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Two-dimensional (2D) layered materials with layer-number dependent properties are promising can-
didates for next-generation noble-metal-free electrocatalytic reaction. However, the main group metal
chalcogenides (MMCs) used for this purpose are rarely explored. Herein, we report the controlled growth
of indium selenide (InSe) with a novel morphology (semispherical array) on a silicon substrate and its
application in hydrogen evolution reaction (HER). The formation of the spherical InSe is explained with a
vapor-liquid-solid growth mechanism, in which the distribution and size of the spheres could be facilely
tuned by the reaction parameters. The InSe semispherical array was demonstrated as more efficient cat-
alyst for HER than the flake-like 2D InSe counterparts, originating from the fully exposed InSe spherical
surface with abundant adsorbing sites and the high crystalline quality for electron transport. This work
provides a controlled synthesis way of the layered InSe with a distinct spherical morphology used for the

electrocatalysis applications and could be extended to other main group metal chalcogenides.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Two-dimensional (2D) van der Waals (vdW) materials have at-
tracted enormous research interest in electrocatalysis, electronics,
optoelectronics, and energy storage owing to their high conductiv-
ity, tunable bandgap, large specific surface area, and structural sta-
bility [1-8]. Among them, transition metal dichalcogenides (TMDs)
represented by MoS, have shown potential catalytic hydrogen evo-
lution reaction (HER) performance [9-12], and thus extensive ef-
forts have been devoted to the controlled synthesis of MoS, with
diverse morphology and structures for an optimized HER perfor-
mance [13-17]. Previous researches conducted on layered MoS,
suggest that exposing the catalytically-active MoS, edges are ben-
eficial for more H* adsorption and desorption [18-21], and as a
result, the multilayer MoS, generally exhibits a higher HER perfor-
mance than the monolayer counterpart, in terms of lower onset
potential, higher current density, and reduced Tafel slope [22-24].
Comparatively, main group metal chalcogenides (MMCs) are less
explored especially in the electrocatalysis field due to the lack of
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controlled synthesis routes and the concerns of their stabilities in
the liquid electrolyte environment.

2D vdW InSe is a representative MMC with several outstanding
properties, such as the high electron mobility, strong interlayer in-
teraction for the electron transport across the vdW gap, and large
surface area [25-27]. The theoretical calculations predict that the
2D InSe could be an alternative catalyst for the HER application,
especially at the plane edge sites [28,29]. However, a controlled
synthesis of 2D InSe is still far from reaching. The synthesis routes
could be generally classified into the liquid-based and gas-based
ones. The former one refers to breaking the vdW interaction of the
bulk layered InSe powder in an appropriate solvent assisted with
an ultrasonic/shearing force, or bottom-up construction in a hy-
drothermal process [30-33]. The as-obtained InSe flakes and their
assemblies are abundant with edges, defects, byproducts, and sur-
face modifications. Although the InSe flakes exhibit potential HER
catalytic activity, the lack of an explicit structure-property rela-
tionship hinders reaction mechanism study and further improve-
ment. The latter gas-phase based synthesis method could be uti-
lized to obtain 2D InSe down to the atomic thickness limit while
retaining a high crystalline quality and a definite structure [34-37].
However, the relatively low sample yield, as well as the limited
available edge sites within each flake could be an obstacle towards
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Fig. 1. The growth and morphology characterization of the InSe semispherical ar-
ray. (a, b) Side and top views of the crystal structure of vdW InSe layers. (c)
A schematic diagram of the vapor-liquid-solid growth process of the InSe semi-
spheres. (d) SEM image of the synthesized InSe semispheres on SiO,/Si substrate.
(e) An enlarged field-view of one InSe sphere. (f) SEM image of the synthesized
multilayer InSe on mica substrate. (g) A representative AFM height image of InSe
semispheres. (h, i) Statistics of the diameter and height distribution of InSe semi-
spheres.

realizing an efficient HER catalyst. As such, synthesizing nanostruc-
tured InSe samples with high yield, regular distribution, and the
expose of active sites on each flake as much as possible could be
a powerful way to study and improve the inherent HER merits of
the InSe materials.

In this work, densely-distributed InSe semispherical array was
successfully synthesized through a salt-assisted chemical vapor de-
position (CVD) route. Distinct from the conventional CVD method
in which the vapor-solid-solid (VSS) reaction occurs, a vapor—
liquid-solid (VLS) growth mode was applied for the formation of
InSe semispheres. The spherical morphology renders a fully ex-
posed surface and maximized active sites within individual InSe
spheres, which provide a platform for studying the HER perfor-
mance and stability based on vdW MMCs with definite structure.
The as-obtained InSe semispherical array was employed as the cat-
alyst for HER and exhibited much higher performance than the
liquid-phase-exfoliated InSe flakes. This work demonstrates the po-
tential utilization of pure MMCs with controlled morphologies in
the electrocatalytic reactions as alternatives to the TMDs based cat-
alysts.

Figs. 1a and b schematically exhibit the side and top views
of the atomic structure of the vdW InSe layers. The chemically
bonded Se-In-In-Se atoms arrange in a honeycomb lattice within
each layer and they are held together by the vdW force. The InSe
semisphere array is synthesized by a salt-assisted CVD process
[38,39]. The In,03 precursor along with a certain weight ratio of
NaCl was dispersed in NH4OH solution, and then a droplet of the
mixed precursor was distributed on a freshly cleaved surface. The
growth substrate of SiO,(300nm)/Si was placed face-down to the
precursors with a vertical distance of ~0.5cm (see Method for the
details in Supporting information). The two pieces of substrates
create a local environment for the stable precursor sublimation
and deposition. The growth was carried out at a temperature of
820 °C, in which the reaction between NaCl and In,03 produces
the volatile indium oxychlorides and they re-condense onto the
Si0,/Si surface in the presence of Se vapor (Fig. 1¢). The formation
of the InSe spheres was dictated by the VLS conversion mecha-
nism (Fig. S1 in Supporting information), as well as the isotropic
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Fig. 2. Crystal structure characterizations of InSe semispheres. (a) TEM image of
one spherical InSe. (b, c) SAED pattern and a high-magnification image of the spher-
ical InSe. (d) A low-magnification image and (e, f) the corresponding EDS mapping
images of part of one InSe sphere.

and hydrophobic surface properties of the SiO,/Si substrate. As
shown in Fig. 1d, densely distributed spheres are observed. En-
ergy dispersive spectroscopy (EDS) image shown in Fig. S2 (Sup-
porting information) and a closer inspection of one sphere reveals
the In/Se elements and a perfect semi-spherical topography mor-
phology with the diameter of ~6.4um (Fig. 1e). In contrast, when
the upper SiO,/Si substrate was replaced by another mica sub-
strate, InSe exhibits the anisotropic growth, presenting triangular
and hexagonal shapes (Figs. S3 and S4 in Supporting information).
The distinct triangular shape was clearly observed with a lateral di-
mension of ~6.9um (Fig. 1f). In our experiments, the layered InSe
crystal shares a similar hexagonal atom structure with the mica
substrate (Fig. 1a), so a quasi-epitaxial growth mode could be ex-
pected. Moreover, the precursor atoms could migrate easily on the
atomically-flat mica substrate, and they tend to move to the most
favorable sites under a thermodynamic equilibrium state. Since the
InSe inherently owns a hexagonal structure, it is not surprising to
obtain the thermodynamic stable shape, i.e., triangular or hexago-
nal on the mica substrate.

The comparative growth study on the two kinds of substrates
highlights the role of substrate lattice in guiding the growth behav-
iors of the deposited materials. On SiO,/Si, due to the amorphous
nature of the surface, the materials adopt a liquid-drop like mor-
phology condensed from the precursor vapors. In contrast, the sur-
face lattice guides the crystal growth forming the triangular shape
with a straight edge on the mica substrate. In addition, we can pre-
pare atomically-thin InSe nanoflakes on the mica substrate through
adjusting the growth parameters (Fig. S5 in Supporting informa-
tion). The AFM morphology of the InSe spheres was exhibited in
Fig. 1g, and the statistical analysis of the diameter and height dis-
tribution of the InSe spheres are shown in Figs. 1h and i. The di-
ameters of the InSe spheres are uniform in the range of 3.9-5.4um,
and the heights span from 300 nm to 480 nm.

The crystal structure of the InSe semispheres was evaluated by
transmission electron microscopy (TEM). The InSe samples for TEM
characterizations were prepared by a polycarbonate (PC)-assisted
transfer method (see Method). Fig. 2a is a low-magnification TEM
image of one InSe semisphere, in which the intact and spheri-
cal morphology was maintained after the transfer process. The se-
lected area electron diffraction (SAED) pattern taken from the edge
of the sphere indicates the single-crystal nature of the InSe spheres
(Fig. 2b), with a hexagonal diffraction pattern corresponding to the
atoms arrangement. A high-magnification image of the sample re-
veals a clear lattice fringe with a lattice spacing of 0.42 nm, which
matches well with the (100) crystal plane of InSe (Fig. 2c). Further
structural analysis of the samples was tested by X-ray diffraction
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Fig. 3. Spectroscopy measurements of the synthesized InSe semispheres. (a, b) The
core level XPS spectra for (a) In 3d and (b) Se 3d. (c) Raman spectrum of InSe semi-
spheres recorded using a 514 nm laser at room temperature. (d) Photoluminescence
of the InSe sample.

(XRD) characterization (Fig. S6 in Supporting information). Further-
more, the EDS elemental mappings of part of the InSe semispheres
were performed and exhibited in Figs. 2d-f. The uniform distribu-
tion of In and Se elements with no detectable amount of impurities
in the selected area verifies the successful synthesis of InSe.

The stoichiometry of InSe semispheres was determined by X-
ray photoelectron spectroscopy (XPS). Figs. 3a and b are the XPS
spectra for the In 3d and Se 3d core levels and a clear double peak
can be fitted for them. The doublet binding energies for In 3ds,
and In 3d;j, locate at 443.4eV and 451.0eV, respectively, and the
spin-orbit interaction leads to a 7.6 eV split.

The binding energies of Se 3ds, and 3dsz;, are 54.0eV and
54.8 eV, respectively, in agreement with those of the bulk InSe ma-
terials. Raman spectroscopy as a non-destructive technique was
used to probe the optical properties of the synthesized InSe
spheres. Three prominent peaks appearing at 108 cm~! (A1 mode),
175 cm~! (E; mode), and 208 cm~! (A1’ mode) are consistent with
the Raman feature of the InSe materials (Fig. 3¢). In addition, the
PL spectrum was also acquired with an excitation laser wavelength
of 514nm. The spectrum exhibits an obvious peak at ~1144nm
(Fig. 3d), corresponding to an optical bandgap of ~1.1eV.

The formation of the InSe semispheres could be well explained
by the VLS growth mechanism [40]. At the growth temperature of
820 °C, the reaction between the precursor In,O3; and the NaCl
salt results in the formation of volatile In,03,Clx vapor, which
recondense onto the upper substrate to form the liquid droplet.
As the Se vapor is brought by the H,/Ar carrier gas, the disso-
lution of Se and the reaction between Se and In,03_,Clx droplets
give rise to the formation of InSe semispheres. As such, controlling
the reaction parameters including growth temperature and pre-
cursor amounts is of vital importance for adjusting the spheres
density and morphology. For example, Figs. 4a-c exhibit the SEM
images of the growth results performed at 800 °C, 820 °C, and
840 °C. As the growth temperature increases, more precursor va-
por generation and condension onto the growth substrate occurs,
resulting in an increased spheres density and larger sphere di-
ameters (Fig. 4d). Correspondingly, the average height of the InSe
spheres decrease. The influence of the In,03 precursor amount on
the spheres density and size was also investigated. For specific
statistics, see Table S1 (Supporting information). Fig. S7 (Support-
ing information) exhibits the SEM images of the growth results
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Fig. 4. The influence of the growth parameters on the density and size of the InSe
semispheres. (a-c) SEM images of the InSe semispheres grown at the temperatures
of 800 °C, 820 °C, and 840 °C. (d) A statistical analysis of the InSe spheres density,
diameter, and height as a function of growth temperature. (e) A statistical analysis
of the InSe spheres density, diameter, and height as a function of In,03 precursor
amount.

performed at 0.065mg, 0.085mg, 0.1 mg, 0.2 mg, and 0.3 mg. The
InSe spheres density and height increase along with the increased
amount of the In,03 precursor and the diameter decreases simul-
taneously (Fig. 4e and Table S2 in Supporting information). These
parameters adjustment provides tunable ways for controlling the
InSe spheres with varied density, morphology, and size.

The InSe semisphere array was used as HER catalyst in fol-
lowing electrochemical tests. In acidic medium as in our experi-
ments, two continuous steps have been proposed for electrocat-
alytic HER. The Volmer (H30% +e~— H,qys+H,0) reaction is the
first step. When HER starts, hydronium ions (H30%) are adsorbed
on the surface of the sample, and electrons on the cathode sur-
face are coupled with (H30") to form adsorbed hydrogen (H,qs).
After that, the Heyrovsky (H,4s+H30" + e~ — H, +H,0) reaction
or the Tafel (H,qs + Haqs — Hy) reaction occurs to generate hydro-
gen molecules. To keep the array intact, the samples are directly
transferred from the growth substrate onto the Au film deposited
on Si substrate (see Method). The bare Au film electrode was also
tested as a reference. Moreover, the liquid-phase exfoliated InSe
flakes from the vdW InSe bulk powder were tested in order to
compare the performance between the gas-phase and liquid-phase
derived samples, and also the comparison of behaviours between
different morphologies. It is noted that we have also attempted to
transfer the InSe flakes grown on mica to Au film electrode as a
control sample, but the interaction between the InSe flakes and the
mica substrate was too strong to be exfoliated and all the transfer
attempts failed. The spherical morphology of InSe was believed to
provide more edge sites for the intermediate adsorption during the
catalytic reaction as compared with the flakes with the same sur-
face area [41,42].

The SEM image of InSe flakes are shown in Fig. S8 (Support-
ing information). The Raman spectroscopy of InSe flakes is shown
in Fig. S9 (Supporting information). The polarization curves and
Tafel plots from the above three samples (Au substrate, InSe flake,
and InSe sphere) are shown in Figs. 5a and b. The overpotential
of Au electrode at 10mA/cm? is 411mV and that of InSe flake is
382 mV, indicating the presence of electrocatalytic active site in
the InSe flake samples. The InSe semisphere exhibits the lowest
overpotential of 319mV at 10mA/cm? and an obviously higher cur-
rent density, which demonstrates the superior HER performance
than the Au substrate and InSe flake samples. The Tafel slopes of
InSe semisphere, InSe flake, and Au substrate are 71.73 mV/dec,
142.27 mV/dec, and 150.31 mV/dec, respectively, in line with the
polarization curves. The improved performance of the InSe semi-
spheres may originate from the fully exposed InSe spherical sur-
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Fig. 5. HER performance of the InSe semispherical array. (a) Polarization curves
of as-synthesized InSe semisphere, InSe flake, and the reference Au substrate in
0.5mol/L H,SO4. (b) Tafel plots of the curves in (a). (c¢) SEM image of the InSe
spheres after HER tests for 20 times. (d, e) In and Se elemental mappings from
the same area in (c).

face with abundant adsorbing sites (Fig. S10 in Supporting infor-
mation), as well as the high crystal quality for the electron trans-
port in comparison with the InSe flake samples. The transferred
InSe semispheres after the HER tests for 20 times were also char-
acterized. The compact spherical morphology and the uniform dis-
tribution of the In and Se elements within the spherical areas in-
dicate the stability of the gas-phase derived InSe spheres (Figs. 5c-
e). The comparison of the polarization curves of the samples before
and after 50 testing cycles further suggests the good stability of the
structure (Fig. S11 in Supporting information). The improved stabil-
ity of the InSe spheres might also benefit from the higher crystal
quality of the gas-phase synthesized samples, which could effec-
tively block the penetration and reaction with the electrolytes.

In summary, the salt-assisted vapor-liquid-solid growth of a
new morphological main group metal chalcogenide (MMCs), InSe
semispherical array with uniform size and distribution, is demon-
strated in this work. The growth mechanism was studied by vary-
ing the growth parameters, along with the density and size of
the semispheres being controllably adjusted. The InSe semispheres
with exposed edges on surface and high crystal quality are suitable
for application as an electrocatalyst in hydrogen evolution, which
exhibited superior performance than the liquid-exfoliated 2D InSe
flakes. The growth method reported here could be expanded to the
synthesis of other MMCs and the derived samples could also be
applied to other high-performance electrocatalytic reactions.
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