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toresponsive and photoemissive
ultrathin 2D nanosheets of In2S3 achieved through
a new single source molecular precursor†

Gourab Karmakar, ab Adish Tyagi, *ab Alpa Y. Shah,a Liladhar B. Kumbhare,a

A. P. Wadawale,a G. Kedarnath *ab and Vishal Singhc

Indium sulfide, a two-dimensional semiconductor material, has emerged as a promising candidate for cost-

effective and sustainable solar cells. This report deals with the facile preparation of colloidal In2S3 with a new

ultrathin nanosheet (NS) morphology. The synthesis was mediated through a new structurally characterized

single source molecular precursor. The crystal structure, phase purity, and morphology of the NSs were

thoroughly investigated by pXRD, Raman, XPS, and electron microscopic techniques. AFM studies

revealed that the NSs have an average thickness of �1.76 nm. The optical studies confirm quantum

confinement in the as-prepared NSs with a blue shift in the direct band gap, which lies in the optimal

range suitable for solar cell application. Furthermore, photoluminescence studies indicate strong

emission by these NSs in the blue region. The as-synthesized In2S3 NSs-based prototype

photoelectrochemical cell exhibit high photostability and photoresponsivity, which make them suitable

candidates for sustainable solar cells.
Introduction

The research on two-dimensional (2D) materials has witnessed
a tremendous boost in recent times owing to their intriguing
physicochemical properties, such as enhanced optical trans-
parency, excellent conductivity, and outstanding mechanical
strength.1–5 Among them, layered metal chalcogenide (LMCs)
semiconductors have garnered unprecedented attention and
have been explored widely in order to complement graphene
due to their promising optoelectronic properties.6 These mate-
rials in ultrathin dimension (nanosheets; NSs) are considered to
be quite exquisite due to their distinctive electronic, physical,
and structural properties.7,8 For example, charge carriers exhibit
large mobility in these materials. The conductivity of these
materials is highly sensitive to electrostatic perturbation via
photogenerated carriers adjacent to the surface layer. This
makes 2D materials quite sophisticated for extraordinary gain
photodetection due to the photogating effect.9 Moreover,
ultrathin LMC NSs with thickness (t) in the quantum conne-
ment regime (t # exciton Bohr radius) are of particular interest
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as they blend the extraordinary properties of 2D nanomaterials
with the advantages of solution processability.10 There are
certain 2D LMCs, especially those consisting of post transition
metal elements (InSe, In2Se3, In2S3) that exhibit strong inter-
action with light, leading to their application in ultrathin and
exible optoelectronics with high-power-density.11 Indium
suldes, in nanoregime, exhibit many unique optoelectrical
and thermal properties, coupled with high charge carrier
concentration, which make them potential materials for energy
and societal applications such as in solar cells,12 photo-
catalysis,13 photodetectors,14 and bioimaging.15 In a recent
study, In2S3 quantum dots (QDs) produced from InCl3 and Na2S
was successfully applied in a UV photovoltaic detector.16 To
date, colloidal NSs of a handful of semiconductor materials
have been successfully synthesized, viz., CdX (X¼ S, Se, Te), SnX
(X ¼ S, Se), Cu2−xX (X¼ S, Se), PbS, InSe, and In2Se3.17 However,
reports on NSs of indium sulde are rather rare. In addition,
producing high quality indium sulde NSs is oen limited by
the inherent drawbacks of conventional synthetic procedures
such as hydrothermal, template, microwave, and solvothermal
approaches using multiple precursors.18 Single source molec-
ular precursor (SSP) route is an alternative low-cost pathway to
achieve these materials, which oen proves to be advantageous
because it provides better control over the stoichiometry and
leads to materials with better phase purity and lower defect
concentration.19 Conventional SSPs for indium sulde mate-
rials include indium thiolates, thiocarboxylates, dithiocarba-
mates, dithioimidodiphosphinates, and dithiobiurets.20–22

Nonetheless, all these strategies to synthesize In2S3 have always
© 2022 The Author(s). Published by the Royal Society of Chemistry
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yielded either large nanoparticles and in very few instances
afforded quantum dots (QDs). This leaves an opportunity to
explore the 2D morphology of In2S3 nanostructures, of which
hardly any reports can be found in the literature.

In this study, we have designed and synthesized an air- and
moisture-stable heteroleptic indium complex with an internally-
functionalized hemilabile aminoalkylthiolate ligand. This
structurally characterized SSP undergoes rapid low-temperature
thermolysis in oleylamine (OAm) to produce ultrathin NSs of
phase pure cubic In2S3. These NSs were characterized by pXRD,
Raman, and XPS analysis, whereas the morphology and thick-
ness of the NSs were determined by SEM, TEM, and AFM
techniques. The optical properties were explored by DRS, UV-
vis, and photoluminescence spectroscopy. We believe that the
precursor-mediated synthesis of this new morphology of In2S3,
accompanied by quantum connement, will contribute to the
widening of the research horizon of molecular precursors for
optoelectronic materials with tailor-made morphologies and
optical properties.

Experimental
Materials and methods

InCl3, oleylamine (OAm), and analytical grade solvents were
procured from commercial sources. The dimer of the ligand (2-
[(dimethylamino)propyl]-1-sulde; Me2NCH(Me)CH2S

−): bis(2-
[(dimethylamino)propyl]-1-sulde); [Me2NCH(Me)CH2S]2 [1H
NMR (CDCl3): d 1.00 (d, CHMe), 2.19 (s, NMe2), 2.52 (m, CH2S),
2.77–2.92 (m, NCH) ppm. 13C{1H} (CDCl3): d 12.7 (s, CHMe), 40.0
(s, NMe2), 42.4 (s, NCH), 58.2 (CH2S) ppm] was prepared
according to the literature method.23 Elemental analyses were
carried out on a Thermo Fisher Flash EA-1112 CHNS analyzer.
The 1H and 13C{1H} NMR spectra were recorded on a Bruker
Advance-II NMR spectrometer operating at 300 and 75.47 MHz,
respectively. Chemical shis are relative to the internal chlo-
roform peak for 1H and 13C{1H} NMR spectra.

Thermogravimetric analyses (TGA) were carried out on
a Nitzsch STA 409 PC-Luxx TG-DTA instrument, which was
calibrated with CaC2O4$H2O. The TG curves were recorded at
a heating rate of 10 �C min−1 under the ow of argon. X-ray
powder diffraction patterns were obtained on a Philips PW-
1820 diffractometer using Cu-Ka radiation. XPS measurements
were carried out using Mg-Ka (1253.6 eV) source and DESA-150
electron analyzer (Staib Instruments, Germany). For XPS anal-
ysis, a lm was prepared by drop coating the sample on the
glass substrate and drying under an IR lamp. The binding
energy scale in XPS was calibrated to the C 1s line at 284.5 eV. All
the deconvolutions and ttings were done by the CasaXPS
soware. Optical diffuse reectance measurements in the range
of 200–1100 nm (1.12–6.2 eV) were performed on a JASCO V-670
two-beam spectrometer with a diffuse reectance (DR) attach-
ment consisting of an integration sphere coated with BaSO4,
which was used as a reference material. The measured reec-
tance data were converted to absorption (A) using the Kubelka–
Munk remission function.24 The band gaps of the samples were
estimated by extrapolating the linear portion of the plot to X
(energy) axis. SEM and EDS measurements were carried out on
© 2022 The Author(s). Published by the Royal Society of Chemistry
an ULTRA 55 FESEM of Zeiss and Oxford Inca instruments,
respectively. A Zeiss Libra 200 FE Transmission electron
microscope (TEM) operating at an acceleration voltage of 200 kV
was used for TEM studies. The samples for TEM and SAED were
prepared by placing a drop of the sample dispersed in acetone/
toluene on a carbon-coated copper grid.

The intensity data for In[Me2NCH(Me)CH2S]2Cl (1) was
collected from a single crystal at 298(2) K on a XtaLAB Synergy,
Dualex, HyPix four-circle diffractometer with a micro-focus
sealed X-ray tube using a mirror as a monochromator and
a HyPix detector. The diffractometer was equipped with a low-
temperature device and used Cu-Ka radiation (l ¼ 1.54184 Å).
The unit cell parameters (Table 1) were determined from 25
reections measured by a random search routine. All data were
integrated with CrysAlis PRO and a multi-scan absorption
correction using SCALE3 ABSPACK was applied.25 The struc-
tures were solved by iterative methods using OLEX 1.2 and
rened by full-matrix least-squares methods against F2 using
SHELXL-2017/1.26 All non-hydrogen atoms were rened with
anisotropic displacement parameters. The hydrogen atoms
were rened isotropically on the calculated positions using
a riding model with their Uiso values constrained to 1.5 times
the Ueq of their pivot atoms for terminal sp3 carbon atoms and
1.2 times for all other carbon atoms. Disordered moieties were
rened using bond length restraints and displacement param-
eter restraints. Molecular structures were drawn using ORTEP.27

Synthesis of In[Me2NCH(Me)CH2S]2Cl (1)

To a freshly prepared solution of Me2NCH(Me)CH2S
−Na+ [in situ

obtained by reducing [Me2NCH(Me)CH2S]2 (300mg, 1.26 mmol)
and NaBH4 (95.3 mg, 2.52 mmol) in a toluene–methanol solu-
tion], solid InCl3 (278.6 mg, 1.26 mmol) was added, and the
reaction mixture was stirred at room temperature for 3 h. The
solvents were evaporated under vacuum and the residue was
washed thoroughly with diethyl ether, followed by water to
remove sodium chloride. The nal product was dried under
reduced pressure and recrystallized from hot methanol to
afford colorless crystals (yield: 426.7 mg, 88%), mp 216 �C (dec.).
Anal. calcd for C18H21InN6Se3: C, 31.05; H, 6.25; N, 7.24; S,
16.58%. Observed: C, 30.97; H, 6.22; N, 7.12; S, 16.29%. 1H NMR
(CDCl3): d 1.21 (d, CHMe), 2.72 (s, NMe2), 2.56 (m, CH2S), 3.23
(m, NCH) ppm. 13C{1H} (CDCl3): d 12.5 (s, CHMe), 41.2 (s, NMe2),
42.7 (s, NCH), 59.8 (CH2S) ppm.

Preparation of indium sulde nanostructures

The indium sulde nanostructures were prepared using In
[Me2NCH(Me)CH2S]2Cl (1) as a molecular precursor by the hot-
injection method employing OAm as a high boiling solvent. In
a typical hot injection method, 9 mL OAm was taken in a three-
necked round bottom ask and degassed at 110 �C under
nitrogen ow for 30 min. Subsequently, the temperature was
raised to 150 �C. In the preheated solvent, the required amount
of precursor 1 (200 mg, 0.52 mmol) dispersed in OAm (1 mL)
was rapidly injected. The reaction temperature dropped by
about 20 �C upon injection; however, the set temperature was
attained rapidly. The temperature was maintained for 1 min,
RSC Adv., 2022, 12, 27292–27299 | 27293
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Table 1 Crystallographic and structural determination data for In[Me2NCH(Me)CH2S]2Cl (1)

In[Me2NCH(Me)CH2S]2Cl (1)

Chemical formula C10H24ClInN2S2
Formula weight 386.70
Crystal size/mm3 0.10 � 0.05 � 0.05
Crystal system/space group Monoclinic/P21/c
Unit cell dimensions a/Å 10.6094(6)

b/Å 12.8828(7)
c/Å 11.8236(6)
a 90
b 98.915(4)
g 90
Volume/Å3 1596.51(15)
Z 4
Dc/g cm−3 1.609
m/mm−1 15.644
F(000) 784

Limiting indices −13 # h # 13; −16 # k # 15; −14 # l # 14
q range of data collection/� 4.218–77.580
No. of reections collected/unique 3209/2511
No. of data/restraints/parameters 3209/0/151
Final R1, uR2 indices [I > 2s(I)] 0.0594, 0.1520
R1, uR2 (all data) 0.0724, 0.1603
Goodness of t on F2 1.032
Largest diff. peak and hole (e Å−3) 1.324 and −0.985
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aer which the heat source was removed and the reaction
mixture was allowed to cool to 60 �C, followed by the addition of
methanol to ensure the complete precipitation of nano-
structures. The synthesized orange colored material was
collected aer repeated washing with methanol and toluene
mixture, followed by centrifugation to remove excess capping
agent.

Photoelectrochemical cell experiment

The photoresponsiveness of the nanostructures was measured
in a photoelectrochemical cell prepared using silicon/In2S3
geometry as the working electrode, Pt wire as the counter and
pseudo reference electrodes, and Na2S (0.6 M) : Na2SO3 (0.8 M)
(1 : 2) as the electrolyte. The working electrodes of silicon/In2S3
were prepared by drop casting a colloidal solution of In2S3
nanostructures in chloroform on the rough surface of n-type Si
wafer of (100) orientation having a thickness of 200 mm and
resistivity of 1–10 U cm. The drop casted lm was dried at
140 �C for 2 h. The process was repeated many times till
a uniform coating was obtained on the silicon surface. A uo-
rescent white lamp (36 W, UV content < 3%) was used as the
radiation source with the light intensity at the cell being
200 mW cm−2.

Results and discussion

The SSP, In[Me2NCH(Me)CH2S]2Cl (1), was synthesized at room
temperature and initially characterized by elemental analysis
and NMR spectroscopy. It is worth mentioning that any attempt
to isolate the homoleptic complex of indium with the ligand
always resulted in an insoluble polymeric compound, for which,
27294 | RSC Adv., 2022, 12, 27292–27299
complete structural characterization is burdensome. This is
conceivable from the fact that the complexation of heavier
metals with thiolate ligands was oen found to afford insoluble
polymers.28 Thus, a heteroleptic approach was adopted with the
substitution of only two –Cl atoms on indium with the ligand.
The expected resonances and peak multiplicities in the 1H and
13C{1H} NMR spectra coupled with elemental analysis conrm
the purity of the complex. Colorless diffraction quality single
crystals of 1 were grown by recrystallization from hot methanol.
The molecular structure of 1 with the atomic numbering
scheme is shown in Fig. 1a. The crystallographic and structural
determination data along with the renement parameters are
given in Table 1, and the selected interatomic parameters are
given in Table 2. The complex structure features distorted
trigonal bi-pyramidal geometry around the central indium
atom. The N1 and N2 of the two chelating Me2NCH(Me)CH2S

−

ligands are in axial positions, while the equatorial positions are
occupied by S1 and S2 of the two ligands and the Cl atom. The
ligands chelate the indium to form two ve-membered metal-
lacycles, which are oriented in an envelope conformation (ESI
Fig. S1†).

The TG analysis of 1 revealed that it undergoes a single step
prompt decomposition at �230 �C (ESI Fig. S2†). The weight
loss observed (54.8%) corresponds to the formation of In2S3
from 2 moles of 1 (calculated weight loss 55.9%). The insights
from TG analysis indicate that 1 can act as an efficient SSP for
the synthesis of indium sulde material. Accordingly, 1 was
thermolyzed in OAm at 150 �C by the hot injection method.
Subsequently, the nanostructures were allowed to grow for
1 min to prepare the colloidal indium sulde NSs. The solvent
OAm was primarily chosen due to the fact that it can act as
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Molecular structure of In[Me2NCH(Me)CH2S]2Cl (1), (b) XRD pattern of indium sulfide nanostructures synthesized by thermolysis of 1 in
OAm at 150 �C for 1 min (cubic In2S3; JCPDS 32-0456), (c) Raman spectra, (d) XPS In 3d3/2 and In 3d5/2, and (e) S 2p spectrum, (f) SEM, (g) TEM, (h)
HRTEM, (i) SAED, (j) AFM image, and (k) height-profile analysis of In2S3 NSs.

Table 2 Selected bond lengths (Å) and angles (�) for In[Me2NCH(Me)
CH2S]2Cl (1)

Bond length (Å) Bond angle (�)

In(1)–S(1) 2.426(2) N(1)–In(1)–N(2) 171.6(2)
In(1)–S(2) 2.411(2) N(1)–In(1)–S(1) 82.86(17)
In(1)–N(1) 2.390(7) N(1)–In(1)–S(2) 92.40(17)
In(1)–N(2) 2.6115(6) N(2)–In(1)–S(1) 94.68(18)

N(2)–In(1)–S(2) 83.64(17)
N(1)–In(1)–Cl(1) 92.83(18)
S(1)–In(1)–Cl(1) 109.32(9)
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a strong capping agent. OAm, being a primary amine, interacts
with the molecular precursor, thereby behaving as a nucleation
initiator and accelerates its decomposition.29 Moreover, it
promotes the formation of monodisperse particles by sepa-
rating the nucleation and growth steps.30

The phase purity and crystal structure of the synthesized
nanostructures was evaluated by pXRD analysis (Fig. 1b). The
prominent Bragg's reections at 2q ¼ 20.0, 27.1, 32.0, and 48.0�

in the pXRD pattern of the nanostructures can be well indexed
to the reections originating from the (211), (311), (400), and
(440) planes of cubic In2S3 material (JCPDS 65-5526). The
© 2022 The Author(s). Published by the Royal Society of Chemistry
broadening of the peaks is typical for nanosized materials. The
absence of any reections from any other composition or pha-
ses of indium sulde in the XRD pattern of the nanostructures
conrms the phase purity of the material. It is worth noting that
few reections are missing in the pXRD pattern of the as-
prepared In2S3 NSs, which is probably due to the restricted
growth of the crystallite along those directions. Similar obser-
vations are quite common in case of materials falling under
nanoregime.16 The average crystallite size, as calculated from
the Scherrer equation,31 was found to be �12 nm. The ndings
of pXRD were well corroborated by EDS analysis, which
conrms a 2 : 3 atomic percentage ratio of In : S (39.4 : 60.6)
(ESI Fig. S3†). Raman spectroscopy is an important tool to
investigate the phase purity of any material as it is difficult to
differentiate between the impurities incorporated in the desired
material from any other phase or composition by pXRD alone.
Raman spectroscopy gives direct insights into the vibrational
properties of nanocrystalline materials. The Raman spectrum of
the material (Fig. 1c) illustrates characteristics peaks at 146,
195, 147, 294, and 320 cm−1 corresponding to the Eg(2), F2g(1),
B2g(2), Eg(4), and Eg(5) vibration modes, respectively. These
observations are well supported by the previously reported
values for In2S3.32 Further, to investigate the valence state and
RSC Adv., 2022, 12, 27292–27299 | 27295
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the chemical composition of the as-prepared sample, high-
resolution XPS was carried out (ESI Fig. S4†). Prominent
peaks at 161.7 and 163 eV (corresponding to S2p3/2 and S2p1/2,
respectively) and 444.5 and 452 eV (corresponding to In 3d5/2
and 3d3/2, respectively) with spin orbit separation of �1.3 and
7.5 eV, respectively, suggest the existence of only S2− and In3+ in
the nal product (Fig. 1d and e), which is in agreement with the
previous reports.33 Furthermore, the XPS study also indicates
that no observable surface oxidation has taken place in the
material.

The morphology analysis of the material was carried out by
the SEM and TEM techniques. The SEM image presented in
Fig. 1f reveals the presence of ultrathin NSs oriented in
a random fashion. It was also evident that the NSs are nearly
transparent, and a fair idea about the average thickness of the
NSs from the SEM study can be perceived, which was found to
be�2 nm. A discrete NS with ultrathin morphology, as observed
in the bright eld TEM image (Fig. 1g), nicely corroborates the
ndings of the SEM analysis, while the HRTEM data reveals
clear lattice fringes with a d-spacing value of 2.7 Å, which can be
indexed to the (400) planes of cubic In2S3 (Fig. 1h). The highly
nanocrystalline nature of the material can also be understood
from the presence of concentric diffused rings in the SAED
pattern (Fig. 1i). To have better clarity about the thickness of the
NSs, semi-contact mode AFM was performed. The AFM image
presented in Fig. 1j shows stacked NSs along with some discrete
NSs. A line scan across the area featuring discrete NSs (area 1
(A1) and area 2 (A2)) was performed. The corresponding height-
prole plot, as presented in Fig. 1k, reveals that the average
thickness of the NSs is �1.76 nm. The TEM image (Fig. 1g)
further supports the ndings of the SEM and AFM studies by
divulging the presence of randomly-oriented nearly-transparent
ultrathin NSs. Furthermore, to conrm whether the constituent
elements are homogeneously distributed in the material, 2D
elemental mapping was performed. The mapping data (ESI
Fig. S5†) gives a ne validation of the homogeneous distribu-
tion of the constituent atoms (In and S) in the resulting NSs.

The optical properties of the In2S3 NSs were evaluated by UV-
vis and diffuse reectance spectroscopy (DRS). The UV-vis
absorption spectra depict two peaks at 267 and 360 nm
(Fig. 2a), which correlate well with the In2S3 nanostructures
prepared by other groups.16,34 The characteristic step-like shape
of the bands can be attributed to the valence-to-conduction
band transition.35 Since In2S3 is a direct band gap material,
the same for the synthesized NSs was determined using a plot of
the Kubelka–Munk function, F(R), as expressed in the following
equation.

[F(R)hn]n ¼ A(hn − Eg)

where hn is photon energy, A is a constant, Eg denotes the band
gap, and n depends on the nature of optical transition. The
direct band gap was calculated using Tauc's model (n ¼ 2). The
direct optical band gap of the ultrathin In2S3 NSs was found to
be 2.52 eV (Fig. 2b). This value is further corroborated by
calculating the band gap of the material from the Brus equation
(ESI†) (�2.51 eV) and also from the position of the UV-vis onset
27296 | RSC Adv., 2022, 12, 27292–27299
(�2.58 eV). The direct band gap values observed in the present
study are clearly blue-shied as compared to the bulk coun-
terpart (Eg ¼ 2.2 eV for bulk In2S3),36 which is a clear indication
of quantum connement of the excitonic transition, as expected
for ultrathin In2S3 NSs. It is important to note that both the
average crystallite size and thickness of these NSs, as deter-
mined from the pXRD andmicroscopic studies, respectively, are
much smaller than the calculated exciton Bohr radius of In2S3
(33.6 nm) (ESI†), which further supports the occurrence of
quantum connement along the thickness and explains the
considerable blue shi of the absorption edge and band gap.
Fig. 2c provides the excitation and emission spectra of the as-
prepared In2S3 NSs. In the excitation spectra, an absorption
peak centered at 370 nm with a small hump at 365 nm was
observed. Upon close inspection of the absorption and excita-
tion spectra, it was observed that the peak in the excitation
spectra is at the absorption edge of the peak in the absorption
spectra. This phenomenon is oen witnessed in direct band gap
semiconductors wherein the photon-excitation rate is more at
the absorption edge.35 In the emission spectra, a strong emis-
sion peak at 435 nm can be clearly observed. In addition to this,
a small hump at 443 nm can also be seen. The origin of the
emission peak is attributed to the interband electron–hole
recombination. The emission in the blue region in the In2S3 NSs
proves its worth as a photoemissive material as the latter is
dened as a material that emits photon/electron of desired
wavelength (visible light in the present case), when a radiation
of suitable frequency is incident on it (UV in the present case).
The photoluminescence lifetime decay from the as-prepared
In2S3 NSs near the emission peak wavelength following excita-
tion at 370 nm is presented in Fig. 2d. The lifetime curve can be
t adequately with the biexponential decay function with decay
lifetime �1 ns (82.17%) and 4 ns (17.83%). The longer lifetime
is comparable to the excitonic luminescence decay lifetime
previously reported for In2S3 nanoparticles.34,35

2D In2S3 nanomaterials are of paramount importance in
optoelectronic and clean energy technologies. Ultrathin NSs,
being a new morphology for In2S3, deserves an investigation
into its photoresponsivity and photostability studies, which are
the two most important criteria to select an absorber material
for photovoltaic and photodetector applications. Photo-
responsive materials have the ability to produce electron and
thus, current, when a suitable light source is applied to them
under a particular voltage. The I–V curve (ESI Fig. S6†) shows
nonlinear characteristics, whereas the photostability studies of
the material over a longer period of time under dark and illu-
mination conditions resulted in a photocurrent (Ipc ¼ Ilight −
Idark) of �90 mA (Fig. 3a). When the light was turned on,
photoexcited electrons from the valence band reached the
conduction band, resulting in increased photoconductivity.
However, saturation is reached and no change in current is
observed when the cell is exposed to light for a considerable
amount of time. When the light was turned off, the “carrier
generation process” abruptly stops, while the “carrier loss
process” continues, resulting in a sudden decrease in the
conductivity.37 Photoresponsivity (R) or photocurrent genera-
tion efficiency is the ratio of generated photocurrent and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis absorption spectra, (b) plots of [F(R)hn]2 vs. energy generated by the Kubelka–Munk transformation of solid-state diffuse
reflectance data, (c) PL spectra, and (d) luminescence lifetime decay (excitation and emission wavelength: 370 and 435 nm, respectively) of In2S3
NSs.
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incident optical power (R ¼ Ipc/PS), which is expressed as the
photocurrent (Ipc) generated by the light power density (P ¼ 200
mW cm−2) on the effective area of a photodetector (S ¼ 0.785
cm2 in the present case). In the present case, the as-prepared
In2S3 NSs exhibit high photoresponsivity of �570 mA W−1.
Fig. 3b represents the I–V plot for In2S3 NSs conducted at a scan
rate of 5 mV s−1, which shows the increasing magnitude of the
photocurrent with increasing negative bias. It also represents
rapid response of the In2S3 NSs to illumination, with peak-to-
peak switching occurring in few seconds. To evaluate the
Fig. 3 (a) Photostability and (b) I–V plot for In2S3 NSs conducted at a
illumination on–off condition by current vs. time plot at a constant pote

© 2022 The Author(s). Published by the Royal Society of Chemistry
response independent of a changing potential, constant voltage
experiments were performed at −1.5 V. The graph is shown in
Fig. 3b inset, which features switching curve with square wave
response. The peak-to-peak photocurrents are seen to be quite
stable. The electrode exhibits good switching for all 14 cycles,
indicating good photosensitivity. The sudden decrease in
conductivity in the dark condition is due to the loss of charge
carriers. From the repeated cycles, the middle cycle has been
chosen to calculate the rise time (trise) (the time taken for the
current to increase from 10% to 90% of the peak value) and
scan rate of 5 mV s−1. The inset shows the photoresponse under the
ntial of −1.5 V. (c) Expanded view of the middle (7th) cycle.
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decay or fall time (tfall) (the time taken for the current to
decrease from 90% to 10% of the peak value). Both trise and tfall
for In2S3 nanostructure were found to be the same, i.e., 9.4 s
(Fig. 3c). The matching trise and tfall is an indication of the
involvement of less trap states or defects in the switching
process.38,39 The appreciable performance of ultrathin In2S3 NSs
is probably due to the unique morphology of the same by virtue
of which it allows direct access to charge carriers with very high
mobility.40 A comparative study of the photoresponse perfor-
mance of the In2S3 NSs with some of the previous reports with
different morphologies of In2S3 along with some other 2D
materials (Table 3) reveals equivalent performance. These
studies prove that ultrathin In2S3 NSs can be a valuable addition
to the 2D semiconductor family.
Conclusions

In summary, a new air- and moisture-stable indium complex
with an aliphatic internally-functionalized hemilabile ligand
was synthesized along with molecular structure determination.
The complex acts as an efficient SSP for the preparation of
phase-pure cubic In2S3 material. The AFM studies coupled with
electron microscopic analysis indicate the formation of ultra-
thin NSs with an average thickness signicantly smaller than
the corresponding Bohr radius. The optical studies reects
quantum connement in the as-prepared NSs. The measured
band gap of �2.52 eV is in optimum range for these NSs to be
potentially used as efficient absorber material in solar cells.
They exhibit high photoresponsivity and photostability under
alternating light and dark conditions. This new morphology of
the 2D In2S3 material can further add new dimensions to
diverse energy applications such as Li-ion batteries and ther-
moelectric devices. Moreover, since the SSP approach used to
obtain the In2S3 NSs is simple, cost-effective, and has great
potential for scale up, this study will also contribute toward the
development of new SSPs for technologically important
compound semiconductors with tunable properties.
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ACS Nano, 2021, 15, 954–965.

3 T. Fan, Z. Xie, W. Huang, Z. Li and H. Zhang, Nanotechnology,
2019, 30, 114002.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra05000e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
21

/2
02

5 
7:

24
:2

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4 Z. Guo, R. Cao, H. Wang, X. Zhang, F. Meng, X. Chen, S. Gao,
D. K. Sang, T. H. Nguyen, A. T. Duong, J. Zhao, Y.-J. Zeng,
S. Cho, B. Zhao, P.-H. Tan, H. Zhang and D. Fan, Natl. Sci.
Rev., 2022, 9, nwab098.

5 H. Qiao, Z. Huang, X. Ren, S. Liu, Y. Zhang, X. Qi and
H. Zhang, Adv. Opt. Mater., 2019, 1900765.

6 G. Fiori, F. Bonaccorso, G. Iannaccone, T. Palacios,
D. Neumaier, A. Seabaugh, S. K. Banerjee and L. Colombo,
Nat. Nanotechnol., 2014, 9, 768–779.

7 C. Schliehe, B. H. Juarez, M. Pelletier, S. Jander,
D. Greshnykh, M. Nagel, A. Meyer, S. Foerster,
A. Kornowski, C. Klinke and H. Weller, Science, 2010, 329,
550–553.

8 S. Ithurria, M. D. Tessier, B. Mahler, R. P. S. M. Lobo,
B. Dubertret and A. L. Efros, Nat. Mater., 2011, 10, 936–941.

9 A. Tyagi, G. Karmakar, B. P. Mandal, D. D. Pathak,
A. Wadawale, G. Kedarnath, A. P. Srivastava and V. K. Jain,
Dalton Trans., 2021, 50, 13073–13085.

10 A. C. Berends and C. de Mello Donega, J. Phys. Chem. Lett.,
2017, 8, 4077–4090.

11 G. Eda and S. A. Maier, ACS Nano, 2013, 7, 5660–5665.
12 C.-H. Ho, Phys. B, 2012, 407, 3052–3055.
13 X. Zhang, N. Zhang, C. Gan, Y. Liu, L. Chen and C. Z. Y. Fang,

Mater. Sci. Semicond. Process., 2019, 91, 212–221.
14 C.-H. Ho, M.-H. Lin, Y.-P. Wang and Y.-S. Huang, Sens.

Actuators, A, 2016, 245, 119–126.
15 K. Yu, P. Ng, J. Ouyang, Md. B. Zaman, A. Abulrob, T. N. Bara,

D. Fatehi, Z. J. Jakubek, D. Kingston, X. Wu, X. Liu,
C. Hebert, D. M. Leek and D. M. Whiteld, ACS Appl.
Mater. Interfaces, 2013, 5, 2870–2880.

16 R. Li, L. Tang, Q. Zhao, T. H. Ly, K. S. Teng, Y. Li, Y. Hu,
C. Shu and S. P. Lau, Nanoscale Res. Lett., 2019, 14, 161.

17 A. C. Berends, J. D. Meeldijk, M. A. van Huis and C. de Mello
Donega, Chem. Mater., 2017, 29, 10551–10560.

18 G. Karmakar, A. Y. Shah, A. Tyagi, A. P. Wadawale,
G. Kedarnath, N. N. Kumar and J. Bahadur, New J. Chem.,
2022, 46, 3871–3881.

19 L. D. Nyamen, V. R. Pullabhotla, A. A. Nejo, P. T. Ndifon,
J. H. Warner and N. Revaprasadu, Dalton Trans., 2012, 41,
8297–8302.

20 J.-H. Park, T.-M. Chung, B. K. Park and C. G. Kim, Inorg.
Chim. Acta, 2020, 505, 119504.

21 S. C. Masikane, P. D. McNaughter, D. J. Lewis, I. Vitorica-
Yrezabal, B. P. Doyle, E. Carleschi, P. O’Brien and
N. Revaprasadu, Eur. J. Inorg. Chem., 2019, 1421–1432.

22 G. Murtaza, S. Alderhami, Y. T. Alharbi, U. Zulqar,
M. Hossin, A. M. Alanazi, L. Almanqur, E. U. Onche,
S. P. Venkateswaran and D. J. Lewis, ACS Appl. Energy
Mater., 2020, 3, 1952–1961.

23 S. Dey, L. B. Kumbhare, V. K. Jain, T. Schurr, W. Kaim,
A. Klein and F. Belaj, Eur. J. Inorg. Chem., 2004, 4510–4520.
© 2022 The Author(s). Published by the Royal Society of Chemistry
24 B. P. Invernizzi, D. Dupont and C. Caze, Opt. Eng., 2001, 40,
1082–1092.

25 Rigaku Oxford Diffraction, CrysAlis Pro Soware System,
Version 1.171, Rigaku Corporation, Oxford, UK, 2015.

26 G. M. Sheldrick, Acta Crystallogr., Sect. C: Struct. Chem., 2015,
71, 3–8.

27 C. K. Johnson, ORTEP II, Report ORNL-5136, Oak Ridge
National Laboratory, Oak Ridge TN, 1976.

28 S. Dey, V. K. Jain, J. Singh, V. Trehan, K. K. Bhasin and
B. Varghese, Eur. J. Inorg. Chem., 2003, 744–750.

29 M. D. Khan, M. Aamir, M. Sohail, M. Sher, J. Akhtar,
M. A. Malik and N. Revaprasadu, Sol. Energy, 2018, 169,
526–534.

30 Y. C. Cao and J. Wang, J. Am. Chem. Soc., 2004, 126, 14336–
14337.

31 P. Scherrer, Nachr. Ges. Wiss. Goettingen, Math.-Phys. Kl.,
1918, 2, 98–100.

32 A. I. Ali, M. Ibrahim and A. Hassen, Sci. Rep., 2022, 12, 7033.
33 J. Zhou, G. Tian, Y. Chen, Y. Shi, C. Tian, K. Pan and H. Fu,

Sci. Rep., 2014, 4, 4027.
34 W. Chen, J.-O. Bovin, A. G. Joly, S. Wang, F. Su and G. Li, J.

Phys. Chem. B, 2004, 108, 11927–11934.
35 D. K. Nagesha, X. Liang, A. A. Mamedov, G. Gainer,

M. A. Eastman, M. Giersig, J.-J. Song, T. Ni and
N. A. Kotov, J. Phys. Chem. B, 2001, 105, 7490–7498.

36 K. Hara, K. Sayama and H. Arakawa, Sol. Energy Mater. Sol.
Cells, 2000, 62, 441–447.

37 G. Karmakar, A. Tyagi, A. Y. Shah, A. P. Wadawale,
G. Kedarnath and V. Singh, Polyhedron, 2022, 220, 115833.

38 G. Karmakar, A. Tyagi, A. P. Wadawale, A. Y. Shah,
G. Kedarnath, A. P. Srivastava and V. Singh, J. Mater. Sci.,
2020, 55, 15439–15453.

39 G. Karmakar, A. Tyagi, A. Y. Shah, S. Nigam, A. P. Wadawale,
G. Kedarnath, B. G. Vats, N. N. Kumar and V. Singh, Dalton
Trans., 2022, 51, 12670–12685.

40 A. Gupta, T. Sakthivel and S. Seal, Prog. Mater. Sci., 2015, 73,
44–126.

41 X. Xie and G. Shen, Nanoscale, 2015, 7, 5046–5052.
42 J. Lu, J. Yan, J. Yao, Z. Zheng, B. Mao, Y. Zhao and J. Li, Adv.

Funct. Mater., 2021, 31, 2007987.
43 S. Kumar and T. T. John, Mater. Chem. Phys., 2022, 286,

126222.
44 B. H. Kumar, S. Shaji and M. C. S. Kumar, J. Mater. Sci.:

Mater. Electron., 2019, 30, 17986–17998.
45 A. Thomas, G. Karmakar, A. Y Shah, S. V. Lokhande,

A. Y. Kulkarni, A. Tyagi, R. S. Chauhan, N. N. Kumar and
A. P. Singh, Dalton Trans., 2022, 51, 12181–12191.

46 J. Chao, B. Liang, X. Hou, Z. Liu, Z. Xie, B. Liu, W. Song,
G. Chen, D. Chen and G. Shen, Opt. Express, 2013, 21,
13639–13647.
RSC Adv., 2022, 12, 27292–27299 | 27299

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra05000e

	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...
	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...
	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...
	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...
	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...
	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...
	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...

	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...
	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...
	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...
	Synthesis of photoresponsive and photoemissive ultrathin 2D nanosheets of In2S3 achieved through a new single source molecular precursorElectronic...


