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/Abstract: A"BY' chalcogenides are an interesting group of
layered semiconductors with several attractive properties,
such as tunable band gaps and the formation of solid solu-
tions. Unlike the typically sandwiched structure of transition-
metal dichalcogenides, A"B" layered chalcogenides with
hexagonal symmetry are stacked through the X—M-M—-X
motif, in which M is gallium and indium, and X is sulfur, sele-
nium, and tellurium. In view of the inadequate study of the
electrochemical properties and great interest in layered ma-

terials towards energy-related research, herein the inherent
electrochemistry of GaS, GaSe, GaTe, and InSe has been stud-
ied, as well as the exploration of their potential as hydrogen
evolution reaction (HER) electrocatalysts. All four materials
show redox peaks during cyclic voltammetry measurements.
Furthermore, insights into catalysis of the HER are provided;
these indicate the conductivity and number of active sites of
the materials. All of these findings have important implica-
tions on their possible applications. D

Introduction

Layered transition-metal dichalcogenides (TMDs) have been at-
tracting great interest due to the unusual properties they ex-
hibit when exfoliated down to mono- or few-layered materi-
al.'® In addition to TMDs, there is a family of A"B" layered
chalcogenides that also exhibit a layered two-dimensional
structure, which gives rise to intriguing properties. The com-
pounds are semiconductors with band gap energies that go
from the UV region up to the near-infrared (NIR) region. GaS
has a band gap energy of 3.05 eV, whereas InSe has a band
gap energy of 1.25 eV. These compounds have the general for-
mula of MX, in which M represents gallium and indium and X
stands for sulfur, selenium, and tellurium. Compounds with
M,X; stoichiometry and the same composition also exist, but
do not generally exhibit layered structures.”® Unlike TMDs, in
which one metal and two chalcogen atoms form one layer,
A"BY' semiconductors have layers composed of two metal and
two chalcogen atoms, giving rise to a X—M—M—X motif. The
exception is GaTe, in which the presence of a large anion leads
to a reduction in symmetry from hexagonal to monoclinic.
Similar to the case of TMDs, these motifs are stacked by weak
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van der Waals forces to create three-dimensional struc-
tures.®'?

Numerous publications concerning the potential applica-
tions of these compounds have been published. For example,
gallium sulfide coupled with carbon nanotubes can be used as
a high-performance anode in a lithium-ion battery."® Ga$S also
allowed for the construction of highly responsive photodetec-
tors on both rigid and flexible substrates."*'® The preparation
of promising electrocatalysts for the hydrogen evolution reac-
tion (HER) from GaS has also been demonstrated.'" Last, but
not least, the construction of ultrathin GaS transistors has also
been demonstrated."” Similarly, GaSe was studied quite exten-
sively. Numerous papers concern its use as a transistor,"”’ pho-
todetector,"® part of nonlinear optics,"® terahertz radiation
source,”” and many more applications. The catalytic properties
of GaSe have also been studied previously.?"

Unlike gallium sulfide and selenide, gallium telluride remains
relatively unexplored. Most reports are on the synthesis?*?* or
optical properties,”*?¥ with no reports on the electrochemistry
or catalytic properties of GaTe. Similarly, the investigation of
indium selenide remains limited to applications in electronics,
such as high-mobility field-effect transistors (FETs)**?? and op-
toelectronics as image sensors.?”

Although a number of papers have studied the properties of
A"BY' layered chalcogenides and their possible applications,
there is a lack of comparative study of the properties of IlIA
group chalcogenides, namely, GaS, GaSe, GaTe, and InSe, from
the viewpoint of electrocatalysis. Upon considering promising
results of gallium sulfide towards the HER™ it is of high im-
portance to explore the HER performance of A"B" layered chal-
cogenides in more detail. Therefore, herein we fundamentally
explore the electrochemical properties of A"B" layered chalco-
genides and their HER catalytic performances.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Results and Discussion

Herein, we investigated the electrochemical properties of A"B"
layered chalcogenides, namely, GaS, GaSe, GaTe, and InSe. The
structure of these compounds is displayed in Figure 1, showing
the X—M—M—X arrangement, which can be seen for the hexag-
onal structure of GaS and InSe with P63/mmc symmetry and
GaSe with P6m2 symmetry. The differences in point group only
originate from different stacking methods of individual layers.
GaTe has significantly lower symmetry, with a monoclinic struc-
ture (space group B2m). Optical images of the corresponding
synthesized samples are shown in Figure 1 together with the
structures.

Figure 1. Structures of GaS, GaSe, GaTe, and InSe. Blue dots correspond to
the metal and yellow dot corresponds to the chalcogen. Optical images of
the corresponding synthesized materials are also shown. Scale bar: 1 cm.

The surface morphology of prepared A"B" layered chalcoge-
nides was examined by means of SEM. Figure 2 presents the
scanning electron micrographs of GaS, GaSe, GaTe, and InSe.
The layered structure with no clear delamination, as expected
for bulk material, is clearly observed. Furthermore, we per-
formed energy-dispersive X-ray spectroscopy (EDS) to analyze
the elemental composition. Results in Figure S1 and Table S1 in
the Supporting Information showcase the homogeneous distri-
bution of elements together with the chalcogen to metal ratio
close to one, which indicates the successful synthesis of bulk
GaS, GaSe, GaTe, and InSe.

More information about the base and edge plane morpholo-
gy was acquired through AFM measurements (Figure S2 in the
Supporting Information). Base planes with steps varying from
several nanometers to several hundred nanometers are clearly
observable in the base plane figures. The edge plane measure-
ments revealed a much more random distribution of individual
sheets. This distribution is attributed to the damage caused
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Figure 2. SEM images of a) Ga$, b) GaSe, c) GaTe, and d) InSe. Scale bars:
1 um.

during the preparation of samples, during which crystals were
cut in perpendicular to the base plane.

XRD analysis was performed to confirm the phase composi-
tion. The diffractograms are displayed in Figure 3. Analysis has
revealed pure gallium chalcogenides (GaS PDF# 01-071-0009;
GaSe PDF# 01-080-2271; GaTe PDF# 01-071-0620) and pure
InSe (PDF# 00-034-1431). No other phases, including oxides,
were detected. The sharp profile of the reflections indicates
very good crystallinity and strong preferential orientation due
to the layered structure. The (00I) preferential orientation is ob-
served for layered chalcogenides with hexagonal symmetry
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Figure 3. Diffractograms of GaS, GaSe, GaTe, and InSe. Small lines at the
bottom of the spectra represent reference data taken from the PDF data-
base.
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Figure 4. Raman spectra of GaS, GaSe, GaTe, and InSe.

(Gas, GaSe, and InSe), whereas for monoclinic GaTe preferential
orientation in the (h00) direction is observed. These results are
in good agreement with the morphology observed by SEM
and other analytical methods (see below).

Raman spectroscopy was then used to obtain further struc-
tural information about the prepared chalcogenides (Figure 4).
For GaS and InSe, which have Dg,' symmetry, and GaSe with
D,, symmetry (slightly different layer stacking), several vibra-
tional modes are visible.”®=% These vibration modes represent
both intra- (E,, E,;) and interlayer (A';, A%) interactions and
are in good agreement with the literature.”®>” GaTe has
a richer Raman spectrum because of its less symmetrical point
group B2m. The results are nevertheless still in good agree-
ment with the literature and indicate the successful synthesis
of bulk GaTe crystals.’"” Together with the Raman-active
phonon modes (several A,, A,, By, and B, modes), three optical-
ly active A, modes can be seen also at 130, 143, and 200 cm™".

Photoluminescence spectra were measured by using a A=
532 nm laser to showcase the band structure of prepared chal-
cogenides. GaSe shows a strong band at about 2.01eV (A=
618 nm), which is in an excellent agreement with previous re-
ports on bulk GaSe crystals."® Similarly, GaTe exhibits photolu-
minescence with a maximum centered at A =747 nm (1.66 V)
and is in good agreement with reports from the literature.®?
Finally, for the InSe bulk crystals, we obtained a maximum cen-
tered at 1=995 nm (1.25 eV), which was also in good agree-
ment with the literature.®” The increase in the full-width at
half-maximum (FWHM) of the luminescence peaks for GaTe
and InSe indicates increasing amount of defects, as well as the
effect of temperature on photoluminescence peak broadening
with band gap reduction. The reported band gap value of GaS
is 3.05 eV;®¥ however, excitation at 1=>532 nm leads to only
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a small peak at =694 nm (1.79 eV), which indicates the pres-
ence of deep levels within the GaS band gap associated with
impurities or defects in the structure, such as vacancies or in-
terstitial atoms. The results of photoluminescence measure-
ments with excitation at A=532 nm are shown in Figure 5. The
photoluminescence of GaS was further measured by using
a He—Cd UV laser (1 =325 nm). The absence of a luminescence
signal at 3.05 eV (1 =406 nm) originates from the fact that this
direct transition is located about 0.45 eV above the indirect
transition.?¥ The broad and weak luminescence maxima at 4
~620 and 780 nm originate from indirect band and deep level
transitions, which are typically nonradiative recombinations
and are accompanied only by extremely low photolumines-
cence yields. Results are shown in Figure S3 in the Supporting
Information.

—GaS
GaSe
GaTe

InSe

Intensity (a.u.)

700 800 900 1000
Wavelength (nm)

600

Figure 5. Photoluminescence spectra of GaS, GaSe, GaTe, and InSe measured
by using a A=532 nm laser with 0.5 mW excitation power.

Further information about the surface chemical composition
and bonding information was obtained by X-ray photoelectron
spectroscopy (XPS). First, wide scan spectra were recorded
(Figure S4 in the Supporting Information). The presence of
oxygen and carbon in the materials is ascribed to adsorbed
oxygen/moisture and adventitious carbon. From the survey
spectra, the chalcogen to metal ratio was evaluated and the
results are shown in Table S1 in the Supporting Information.
These results show a discrepancy with the results obtained by
EDS. The reasons for different ratios are due to the high sur-
face sensitivity of the XPS method. Moreover, GaS exhibits
a metal-deficient surface, whereas GaSe, GaTe, and InSe exhibit
a metal-rich surface. High-resolution core-level spectra of Ga
3d and In 3d are shown in Figure 6. The deconvolution of Ga
3d revealed two pairs of peaks originating from gallium sulfide
and gallium oxides. The first pair is located at about 19.5 and
19.9 eV and corresponds to the Ga—S bond, whereas the other
pair is located at about 21.46 and 21.91 eV. Comparison with
the literature revealed that Ga,0O; had a pair located at (20.4+
0.2) and (20.840.2) eV.””! This led us to conclude that this pair
does not originate from Ga,0,.5¥ In the case of GaSe, only one
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Figure 6. High-resolution X-ray photoelectron spectra of Ga 3d and In 3d of
GaS, GaSe, GaTe, and InSe. C 1s peaks at about 284.5 eV are used as a calibra-
tion reference.

pair of peaks at about 19.54 and 19.94 eV is observed and at-
tributed to the Ga—Se bond. One distinct peak of GaTe is
found at about 19.8 and 20.2 eV and attributed to the Ga—Te
bond. The other pair present in the spectrum originates from
Ga,0; located at about 20.6 and 21.05 eV, respectively. The
presence of gallium oxide is due to the surface hydrolysis of
chalcogenide and its subsequent oxidation in air. Furthermore,
two In 3d pairs with spin-orbit split doublets at 444.16 and
451.76 eV and 444.20 and 451.80 eV (AE=7.6 eV), originating
from In—Se and In—O, respectively, were obtained after decon-
volution." Also, some indium in the indium(0) oxidation state
was detected. This may indicate partial surface disproportiona-
tion of In?" in InSe into In*" and In°

The potential window at which individual materials may op-
erate is always limited due to their inherent electrochemistry
or solvent-related electrochemical reactions.2® At present, fun-
damental electrochemical studies of A"B" layered chalcoge-
nides and their inherent electrochemistry are not adequate.?
To further investigate the nature of processes that occur when
external voltage is applied, we conducted cyclic voltammetry
(CV) in both anodic and cathodic scan directions over the
range of —1.8 to + 1.8V in a 0.05 m solution of phosphate-buf-
fered saline (PBS; pH 7.2). Three consecutive scans were per-
formed to reveal the electrochemistry of the material’s surface.
Figure 7 and Figure S5 in the Supporting Information display
the cyclic voltammograms of GaS, GaSe, GaTe, and InSe in
both anodic and cathodic scan directions. All gallium chalcoge-
nides show an inconspicuous peak at about —0.6 V (Figure S5
in the Supporting Information). From measurements of Ga,O,
in PBS shown in Figure S6 in the Supporting Information, we
can conclude that this process is likely to be related to the re-
duction of Ga,O; on the surface of Ga chalcogenides. This is
also very well supported by the fact that this reduction peak
only appears after cycling to anodic potentials, at which
a small oxidation peak at about + 1.3 V can be seen; this may
lead to oxidation of the material’s surface to moieties such as
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Figure 7. Cyclic voltammograms of GaS during the a) anodic and b) cathodic
scans, GaSe during the c) anodic and b) cathodic scans, GaTe during the
e) anodic and f) cathodic scans, and InSe during the g) anodic and h) catho-

dic scans. Arrows represent the scan direction. Conditions: 0.5m PBS
-1

(pH 7.2) as a supporting electrolyte; scan rate, 100 mVs™".

Ga,0; (Figure S5 in the Supporting Information). CV data also
indicate that repetitive cycling makes the surface more electro-
chemically active, as documented by the increase in current
during subsequent scans. In addition, GaTe shows an oxidation
peak at about + 0.3V, which shifts to slightly lower potentials
in subsequent scans in both anodic and cathodic directions. A
very slight peak at about —1.0V, which is much more pro-
nounced in the cathodic scan direction, can also be seen in
Figure S5 in the Supporting Information. Because no similar
peaks were detected in the CV curves of GaS and GaSe, it is
unlikely that these peaks originate from Ga compounds (also
in good agreement with XPS, for which no or very little Ga
oxides were detected), so we suggest that these peaks are re-
lated to redox processes of Te. Finally, InSe exhibits a reduction
peak at about —1.6 V during cathodic scanning. The absence
of this peak during anodic scanning suggests that anodic scan-
ning deactivates this reducible moiety at the material’s surface.
By comparison with data obtained from the measurement of
In,0; (Figure S6 in the Supporting Information), we conclude
that this process is related to the reduction of In,0,, leading to
the formation of insoluble products that inhibit the further
course of this reaction. Also, an inconspicuous peak located at
about + 1.3V emerges during the anodic scan. Interestingly,
this oxidation process inhibits the reduction of In,0; previously
described, but gives rise to a new reduction peak located at
about —0.6 V in subsequent scans. Unfortunately, due to a lack
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of data on this topic in the literature, precise determination of
these redox processes was not possible.

Previous research into layered materials has revealed their
excellent performance in electrocatalysis. For example, 2D
MoS, and WS, are very efficient for the HER.F"” Some papers
reported A"B" layered chalcogenides as excellent HER cata-
lysts. GaS nanosheets obtained by liquid exfoliation show
much better HER performance with smaller nanosheets than
that with larger nanosheets, which suggests that the catalytic
site of GaS for the HER is located at the edge of the sheets.™
Other work has investigated the performance of bulk GaSe to-
wards the oxygen evolution reaction (OER), oxygen reduction
reaction (ORR), and the HER, revealing that electrochemical
pretreatment could enhance the HER catalytic activity."? Cur-
rently, there is a lack of knowledge about the catalytic activity
of A"BY layered chalcogenides, which makes them attractive
for further research.

The HER performance of bulk GaS, GaSe, GaTe, and InSe is
shown in Figure 8 and Figure S7 in the Supporting Information.
It is clear that all four materials show poorer HER performances
than bare GC. It has been reported that active sites for the
HER are at the edge of materials with X—M—M—-X struc-
tures.""'>* Therefore, the reason for the poor HER per-
formance is mainly due to low conductivity and less active
sites being present in the bulk state. Although these materials
exhibit low catalytic activity towards the HER, it is of interest
to compare the HER performance in detail. As shown in Fig-
ure 83, the best performing electrocatalyst for the HER is GaSe
followed by GaS and GaTe. XPS analysis revealed no gallium
oxide on the surface of GaSe, which may substantially contrib-
ute to the better HER performance.' Furthermore, InSe shows
a peak at about —1.0V versus RHE during the initial scan,
which disappears in subsequent scans. This peak originates
from the inherent electrochemistry of InSe and was discussed
above. The shift in potential can be caused by different pH
values compared with inherent electrochemistry measure-
ments. Subsequent scans were also performed that revealed,
for gallium chalcogenides, the overpotential became slightly
lower, which indicated activation of the material’s surface (Fig-
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Figure 8. a) and b) Polarization curves for the HER on GaS, GaSe, GaTe, and
InSe. GC=glassy carbon, RHE =reversible hydrogen electrode. c) Overpoten-
tial of three consecutive scans at a current density of —10 mAcm™2. d) Tafel
slope values of three consecutive scans. Conditions: scan rate of 2 mVs™,

0.5M H,SO, as the electrolyte.
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ure S7 in the Supporting Information). On the contrary, InSe
shows the opposite trend. This is likely to be caused by insolu-
ble products formed on the surface of InSe during electro-
chemical reduction observed in the first HER cycle.

Another way to measure the catalytic activity of HER cata-
lysts is the Tafel slope value. The results of Tafel slope analysis
are shown in Figure 8d. The Tafel slope values can be used to
determine the rate-limiting step for the HER. Generally, the
rate-limiting steps are those given by Equations (1)-(3):3842%3

1. Adsorption step (Volmer):

H,O" + e — H,4 + H,0; b~ 120mVdec™’ (1)
2. Desorption step (Heyrovsky):

Hugs +H;0" + e — H, + H,0; b ~ 40mVdec™ (2)
3. Desorption step (Tafel):

H,as + Hage — Hy; b~ 30mVdec™ (3)

The values of the Tafel slopes indicate that the Volmer ad-
sorption step [Eq. (1)] is the rate-limiting step for all of the ma-
terials. Similarly to overpotential, the Tafel slope value decreas-
es for GaS, GaSe, and GaTe with subsequent scans; this indi-
cates their activation. For InSe, the Tafel slope value increases
gradually, in good agreement with previous discussions.

Conclusion

We have successfully prepared single-phase A"B" layered chal-
cogenides (GaS, GaSe, GaTe, and InSe). The synthesized materi-
als were characterized in detail by means of XRD, XPS, EDS,
Raman spectroscopy, and photoluminescence spectroscopy.
The layered structure is clearly visible in SEM images. All of
these materials exhibit negligible inherent electrochemistry;
this is related to surface oxidation originating from either natu-
ral oxidation or anodic potential sweeping. Energy-related re-
search into A"B" layered chalcogenides towards the HER
shows their relatively low HER performance due to lower con-
ductivity and fewer active sites in the bulk state. Further HER
investigation after exfoliation has to be performed in the
future. We believe that these findings of their electrochemical
properties will contribute to finding possible applications in
the future.

Experimental Section
Materials

Gallium (99.999%), indium (99.999%), and sulfur (99.999%) were
obtained from STREM (Germany). Selenium (99.999%) and telluri-
um (99.999%) were obtained from Chempur (Germany). Sulfuric
acid, potassium chloride, potassium phosphate dibasic, sodium
chloride, and sodium phosphate monobasic were purchased from
Sigma-Aldrich, Singapore. GC electrodes, Ag/AgCl reference elec-
trodes, and Pt working electrodes were purchased from CH Instru-
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ment, USA. Deionized water with an electrical resistivity of
18.4 MQ cm was used to prepare suspensions and electrolytes.

Apparatus

SEM was performed by using a JEOL 7600F field-emission scanning
electron microscope (JEOL, Japan), at a voltage of 2 KV. EDS data
were recorded at an accelerating voltage of 15 KV. XPS measure-
ments were carried out by utilizing a Mgy, source (SPECS, Germa-
ny) at 1253 eV, as well as a Phibos 100 spectrometer. Wide-scan
and high-resolution spectra of Ga 3d, In 3d, S 2p, Se 3d, C 15, and
O 1s were obtained to analyze the surface composition and metal-
to-chalcogen ratio of the materials. The 284.5 eV peak of C 1s was
used for calibration. Powder XRD data were collected at room tem-
perature with a Bruker D8 Discoverer powder diffractometer with
parafocusing Bragg-Brentano geometry by using Cuy, radiation
(A=0.15418 nm, U=40 kV, /=40 mA). Data were scanned with an
ultrafast detector (Lynxeye XE) over the angular range 26 =10-80°
with a step size of 0.02° (20). Data evaluation was performed in
the software package Eva. An inVia Raman microscope (Renishaw,
England) with a charge-coupled device (CCD) detector was used
for Raman spectroscopy in back-scattering geometry. A Nd-YAG
laser (=532 nm, 50 mW) with a 50x magpnification objective was
used for measurements. Instrument calibration was performed
with a silicon reference that gave a peak center at 520 cm™' and
a resolution of less than 1 cm™'. To avoid radiation damage, the
laser power output used for these measurements was kept at
5mW. The micro-photoluminescence measurements were per-
formed by using a Nd-YAG laser (=532 nm, 50 mW) with a 50x
magnification objective and A =325 nm He—Cd laser (22 mW) with
a 40 x magnification UV objective. For measurements with Nd-YAG
and He—Cd lasers, laser powers of 0.5 and 2.2 mW, respectively,
were used. Characterization by AFM was performed on a NT-MDT
Ntegra spectrometer from NT-MDT in tapping mode. The measure-
ments were performed on freshly cleaved basal planes. Edge
planes were prepared for measurements by cutting and polishing
crystals perpendicularly to the basal plane. The electrochemical
measurements were conducted by using a pAutolab Il electro-
chemical analyzer (Eco Chemie, The Netherlands) with the NOVA
version 1.8 software.

Syntheses of GaS, GaSe, GaTe, and InSe

Stoichiometric amounts of metal and chalcogen corresponding to
10 g of synthesized material were placed in a quartz glass ampoule
with inner dimensions of 20x 140 mm. The ampoule was evacuat-
ed with a pressure below 2x 1073 Pa and melt sealed by using an
oxygen-hydrogen torch. For the synthesis of layered chalcoge-
nides, in all experiments, a heating rate of 5°Cmin™" and a cooling
rate 1°Cmin~" with a dwell-on temperature for 60 min were used.
The synthesis of GaSe was performed at 960°C, GaTe at 860°C,
and InSe at 700°C. All syntheses were performed in a muffle fur-
nace. For the synthesis of GaS, a quartz ampoule 25x250 mm size
was used; this was placed in a tube furnace. The part containing
gallium was heated on 980°C, whereas the second part of am-
poule was kept at 650°C to avoid bursting of the ampoule due to
a high pressure of sulfur. The heating profile was similar to that
used for other chalcogenides.

Electrochemical procedures

Suspensions (1 mgmL™") of GaS, GaSe, GaTe, and InSe were pre-
pared by using deionized water, followed by sonication for 1 h to
obtain homogeneous suspensions. An aliquot (4 uL) of the suspen-
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sion was drop-casted on the GC surface, and GC could be renewed
by polishing with 0.05 um alumina particles on a polishing pad
after each measurement. Deionized water was evaporated at room
temperature to give randomly distributed materials. CV and linear
sweep voltammetry (LSV) measurements were conducted by using
a three-electrode system: modified GC, Pt, and Ag/AgCl as work-
ing, counter, and reference electrodes. PBS (50 mm, pH 7.2) was
used as a background electrolyte for CV measurements at a scan
rate of 100 mVS™', whereas 0.5m sulfuric acid was utilized as an
electrolyte for LSV experiments at a scan rate of 2 mVS™".
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B Electrochemistry Gas Gase Stacked catalysts: A"B"' chalcogenides
::g;’:;/ y (:ggggi ' are an interesting group of layered sem-
J. Luxa, Y. Wang, Z. Sofer, M. Pumera* ' i b Pyl ‘ iconductors with several attractive prop-
VRSN COAAEYYS Q )
! ] + erties, such as tunable band gaps and
EN-EN AAAAL, ARRBA g 1es, su u gap

the formation of solid solutions. Single-
phase A"B" layered chalcogenides were
prepared and their inherent electro-
chemistry and hydrogen evolution reac-
tion (HER) catalytic properties were ex-
plored (see figure).

Layered Post-Transition-Metal
Dichalcogenides (X—M—-M—X) and
Their Properties
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