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Bulk SnSe and SnSe,, with direct-band gaps of 1.3 eV and 1.84 eV, are promising materials for opto-
electronics, lithium-ion batteries, thermoelectrics, and supercapacitors, due to their excellent electro-
chemical performance for energy storage. In this context, a new molecular precursor, [Me,Sn
(SeC4H3N,3),l, has been derived from bis(2-pyrazinyl)diselenide {(2-pyzSe),} and structurally characterised
by single crystal X-ray diffraction (sc-XRD) that serves as a building block for the fabrication of tin selenide
(SnSe) nanosheets and tin selenide/g-C3zN4 composites. The electrochemical performance of the syn-
thesised nanosheets and composites was evaluated for their potential use in supercapacitor applications.
The band gaps of rectangular SnSe (1.85 eV) and hexagonal SnSe; (2.21 eV) nanosheets, and tin selenide/
g-C3N4 composites (1.89 and 1.91 eV) exhibited a blue shift compared to those of bulk SnSe (E5 = 1.3 eV)
and SnSe, (Eq = 1.84 eV). The tin selenide/g-CsN4 composite utilised in supercapacitor applications
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Introduction

The increasing global demand for energy and environmental
problems, accompanied by dwindling fossil fuel reserves, are
compelling us to look at clean and sustainable renewable energy
sources. To address these issues, advances in effective energy
conversion and storage devices, viz. solar cells,"™ electro-
chemical water splitting cells,>® batteries” and super-
capacitors,'® will be essential. Among these, supercapacitors
(SCs) are remarkable electrochemical energy storage devices,
which present higher power densities, better safety compliance
and more prompt storage and release of charge compared to bat-
teries. Furthermore, the SCs can operate in pollution-free and
rapidly changing temperature conditions, leading to extended
and enduring charge/discharge cycles. In this direction, 2D
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this specific capacitance after 5000 cycles, demonstrating outstanding cycling durability.

layered metal chalcogenide nanostructure-based energy conver-
sion and storage devices can further lead to path-breaking
technologies. Within the class of 2D layered metal chalco-
genides, tin selenide has been verified as a suitable material for
its applicability in the fields of thermoelectrics," photo-
detectors,” solar cells,® gas sensing,” topological insulators,’
anode materials for batteries,”® supercapacitors'® and other
related applications. Nevertheless, the category of application is
strongly dependent on size, shape, composition, phase-driven
properties, etc. Typically, tin selenide exists in two forms: SnSe
and SnSe,. SnSe inherently grows in an orthorhombic crystal
system with bulk direct- and indirect-energy gaps of 1.3 and 0.9
eV, respectively. In contrast, SnSe,, an innate n-type semi-
conductor, features a CdI-type crystal lattice and has bulk
direct- and indirect-energy gaps of 1.84 and 1.07 eV, respect-
ively.’ The first form of tin selenide exhibits optical and struc-
tural anisotropy, making it suitable for photovoltaic® and ther-
moelectric applications,'™"" while SnSe, shows promise in
superconductivity,'> alkali metal ion battery anodes,"® photocata-
lysis,"* and as an absorber for pulsed lasers."®

Additionally, the focus has also been on SnSe for super-
capacitor (SC) applications. However, glitches associated with
the composition or phase of tin selenides are often found
during their synthesis. Accordingly, quite a few methods, includ-
ing solution-phase synthesis or solventless approaches have
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emerged over a period for the synthesis of nano-tin selenides by
choosing either dual-source’® ™ or single-source molecular pre-
cursor (SSMP)***?* methods. In the case of dual-source methods,
tin sources like Sn, SnCl,' SnCl,, tin-oleate complex,
SngO4(OH),, Sn[N(SiMej),],, etc. and selenium sources such as
Se,'® Se0,,'® and Se ligand/compound’” have been employed for
the synthesis of tin selenide nanostructures with suitable selec-
tion of reaction conditions. When adopting the SSMP method,
the complexes (Bz;Sn),Se (Bz = benzyl),*® [Sn(SeCsH,N),],,>"
[{Me,NC(NCy),},Sn=Se],** [{(Me;Si),N},Sn(SePh),],>* and [{Sn[N
(Me;Si),]o(1-Se)},]** have been utilised for the synthesis of SnSe
nanomaterials, whereas (Ph,SnSe);>* yielded Sn-contaminated
SnSe. While our group also has effectively employed quite a few
dialkyl-tin complexes consisting of heterocyclic-based internally
functionalised hemilabile ligands as molecular templates for the
synthesis of either SnSe or SnSe, nanostructures or thin films,
by varying the alkyl groups either on tin or the ligand itself.>>%
Recently, Mathur et al. demonstrated the controlled decompo-
sition of [Sn"(SeC,H,N(Me)C,H,Se),] and [Sn"Cl,(SeC,H,N(Me)
C,H,Se)] into SnSe and SnSe, phases.'” Moreover, [Sn
(Ph,PSe,),J*° and [Bu,Sn(PhCOSe),]** were employed for the
deposition of SnSe thin films, while [SnCl,("Bu,Se),]** and
[SnCl,{"BuSe(CH,),Se"Bu}]*> were employed for the growth of
SnSe, thin films.

Despite these achievements for the synthesis of tin selenide
nanostructures, very few synthetic protocols for the synthesis of
SnSe have been presented in the literature for supercapacitor
applications."™** For instance, Zhang et al.>* have reported SnSe
disc-shaped nanosheets which exhibit a specific capacitance of
210 Fg ' at 1 A g, while SnSe, nano-discs showcase 144 F g™ " at
1 A g" with 99% retention of capacitance after 1000 cycles. Ni
et al. reported a specific capacitance of 214.3 F g~* for microwave-
synthesised SnSe.'® Nevertheless, molecular template-based con-
trolled synthesis of 2D SnSe nanosheets and their g-C3N, compo-
sites for supercapacitor applications is rare to nonexistent, even
though a number of merits have been listed for SSMPs.>***® For
instance, SSMPs in general comprise pre-existing M-E (M = metal
and E = chalcogen) linkages, allowing molecular-level mixing,
resulting in greater regulation of composition and defects. The
judicious selection of ligands for SSMP synthesis is useful for
appreciating the cleaner decomposition of SSMP at relatively low
temperatures, ensuring high-quality target materials. Further, the
versatility of SSMP as a source for both nanomaterial synthesis
and film deposition makes it handy for device applications.**"®
Therefore, the synthesis of SnSe nanosheets for supercapacitor
applications has been envisaged and implemented through the
SSMP route.

With this perspective, a new and monomeric pyrizinylsele-
nolate of Sn(wv), [Me,Sn(SeC,H;3N,),] (1), has been synthesised
and unequivocally characterised using sc-XRD. Additionally, a
modest and scalable synthesis of high-quality SnSe nanosheets
and their g-C3N, composites has been investigated for super-
capacitor applications, utilising the aforementioned complex
for the first time. Furthermore, a g-C;N -induced phase tran-
sition from SnSe to SnSe, has also been observed during the
preparation of composites. A supercapacitor made up of a tin

12850 | Dalton Trans., 2025, 54, 12849-12858

View Article Online

Dalton Transactions

selenide-g-C3N, composite exhibits a specific capacitance of
140 F g~ ' at 1 A g~ with 85% retention of this specific capaci-
tance up to 5000 cycles. This indicates long cycle durability
with reasonable specific capacitance for the tin selenide
system.

Experimental section
Materials

Prior to use, all reagents were dried and purified using stan-
dard methods. Me,SnCl,, NaBH,, oleylamine (OAm), KOH and
analytical grade solvents were purchased from commercial
sources. The diselenide, {2-SeC,H;N,}, ("H NMR (CDCl;) &:
2.37 (s, Me); 6.71 (s, CH-5). ">C{'"H} NMR(CDCl;) &: 23.7 (Me);
117.2 (CH-5); 165.7 (C-2); 167.5 (C-4,6). 7’Se{"H} NMR (CDCl;)
5: 486 ppm) was prepared according to a previously reported
method in the literature.’”

The CNT films were synthesized using the floating-catalyst
chemical vapor deposition (FC-CVD) method.***° Briefly, a cata-
lyst solution comprising thiophene, ferrocene, and ethanol in a
weight ratio of 0.3:2: 32 was preheated to 150 °C and introduced
into the reactor at a flow rate of 0.2 mL min™". Argon and hydro-
gen gases were used as carriers at a total flow rate of 1 L min™".
CNT soot was formed inside the reactor at 1250 °C, and the result-
ing CNT network was continuously collected in a glove box on a
rotating steel rod, yielding a free-standing CNT film. The CNT
aerogel films were immersed in a concentrated acid mixture of
H,S0, and HNO; (3: 1 v/v) to improve surface wettability, thereby
facilitating better electrolyte penetration and enhancing electro-
chemical performance. The resulting CNT substrate is highly con-
ductive (~5000 S cm™"), with a thickness of ~100 pm, and serves
as a current collector for the electrode material.

Physical measurements

All reactions were conducted under an anhydrous and inert
atmosphere. A Thermo Fischer Flash EA1112 CHNS elemental
analyser was employed for elemental analyses. Electronic
spectra were acquired on a UV-vis Jasco V-630 spectrophoto-
meter. The multinuclear NMR spectra ("H, *C{*H} and "*°Se
{*H}) were obtained on a Bruker Avance-II spectrometer operat-
ing at 300, 75.47 and 57.24 MHz, respectively. Internal cali-
bration of chemical shifts was performed relative to the chloro-
form peak for "H and "*C{'H} NMR spectra while external cali-
bration was undertaken in the case of ’Se{'H} NMR spectra
with respect to Ph,Se, (6 463 ppm relative to Me,Se) in CDCl;.
A NitzschSTA 409 PC-Luxx TG-DTA instrument calibrated with
CaC,0,-H,0 was used for thermogravimetric analyses (TGA).
The TG curves were recorded at a heating rate of 10 °C min™"
under a flow of argon. A Philips PW-1820 diffractometer
employing CuK, radiation was utilised to record powder X-ray
diffraction patterns. A 532 nm wavelength from a DPSS laser
(OXXIUS-LC-532) was utilised to record the Raman spectra.
The Raman-scattered light was detected using a CCD
(ANDOR)-based monochromator (ANDOR-SR-750C) together
with an edge filter. The FE-SEM and EDS measurements were
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carried out on Zeiss Auriga and Oxford instruments, respect-
ively. A Zeiss Libra 200 FE transmission electron microscope
(TEM) operating at an accelerating voltage of 200 kV was used
for TEM studies. The samples for TEM were prepared by
placing a drop of sample dispersed in chloroform on a carbon-
coated copper grid. Optical diffuse reflectance measurements
in the range 200-1800 nm (0.68 eV to 6.2 eV) were performed
on a JASCO V-670 two-beam spectrometer with a diffuse reflec-
tance (DR) attachment consisting of an integration sphere
coated with barium sulfate, which was used as a reference
material. Measured reflectance data were converted to absorp-
tion (4) using the Kubelka-Munk remission function.*® The
band gaps of the samples were estimated by extrapolating the
linear portion of the plot to the X (energy) axis.

X-ray crystallography

The crystallographic data for the complex [Me,Sn(SeC,H;N,),]
(1) were collected using CuK, radiation (4 = 1.54184 A) from a
single crystal at 298(2) K on an XtaLAB Synergy, Dualflex,
HyPix four-circle diffractometer with a micro-focus sealed
X-ray tube using a mirror as a monochromator and a HyPix
detector. All data were integrated with CrysAlis PRO, and a
multi-scan absorption correction using SCALE3 ABSPACK was
applied.*" The structures were solved by iterative methods
using OLEX and refined by full-matrix least-squares methods
against F*> by SHELX1-2017/1.*>** Hydrogen atoms were placed
in idealised positions and were set riding on the respective
parent atoms. All non-hydrogen atoms were refined with aniso-
tropic thermal parameters. The structure was refined (weighted
least squares refinement on F°) to convergence. The crystal
and structure refinement data are detailed in Table S1, SI. All
figures were drawn using ORTEP and Mercury.***
Crystallographic data (including structural factors) for the
structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre (CCDC no. 2388509
for [Me,Sn(SeC4H;N,),] (1)).

Electrochemical measurements

To analyse the performance of the supercapacitor, various
electrochemical measurements, including cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electro-
chemical impedance spectroscopy (EIS) were conducted using
a three-electrode configuration. The CNT and CNT-TS films
were utilised as the working electrode (WE). The electro-
chemical measurements were carried out using a CH1760E
Bipot electrochemical workstation. In the case of three-elec-
trode measurements, the reference electrode (RE) employed
was Ag/AgCl (1 M saturated KCl), the counter electrode (CE)
consisted of Pt wire, and 1 M KOH was used as the electrolyte.
CV and GCD curves of the functionalized CNT substrate films
are shown in Fig. S1.

Preparation of complex

Synthesis of [Me,Sn(2-SeC,H;N,),] (1). To freshly prepared
NaSeC4H;N,—obtained by the reduction of (SeC4H;N,),
(500 mg, 1.58 mmol) in a benzene-methanol solution using
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methanolic NaBH, (120 mg, 3.16 mmol)—solid Me,SnCl,
(348 mg, 1.58 mmol) was added, and the reaction mixture was
stirred at room temperature for 3 h. The solvents were evapor-
ated under vacuum, and the crude product was washed with
hexane to remove excess or unreacted ligand. Subsequently,
the pure product was extracted with dichloromethane, and the
filtrate was reduced under vacuum and then slowly evaporated
to obtain light-orange crystals. [Me,Sn(SeC,H3N,),] (1): yield:
550 mg, 74.7%, m.p. 215 °C (melts with decomposition). Anal.
caled for C;o0H;,N,SnSe,: C, 25.84; H, 2.60; N, 12.05%. Found:
C, 25.90; H, 2.80; N, 12.10%. 'H NMR (CDCl;) & (ppm): 1.11 (s,
Me,Sn, 6H, *J(Sn-H) = 74.9 Hz); 8.11 (s, 1H); 8.28 (s, 1H); 8.69
(s, 1H). *C{'H} NMR (CDCl;) § (ppm): 4.8 (Me) (Me,Sn,
7(**°sn-"*C) = 483.7 Hz), 139.5, 142.7, 148.4, 155.6. ""Se{'H}
NMR (CDCl;) 6 (ppm): 180 (s, Y/(**°Sn-""Se) = 718 Hz).

Preparation of nanostructures and their composites

Synthesis of tin selenide (SnSe) nanosheets. SnSe
nanosheets were synthesised by thermolysis of [Me,Sn
(SeC4H;3N,),] (1) (200 mg, 0.27 mmol) in oleylamine (7.0 mL)
at 250 °C for 10 min through the heat-up method. The result-
ing dark solution was rapidly cooled, and 4.0 mL of toluene
was added at 98 °C, followed by the addition of methanol to
precipitate nanosheets at room temperature. Centrifugation
and washing with a methanol/toluene mixture 2:1 were per-
formed to separate the SnSe nanosheets. The sample was
designated TS-1 and characterised with different tools.

Synthesis of tin selenide nanocomposites through pyrolysis.
The complex [Me,Sn(SeC,H;N,),] (1) (200 mg, 0.27 mmol) and
2-C3N, (15 mg) were mixed thoroughly before the mixture was
introduced into a quartz boat and heated in a furnace under
argon flow at 400 °C for 1 h. After cooling under argon, the
black residue was named TS-2 and was subsequently character-
ised as trigonal SnSe, nanostructures.

Synthesis of tin selenide nanocomposites through thermoly-
sis. Co-thermolysis of [Me,Sn(SeC,H;N,),] (1) (200 mg,
0.27 mmol) and g-C;N, (15 mg) in OAm (7.0 mL) was con-
ducted using the heat-up method at 250 °C for 10 min. The
dark solution formed was rapidly cooled, and 4.0 mL of
toluene was added at 98 °C. Subsequently, excess methanol
was added to precipitate the nanocomposite at room tempera-
ture. Centrifugation and washing with methanol/toluene
mixture 2 : 1 were performed to separate the tin selenide nano-
composite. The sample was named TS-3 and characterized
using different tools. In another experiment, the above pro-
cedure was repeated with only a change in the amount of
2-C3N, (7 mg). The resulting sample was named TS-4 and
characterised.

Synthesis of functionalised CNT-tin selenide or/and g-C3;N,
(FCNT-TS) electrodes. The energy storage performance of tin
selenide and its composite samples (TS-1 to TS-4) was exam-
ined by coating them on CNT films, which were used as elec-
trodes.*® In order to coat tin selenide samples on the CNT
film, a slurry was prepared by dispersing 5 mg of the sample,
with Nafion (Sigma-Aldrich, CAS no. 27470-4) as a binder
(10 wt%) in N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich) by
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ultrasonication for 10 min. The slurry was then brush-coated
onto CNT film (2 cm x 2 ¢cm). The mass loading of the TS was
maintained at 1 mg per 4 cm® The brush-coated electrodes
were dried at 100 °C overnight in an oven.

Results and discussion
Chemical synthesis and characterisation

The reaction of a sodium salt of pyrazinylselenolate with di-
methyltin dichloride in 2:1 stoichiometry afforded pyrazinyl-
selenolate complex, [Me,Sn(SeC,H;N,),] (1) (Scheme 1) as a
light-orange solid, soluble in most organic solvents. This solid
when recrystallised in chloroform offered rod-shaped crystals.
The complex was probed by multinuclear NMR, supported by
elemental analyses. The 'H and "C{'H} NMR spectra pre-
sented the anticipated peaks and their multiplicities. The pyra-
zine ring proton resonances of [Me,Sn(SeC4H;N,),] (1) were
moved upfield relative to the equivalent signals for the pristine
ligand. The 7’Se{"H} NMR spectrum of [Me,Sn(SeC,H;N,),] (1)
presented only one peak at 180 ppm, pointing to the presence
of a single species in the solution (ligand “’Se{'H} = 443 ppm).
The 7’Se{"H} NMR spectrum of complex 1 exhibited a single
resonance at 180 ppm flanked by tin satellites with
YJ(**°Sn-""Se) = 718 Hz, indicating direct interaction of Sn and
Se. The selenium resonance peak of the complex shows that it
is shielded with respect to the selenium signal of the disele-
nide ligand.

The estimated value of *J(*'°Sn-"H) of complex 1 is 74.9 Hz,
less than the value anticipated for dimethyltin complexes with

NN NaBH,
|
N’ﬁ/se\se/K’/N
2N

|K/ Toluene/ 2N
Methanol

SeNa
oo LNy
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coordination number 6, while the magnitude of *J(**°Sn-"3C)
(~483.7 Hz) is somewhat larger than those documented for
tetra-coordinated diorganotin(v) complexes.*” The £C-Sn-C
estimated for [Me,Sn(SeC4H;3N,),] (1) using the equation below
is 117.85°,"® while the same value determined by sc-XRD ana-
lysis is 127.32(16)°, indicating that the structure of complex 1
existing in the solid state also remains intact in the solution.

['7(*?sn-13C)| = 10.7(£LC-Sn-C) — 778

X-ray crystallography for structural determination

Recrystallisation of [Me,Sn(SeC,H;N,),] (1) was achieved by
slow evaporation of a solution of 1 in chloroform to yield rod-
shaped pale-yellow crystals. The molecular structure of [Me,Sn
(SeC4H;3N,),] (1) with atomic numbering scheme and its crystal
packing are revealed in Fig. 1. Certain inter-atomic parameters
(bond length and angles) are given in Tables S1 and S2. The
complex grows in a monoclinic crystal system (space group
P2,/C), while the unit cell constitutes four molecules of
complex 1 (Fig. 1). The central Sn atom of [Me,Sn(SeC,H;3N5),]
(1) is located on a C, axis with a distorted trapezoidal bipyra-
midal geometry defined by two methyl groups, and two sel-
enium and two nitrogen atoms from two 2-pyrazine selenolate
ligands, considering Sn:--N weak interactions. The configur-
ation around tin is similar to organo-tin pyridyl selenolates,
[Me,Sn(2-SeCsH,N),],>* [Me,Sn{2-SeCsH;(Me-5)N},]** and the
analogous thiolato complex, [Me,Sn(SCsH,N),].*°

The Sn-Se bond distance (2.6175(4) and 2.6090(4)) are in
agreement with those reported for [Bu,Sn{SeC,H(Me-
4,6),N,},] (2.615(3) and 2.618(3) A) and [‘Bu,Sn{SeC,H(Me-

Me .
MeZSnClz N - N-- : _-N N
—_— N/ “Sn” \ I/
d )
Se Se
Me

Scheme 1 Synthesis protocol for the preparation of [Me,Sn(SeC4H3N>),] (1).

Fig. 1 (a) Molecular structure of monoclinic [Me,Sn(SeC4H3N,),] (1) with the atomic number scheme (the ellipsoids are drawn with 50% probability)

and (b) packing diagram of [Me,Sn(SeC4H3N,),] (1) along the a-axis.
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4,6),N,}Cl] (2.583(3) and 2.595(3) A)** and shorter than those
reported for [Sn(SeCsH4N),], (2.681, 2.759 A)Y [Sn(SePh),]
(2.668, 2.675, 2.683, 2.673 A)*° and [‘Bu,Sn(2-SeCsH,;N),]
(2.622(2) A).>>*' The molecule is slightly puckered with Sn---N
distances (2.860 and 2.679 A) longer than their covalent radii
(2.15 A), but are significantly smaller than the sum of their van
der Waals (vdW) radii (3.72 A),>> suggesting a weak intra-
molecular interaction between tin and nitrogen atoms and in
agreement with those reported for [Me,Sn{2-SeC,H(Me-
4,6),N},] (2.671 A).*® These non-covalent interactions between
Sn and tin present a case of chelation leading to a stable
complex. The hexacoordination around tin is further corrobo-
rated by the YJ(*'°Sn-">C) value of ~718 Hz, which falls in the
range that is observed for six-coordination compounds of
tin,>® indicating that the weak interactions detected in the
solid state are also present in solution. This is in contrast to
what has been observed in [Me,Sn{2-SeCsH,(Me-4,6),N},].>®
The Sn—C distances (2.118(4) and 2.126(3) A) are in agreement
with those of similar diorganotin pyridyl and pyrimidyl
complexes®?*® along with complexes of type [Me,Sn
(SCsH4N),] (~2.13 A) and [Me,Sn(CoHgNO),] (~2.15 A).**>* The
Se-Sn-Se bond angle in dimethyl tin complexes of pyridyl and
pyrimidyl selenide are in the range of 91.23(4) to 94.25(8)°,
while in the present case, the same angle falls at the lower end
of the range, at 91.524(13)°.**> The angles, «N-Sn-N and
£Se-Sn-Se in 1 (145.10 and 91.57(2)°, respectively) are
squeezed vis-a-vis the same angles in [Me,Sn(SeCsH,N),]
(152.1(2) and 94.25(8)°),>> whereas «Se-Sn-Se is opened by
~4.5° relative to «£S-Sn-S of bis[3-(2-pyridyl)-2-thienyl]di-p-
tolylstannane (86.91(7)°).”> Opening of #Se-Sn-Se with respect
to «S-Sn-S might be expected because of the presence of a
relatively more bulky Se atom in the former compared to the S
atom in the latter. The N-Sn-Se bite angles (62.59° and 60.91°)
of complex 1 are similar to those of the analogous dimethyltin
complex with a 2-selenopyridyl ligand, [Me,Sn(SeCsH,N),]
(62.61° and 60.69°),>> demonstrating that the ring effect has
no impact on «N-Sn-Se bite angles.

The crystal packing of 1 in 3D space shows that the neigh-
bouring [Me,Sn(SeC4H;N,),] (1) molecules are held together
by short contacts between the Se2 atoms of two adjacent asym-
metric units and the N2 atom of the asymmetric unit with the
H atom of the C10B-H10B fragment of the nearby unit. The
Se---Se distance (3.685 A) is shorter than the vdW radius of the
Se atoms (3.8 A), suggesting weak secondary interactions. In
contrast, the C10-H10B---N2 distances (C10-H10B---N2 =
2.693 A) are shorter than the vdW radii of the two atoms
(3.2 A), signifying that strong non-bonding secondary inter-
actions hold neighboring asymmetric wunits together.
Additionally, adjoining asymmetric units in the same layer are
sliding over each other through C-H:--N interactions, while
adjacent molecules in two bordering layers are linked together
by weak Se---Se interactions.

Thermogravimetric analysis

Thermal traits of complex 1 were examined by thermo-
gravimetric analysis (TGA) and differential thermogravimetry

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

(DTG) (Fig. S2, SI) in the range of 30-1000 °C under a flowing
argon atmosphere. The complex underwent a two-step
decomposition. The first step had an onset temperature of
210 °C and a completion temperature of 300 °C with a weight
loss of 83%. However, the experimental weight loss of 83% is
significantly greater than the expected weight losses for SnSe
(57.48%) and Sn (74.46%), pointing out the substantial vola-
tility of the precursor, in turn making the precursor suitable
for CVD applications.”® The volatility of the precursor is corro-
borated by the presence of volatile pyrazine moieties in
complex 1. Additionally, a steady weight loss was noted even
after 520 °C, which might be because of the loss of volatile tin.

Fabrication and characterisation of tin selenide
nanostructures and their g-C;N, composites

Gathering thermal behavioural inputs of complex 1 from the
above measurements, a synthesis protocol for tin selenide
(SnSe) nanosheets and their g-C3;N, composites has been
planned by the thermolysis of [Me,Sn(SeC4H;N,),] (1) in the
high-boiling coordinating solvent, oleylamine (OAm). A ther-
molysis temperature of 250 °C was preferred for the decompo-
sition, even though the required decomposition temperature
obtained from TG is 292 °C. This may be vindicated by the low-
ering of the thermal degradation temperature as a conse-
quence of solvation of the complex by the coordinating
solvent.”” The selection of OAm as a solvent for thermolysis
was driven by many factors: its high boiling point of 360 °C,
the strong affinity of the nitrogen of the -NH, group for tin,
leading to effective surface passivation of nanostructures and
its role in catalysing of the thermal disintegration of the
complex at relatively low temperatures compared to its solid-
state decomposition temperature, as predicted by TG curves.>®
Thus, tin selenide nanosheets were synthesised by the heat-up
method in OAm at 250 °C for 10 min. The p-XRD patterns
(Fig. S3, SI) of the same exhibit Bragg’s reflections at 26 =
21.48, 25.35, 29.38, 30.62, 37.86, 41.38, 43.50, 44.30, 47.30,
49.70, 52.64, 54.21 and 57.50°, corresponding to orthorhombic
SnSe (ICSD no. 12863; JCPDS no. 48-1224). These peaks can be
marked as the reflections emanating from (101), (201), (011),
(111), (311), (102), (202), (501), (112), (511), (312), (420) and
(502), whereas peak broadening specifies that the particle
dimensions are in the nano-region. In contrast, a tin selenide
composite prepared through pyrolysis revealed reflections
matching trigonal SnSe, (ICSD no. 43594; JCPDS no. 23-0602).
While p-XRD patterns of g-C3N, composites of tin selenide
with different weight percentages of g-C;N, prepared by ther-
molysis revealed peaks consistent with orthorhombic SnSe
(ICSD no. 12863; JCPDS no. 48-1224) along with trigonal SnSe,
(ICSD no. 43594; JCPDS no. 23-0602) (Fig. S4, SI). The extent of
formation of SnSe, increases with the increasing amount of
g-C3N, used during the synthesis of the composites, which is
determined by the relative intensities of SnSe and SnSe, peaks.
The details of the reaction conditions and the phase of the
material are listed in Table S3, SI.

Notably, the introduction of g-C;N, to prepare an SnSe/
g-C3N, composite through a thermolysis experiment yields an
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SnSe-SnSe,/g-C;N, composite instead of the required product,
which has been designated as a tin selenide composite. This
indicates that the addition of g-C;N, drives the formation of
SnSe, phase during the preparation of the composite.
Furthermore, an attempt to prepare an SnSe/g-C;N, composite
by the pyrolysis of [Me,Sn(SeC,H;N,),] (1) and g-C3N, together
in a furnace yields the SnSe,/g-C3N, composite (TS-2). The
phase purity of these nanostructures and composites is further
validated by their elemental compositions according to EDS
(Fig. S5-S11, SI). These compositional studies revealed that the
atom% ratio of Sn:Se is 1.01:1.00 and 1:1.92 for TS-1 and
TS-2, respectively, confirming the SnSe and SnSe, compo-
sitions for these samples. Moreover, the uniform distribution
of the integral elements within these samples was verified by
2D elemental mapping analysis.

The phase purity of rectangular SnSe nanosheets (TS-1) and
hexagonal SnSe, (TS-2) was further evaluated by Raman spec-
troscopy in order to examine the binary-phase impurities
present in the samples through the phonon modes of the
nanomaterial. Further, the presence of g-C;N, in composite
samples can also be confirmed by Raman spectroscopy. The
Raman spectrum of the TS-1 sample (Fig. S12, SI) exhibits a
peak at 106 cm ™" and a shoulder at 156 cm™" corresponding to
the B, and A, modes of SnSe, while TS-2 shows peaks at 111

View Article Online
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and 185 cm™' related to in-plane E, and out-of-plane Ay
modes of SnSe,, consistent with literature reports for SnSe>’
and SnSe,.*°

The morphology, dimension and phase of TS-1 to TS-4 were
determined by FE-SEM, TEM and selective area electron diffr-
action (SAED) patterns. SEM images of TS-1 and TS-2 revealed
rectangular sheets and hexagonal sheets, as shown in Fig. 2(a)
and (b), while SEM images of TS-3 and TS-4 revealed a mixture
of rectangular and hexagonal sheets (Fig. 2(c) and (d)). TEM
images of TS-1 to TS-4 (Fig. 2(e-h)) confirm the same. The
average thickness of rectangular sheets (TS-1) and hexagonal
sheets (TS-2) is 46 and 65 nm, respectively (Table S3, SI), while
the lateral dimensions of the hexagonal sheets are in the range
of 350-450 nm. SAED patterns of rectangular and hexagonal
sheets exhibit lattice planes, (111), (511), (502) (Fig. 2(i)) and
(002), (101), (103) (Fig. 2(j)), matching orthorhombic SnSe
(ICSD no. 12863/JCPDS no. 48-1224) and trigonal SnSe, (ICSD
no. 43594; JCPDS no. 23-0602) phases, respectively.

In contrast, the SAED patterns of TS-3 (Fig. 2(k)) and TS-4
(Fig. 2(1)) reveal the lattice planes (111) (SnSe), (011), (102),
(003) (SnSe,) and (201), (502) (SnSe), (002), (400), (110), (013)
(SnSe,), respectively, corresponding to orthorhombic SnSe and
trigonal SnSe, indicating that both TS-3 and TS-4 contain a
mixture of SnSe and SnSe,, in conformity with the respective

Fig. 2 (a—d) SEM images, (e—h) TEM images and (i—l) SAED patterns of rectangular SnSe nanosheets (TS-1), hexagonal SnSe, nanosheets/g-CsN,4

composite (TS-2) and tin selenide/g-C3N4 hanocomposites (TS-3 and TS-4).

12854 | Dalton Trans., 2025, 54, 12849-12858

This journal is © The Royal Society of Chemistry 2025


https://doi.org/10.1039/d5dt01255d

Published on 25 July 2025. Downloaded on 5/6/2026 8:57:25 PM.

Dalton Transactions

SEM and TEM images. The discrepancy between p-XRD and
TEM sizes is mainly due to the dependency of the full width at
half maximum of the p-XRD peak (which can be used to esti-
mate particle size using the Scherrer equation) on crystal dis-
tortions, defects and instrumental broadening in addition to
scattering domain size.®!

Exploring the optical behaviour of tin selenide nanosheets and
g-C;N, nanocomposites

SnSe and SnSe, have direct-band gaps of 1.3 (ref. 41) and 1.84
eV,®” respectively, with an absorption coefficient of ~10°> cm™2,
a high carrier concentration and p-type conductivity, and they
show significant applicability in solar photovoltaics,®® thermo-
electrics® photodetectors, anode materials for batteries®® and
supercapacitors.®® Besides, the effectiveness of these appli-
cations can be further boosted by replacing the bulk materials
with their nanostructures, due to dimension-driven and mor-
phology-driven changes in properties. Of these properties, the
optical band gap is worth investigating as it has an impact on
the efficiency of these applications. Hence, probing of the
optical bandgap of the synthesised nanosheets and compo-
sites by diffused reflectance spectroscopy (DRS) is worthwhile.
These band gap measurements were carried out by plotting
[F(R)]* vs. energy (hv), where F(R) is the Kubelka-Munk (KM)
function, which can be stated as follows:

[F(R)]" = A(hv — Eg)

where hv, A, E, are photon energy, a constant, and the band
gap when n = 1 or 2 for indirect- or direct-band gaps. The
direct-band gap values of these nanosheets and nano-
composites were estimated using the aforementioned plots
where n = 2 (Fig. 3). The direct-band gap values of rectangular

SnSe (TS-1), hexagonal SnSe,-nanosheets (TS-2), and tin sele-

[F(R)]2

TS-1

1.8 21 24 27 3.0
Energy (eV)

Fig. 3 Plots of [F(R)]? vs. energy (eV) created by KM transformation of
DRS data of TS-1 to TS-4, for calculating direct-band gap energies.

This journal is © The Royal Society of Chemistry 2025
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nide/g-C;N, composites (TS-3 and TS-4) of 1.85, 2.21, 1.89 and
1.91 eV (Table S3, SI) were blue shifted relative to the bulk
values (direct-band gap values for bulk SnSe and SnSe, are 1.3
(ref. 9) and 1.84 eV,** respectively), which may be due to
various factors, such as quantum confinement, lattice distor-
tion or surface lattice defects.

As Bohr’s radius of bulk SnSe is around 23 nm (ref. 67) and
the thickness of rectangular sheets (TS-1) and hexagonal
sheets (TS-2) in the present study is 46 and 65 nm, respectively,
quantum confinement may be ruled out. Hence, the blue shift
in band gap values can be ascribed either to lattice distortion
or to surface lattice defects. Nevertheless, band gap values of
all the samples (TS-1 to TS-4) are in the range 1.85-2.21 €V,
indicating their reasonable conductivity and suitability as
materials for supercapacitors.

Electrochemical performance of tin selenide nanosheets and
composite nanostructures

The pristine SnSe rectangular nanosheets (TS-1) and tin sele-
nide/g-C;N, composites (TS-2, TS-3 and TS-4) with band gaps
in the range of 1.85-2.21 eV are appropriate for a super-
capacitor. Given this, these samples were evaluated for super-
capacitor applications, and cyclic voltammetry (CV), electro-
chemical impedance spectrometry (EIS), galvanostatic charge-
discharge (GCD), and cyclic stability studies were performed in
a three-electrode setup employing a 1 M KOH solution as the
electrolyte to investigate the supercapacitor performance.

To develop flexible supercapacitors, all solid-state super-
capacitors (SSCs) were employed using SnSe nanosheets (TS-1)
and their g-C3N, composites (TS-2, TS-3 and TS-4) as active
materials. The energy storage performance of these samples was
studied by coating the samples on CNT film, as reported else-
where*® and using these coated CNT films as electrodes. Fig. 4(a)
and (b) depict CV analytical results performed on TS-1 to TS-4
electrodes. The CV plots of CNT-TS (Fig. 4(a)) were acquired at a
scan rate of 100 mV s™' and a potential range of —0.6 to 0.4
V. The CV plots are symmetric and nearly rectangular due to the
surface electro-sorption and the subsequent reversible surface
redox reactions of SnSe nanosheets (TS-1) using cations/anions.

The larger surface area under the CV curve of TS-3, relative to
the other electrodes, specifies a higher capacitance for the TS-3
electrode. GCD measurements were performed to evaluate the
specific capacitance of the flexible electrodes. Fig. 4(b) reveals the
GCD shapes of the TS-1 to TS-4 electrodes. All TS electrodes
display a non-linear GCD profile, representing the pseudo-
capacitive nature of faradaic reactions in the TS. The TS-3 elec-
trode shows an extended charge-discharge time, signifying its
higher capacitance relative to the other electrodes. This improve-
ment can be attributed to the synergistic effect between SnSe
nanosheets and g-C;N,. The incorporation of g-C;N, enhances
the electrochemical pseudocapacitance by providing additional
redox-active sites, increasing surface area, and facilitating better
ion diffusion throughout the electrode matrix. The specific capaci-
tance (Cs) is determined with the following formula:

Cs = (I X At)/(m x AV)
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Fig. 4 (a) CVat100 mV stin 1 M KOH and (b) GCD analyses of electrodes made up of TS-1 to TS-4 in the three-electrode configuration at 1 A g%,
while (c) and (d) represent 1st and 5000th GCD plots at 3 A g~ and cyclic stability of TS-3 electrode demonstrating 85% capacitance retention after

5000 cycles of charge—discharge.

where I, At, m and AV denote the discharge current, discharge
time, active material loading and the voltage window, respectively.
The TS-3 electrode unveils a specific capacitance of 140 F g™* at
1 A g7', which is meaningfully higher than the specific capaci-
tance of the other electrodes (Table S4, SI). The prolonged cyclic
steadiness of the TS-3 electrodes was examined via charge-dis-
charge cycles at 3 A g". Fig. 4(c) and (d) confirm the outstanding
cyclic durability of the TS-3 electrode, retaining 85% capacitance
even after 5000 cycles. Fig. 5 shows the electrochemical impe-
dance spectra (EIS) of the TS-1 to TS-4 electrodes, where TS-3
demonstrates a quasi-vertical profile with an equivalent series re-
sistance of ~3 Q. The electrochemical impedance spectra (EIS) of
the TS-1 to TS-4 electrodes exhibit a quasi-vertical line in the low-
frequency region, indicative of ideal capacitive behavior and
efficient ion diffusion. The Nyquist plot also shows a small semi-
circle in the high-frequency region, corresponding to the charge
transfer resistance (R.), and a low equivalent series resistance
(ESR) of ~3 Q, suggesting low internal resistance. The TS-3 elec-
trode shows the lowest R, which can be attributed to the syner-
gistic interaction between SnSe nanosheets and g-C3N,, which
enhances the electrode-electrolyte interface, reduces charge trans-
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Fig. 5 Electrochemical impedance spectra (EIS) of TS-1 to TS-4
electrodes.

fer resistance, and facilitates faster ion transport. This behavior is
consistent with its superior electrochemical performance
observed in CV and GCD measurements.
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https://doi.org/10.1039/d5dt01255d

Published on 25 July 2025. Downloaded on 5/6/2026 8:57:25 PM.

Dalton Transactions

Conclusions

It is notable that the synthesis of phase-pure tin selenides
employing dual sources consistently involves subtle nuances.
Therefore, the molecular template method for the synthesis of
quality tin selenide nanostructures is simple and accessible.
Consequently, a new, air-stable and moisture-stable pyrizinylse-
lenolate of tin(wv), [Me,Sn(SeC,H;3N,),], has been produced,
structurally characterized and used as a molecular template for
the synthesis of SnSe nanosheets and tin selenide/g-C3N, com-
posites. These materials were evaluated for their crystal struc-
ture, shape, and energy gap. Experimentally determined optical
energy gaps of these materials are in a suitable range for a
supercapacitor material. A supercapacitor made up of a tin sele-
nide/g-C3N, composite (TS-3) remained stable for more than
5000 cycles and established a specific capacitance of 140 F g~*
at a current density of 1 A g™', showing good cyclability with
reasonable specific capacitance. Even though the molecular
template method is quite versatile for metal chalcogenides, the
applicability of these materials for supercapacitors is still to be
determined. Hence, the current study of the molecular tem-
plated synthesis of tin selenide and its composites for super-
capacitor applications can overcome the application blockade.
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