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Abstract

Mixed ligand precursor complex bis(N-di-isopropyl-N-octyl dithiocarbamato)tin(II) com-
plex was synthesized from its respective dithiocarbamate ligands, characterized and ther-
malized through thermogravimetric analysis to yield tin sulfide (SnS) nanocrystals. The
thermal decomposition pattern was recorded as a function of the required temperature for
the formation of the SnS nanocrystals at 360 °C. The SnS nanocrystals were characterized
using optical, vibrational, structural and morphological analyses instruments. The obtained
orthorhombic phase SnS nanocrystals showed indirect and direct optical energy band gaps
close to the 1.5 eV of the bulk SnS.

Keywords Mixed ligand precursor complex - Thermogravimetric analysis - SnS
nanocrystals - Thermal decomposition pattern - Orthorhombic phase

1 Introduction

Technological important semiconductor materials such as tin sulfide (SnS) nanocrystals
have become the scientist’s hotspot due to their excellent properties of direct band gap of
1.30-1.43 eV and orthorhombic structure. SnS possess effective absorption coefficient than
CIGS, CdTe and has display good potential in Photovoltaic (PV) applications as absorber
layers in thin film solar cells (Devika et al. 2009; Stavrinadis et al. 2010; Baig et al.
2018), anode material in lithium ion batteries (Vaughn et al. 2012; Talapin et al. 2009),
photodetectors (Zhou et al. 2016), photocatalysis (Tang et al. 2011, 2016), optoelectronic
devices (Koteeswara Reddy et al. 2007; Wang et al. 2017), photovoltaic (Ninan et al. 2016;

< Johannes Z. Mbese
jmbese@uth.ac.za; magoro@ufh.ac.za

1 Department of Chemistry, University of Fort Hare, Private Bag X1314, Alice 5700, South Africa

Fort Hare Institute of Technology, University of Fort Hare, Private Bag X1314, Alice 5700,
South Africa

Department of Applied Sciences, Walter Sisulu University, Potsdam Campus, East London 5200,
South Africa

@ Springer


http://orcid.org/0000-0001-9136-9302
http://crossmark.crossref.org/dialog/?doi=10.1007/s11082-020-2212-2&domain=pdf

90 Page2of11 E.L. Meyer et al.

Stavrinadis et al. 2010) and gas sensing (Wang et al. 2016). Overwhelming interest in SnS
nanoparticles applications are related to its low toxicity, its low cost, the abundance of sul-
fur (S) and tin (Sn) elements in the nature. Tin Sulfide is a unique important binary semi-
conductor material of IV=VI exhibiting p and n type behaviour, with direct and indirect
band gaps of 1.3 and 1.09 eV, respectively, which is close to the ideal band gap 1.5 eV
with highest photovoltaic conversion efficiency (Xu et al. 2012; Sohila et al. 2011; Hickey
et al. 2008). It has been reported to have optical absorption coefficient (> 10* cm™') and
conductivity (hole mobility =90 cm* V~!' s7!) in single crystals, across the near-infrared
and visible spectrum which coincide with the maximum efficiency for optimum band gap
according to Shockley-Queisser limit within the AM 1.5 solar spectrum (Cifuentes et al.
2006; Greyson et al. 2006; Tanusevski 2003; Baig et al. 2018).

Meanwhile, the molecular precursors compounds such as tin or organotin dithiocarba-
mates have received tremendous attention in their potential applications in non-linear opti-
cal materials, biology, industry, agriculture, chemistry and some have been found to be
pharmacologically active (Muthalib et al. 2011; Awang et al. 2016). Apart from the single-
source molecular precursor (SSMP) method our research group has previously reported
(Mbese and Ajibade 2017; Mbese and Ajibade 2018), researchers have synthesized SnS
nanocrystals using dual source precursors methods such as thermal evaporation (Shao et al.
2017; Kawano et al. 2015), spray pyrolysis (Sall et al. 2016; Akbari and Rozati 2015),
electrodeposition (Kafashan et al. 2017; Ichimura et al. 2000), radiofrequency (RF) sput-
tering (Banai et al. 2016; Seol et al. 2003), sonochemical method (Park et al. 2014; Henry
et al. 2015), electron beam (EB) evaporation (Zhao et al. 2018) and chemical bath depo-
sition (Al-Shakban et al. 2019; Kevin et al. 2015a, b). The advantage of using SSMP is
that, precursor complexes are stoichiometric synthesized to contain the desired elements
so that precursor complexes thermally decompose to yield materials of specific composi-
tions. To the best of our knowledge, there are no reports on the thermal decomposition of
mixed ligands complex of tin(II) dithiocarbamate as a single-source molecular precursor to
the formation of SnS nanoparticles. In this contribution, mixed ligand precursor complex
bis(N-di-isopropyl-N-octyl dithiocarbamato)tin(I) complex was synthesized, characterized
and thermalized through thermogravimetric analysis to yield SnS nanocrystals.

2 Experimental procedures
2.1 Preparation of the nanocrystals

In this paper, the preparation of SnS nanocrystals by thermal decomposition of bis(N-di-
isopropyl-N-octyl dithiocarbamato)tin(II) complex is described. Dithiocarbamates ligands
and mixed ligand precursor complex were synthesized, separately. In a typical experiment
as shown in reaction Scheme 1, ammonium N-diisopropyldithiocarbamate (Di-IsoprDTC)
ligand was prepared by a modified literature method (Mbese and Ajibade 2014). 30 mL of
concentrated ammonia solution was added slowly to 9.64 mL (0.1 mol) di-isopropylamine
in an ice cold mixture at 0-5 °C. To this mixture, 6.04 mL (0.1 mol) of carbon disulfide
was added drop-wise through separating funnel with constant stirring in an ice bath and
refluxed for a further 2 h at room temperature. The resulting yellowish solid obtained was
filtered by suction and rinsed three times with cold ethanol. Di-IsoprDTC, selected IR
(ATR, cm™") v: 1469 (N-CSS), 2975 (C-H) sp3, 1650 (C=S), 3378 (N-H str.). Selected
'H-NMR (400.1 MHz, DMSO-d,, ppm): 8=2.50 (6H, bs, DMSO-d,), 3.28-3.37, (6H,

@ Springer



Optical and structural-chemistry of SnS nanocrystals prepared... Page3of11 90

)\NJ\ NH,
- H . octan-1-amine
Di-isopropylamine
+ +
S—(C=—S S=—C=—S
E: iE: °
2= | S NHY
(o] ad al=
HN—C\\
)\ )\ S
| +
N0 OctyIDTC
s S  NH, .
Di-isoprDTC S|y
R
=
o
£
<=

Di-isopro-Octyl-Sn(IDDTC
Scheme 1 Synthesis of bis(N-di-isopropyl-N-octyl dithiocarbamato)tin(II) complex

m, —CH,). Yield: (89.74%). Ammonium octyldithiocarbamate (OctylDTC) ligands was
prepared following the similar procedure, using 16.5480 mL (0.1 mol) of octylamine.
OctyIDTC, selected IR (ATR, cm™!) v: 1470 (N-CSS), 939 (C-S), 3395 (N-H str), 2920
v(C-H) sp®. Selected 'H-NMR (400.1 MHz, DMSO-d, ppm): 8=1.3 (2H, t, -CH,), 3.5
(2H, s, -NH), 0.9 (3H, t, -CH,). Yield: (76.45%).

For the synthesis of bis(N-di-isopropyl-N-octyl dithiocarbamato)tin(Il) complex, about
0.6953 g (2.5 mmol) of SnCl,-2H,0 was dissolved in 15 mL of distilled water and added to
0.4859 g (2.5 mmol) of Di-IsoprDTC and 0.5550 g (2.5 mmol) of OctylDTC dissolved in
15 mL of distilled water for both ligands at ratio 1:1:1. The reaction mixtures were stirred
for 2 h at room temperature. The precipitated products were filtered and washed three
times with 25 mL of cold methanol. The resulting dithiocarbamate complexes was dried at
room temperature. Selected IR (ATR, cm™) v: 1511 (C-N), 1033 (C-S), 3310 (N=H), 577
v(Sn-S), 2953 (CH;). Selected "H-NMR (400.1 MHz, DMSO-dg, ppm): 6=2.50 (6H, bs,
DMSO-dy), 1.3 (2H s, —CH,), 0.9 (3H t, —CHj;).

Synthesis of SnS nanocrystals were obtained through high-temperature thermal decom-
position of bis(N-di-isopropyl-N-octyl dithiocarbamato)tin(II) complex using Perkin Elmer
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TGA 4000 ThermoGravimetric Analyser (TGA). About 25 mg of the complex was loaded
into an alumina pan and weight changes was recorded as a function of temperature for a
10 °C min~! temperature gradient between 30 and 900 °C. A purge gas of flowing nitrogen
at a rate of 20 mL min~! was used. At temperatures between 360 and 900 °C, the com-
plex end-product was converted into residue, which was expected for the formation of SnS
nanocrystals from the residue obtain from the TGA.

3 Characterization methods

A Perkin Elmer Lambda 25 UV-vis spectrophotometer was employed to carry out opti-
cal absorption properties at room temperature. The photoluminescence of the nanoparticles
was measured using Perkin Elmer LS 45 fluorimeter. Fourier Transform InfraRed (FTIR)
nets were carried out by the Spectrum Two model Perkin Elmer FTIR spectrophotometer
at a 4 cm™' resolution in Attenuated Total Reflection (ATR) mode using a ceramic light
source, KB1/Ge beam splitter, and a lithium tantalate (LiTaO;) detector. The spectra of
FTIR were scanned between 370 and 4000 cm™'. Field Emission Scanning Electron Micro-
scope (FE-SEM) Zeiss Auriga SEM outfitted with Energy Dispersive X-Ray Spectroscopy
(EDS) with Smart SEM programming was utilized to study the elemental and morphlogi-
cal properties of nanoparticles at a quickening voltage of 30 kV. The X-Ray Diffraction
(XRD) measurements were done on a Rigaku Ultima IV X-ray diffractometer using a
Cu-Ka radiation (A=0.15406 nm). JEOL JEM 2100 High Resolution Transmission Elec-
tron Microscope (HRTEM) operating at 200 kV for high resolution images with selected
area electron diffraction (SAED) patterns. Raman spectra of the examples were finished
utilizing a Confocal Raman AFM Imaging system (WITec GmbH) alpha 300RS. A fiber
coupled DPSS laser of wavelength 532 nm with an output power of 44 mW and a greatest
yield control after a singlemode fiber coupling was utilized as the excitation source. Infor-
mation was then gathered, utilizing a multimode fiber into a high throughput focal point
based spectrograph (UHTS 300) with 300 mm central length and two gratings 600 g/mm
and 1800 g/mm, both blasted at 550 nm. The UHTS 300 spectrograph is associated with a
Peltier cooled back lit up CCD camera with superior to 90% QE in the visible excitation.
Every spectrum was obtained at a coordination time of 1.09667 s and around 200 gather-
ings were gathered per every spectrum in the scan range of 100—~1100 cm™!. Thermogravi-
metric analysis were carried out as mentioned above.

4 Results and discussion

The mixed-ligands complex bis(N-di-isopropyl-N-octyl dithiocarbamato)tin(Il) complex
has been prepared by simultaneously mixing of homogeneously stirred water solutions of
ammonium N-diisopropyldithiocarbamate (Di-IsoprDTC) and ammonium octyldithiocar-
bamate (OctylDTC) ligands into the water solution of SnCl,-2H,O salt, as shown in the
reaction Scheme 1. The thermal decomposition behaviour of complex was studied. TGA
revealed three staged degradations as seen in Fig. 1. Stage 1 around 160 °C is ascribed to
the complete loss of Di-IsoprDTC ligand moiety due to its lower melting and boiling point.
Stage 2 around 210 °C is predicted to be the decomposition of OctylDTC moiety, which
has high boiling or melting point compared to the Di-IsoprDTC. The final decomposition
stage 3 (250-360 °C) shows loss of organic moieties of the ligands leaving the residual
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Fig.1 TGA and Derivative thermogravimetric (DTG) patterns of bis(N-di-isopropyl-N-octyl dithiocarba-
mato)tin(Il) complex. Horizontal dotted line (a) represents the 34% theoretical weight loss required for the
formation of SnS nanocrystals
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Fig.2 FTIR spectra of bis(N-di-isopropyl-N-octyl dithiocarbamato)tin(II) complex Sn(I[)DTC and its cor-
responding SnS nanocrystals

weight that leads to the formation of SnS nanocrystals. The horizontal dotted line (a) repre-
sents the 34% theoretical weight loss required for the formation of SnS nanocrystals (Kevin
et al. 2015a, b). The observed values are in agreement with theoretical values, indicating
high thermal stability of the precursor complex.

FTIR spectra of bis(N-di-isopropyl-N-octyl dithiocarbamato)tin(I) complex (Sn(Il)
DTC and its corresponding SnS nanocrystals is shown in Fig. 2. The compound bis(N-di-
isopropyl-N-octyl dithiocarbamato)tin(II) complex (Sn(II)DTC) shows thioureide band in
the region 1460—1511 cm™' due to w(C-N) of NCS. The vibration frequency that appears
as doublet splitting bands in the IR region 937-1035 cm™! is assigned to v(C-S) of CSS,
confirming the bidentate nature dithiocarbamates. The strong vibration frequency band at
535 cm™! indicate the existence of Sn—S bond (Muthalib et al. 2011). In the FTIR spectrum
of SnS nanocrystals, this band was shifted to higher frequency (669 cm™'), confirming the
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Fig. 3 Raman spectrum for SnS nanocrystals from the decomposed complex residue
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Fig.4 XRD pattern of SnS nanocrystals obtained from the decomposed complex residue during thermoly-
sis, showing reference pattern of orthorhombic structure SnS (ICCD pattern No. 00-039-0354)

successful formation of SnS nanocrystals. Raman spectroscopy (as shown in Fig. 3) was
studied to confirm the composition of the nanocrystals. Three diagnostic Raman shifts
located at 270.0, 132.3 and 79.4 cm™! are observed, which correspond to the Bzg, Ag and
B;, modes of SnS nanocrystals, respectively. This value is contrary to the report by Sebas-
tian et al. (2019) with the values of 46, 69, 96, 116, 174 and 218 cm™!. Previous study on
vibrational modes for SnS nanoparticles was detected at 77, 95, 163, 191, and 220 cm™!
which was in agreement with the report by Chowdhury et al. (2016). Vibrational modes
observed in this work show a slight shift towards similar wave number in comparison with
this study which is attributed to phonon confinement.

The powder X-ray diffraction pattern (Fig. 4) confirmed the orthorhombic structure
of SnS nanocrystals corresponding to the reference code (ICCD Pattern No. 00-039-
0354) (Kumar et al. 2014; Kafashan et al. 2017; Jamali-Sheini et al. 2018), having lattice
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parameters a=0.4329 nm, b=1.1192 nm and ¢=0.3984 nm, as shown in Fig. 4. The XRD
diffraction peaks at 26.03° to 66.04° for SnS with Miller indices of (201), (210), (111),
(301), (311), (511), (610) and (512), respectively, in agreement with the SnS nanocrystals
literature (Kumar et al. 2014; Kafashan et al. 2017; Oda et al. 2014). On the other hand
less prominent peak was observed at 26=34.5° which corresponds to the (1 1 1) reflection
plane has compare to the report by Henry et al. (2013) with prominent peak. The narrow
peaks indicate nano-size particles that are just above the quantum dots size range. Average
crystallite size estimated from Scherrer equation (Ilkhechi et al. 2016) was obtained to be
14 nm, which was in close agreement to those observed in HRTEM. The excess capping
agent used during synthesis is ascribe to the growth process through nucleation controlled
given rise to a preferential orientation of SnS.

SEM images of SnS nanocrystals with the EDS spectrum was inset with observed ele-
ments, HRTEM images of SnS nanocrystals showing fringes with inset selected area electron
diffraction (SAED) pattern, d-spacing and particle sizes are shown in Fig. 5. The HRTEM
image of a single SnS nanocrystals clearly displays defined lattice fringes with a 3.647 nm
d-spacing, corresponding to the (111) planes, SAED pattern exhibiting distinct diffraction
rings corresponding to the (111), (200), and (311) of the orthorhombic phase of SnS (shown in

10.73nm

/ //'v’

Fig.5 SEM images SnS nanocrystals a EDS spectrum with observed elements, b SEM image at x10,000
magnification, ¢ HRTEM images of SnS nanocrystals showing fringes with inset selected area electron dif-
fraction (SAED) pattern and 3.647 nm d-spacing, d HRTEM image showing particle sizes
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Fig. 5c). The average diameter of nanocrystals is around 11.85+3.04 nm (shown in Fig. 5d).
The EDS spectrum (EDS spectrum of observed elements in Fig. 5a) shows the presence of tin,
sulfur, carbon and oxygen in the nanocrystals. SEM micrograph images in Fig. (a) and (b) in
different magnification, confirms the formation nanosheets (Xiong et al. 2017).

The optical properties of SnS nanocrystals revealed a better absorption of light in the entire
visible region as depicted in Fig. 6a. Photoluminescence spectrum (Fig. 6b) showed strong
band edge emission peak at 460 nm assigned to tin and sulphur vacancies associated to inter-
stitial defects (Gandhimathi et al. 2019; Warrier and Gandhimathi 2018).

Tauc plots was used to estimate the indirect and direct energy band gap from optical
absorption spectrum as displayed in Fig. 6c, d. The optical absorption theory revealed the
link between the absorption coefficient (o) and the photon energy (hv) as follow (Mbese et al.
2019):

()" = A(hv — Eg) (1

where A is constant, n is the number that depends on the electronic transition (Mbese et al.
2019). Where n is 1/2 and 2 for indirect and direct transition, respectively. The indirect and
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Fig.6 Optical properties of SnS nanocrystals: a UV—vis absorption spectrum, b photoluminescence (PL)
showing an emission max. at 462 nm, ¢ Tauc plot showing the dependence (ahv)"’? on photon energy (hv),
d Tauc plot showing the dependence (ahv)? on photon energy (hv)
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direct energy band gap was found to be 1.22 and 1.35 eV, respectively. A red shifted of
0.28 and 0.15 eV compared to the bulk SnS, respectively. The observed red shift arises due
to the effect of quantum confinement.

5 Conclusions

Nanosheets of high-quality SnS monodispersed nanocrystals have been synthesized from
thermal decomposition of precursor complex using TGA. The thermal decomposition
behaviour of precursor complex revealed three staged degradations leading to the forma-
tion of SnS nanocrystals. The TGA observed values are in good agreement with theoreti-
cal values, indicating high thermal stability of the precursor complex. The powder X-ray
diffraction pattern confirmed the orthorhombic structure of SnS nanocrystals with aver-
age particle size diameter around 14 nm. Raman shifts revealed B,,, A, and B;, modes
corresponding to SnS nanocrystals which is attributed to phonon confinement. All modes
observed are corresponding to the SnS nanocrystal modes which further cemented the
XRD spectra. HRTEM images clearly displayed defined lattice fringes with a d-spacing
of 3.647 nm, corresponding to the (111) planes. SAED pattern exhibiting distinct diffrac-
tion rings corresponding to the (111), (200), and (311) of the orthorhombic phase of SnS
nanocrystals. PL showed strong band edge emission peak at 460 nm ascribed to tin and
sulphur vacancies associated to interstitial defects. Red shifted indirect and direct energy
band gaps of 1.22 and 1.35 eV were observed compared to the bulk SnS, due to the effect
of quantum confinement. From optical, structural, and electron microscopy results, it can
be concluded that SnS nanocrystals are promising materials for solar cell applications.
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