mixture was stirred for 72 h before the obtained
black colored nickel sulfide nanoparticles were sep-
arated and purified in the same way as described
above.

Results and discussion
Synthesis and structural analysis

The precursor synthesis and the subsequent prepa-
ration of nickel sulfide thin films and nanocrystals via
three different routes from the metal xanthates are
schematically displayed in Fig. 1. Nickel xanthate
precursors nickel (II) O-3,3-dimethylbutan-2-yl
dithiocarbonate (NiXa-C6) and nickel (II) O-2,2-
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Figure 1 Synthesis of the
nickel xanthate precursors
(NiXa-C6, NiXa-C7) and
schematic illustration of the
preparation of nickel sulfide
thin films and nanoparticles
(stabilized by oleylamine
ligands).

S
>—o
room temperature
K—S Ni

NiXa-C6

10903
< NiXa-Cé
0]
e
NiCl, 2
> s NiXa-C7

H,O

CHCI; solution

spin coating

200 °Cl 30 min

el

nickel sulfide thin film

dimethylpentan-3-yl dithiocarbonate (NiXa-C7) were
synthesized analogously to our previously published
procedures for metal xanthates [51, 55] and isolated
in high yields. The obtained green powders are
stable over an extended period of time under ambient
conditions and exhibit high solubility in nonpolar
organic solvents such as chloroform, toluene or
chlorobenzene due to the branched alkyl side chains.
NMR spectra, confirming the proposed structures
and the purity of these two precursor compounds,

or
NiXa-C7

solvent: toluene
RT, glovebox, 3 d

solvent: oleylamine
210°C, N5, 1h

precipitation
with MeOH

nickel sulfide nanoparticles

show the typical high chemical shift of 230.8 ppm
(NiXa-C6) and 231.9 ppm (NiXa-C7?) for the carbon of
the dithiocarbonate group. Also, the IR spectra are in
accordance with the proposed structure and will be
discussed in the next section.

Single-crystal X-ray diffraction analyses reveal that
the nickel atoms lie on a center of symmetry in both
prepared nickel xanthates. Each nickel atom is four
coordinate with two S,COR ligands bonded through
the sulfur atoms giving rise to a square-planar
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arrangement, which is typical for this type of nickel
compounds (Fig. 2). A similar square-planar
arrangement was, for example, also found for other
nickel alkyl xanthates [39, 69]. In both compounds,
the S-C bond lengths are nearly the same, expressing
the bidentate nature of the S,CORR’ ligands
(Table 2). However, each bidentate ligand displays a
slight distortion to square planarity through narrow
bite angles (S1-Ni-52) of 79.58(3)° for NiXa-C6 and
79.64(6)° for NiXa-C7. With respect to Ni-S bonds, an
increased averaged length is observed when com-
paring NiXa-C6 (2.082(8) A) and NiXa-C7 (2.210(2)
A). Upon comparison of all other bond lengths

J Mater Sci (2017) 52:10898-10914

between the compounds, no other deviations are
observed, and thus, the increase in bond length can
be attributed to the increased steric bulk afforded by
the ethyl substituted S,COEt'bu ligand.

The most distinct difference between these com-
pounds is how ligand frameworks and presence of
hydrogen bonds affect the crystal packing in the
extended solid state for both of these compounds.
Both NiXa-C6 and NiXa-C7 display intra- and inter-
molecular hydrogen bonds through the sulfur atoms
of neighboring molecules (C-H---S) (Table 3). In both
compounds, the intramolecular hydrogen bond
occurs from both methylene hydrogens of each

Table 2 List of selected bond lengths and angles for NiXa-C6 and NiXa-C7

Space Ni-S (avg)  SI-CI (avg) OI1-Cl (avg)  S-Ni-S (trans) S-Ni-S (bite) S-Ni-S'  S-CI1-S
group A) A) A) ®) ©) ©) ®)
NiXa-  P2,/n 2.082(8) 1.697(3) 1.409(2) 180 79.58(3) 100.42(3)  112.7(2)

cé6
NiXa-  P2,/n 2.210(2) 1.697(6) 1.398(7) 180.00(5) 79.64(6) 100.36(6) 113.1(3)
c7

Symmetry code: (i) —x, —y + 1, —z + 1

(b)

Figure 2 a Crystal structure of NiXa-C6. b Crystal structure of NiXa-C7. All non-carbon atoms shown as 30% shaded ellipsoids.

Hydrogen atoms removed for clarity.

Table 3 List of bond lengths and angles for intra- and intermolecular secondary interactions in NiXa-C6 and NiXa-C7

Space group Intramolecular hydrogen bonds

Intermolecular hydrogen bonds Anagostic interactions

(C-H.---S) (C-H---S) (C-H---Ni)

A) ©) &) ©) A) ©)
NiXa-C6  P2,/n 2.59 (H2---S2) 116 2.96 (H2'...S1) 142 - -
NiXa-C7  P2,/n 2.55 (H2---S1) 115 2.99 (H8C'...82) 152 2.86 (H4CY.-Ni) 142

Symmetry code: (ii) x + 1, y, z (iii)) —x, =y, —z (iv) 0.5—x, —0.5 + y, 0.5—z
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S5,CORR’ ligand and a sulfur atom of the same S,
CORR’ moiety. The values for these intramolecular
C-H:-S hydrogen bonds are comparable with a
length of 2.59 A and angle of 116° for NiXa-C6 and a
length of 2.55 A and angle of 115° for NiXa-C7. In
NiXa-C6, the same hydrogen is then involved in a
second intermolecular C-H---S hydrogen bond (2.96
A, 142°) with a sulfur atom from the S,COMe'bu
ligand of a neighboring molecule propagating 1D
chains (Fig. 3). However, the same intermolecular
interaction is not observed in NiXa-C7. Here, a
hydrogen from the ethyl chain (299 A, 152°) is
responsible for the intermolecular interaction, which

results in a larger gap between neighboring

.

f
i

Figure 3 a View of the crystal packing diagram of NiXa-C6
along the a-axis. b View of the crystal packing diagram of NiXa-
C6 along the 1D chain propagated by C—H---S hydrogen bonds. C—
H---S hydrogen bonds highlighted by dashed bonds. All non-

Figure 4 a View of the crystal packing diagram of NiXa-C7
along the a-axis. b View of the crystal packing diagram of NiXa-
C7 along the 2D sheets propagated by C—H---S hydrogen bonds
and anagostic interactions (C—H---Ni). C-H:--S hydrogen bonds

(b) G

10905

molecules in the 1D chain (Fig. 4). The most striking
feature of NiXa-C7 is the presence of an anagostic
interaction (C-H---Ni) occurring between the neigh-
boring and coplanar 1D chains creating 2D sheets.
These are occurring through the nickel atoms and a
hydrogen from one of the methyl groups from the
'butyl substituent on the S,COEt'bu ligand. These
anagostic interactions (2.86 A, 142°) occupy the
vacant axial sites on the metal centers providing a
pseudo-octahedral coordination environment further
expressed with a H---M:---H calculated angle of 180°
relative to the NiS; plane. Anagostic interactions
often occur in square-planar d® systems and typically
display H.---M distances of 2.3-2.9 A, and C-H--M

"QL;Qf:\:x<;f;?i~u |

.

carbon atoms shown as 30% shaded ellipsoids. Hydrogen atoms
not involved in interactions removed and carbon atoms grayed for
clarity.

At )
X )k;_kq

and anagostic interactions (C—H---Ni) highlighted by dashed
bonds. All non-carbon atoms shown as 30% shaded ellipsoids.
Hydrogen atoms not involved in interactions removed and carbon
atoms grayed for clarity.
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angles are usually in the range of 130-170° [69-78].
The closest possible C-H--Ni interaction (3.09 A) of
NiXa-C6 is above accepted values. No close S-S
interactions were observed for NiXa-C6 (3.81 A) or
for NiXa-C7 (3.84 A) due to the values being above
the sum of van der Waals radii (3.60 A).

Preparation of nickel sulfide thin films

Nanocrystalline nickel sulfide thin films were suc-
cessfully prepared on silicon wafers and glass sub-
strates by spin coating of the precursor solution onto
the substrates followed by thermal decomposition of
the xanthate precursors NiXa-C6 and NiXa-C7 in a
nitrogen environment at 200 °C resulting in the con-
version to the sulfide. The resulting films from both
precursor compounds showed good adherence to the
substrates and exhibited a uniform appearance with a
black-gray color.

Thermal decomposition behavior of the nickel
xanthate precursors was investigated by thermal
gravimetric measurements and FTIR spectroscopy.
Thermogravimetric curves of both precursor com-
pounds, as displayed in Fig. 5a, show a sharp single-
step conversion to the nickel sulfide with a rapid
mass loss between 170 and 210 °C for NiXa-C7 and
between 180 and 210 °C for NiXa-C6, respectively.
The thermally induced decomposition of the nickel
xanthates is assumed to proceed according to the
Chugaev elimination reaction, in which volatile
decomposition products such as the respective alkene
and COS are formed to yield residue-free nickel sul-
fide [36, 51]. NiXa-C7 exhibits a slightly lower
decomposition onset temperature at 176 °C

(a) \
\\e—___ onset
‘ 187 °C
X
~
(2]
n
o
§ NiXa-C6
= | ———NiXa-C7
404
sod % b _
204 s

50 100 150 200 250 300 350 400
Temperature / °C

(determined at a mass loss of 5%) compared with
NiXa-C6, having its onset at 187 °C. The observed
final residual weights of 27 and 28% are slightly
higher than the theoretically expected ones for the
formation of stoichiometric NiS from NiXa-C7 to
NiXa-C6, respectively. However, this difference
might be caused due to small amounts of residual
decomposition compounds or due to uncertainties in
the thermogravimetric measurement setup. Addi-
tionally, FTIR spectroscopy measurements were
taken (see Fig. 5b), which could not detect any
organic residues in the converted NiS thin films. The
comparison of the spectra of NiXa-C6 and NiXa-C7
with the corresponding NiS thin films shows that the
characteristic vibrational bands of the nickel xan-
thates, such as asymmetric C-O-C stretching vibra-
tions (at 1281 cm™' for NiXa-C6 and 1279 cm ™' for
NiXa-C7) and C-S stretching vibrations (at
1044/1020 em ™" for NiXa-C6 and 1053/1028 cm™" for
NiXa-C7), have completely vanished, and no other
remaining IR bands stemming from organic residues
can be identified. A detailed assignment of the IR
absorption bands of the NiXa-C6 and NiXa-C7 pre-
cursor films is given in Table S1 in the supporting
information.

For further characterization of the NiS thin films
with regard to their phase composition and crys-
tallinity, X-ray diffraction measurements were taken.
The XRD patterns, as depicted in Fig. 6a, reveal that
in the NiS-C7 sample pure a-NiS phase (reference
pattern for hexagonal o-NiS: PDF 01-075-0613) with
main diffraction peaks at 30.1 (100), 34.6 (101), 45.9
(102) and 53.5° 20 (110) is formed. In the NiS-C6
sample, additional minor diffraction peaks at, for

()

= T TN TN N Y VY
\ { WA /[ V1
\ Y T
|

VAR

— NiS-C6 thin film
—— NiXa-C6 thin film
——NiS-C7 thin film
—— NiXa-C7 thin film

Transmission / a.u.

i
T 7/

T T T T
3000 2800 1400 1200 1000
Wavenumber / cm”

Figure 5 a Thermogravimetric analysis of NiXa-C6 and NiXa-C7. b FTIR spectra of the NiXa-C6 and NiXa-C7 precursor films and the
corresponding thermally converted NiS thin films deposited on silicon wafers.
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Figure 6 a X-ray diffraction (a) - (b) 1x10"
patterns of the NiS thin films ——NiS-C& thin film NiS - hexagonial ——NiS-C6 thin film
——NiS-C7 thin film (POF 01-075 0613) ——NiS-C7 thin fi Z
on glass fabricated from the NS -trigonal 8x10'° - I n
NiXa.C6 and p -~  (PDF01-0862280) |
precursors NiXa- s o _ 8 =~
NiXa-C7 with reference % = § ag’\ 5 5 e 5 6x107-
patterns for hexagonal NiS 21 = :I 3 Ig & j 2 I @
(PDF 01-075-0613) and % L - & o 4x10" 4
trigonal NiS (PDF 01-086- 3 k 2
2280). b Tauc plots for the NiS = l A k A = 210"
thin films of the films
deposited onto glass | . [ || . | || || A [ 0 . . .
substrates. 20 30 60 0.5 1.0 1.5 20 25
2 Theta / deg hv/eV

Figure 7 Secondary electron
(SE) SEM images showing the
surface of the nickel sulfide
thin films on glass prepared
from the precursors NiXa-C6
(a) and NiXa-C7 (b).

example, 18.5°, 32.2°, 35.8°, 40.6°, 48.9° and 50.2° 26,
are present, which can be ascribed to the trigonal -
NiS phase (PDF 01-086-2280). The average size of
crystalline domains, estimated by the Scherrer equa-
tion using the FWHM of the 102 reflection (45.9°20), is
approx. 28 nm for the NiS-C6 sample and about
22 nm for the NiS-C7 sample.

SEM-EDX measurements also confirmed the for-
mation of an almost stoichiometric NiS phase with a
Ni:S ratio of approx. 53:47 at % (films prepared from
NiXa-C6) and approx. 49:51 at % (films prepared
from NiXa-C7). The formation of a mixture of o-NiS
and B-NiS phase by thermal decomposition of nickel
xanthates and dithiocarbamates is common and has
also already been reported in other publications
[30, 33, 37, 39].

Moreover, it should be mentioned that the nature
of the substrate surface as well as changes in pro-
cessing steps can also influence the phase

composition of the films, e.g., trigonal B-NiS was
formed as majority phase by conversion of the pre-
cursors on glass substrates covered with mesoporous
TiO, films instead on plain glass (see Figure SI,
supporting information).

Figure 6b shows the Tauc plots for the prepared
NiS thin films. The absorption data have been
determined from transmission and reflection spectra
(see Figure S2). By extrapolating the linear part of the
data in the Tauc plots, optical bandgap values of
about 0.7 eV were obtained for both thin films [79].

As can be seen from the SEM images depicted in
Fig. 7, the precursor structure influences the film
morphology significantly. NiXa-C7 produces homo-
geneous and porous, but crack-free films containing
densely packed nanosized grains with a high appar-
ent coverage. In contrast, thin films prepared from
NiXa-C6 as precursor exhibit a less homogeneous
appearance. This observation is in concordance with
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Figure 8 a UV-Vis—NIR spectra of the oleylamine-stabilized
nickel sulfide NPs in chloroform solutions prepared by the
solvothermal (200 °C) route and the room-temperature (RT)
synthesis and a UV—Vis spectrum of the precursor compound

the higher roughness value (35 nm for NiXa-C6 and
10 nm for NiXa-C7, measured using a surface pro-
filer) of the film prepared from the NiXa-Cé6 precur-
sor and is also reflected in the optical appearance and
the reflection spectra (NiXa-Cé6-derived films show a
matte surface, whereas films prepared from NiXa-C7
exhibit a metallic reflective surface). The observed
changes in film morphology may be derived from
several factors such as the different primary crystal-
lite sizes (28 nm for NiXa-C6, 22 nm for NiXa-C7),
differences in crystallization behavior of the precur-
sors during deposition of the precursor films or dif-
ferent precursor reactivities, which have important
implications on nucleation and growth kinetics.
Regarding this latter issue, MacLachlan et al. [53] and
Lewis et al. [60] have already demonstrated that the
morphology of metal sulfide nanocomposites can be
efficiently tuned by the chemical structure of

10 l 20 ' 30 40 50 60 70
2 Theta / deg

NiXa-C6. b X-ray diffraction patterns of the oleylamine-capped
nickel sulfide NPs with reference patterns for hexagonal NiS (PDF
01-075-0613) and cubic Ni;S, (PDF 01-076-1813).

xanthate or dithiocarbamate complexes. Similar as in
the work of Lewis et al., the observed differences in
film morphology in this study might also originate
from changes in precursor reactivity.

Preparation of nickel sulfide nanoparticles

Nickel sulfide nanoparticles (NPs) capped with
oleylamine ligands were prepared via two different
approaches: (1) by reaction of the NiXa-C6 precursor
dissolved in toluene with oleylamine at room tem-
perature and (2) by a solvothermal conversion of the
precursors NiXa-C6 and NiXa-C7 in oleylamine at
200 °C.

For the room-temperature synthesis, NiXa-C6 was
dissolved in toluene and the reaction was started by
the addition of oleylamine, according to a recently

Figure 9 a FTIR spectra of (a) s (b)
the oleylamine-capped nickel
sulfide NPs and pure L Nis-C6 NPs, 200 °C
oleylamine. = g
b Thermogravimetric analysis o MW X
of the nickel sulfide NPs. s -
B 5 NiS-C7 NPs, 200 °C <N
@ i L
(2]
5 8
Sl o =
13 8 oleylamine 70
Fl1g 8 ' i . . -299%
3 — NiS-C6 NPs, 200 °C
- ——— NiS-C7 NPs, 200 °C
T T T III/ T T T T T T T T 60 T T T T T
3500 3000 1600 1400 1200 1000 100 200 300 400 500

-1
Wavenumber/ cm
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published procedure for the preparation of CulnS,
and CdS nanocrystals [58]. Within a few hours after
the addition of the amine, the color of the solution
changes from green, via brown to black, indicating
the decomposition of the greenish nickel xanthates
and the formation of nickel sulfide nanoparticles.
After purification of the nanoparticles by precipita-
tion in methanol and dissolution in chloroform, a
UV-Vis-NIR spectrum was recorded (see Fig. 8a),
which shows a steady increase in absorption in the
measured range from 1600 to 400 nm. The X-ray
diffraction pattern (Fig. 8b) of the nanoparticle pow-
der reveals just one broad amorphous peak around
20° 20, which is characteristic for oleylamine [80].
This indicates that the nanoparticles formed at room
temperature are not crystalline but have an amor-
phous nature.

Therefore, in a second approach, nickel sulfide
nanoparticles were also prepared by conversion of
the xanthates at 200 °C in oleylamine as solvent and
capping ligand. During the reaction time of one hour,
the color of the greenish-black slurry turned into
black. Afterward, the nanoparticles were isolated by
repeated precipitation in methanol and dissolution in
chloroform or toluene. The UV-Vis-NIR absorption
spectra of the nickel sulfide nanoparticles prepared
from NiXa-C6 and NiXa-C7 precursors are depicted
in Fig. 8a, and their shape is very similar to the
spectrum of the nickel sulfide nanoparticles prepared
at room temperature. The estimated absorption edges
of the nanoparticles, which form brown colored
solutions in chloroform, are found to be in the near-
infrared range (1200-1000 nm/1.0-1.2 eV). In addi-
tion, it should be mentioned that the long absorption
tails extending over the near-infrared region and the
absence of a steep absorption onset makes an exact

Figure 10 Bright-field TEM
images of the nickel sulfide
NPs synthesized by a
solvothermal conversion of the
NiXa-C6 (a) and NiXa-C7
(b) precursor in oleylamine at
200 °C.
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determination of the band gap of the prepared
nanoparticles difficult and furthermore indicates a
broad particle size distribution of the NPs.

When looking at the X-ray diffraction patterns
(Fig. 8b), a significant difference between the
nanoparticles prepared at room temperature and at
200 °C is revealed. The diffraction patterns show that
at 200 °C crystalline NPs with a hexagonal o-NiS
phase and a metastable cubic NizSs as secondary
phase were obtained. The nanoparticle samples fab-
ricated by the solvothermal conversion of NiXa-Cé6
and NiXa-C7, respectively, exhibit quite similar
diffraction patterns with reflexes coinciding with the
reference pattern for hexagonal NiS (PDF 01-075-
0613) at 30.4°, 34.9°, 46.2° and 53.9° (overlapped by
the reflex at 54.6°) 260, and reflexes attributable to the
reference pattern for cubic NisS, (PDF 0-076-1813) at
16.2°, 26.6°, 31.2°, 37.8°, 49.9° and 54.6° (overlapped
by the reflex at 53.9°) 20. The broadening of the peaks
reveals a nanosized nature of the samples with
average crystallite sizes (estimated by Scherrer
equation from the peaks at 37.8° and 46.2° 20) of
about 10-15 nm. These results are consistent with
reports in which solvothermal decomposition of
dithiocarbamates, in the presence of primary amines,
led to the formation of the sulfur-rich
metastable NizS, phase [30, 33, 34]. In these studies,
the role of the primary amine as reaction component,
besides its function as solvent and stabilizing agent,
is demonstrated, whereby the decomposition mech-
anism or rather phase composition can be tuned by
the nature of the amine.

The prepared nickel sulfide NPs were further
investigated by FTIR spectroscopy and thermogravi-
metric measurements to study the organic ligand
shell of the NPs. FTIR spectra, as shown in Fig. 9a,
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confirm that the NPs are functionalized with oley-
lamine ligands, since characteristic vibrational bands,
which can be associated with the amine group, such
as the asymmetric and symmetric N-H (R-NH,)
stretching modes (C6, 200 °C: 3248 cm L C7, 200 °C:
3270 cm ™), the C-H (C=C-H) stretching vibration
(C6, 200 °C: 3003 cm™'; C7, 200 °C: 3001 cm™ ) and
the C-H (-CH,—, R-CH3) deformation vibration (C6,
200 °C: 1457 cm™'; C7, 200 °C: 1457 cm™"), are pre-
sent in the spectra [81]. These vibrational bands show
a shift toward lower wavenumbers compared with
those of pure oleylamine (3333, 3005 and 1464 cm ™),
indicating that the amine ligand is bound to the NP
surface through coordination of the electron-donat-
ing nitrogen atom. FTIR spectra also confirm the
purity of the synthesized NPs since besides the
vibrational modes of the oleylamine ligand no addi-
tional IR bands, which can be ascribed to the xanthate
precursors or other organic by-products, can be
recognized.

The amount and the thermal stability of the oley-
lamine ligand shells were determined from thermo-
gravimetric data displayed in Fig. 9b. The NPs
produced by the solvothermal route exhibit quite
similar thermogravimetric curves, comparable with
curves previously obtained from oleylamine-capped
NPs [58], with a gradual mass loss (total mass loss:
29% for C6, 200 °C and 27% for C7, 200 °C) over a
wide temperature range (180480 °C).

Bright-field TEM images of the nickel sulfide NPs
prepared via the solvothermal synthesis route (as
depicted in Fig. 10) confirm the broad particle size
distribution in the sample. Besides small nanoparti-
cles with sizes ranging from 5 to 20 nm, also larger
disk-shaped particles with sizes between 40 and
60 nm are observed in both samples. In addition,
TEM-EDX analyses of the nanoparticles reveal a Ni:S
ratio of approx. 42:58 at %, which matches well with
the formation of NizS, as secondary phase as it was
observed in the X-ray diffraction measurements.

Conclusion

In conclusion, we presented three different methods
to prepare nickel sulfide thin films or nanocrystals
from two nickel xanthate precursors. The used nickel
xanthates only differ in one additional CH, group;
however, significant differences in their crystal
structure, in the thermal decomposition behavior as

@ Springer

J Mater Sci (2017) 52:10898-10914

well as in the final nickel sulfide thin films and
nanocrystals were observed. Nanocrystalline thin
films with a primary crystallite size of 20-30 nm
could be conveniently prepared by a solid-state
reaction directly on the substrate. Nickel sulfide
nanocrystals were prepared by heating the xanthates
dissolved in a toluene/oleylamine mixture to 200 °C.
The obtained NiS nanoparticles are capped with
oleylamine ligands and are well soluble in nonpolar
organic solvents. X-ray diffraction measurements
revealed that the nanoparticles consist of hexagonal
NiS and cubic NizS; as secondary phase. Thus, the
herein presented new nickel xanthates are interesting
single-source precursors for nanocrystalline nickel
sulfide materials, and due to the good solubility in
nonpolar solvents and compatibility with organic
polymers, they could also be applied for the prepa-
ration of hybrid NiS/polymer nanocomposites.
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