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Two-dimensional (2D) nanomaterials have attracted much interest as promising candidates for next generation
energy storage, electronics and catalytic applications, due to their unique topology and electronic structure.
However, the development of an operable and versatile solution processing technique for simple fabrication of
high-quality 2D nanosheets continues to present a significant challenge. Here, an ultrathin indium sulfide
nanosheet is synthesized via a simple solution-phase reaction involving two steps: i) thermal decomposition of
precursors to form a crystal nucleus; ii) growth of 2D nanosheets in a mixture of amino ligand and alkane solvent.
The alkane, matching the amino ligand structure in terms of geometry, could assemble with the ligand to form a
soft template and thus induce a 2D arrangement of the nucleus. Moreover, the chemical inertness of the alkane
facilitated rotation of crystal seeds, resulting in anisotropic growth of the nanosheet. We further demonstrated
that the geometrically matched alkane-assisted solution processing reaction could be applied to synthesize
various 2D metal chalcogenides. Functionally, the acquired indium sulfide nanosheets, which possess high
photoelectric activity, were introduced for fabrication of photoelectrodes capable of efficient photo-
electrochemical water splitting. Our work opens up a new perspective toward the construction and potential
applications for various 2D nanomaterials.

1. Introduction [7,8], the quantum anomalous Hall effect [9], valley polarization and

superconductivity [6,10-12], and hence have great potential for appli-

Two-dimensional (2D) materials, composed of atomic-scale crystal
layers, have been studied extensively due to their special structures and
a wide variety of unusual physical phenomena [1-6]. Due to quantum
confinement of carriers, attributable to their extraordinarily small di-
mensions in thickness, 2D materials exhibit the quantum spin Hall effect

cations in energy storage devices, topological insulators and field effect
transistors [13-19]. Moreover, the highly exposed surface atoms of 2D
nanomaterials endow them with increased chemical activity, which is
favorable for electrocatalysis, photocatalysis and heterogeneous catal-
ysis [20-33]. So far strategies such as template growth method,
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mechanical and chemical exfoliation and chemical vapor deposition
have been successfully applied for the synthesis of 2D nanomaterials
[34-40]; however, a versatile method for fabricating a broad portfolio of
2D materials with diverse chemical compositions is still lacking.
Although a library of 2D transition-metal chalcogenides have been
produced recently via a universal salt-assisted chemical vapor deposi-
tion method, relatively harsh experimental conditions as well as diffi-
culties in the transfer process, limit their wide applications [41].

Liquid phase reaction is an effective method for fabricating nano-
structures on a large scale. In general, the growth of anisotropic struc-
tures often relies on the use of templates; to facilitate separation and
purification of nanostructures, an easily accessible and removable
template is often required. Here, we synthesized metal chalcogenide
ultrathin nanosheets by developing a general and simple solution pro-
cessing approach, in which a soft template was formed via integrated
assembly of amino ligands (octylamine) and alkane solvent molecules
(octane), inducing anisotropic growth of nanosheets. During the reac-
tion process, the chemical inertness and stoichiometry of the alkane
determines the nanotopography of the materials, and single-crystalline
indium sulfide (InyS3) nanosheets with a narrow thickness range could
be obtained successfully under a highly concentrated alkane atmo-
sphere, with an alkane, geometry that matches the amino ligand. Our
geometrically matched alkane-assisted solution processing strategy was
also applied to synthesize other metal chalcogenide 2D nanosheets,
including CogSg, MoS», AlsS3, SnS, and MnS. The acquired InyS3 nano-
sheets, which showed high photoelectric activity, served as a versatile
platform for multi-functional photoelectrochemical (PEC) applications
after loading various catalytic components. This work provides a new
perspective on the fabrication of solution-processable 2D materials, and
offers tremendous potential for future design of 2D material-based het-
erostructure devices.

2. Experimental section
2.1. Synthesis of In2S3 ultrathin nanosheets

The nanosheets were synthesized via a simple solution-phase reac-
tion involving two steps: i) thermal decomposition of precursors to form
a crystal nucleus; and ii) growth of 2D nanosheets in a mixture of amino
ligand and alkane solvent. By simply altering the chemical composition
and stoichiometry of the metal precursor, different nanosheets were
formed. Specifically, 0.2 mM indium acetate, 0.3 mM sulfur powder and
16 mL octylamine/octane mixed solution (2%: 98%) were added into
glass round bottom flask. After ultrasonic mixing, the mixture was
transferred into a PPL-lined stainless-steel autoclave, and then heated to
250 °C for 12 h. The reaction was stopped by rapid water cooling to
room temperature, and the acquired nanosheets were washed five times
by adding appropriate amount of ethanol.

2.2. Characterization

The morphology of nanosheets was examined by TEM (JEOL Ltd.,
JEM2011) at 100 kV. The HRTEM was performed on a Field Emission
Transmission Electron Microscope (JEOL Ltd., JEM-2100F) at 200 kV.
To identify the atomic structure of ultrathin nanosheets, high-resolution
quantitative STEM images and high-angle annular dark-field (HAADF)
images were acquired. All the samples were measured by using a JEOL
JEM-ARMS3O00F at 300 kV. Elemental mapping and spectrum acquisition
were obtained by using an Oxford Instruments INCA x-sight detector.
Images were collected with a Gatan 1K x 1K CCD camera. The height
and Young’s modulus of nanosheet were tested by AFM (Dimension
Icon, Bruker, USA) under the Peakforce QNM mode by using TAP150-G
silicon cantilever. The acquired images with 512 x 512 pixels were
analyzed using a NanoScope software version 14.12. The XRD patterns
were recorded on a D8-Advance X-ray powder diffractometer (Bruker,
USA) operated at voltage of 40 kV and current of 40 mA with CuK
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radiation (A = 1.5406 A).

2.3. Evaluation of photoelectrochemical activities

The acquired In,S3 nanosheets were initially dispersed in the solvent
of ethanol to obtain a concentration of 1 mg/mL, and then 4.5 mL
ethanol dispersion was uniformly spin-dropped on the 1.5 x 2 cm? ITO
glass at 600 rpm by a desktop spin coater (KW-4A, made by the Chinese
Academy of Sciences). The obtained electrode was heated at 100 °C for
180 min, thus the film was obtained for further measurements.

PEC tests were carried out in a conventional three-electrode, single
compartment quartz cell filled with 0.1 M NaSOy4 electrolyte (pH = 7).
The electrolyte was purged with nitrogen for 30 min before the mea-
surement. The different morphologies of InyS3 (bulk, nanoparticles,
nanosheets) deposited on ITO glass electrodes served as the working
electrodes. The platinum wire was used as counter electrodes and Ag/
AgCl was applied as a reference electrode. The PEC properties were
measured on CHI 760E electrochemical analyzer (CHI Instrument,
China) in ambient conditions under irradiation of a 300 W Xe lamp. The
potential was swept from -0.6 to 0.8 V (versus Ag/AgCl) at a sweep rate
of 0.05 Vs

2.4. Photoelectrical water splitting

PEC tests were carried out in a conventional three-electrode, single
compartment quartz cell filled with 0.5 M H,SO4 electrolyte (pH = 0) or
1 M KOH electrolyte (pH = 14). The electrolyte was purged with ni-
trogen for 30 min before the measurement. The Ru nanoparticle- and Co
nanoparticle-doped Iny;S; nanonsheets were deposited on ITO glass
electrodes served as the working electrodes. For preparation of the
electrode materials, catalyst powder was initially dispersed in the sol-
vent of ethanol to obtain a concentration of 1 mg/mL, and then 4.5 mL
ethanol dispersion was uniformly spin-dropped on the 1.5 x 2 cm? ITO
glass at 600 rpm by a desktop spin coater (KW-4A, made by the Chinese
Academy of Sciences). The platinum wire was used as counter elec-
trodes. For HER, Ag/AgCl was used as a reference electrode. The po-
tential was converted to potential versus RHE according to Eys rug = Evs
Ag/Agcl + 0.0591 x pH+-0.197. For OER, Hg/HgO was used as reference
electrode. The potential was converted to potential versus RHE ac-
COI'diIlg to Eys rug = Evs Hg/HgO + 0.0591 x pH+0.098. The HER/OER
catalytic activity was measured on CHI 760E electrochemical analyzer
(CHI Instrument, China) in ambient conditions under irradiation of a
300W Xe lamp. The electrochemical tests were performed at room
temperature.

2.5. Synchrotron X-ray absorption fine structure (XAFS) measurements

The indium L-edge XAFS was measured at the 4B7A beamline of
Beijing Synchrotron Radiation Factory, Chinese Academy of Sciences
(BSRF, CAS). Three modes (PFY, TEY and Transmission) are supplied for
users to record XAFS spectrum in an energy region of 1750 eV-6000 eV.

2.6. Density functional theory (DFT) calculations

DFT as implemented in the form of Cambridge Sequential Total
Energy Package (CASTEP) was used in calculation and geometric opti-
mization for all the systems. Ultra-soft pseudopotential method was
applied while the Generalized gradient approximation (GGA) in the
scheme of PW91 was employed in the description of exchange-
correlation interaction. The energy cutoff was set to 400 eV, and the
convergence of energy was set to be 10~* eV while that of force was
1072 eV/A. All of the models were calculated in periodically boxes with
a vacuum slab of 15 A to separate the interaction between periodic
images. The size of the unit cell was 10.77 x 10.77 x 10.77 A 3,
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3. Results and discussions
3.1. Synthesis and characterization of ultrathin indium sulfide nanosheets

InyS3 ultrathin nanosheets were synthesized via thermal decompo-
sition of indium acetate and sulfur precursors in a mixed solvent of
octylamine and octane, an inert solvent with a molecular structure
geometrically-matched to octylamine ligand. After heating to 250 °C for
12 h in an autoclave, purification of ultrathin nanosheets and removal of
soft templates were achieved by washing five times with ethanol.
Scanning transmission electron microscopy (STEM) revealed that free-
standing, smooth and large-area sheet like nanostructure was acquired
with a lateral dimension of ~1 pm, and the nearly transparent feature in
transmission electron microscopy (TEM) revealed the ultrathin char-
acter of the nanosheet (Fig. 1a and b). The constituents of In and S were
uniformly distributed throughout the nanosheets, as shown by energy
dispersive spectroscopy (EDS) elemental mapping (Fig. S1). The ac-
quired nanosheets were flexible with Young’s modulus of 826 + 153
MPa, and their thickness could be estimated through a folded layer
exhibiting a fringe with a thickness of ~2.6 nm (Fig. 1c). Atomic force
microscopy (AFM) further showed that the InySs nanosheets had a
thickness of 2.59 + 0.47 nm and lateral dimensions of 0.5-1.5 pm
(Fig. 1f, Fig. S2). The crystal structure of the nanosheets was examined
by X-ray diffraction (XRD), which revealed nearly identical lattice pa-
rameters to cubic In,S3 (lattice constantsof a=b = ¢ =10.774 A, JCPDS
No. 65-0459) (Fig. 1g). High-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) demonstrated that the
synthesized InyS3 nanosheets possessed a tetragonal phase with space
group Fd-3m, and well-defined lattice fringes with interplanar distances
of 0.31, 0.32 and 0.38 nm inferred to the {222}, {311} and {220}
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planes, respectively, of the cubic phase In,Ss; these results corresponded
well with the XRD results (Fig. 1d, cell model is shown in Supplementary
material, Fig. S3). The selected area electron diffraction (SAED) pattern
further revealed characteristic crystallographic orientations of highly
crystalline In,S3 nanosheets with diffraction spots indexed to the (222),
(113), and (022) planes (Fig. 1e). The crystallographic data indicated
that the ultrathin nanosheet surface was built by (422) crystal plane, and
the thickness of nanosheet grew normal with respect to the [422] di-
rection. The atomic model of ultrathin nanosheet was constructed with
front and back sides composed of (422) planes (Fig. 1h and i), and the
simulating single crystal diffraction pattern showed a similar intensity
and metric distribution to that seen in the SAED pattern (Fig. le,
Fig. S4). As the single-layer InyS3 slab along the [422] direction was
~0.88 nm, the vertical profile of nanosheet corresponded to three
repeating units (Fig. S5).

3.2. Reaction mechanism of the geometrically matched alkane-assisted
solution processing strategy

The anisotropic growth mechanism of the ultrathin nanosheets was
further investigated by TEM in different reaction stages (Fig. 2). As
shown in Fig. 2a, the success in synthesis of ultrathin nanosheets took
advantage of an intermediate of InyS3 nucleus and a soft template
formed via integrated assembly of amino ligands and an inert solvent.
The process started with the formation of thioamide through the reac-
tion of octylamine with sulfur [42,43]. The generated thioamide and
accompanying by-product of hydrogen sulfide reacted with metal ace-
tate to form a octahedron precursor (chemical formulas were shown in
Supplementary material 1.5) [42], which subsequently merged into the
nucleus at an energetically favorable site (Fig. 2b). The inert solvent,

Fig. 1. Characterization of cubic-indium sulfide
(In,S3) nanosheets. (a) Representative transmission
electron microcopy (TEM) and (b) scanning trans-
mission electron microscopy (STEM) images of In,S3
ultrathin nanosheets. (c) A representative TEM
image of a folded single layer. (d) A representative
high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of In,Ss3
ultrathin nanosheets. (e) Corresponding selected
area electron diffraction (SAED) pattern obtained
with an aperture of ~0.7 pm in the middle of the
nanosheet in (a). (f) Atomic force microscopy (AFM)
scanning of In,S3 ultrathin nanosheets. The red line
represents the height profile across the ultrathin
nanosheet indicating a thickness of ~2.6 nm. (g) X-
ray diffraction (XRD) pattern of nanosheets.
Comparative data were from JCPDS card No.
65-0459. (h) Atomic structure of ultrathin nanosheet
in vertical view from [422] direction. (i) Schematic
diagram of ultrathin nanosheet from the oblique
perspective.
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that is, octane played a crucial role in the templated growth of nano-
sheets. Once the nuclei had gathered together, the octane could
self-assemble with capped ligands on the nucleus through inter-alkyl van
der Waals forces, which may have precipitated the formation of a soft
template that guided the lateral anisotropic arrangement of the nucleus
(Fig. 2¢) [44]. Based on the chemical inertness of the octane, the nucleus
could hardly interact with the soft template, which facilitated the
rotation of the nucleus and thus promoted the fusion of 2D nanosheets
(Fig. 2d).

The surface energy of the crystal plane determines the anisotropic
growth of the nanosheets. Facets with high surface energy show higher
affinity for ligands, reducing the free energy of the system and
improving the stability, while coverage of the ligand layer could block
the delivery of reactants and the attachment of active precursors,
resulting in thermodynamically controlled anisotropic growth [45]. To
further understand the mechanism of anisotropic growth of ultrathin
InyS3 nanosheets from a thermodynamic perspective, the formation
energies of the facets shown in Fig. 1h and i as well as their binding
energies to the ligand were further evaluated (Fig. S6, Tables S1 and S2).
Density-functional theory (DFT) calculations indicated that the (422)
plane of InySs possessed the highest formation energy, demonstrating
high chemical activity in combination with ligands. The calculated
ligand binding energy further confirmed that the surface free energy was
significantly reduced once the ligand had coordinated with the (422)
facet. These results provide intuitive evidence for understanding the
reaction process: the amino ligands preferentially bond to the (422)
plane of In,S3 seeds during the initial stage of the reaction, limiting the
growth along the [422] direction. The solvent alkane molecules further
self-assemble with the surface ligands to form a soft template, which
induces the 2D arrangement of the nucleus, and finally fuses into the
ultrathin nanosheets with the front and back sides exposing the (422)
facets (Fig. 2a).
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Fig. 2. Schematic diagram and TEM images
demonstrating the growth mechanism of In,Ss3
nanosheets. (a) Schematic diagram of nanosheet
formation process involving following steps: (i) thi-
oamide reacted with indium acetate to form In-S
octahedrons; (ii) aggregation of octahedrons; (iii)
octahedrons merged into the nucleus at an energet-
ically favorable site; (iv) 2D arrangement of the nu-
cleus under the induction of soft template formed via
integrated assembly of octylamine octane; (v) fusion
of ultrathin nanosheets. (b-d) TEM images showing
the time-dependent evolution of nanosheets. (b)
Nuclei gathering together 5 min after the onset of the
reaction. Scale bar = 10 nm. Inset: A high-resolution-
transmission electron microcopy (HR-TEM) image of
the area marked in (b). (c) More crystallized nuclei,
about 5-6 nm in size, gathered together 30 min after
the onset of the reaction. Scale bar = 2 nm. Inset:
FFT pattern of (c). (d) A representative TEM image of
the nearly fully formed nanosheet 6 h after the onset
of the reaction. Scale bar = 2 nm. Inset: FFT pattern
of (d). The three schematic drawings below each
TEM image depict the structure of each time-
dependent intermediate during the formation of the
In,S3 nanosheets.

3.3. The chemical inertness and geometry of the alkane molecules
regulates the morphology of nanostructures

As the main component of the soft template, the chemical inertness
of alkane solvent molecules is an important prerequisite for achieving
2D fusion of seed crystals. The weak van der Waals forces between the
octane molecules and seed crystals, where no covalent bonds are
generated, avoids the limitation of crystal growth associated with tem-
plate molecules. Moreover, the weak interaction between the template
and InyS3 promotes rotation of the seed crystal, such that the optimal
orientation can be self-adjusted to achieve anisotropic growth (Fig. 2¢
and d). To confirm the effect of the chemical inertness of the template on
the crystal nanotopography, the reactions were carried out using a va-
riety of templates with different octylamine and octane ratios. Fig. 3a
showed that only nanoparticles, and not 2D nanosheets, formed when
the template consisted entirely of amino ligands. This phenomenon is
attributed to the high capacity for binding between the amino ligands
and the InyS3 nucleus. Without chemically inert octane, octylamine
could cap all exposed facets immediately (Fig. S7a), which inhibited
growth in all directions resulting in a particle-like morphology. As the
proportion of chemically inert octane increased, the nanotopography of
the products gradually changed from particles to porous nanosheets
(Fig. 3b and c). The reduction in the number of octylamine ligands led to
exposure of the high-energy crystal planes of seed nuclei, in turn pro-
moting lateral fusion of the intermediates (Figs. S7b and S7c). However,
the strong interaction between the soft template and the seed crystals
limited the adjustment, i.e., rotation and orientation of the nucleus,
resulting in the formation of a porous nanostructure. Once the propor-
tion of octane had increased to 98% of the total solvent volume, that is
~50 times the molar proportion of octylamine ligands, the holes of the
nanosheets disappeared, and the unconstrained seeds fused into highly-
crystalline nanosheets with integral surface structure (Fig. 3d, Fig. S7d).

Geometrical matching between amino ligands and alkane solvent
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Fig. 3. TEM images and scheme diagrams illustrating the influence of inert solvents on the reaction products. (a—d) TEM images of products generated using different
octylamine and octane ratios. (d). Inset: SAED pattern and FFT pattern of corresponding area in (d). (e-h) Scheme diagrams and TEM images of products using

hexane (e), dodecane (f) hexadecane (g) and octane (h) as inert solvents.

molecules also lead to successful lateral self-assembly of the two com-
ponents, in turn giving rise to the formation of a 2D soft template. In
contrast, a molecular configuration mismatch between the ligand and
the alkane solvent will introduce vacancies and defects on the surface of
the template, which promotes docking between adjacent templates,
similar to Lego blocks packed in a staggered formation; this gives rise to
nanosheet aggregation in the longitudinal direction (Fig. S8). To confirm
this, geometry mismatch models were established by replacing octane
(Cg) with hexane (Cg), dodecane (C;2) or hexadecane (Cjg), respectively
(Fig. 3e, f, 3g). The TEM results demonstrated that the mismatch be-
tween the alkane and amino ligand geometry facilitated the accumula-
tion and interlocking of small nanosheets to yield thick nano-chunks
(Fig. 3e, f, 3g). In contrast, the well-matched geometry of octylamine
and octane avoided surface vacancy-induced template docking, such
that thickness control of the nanosheets was achieved (Fig. 3h).

3.4. The geometrically-matched alkane-assisted solution processing
strategy is general

Interestingly, our geometrically-matched alkane-assisted solution
processing strategy is not limited to fabrication of InyS3 nanosheets; it
can be extended to the synthesis of a variety of 2D metal chalcogenides.
To further evaluate the generality of this strategy, we synthesized five
other kinds of 2D nanostructures, i.e., CogSg, MnS, SnS,, Al>S3 and MoS,,
and nanosheets, by simply altering the chemical composition and stoi-
chiometry of the metal precursor (Fig. 4, Figs. S9 and S10). For example,
MnS nanosheets were obtained by thermal decomposition of equivalent

doses of manganese (II) chloride tetrahydrate and sulfur powder in a
mixed solvent of octylamine and octane (octylamine/octane = 2%/
98%) (Details in Supplementary material 1.2). This approach has
several advantages, such as simple operation, low cost, and the simple
removal of the soft template due to the chemical inertness of the alkane
without any chemical adsorption by nanocrystals. Therefore, the
developed strategy has potential for large-scale fabrication of a broad
portfolio 2D nanomaterials.

3.5. Synchrotron X-ray absorption fine structure measurements

To quantitatively evaluate the atomic parameters of In,S3 ultrathin
nanosheets, synchrotron radiation X-ray absorption fine structure
spectra (XAFS) measurements at In Ls-edge were performed at the Bei-
jing Synchrotron Radiation Facility, Chinese Academy of Sciences,
China [46]. The In Lz edge k3;((k) oscillation curve for In,S3 ultrathin
nanosheets displayed remarkable differences compared with bulk InyS3
and In,S3 nanoparticles (~8 nm in diameter, Supplementary material
1.4), especially in the 2-6 A~! k-region, suggesting differences in atomic
arrangement among the three InyS3 morphologies (Fig. 5a, Fig. S11).
The differences were shown more clearly by the corresponding Fourier
transforms in k-space, as illustrated in Fig. 5b. The two main peaks, at
2.36 and 3.74 A, corresponded to the nearest In-S and next-nearest In-In
coordination, respectively, and characterized the R-space curve of bulk
InyS3 [47]. For the InpS3 nanoparticles, the intensities of the two peaks
were decreased along with a slight shift to the higher -R side. Moreover,
a new peak centered at 1.33 A appeared, verifying the presence of
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Fig. 4. Characterization and schematic models of synthesized two-dimensional (2D) metal sulfide. (a) Optical photographs of as-prepared 2D nanosheets. (b-f)
Characterization and schematic models of CogSg (b), MnS (c), SnS; (d), Al»S3 (e) and MoS; (f). (i) TEM images of ethanol diffusion of the metal sulfide. (ii) HR-TEM
images of area marked in (i). Scale bar = 2 nm. (iii) FFT pattern of area marked in (ii). (iv) Schematic models of 2D metal sulfide.

capped ligands [48]. In contrast, the r-space curve for the ultrathin
nanosheets indicated that the In-S peak was further shifted to 2.43 A
associated with obviously decreased In-S and In-In peak intensities.
Interestingly, unlike nanoparticles, the peak at 1.33 A was hardly
observed in the nanosheet group, confirming only small amounts of
ligand residues covered on the surface of the nanocrystals with use of
our synthetic strategy. The significant reduction of peak intensities, and
the shift of peak positions to the higher -R side of the ultrathin nano-
sheets, demonstrated the distortion of the surface atomic structure,
which could trigger different photoelectric responses [48]. The density
of states (DOS) values for InyS3 ultrathin nanosheets and their bulk
counterparts are shown in Fig. 5c. Compared with the DOS of bulk In,S3,
the InyS3 ultrathin nanosheets exhibited an increased density at the edge
of the conduction band and the valence band, which could be due to
structural distortions of the ultrathin topology. It has been proven that
the optical absorption, separation and immigration capacities of pho-
togenerated charge carriers are positively correlated with the DOS [20,
49,50]. Therefore, ultrathin nanosheets with a large DOS will inevitably
possess a high carrier migration rate, thus ensuring their high

photoelectric activity.

3.6. Photoelectrical properties and photoelectrochemical applications

The ultrathin nanosheets could shorten the carrier diffusion length
along the c-axis, thus overcoming the recombination of electron-hole
pairs and facilitating the photogenerated carriers with respect to
reaching the catalytically active center on the surface and thus partici-
pating in chemical reactions. Compared with the InyS3 nanoparticles,
ultrathin InyS3 nanosheets exhibited distinct optical and photoelectric
responses. In the nanosheet group, blueshifts occurred in emission peak,
accompanied by a significant reduction in photoluminescence (PL) in-
tensity (Fig. S12), which in turn contributed to the strong quantum
confinement effect and enhanced carrier mobility of ultrathin nature.
The photoelectronic properties were further assessed with reference to
the surface photovoltaic (SPV) spectrum from the ultraviolet to the
visible region (Fig. 5d). The ultrathin InyS3 nanosheets exhibited
remarkable enhancement in the SPV response, approximately 5- and 41-
fold higher than that of nanoparticles and their bulk counterparts, thus
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illustrating efficient separation and transportation of photogenerated
carriers. The PEC properties of ultrathin In,S3 nanosheets were recorded
via a three-electrode setup in 0.1 M NaySO4 electrolyte. As shown in
Fig. S13a, the nanosheets displayed a much-enhanced photocurrent
density of 1.02 mA cm ™2 at 0.8 V under illumination of Xe lamps (0.20
mA cm ™2 in the dark field), nearly 3.2 and 20.4 times larger than that of
InyS3 nanoparticles (0.32 mA em2) and their bulk counterpart (0.05
mA cm™2), respectively, under the same illumination conditions
(Fig. S13b). The photocurrent densities of nanosheets showed negligible
variation even after 300min of irradiation (Fig. S13c), demonstrating
their excellent photostability. Moreover, the ultrathin crystalline nano-
sheets, with high photoresponsivity, showed efficient on/off photo-
switching properties, and their photocurrent density remained stable
after several cycles, being roughly 25 times higher than that of the bulk
counterpart (Fig. 5e). The electrochemical impedance spectra further
illustrated that the nanosheets exhibited a much smaller electrical
resistance (110 Q) than the nanoparticles (386 Q) and their bulk
counterpart (676 Q) (Fig. 5f), which suggested that the ultrathin 2D
features could achieve a better boundary connectivity and intimate
contact with the indium tin oxide (ITO) substrate, resulting in efficient
photoelectron transfer kinetics at the interface of the InyS3 nanosheet
and the electrolyte.

The morphological advantages of our approach led to superior
photoelectric activities, making the ultrathin In,S3 nanosheet an excel-
lent candidate for fabrication efficient photoelectrode for PEC water
splitting [51,52]. To boost the reaction, heterogeneous structures
composed of semiconductors and catalytically active metal components
were developed, in which the charge carriers were separated by absor-
bed light and further migrated to the photoelectrode/electrolyte junc-
tion to generate oxygen/hydrogen. Therefore, the ultrathin InyS3
nanosheets were loaded with Ru and Co nanoparticles (separately) for
efficient hydrogen evolution reactions (HER) and oxygen evolution re-
actions (OER), respectively (Fig. 6a and b, Figs. S14 and S15). In the
dark field, heterogeneous photoelectrocatalysts exhibited lower over-
potentials than the monocomponent metal electrocatalysts (Ru or Co
nanoparticles), yet still higher than that of in the bright field in terms of
both the HER and OER, due to the strongly localized ground state of the
semiconductor nanosheets [53]. However, the hybrid photoelectrodes
exhibited significantly enhanced catalytic activities toward HER and
OER under the illumination condition. As observed, the excited Ru
nanoparticle-doped InyS; nanosheets exhibited a much smaller over-
potential of 53.6 mV than their ground states (97.9 mV) at a current
density of 10 mA cm ™2 in HER; the same trend was observed in OER
(overpotential of 293.6 mV under light excitation vs. that of 319.8 mV in
the dark field at a current density of 10 mA cm™2). In contrast, light
irradiation showed little effect on the catalytic performances of mono-
component metal electrocatalysts (~130 mV of Ru nanoparticles in
HER, ~421 mV of Co nanoparticle in OER) (Fig. 6¢ and d). The
single-component catalytic activities of InyS3 nanosheets were also
tested. Although the catalytic performance of nanosheets could be
improved under the illumination condition, the HER and OER activities
of single-component In,S; nanosheets were incomparable with that of
heterogeneous catalysts (Fig. S16). The Tafel slope of Ru nanoparticle-
and Co nanoparticle-doped In,S3 nanonsheets under illumination was
60 mV decade (HER) and 43 mV decade™! (OER), respectively, which
was always smaller than that of Ru and Co nanoparticles (Fig. 6¢ and d).
To further confirm the effect of the 2D nanostructure of In,S3 on the
catalytic performance of heterogeneous photoelectrocatalysts, other
heterostructures were constructed by doping Ru/Co nanoparticle on
different InyS3 morphologies. The results showed that both bulk In,Ss3-
and InyS3 nanoparticles-based heterogeneous catalysts exhibited much
higher overpotentials and Tafel slopes than that of InsSs
nanosheet-based catalysts (Fig. S17). The underlying mechanism should
be attributed to the unique surface effect of ultrathin In,S3 nanosheet.
The nanosheets, possessing large surface area, can effectively increase
the absorption of photons, resulting in higher light harvest efficiency
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under the same irradiation conditions [54,55]. Moreover, The ultrathin
2D structure could bring new surface states, more exposed active sites,
and shorter diffusion paths of photogenerated charge carriers to the
material, which result in efficient separation and transportation of car-
riers, thereby improving the photoelectrocatalytic activities [20]. The
results confirmed that the ultrathin InyS3 nanosheets could provide a
versatile platform for a variety of PEC applications.

4. Conclusion

In summary, we synthesized ultrathin nanosheets by developing a
geometrically-matched alkane-assisted solution processing strategy, in
which amino ligands and inert solvent were integrated to form a 2D
template, guiding the anisotropic growth of nanosheets. The ligand and
inert solvent synergistically regulated nanostructures, through matching
their molecular configurations and optimizing the stoichiometry. The
approach developed herein could be extended to synthesis of various 2D
metal chalcogenides. The prepared ultrathin In,S3 nanosheets, possess-
ing high photoelectric activities, could be utilized to fabricate composite
photoelectrodes after the loading of metal nanoparticles to achieve
efficient PEC water splitting. Our work provides new perspectives for the
synthesis of 2D materials for further applications to catalysis, electronic
devices and energy harvesting.
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