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ABSTRACT

The rhenium chalcogenides ReS,_,Se, (x = 0, 1, and 2) single crystals are grown
at low temperature from the melting point by chemical vapor transport tech-
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13 January 2023 nique. The powder X-ray diffraction analysis of the single-crystals symmetry
showed orientation at (001) plane of ReS,_,Se, (x =0, 1, and 2). The energy-
© The Author(s), wunder  dispersive analysis of X-rays showed the crystals to be pure. The optical

bandgap obtained of the as-grown single crystals falls in visible range of 1.27 eV
to 1.37 eV. The Raman peaks are well assigned to both in-plane and out-of-plane
vibrations in the ReS,_.Se, (x = 0, 1, and 2). The thermal gravimetric analysis
showed that given as-grown single crystals are stable up to nearly 650 K and the
differential thermal gravimetric analysis showed that single crystals disintegrate
in two steps between ambient and 1233 K temperature range. The differential
thermal analysis showed the ReS, ,Se, (x =0, 1, and 2) possesses initial
endothermic followed by exothermic nature for fast heating rates. The kinetic
parameters determined by the Kissinger relation show that all the single-crystal
samples behavior is nearly the same when disintegrate at a higher-temperature
range.
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1 Introduction layered structure, and high surface area with excel-

lent light absorption makes them prominent for
photocatalysis, photodetector, solar cell, biological
engineering, renewable energy, electrocatalyst kinds
of applications [5-16]. Over the time, the researcher

Layered transition metal dichalcogenides called
TMDC structure show immersive importance in
application to their unique optical-electronic proper-

ties [1-7]. Apart from these, TMDCs having certain
properties like high charge mobility, good stability,

highly focused on molybdenum chalcogenides (MoS,
and MoSe,) and tin chalcogenides (SnS, and SnSe,)
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for various kinds of applications [17-19]. Such
TMDCs show layered dependent anisotropy in
bandgap structure. Their bandgap converts indirect
to direct while transforming from bulk layer to
monolayer structure. In recent time, rhenium
chalcogenides had attracted attention in various
fields of applications. The new trending elements,
rhenium chalcogenides ReS, ,Se, (x =0, 1, and 2),
e.g., ReS,, ReSSe, and ReSe,, show distinctive prop-
erties in the era of optical- and electronic-based
applications [3, 5, 8, 11-23]. Rhenium chalcogenides
ReS,_,Se, (x =0, 1, and 2) have “Re,” diamond-like
coplanar chain structure. Rhenium chalcogenides
single crystals show 1-T triclinic unit cell structure
possessing  weak layer-dependent  properties
[19, 24-26]. Transforming from bulk to monolayers,
its direct bandgap properties remain same [21, 27].
The isotropy in optical property makes rhenium
chalcogenides a good candidate in the optoelectronic
study. The direct bandgap value for all possible
dimensions (e.g., nanomaterial, thin films, layered as
well as bulk crystals) shows its potential for appli-
cation in all dimensional forms [22, 23, 28]. The
electronics transport properties are also useful in
energy conversion and storage-based applications.

In this work, single crystals of rhenium chalco-
genides ReS, ,Se, (x =0, 1, and 2) are grown by
chemical vapor transport (CVT) technique. Generally,
the rhenium dichalcogenides material requires very
high synthesis temperature values as per reports [19].
Here, the authors tried to minimize these high-tem-
perature requirements and had grown fine rhenium
dichalcogenides single crystals at low temperature.
The various characterizations like UV-Vis-NIR
spectroscopy (Kubelka-Munk plot), Raman spec-
troscopy, and thermal analysis are carried out and a
comparative study within the series ReS,_,Se, (x = 0,
1, and 2) is done. These studies will help in giving
new era for optoelectronics device fabrications.
Thermal analysis is further elaborated by calculating
various thermal parameters. The thermodynamically
stable 1-T Triclinic phase of rhenium chalcogenides
has potential to be a good candidate for effective
electrocatalysis and that leads to green renewable
energy by following hydrogen evolution reaction
(HER) and nitrogen reduction reaction (NRR) kind of
reactions.
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2 Experimental

The chemical vapor transport technique (CVT) is
used with iodine as transporting agent in ReS,_,Se,
(x =0, 1, and 2) single-crystals growth mechanism.
The required metallic powders used for growing
crystals are rhenium metal powder (SRL, India,
99.9999% pure), sulfur powder (Alfa Aesar USA,
99.99% pure), and selenium powder (Alfa Aesar
USA, 99.99% pure). The quartz ampoules are
employed to grow the single crystals. The ampoules
are washed with hydrochloric (HCl) and sulfuric
(HxSO4) acids, as they work as oxidizing agents to
make inner surface cleaner, followed by hydrofluoric
(HF) acid wash to roughen the inner surface giving
sites to start nucleation for crystal growth. The final
wash is given by rinsing with double distilled water.
The elemental compositions as per required amount
along with transport agent are loaded in a dried
ampoule. The total weight of the stoichiometric ele-
mental composition loaded into the quartz ampoule
is approximately 8 g. The transporting agent iodine
amount is taken at the rate of 4 mg/cm’ of ampoule
dimension. The dimension of the used quartz
ampoule is 2 cm (inner diameter) and 20 cm (length).
The quartz ampoule with elemental constituents is
sealed after evacuation to 107> Torr. The vacuum-
sealed ampoule containing the constituent elements
is well shaken to mix metallic powder before insert-
ing into the furnace. The complete elemental mixture
is kept at one end of the ampoule tube called as
source zone and the empty end is called as growth
zone. The vacuum-sealed ampoule is inserted in a
horizontal tubular furnace. The detailed growth
mechanism for ReS; single crystal is mentioned in a
previously published article of the authors [29]. In the
growth of ReS,_,Se, (x =0, 1, and 2) single crystal,
the temperature rising rate of the furnace is kept at
15 K/h such that the elemental mix-loaded quartz
ampoule source zone is at 1075 K and growth zone is
at 1025 K. Next the ampoule temperature is further
raised to single-crystal growth temperatures such
that source zone is kept at 1372 K and growth zone is
kept at 1322 K. The low heating rate is taken to avoid
damage to the quartz ampoule due to instant increase
of vapor pressure. The ampoule is kept in this growth
temperature gradient for 120 h. Maintaining tem-
perature gradient for a finite time period leads to
transport of metallic vapor. On completion of the
growth run, the furnace temperature is slowly cooled
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down to ambient conditions at a slow cooling rate of
30 K/h. Slow cooling is preferred to avoid thermal
cracks in the grown single crystals. After removing it
from the furnace, the as-grown single crystals are
achieved. The schematic diagram of CVT techniques
along with reaction formulas is shown in Fig. 1. The
photograph of average large size CVT as-grown
ReS,_,Se, (x =0, 1, and 2) single crystals are shown
in Fig. 2. The photographs are captured by Nikon
Coolpix L21 8.0 MP camera. The grown single crys-
tals are shining brownish black in color with average
large size dimensions of 5 mm x 5 mm x 2 mm.

3 Characterization

The CVT as-grown ReS,_,Se, (x = 0, 1, and 2) single
crystals are characterized for quantitative and quali-
tative analysis before performing in-depth thermal
analysis. The X-ray diffraction (XRD) patterns of the
single-crystal samples are recorded using Philips
X'PERT MPD powder X-ray diffractometer. The Cu
target X-ray tube is used to record the XRD by
maintaining power of 2 kW with accuracy of £
0.0025 in the 20 range of 10° to 80°. The unit cell
structure and the phase of the crystals are determined
from the XRD using Powder X software. The stoi-
chiometry of the single-crystal sample is determined
by energy-dispersive analysis of X-rays (EDAX)
technique attached to NOVA-450 electron microscope
with integrated xT microscope control. The UV-Vis—
NIR spectroscopy is done for the crystals using Shi-
madzu UV 3600 UV-Vis-NIR spectrometer. The
Raman spectroscopy on the as-grown single crystals
is done by the micro-Raman model STR 500 using

T1>T2

Growth Zone (T2) Source Zone (T1)
Re RS » ReS,
Re+ S + Se » ReSSe
Re +2 Se > ReSe,

Fig. 1 The schematic diagram for experimental technique of
crystals growth
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radiation source of 532 nm. The thermo-curves of the
single-crystal samples are recorded using Seiko SII-
EXSTAR TG/DTA-7200 thermal analyzer. The
thermo-curves are measured in inert nitrogen atmo-
sphere with a flow rate of 100 ml/s. The measure-
ments are done for three different heating rates,
10 K/min, 15 K/min, and 20 K/min. The thermo-
curves are recorded in temperature range of ambient
and 1233 K.

4 Results and discussion
41 XRD

The XRD patterns of the as-grown ReS,_,Se, (x =0, 1
and 2) single crystals are shown in Fig. 3. The dom-
inated plane orientation in the form of major peak
(001) is same for all the ReS,_.Se, (x =0, 1, and 2)
single crystals. The crystal structure determined from
the XRD showed that all the crystals possess triclinic
unit cell. The minute examination of the peaks posi-
tion showed them to shift to lower 20 values with
increase in Se content. The shift occurs due to
Vegard’s law stating insertion of additional element
lead to peak shift [30]. The lattice parameters of the
ReS, are a = 0.641 nm, b = 0.634 nm, ¢ = 0.645 nm,
o =91.60°, =105.04°, and y = 118.97°;, ReSSe are
a =0.658, b=0.6572nm, ¢ =0.6576 nm, a« = 91.51°,

p=104.79°, and y=119.07°, and ReSe, are
a = 0.6602 nm, b =0.6716 nm, ¢ = 0.6728 nm,
o =91.82°, f=1049° and y=118.94° [21]. The

assignment of Miller indices and lattice parameters is
confirmed by Powder X software. The ReS, matches
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Fig. 2 The photographs of ReS,_,Se, single crystals for a x = 0,
bx=1,andcx=2
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Fig. 3 The XRD of as-grown ReS,_,Se, (x = 0, 1, and 2) single
crystals

with standard JCPDS File No. 052-0818, similarly
ReSe;, with JCPDS File No. 04-007-1113 (Table 1).

4.2 EDAX

The recorded EDAX spectra of ReS, ,Se, (x =0, 1,
and 2) are shown in Fig. 4. The absence of any
unknown elemental peaks in spectra shows that the
grown single crystals are contamination free. The
observed atomic and weight percentages along with
theoretical values are tabulated in Tables 2, 3, and 4.
The tabulated data show that the respective single
crystals are perfect stoichiometric.

4.3 Optical properties

The observed UV-Vis-NIR spectra for ReS,_,Se,
(x =0, 1, and 2) single crystals are shown in Fig. 5.
The spectra are recorded in reflectance mode in the
wavelength range of 400-1200 nm. The reflectance
edge lies in the range of 800-1000 nm. The band gap
analysis is done using the Kubelka-Munk function,
[F(R)hv]? = Alho — E,] [31]. The direct bandgap val-
ues determined came out to be 1.37 eV of ReS,,
1.31 eV of ReSSe, and 1.27 eV for ReSe, [28, 32, 33].
The analysis of the determined direct bandgap values
states with increase of sulfur content the bandgap
increases and as selenium content increases the
bandgap decreases. The direct bandgap value is
intermittent for equal sulfur and selenium contents.
The variation of direct bandgap values with compo-
sition provides an opportunity to tailor the ReS,_,Se,
(x variable) composition according to the bandgap

@ Springer
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Table 1 The lattice parameters of as-grown ReS,_,Se, (x =0, 1,

and 2) single crystals

Lattice parameters x=0 x=1 x=2

a (nm) 0.641 0.658 0.660

b (nm) 0.634 0.657 0.671

¢ (nm) 0.645 0.658 0.672

o (°) 91.60 91.51 91.82

b (©) 105.04 104.79 104.9

7 (°) 118.97 119.07 118.94
X=0

0.0 2.0 40 6.0 8.0 10.0 12.0 14.0 16.0 18.0
Energy (keV)

Intensity (a.u.)

00 13 26 39 52 65 78 91
Energy (keV)

10.4

11.7

Re

Re

Intensity (a.u.)

0.0 13 2.6 39 52 65 78 91
Energy (keV)

Fig. 4 The EDAX spectrum of as-grown ReS, single crystal. The
EDAX spectrum of as-grown ReSSe single crystal. The EDAX
spectrum of as-grown ReSe, single crystal
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Table 2 The EDAX data of CVT as-grown ReS, single crystal

Element  Wt% At.%

Observed  Theoretical ~ Observed  Theoretical
Re 74.27 74.38 65.84 66.66
S 25.73 25.62 34.16 33.33

Table 3 The EDAX data of CVT as-grown ReSSe single crystal

Element  Wt% At.%
Observed  Theoretical  Observed  Theoretical
Re 63.97 62.65 34.23 33.33
S 10.28 10.79 32.70 33.33
Se 2595 26.56 33.07 33.33

Table 4 The EDAX data of CVT as-grown ReSe, single crystal

Element  Wt% At %

Observed Theoretical Observed  Theoretical
Re 54.43 54.10 67.81 66.66
Se 45.57 45.90 32.19 33.33

requirement, thus providing a potential opportunity
for application in optoelectronic devices.

4.4 Raman spectroscopy

The recorded Raman spectra of as-grown ReS,_,Se,
(x =0, 1, and 2) single crystals are shown in Fig. 6.
The atomic vibrational spectra of all the three single-
crystal samples are recorded at 532-nm monochro-
matic wavelength at room temperature. The highly
intense peaks for all three samples fall in the region of
100 cm ™" to 300 cm™'. All observed peaks are well
matched with the reported ones [3, 17, 29]. The sim-
ilar patterns of all three crystals represent the same
electronic configuration except valence cell. Two
intense and characteristic vibration modes are
observed at 150 cm™! and 212 cm™! for ReS,,
141 ecm™! and 208 cm ™! for ReSSe, and 124 cm ™! and
158 cm ™! in the case ReSe,.
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Fig. 5 a Reflectance and b Kubelka—Munk plots of ReS,_,Se,
(x =0, 1, and 2) single crystals

4.5 Thermal analysis

The as-grown ReS,_,Se, (x =0, 1, and 2) single
crystals are thermally analyzed up to temperature of
1233 K from the ambient conditions at three different
heating rates, 10 K/min, 15 K/min, and 20 K/min.
The analysis represents three different kinds of
characterization, like thermal gravimetry (TG), dif-
ferential thermal gravimetry (DTG), and differential
thermal analysis (DTA). The thermo-curves of all
three samples are shown below in Figs. 7, 8, and 9.
The thermal data show the weight loss increases
with temperature for all heating rates. The curves
show a minimal weight loss for Step I, ambient to
650 K, which is attributed to the evaporation of water
and atmospheric surface-trapped molecules in the

@ Springer
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Intensity (a.u.)

I(I)O ' 1;0 ' 2(I]0 I 2;0 I 360 ' 3;0 ' 400
Raman shift (cm‘l)

Fig. 6 The Raman spectra of CVT as-grown ReS,_,Se, (x =0, 1,
and 2) single crystals

sample. In Step Il in temperature range of 650-1233 K
shows major weight loss for all heating rates. The
DTG peaks positions are also tabulated in the above
tables for different heating rates.

] Mater Sci: Mater Electron (2023) 34:122

The TG curves, Figs. 7a, 8a, and 9a show that the
weight loss is different at different heating rates. This
is due to the heat transfer restriction at a higher
heating rate. The Step I analytically represents the
minimal weight loss, below 1% in ambient to nearly
650 K temperature for all three heating rates, which
arises due to the loss of moisture and atmospheric
surface-trapped molecules from the samples. Also
the excess of loosely attached elemental molecules
gets removed in the Step 1. These minor weight losses
have perfect relation with heating rate, due to surface
trapping nature. The major weight loss occurring in
Step II shows the decomposition of the crystal sam-
ples. As tabulated in Tables 5, 6, and 7, the weight
loss magnitude lies in the range of 20% to 80%,
arising due to the decomposition of rhenium
chalcogenides at higher-temperature range. The
observation confirms that as the heating rate increa-
ses the weight loss increases, which occur due to
unequal heat transition and non-equilibrium with
surrounding molecules. Hence, the as-grown
ReS,_,Se, (x = 0,1, and 2) single crystals are found to
be stable up to 650 K.

100 —— 10 K/min — 10 K/mi
400 {——15 K/min (b) 81—1s K/::i:
——20 K/min =20 K/min
- = oA
X gl = 300- .
- £ g
g = g s
- &b 200+ =
= = g
o0 ~_16-
‘S 60 &} «
3 = 100+ [
—— 10 K/min A S -244
— 15 K/min 0-
40 |—— 20 K/min i . . . =
I H : g y T T T T T 400 600 800 1000 1200
400 600 800 1000 1200 400 600 800 1000 1200
Temperature (K) Temperature (K) Temperature (K)
Fig. 7 a TGA, b DTG, and ¢ DTA of CVT as-grown ReS, single crystals
350 {—— 10 K/min| (b) 8 ( )
—— 15 K/min ¢
—20 Klmini 0-
— 280 ~
R i) D
e 1
” = £
4 g 2107 g -81
= 5 z
< S 140 E 161
'S &) <
= I~ & —
_ a 241 ——10 K/min
——15 K/min
20 T T T T T 0- T T T T T -32 T T T -_ - Klrlnin
400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200

Temperature (K)

Temperature (K)

Temperature (K)

Fig. 8 a TGA, b DTG, and ¢ DTA of CVT as-grown ReSSe single crystals
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Fig. 9 a TGA, b DTG, and ¢ DTA of CVT as-grown ReSe, single crystals
Table 5 Thermal data of CVT as-grown ReS, single crystal
Heating rates (K/min) Weight loss (%) Total weight loss (%) DTG peak position, T, (K)
Temperature range (K)
Step 1 Step 11 300-1233 K 2nd peak
300-650 K 650-1233 K
10 0.57 19.67 20.24 764.99
15 0.65 39.30 39.95 791.96
20 0.84 54.35 55.19 812.43
Table 6 Thermal data of CVT as-grown ReSSe single crystal
Heating rates (K/min) Weight loss (%) Total weight loss (%) DTG peak position, T, (K)
Temperature range (K)
Step 1 Step 11 300-1233 K 2nd peak
300-650 K 650-1233 K
10 4.48 21.93 26.41 864.12
15 4.18 30.84 35.02 899.63
20 3.88 66.43 70.31 919.29
Table 7 Thermal data of CVT as-grown ReSe, single crystal
Heating rates (K/min) Weight loss (%) Total weight loss (%) DTG peak position, Ty, (K)
Temperature range (K)
Step I Step 11 300-1233 K 2nd peak
300-650 K 650-1233 K
10 0.04 52.40 52.44 784.23
15 0.11 50.48 50.59 789.12
20 0.71 75.42 76.13 818.20
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The DTG curves shown in Figs. 7b, 8b, and 9b
show the presence of peaks due to Step I and Step II.
It confirms the two-step decomposition of the
ReS,_,Se, (x =0, 1, and 2) single crystals. The DTA
plots in Figs. 7b, 8b, and 9b show the endothermic
nature followed by the exothermic nature. The initial
endothermic nature is due to the vaporization of the
moisture and excess loosely attached material from
the given samples. The following exothermic nature
corresponds to the decomposition of materials.

4.5.1 Kissinger relation

All the important thermal parameters for all three
ReS,_,Se, (x =0, 1, and 2) single crystals are calcu-
lated by Kissinger relation using Eqs. (1) to (5) [34].
The relations of Kissinger are given below:

p_ AR [d{f (a)}} E,

—InZ== 41 _
I RT,’

1 A
2 T E,

(1)

where ‘o is the fraction of weight loss and f(«) is the
function which relies on the value of «. This equation
is strictly constrained to first-order reaction value as
per the kinetic model, i.e., d[f(x)]/doa = — 1. There-
fore, the d[f(«)]/du term is eliminated and further it
turns more significant.

B AR E,

In—> =" .
T2~ E, RT,

(2)

Here, f is the heating rate, T,, is the DTG peak

position, and R is the gas constant. The Kissinger

plots between lnTi2 and Tl—m for CVT as-grown

ReS,_,Se, (x =0, 1, and 2) single crystals are shown
in Fig. 10.

The parameters are calculated for further detailed
analysis using following equations [34]:

AH = E, — RTh, (3)
Ah
AS = 2. aladel
S = 2.303 Rlog (kTm> , (4)
AG = AH — TAS. (5)

The parameters calculated for Step II are tabulated
in Table 8.

The determined AS values, Table 8, show that it is
negative for all ReS, ,Se, (x =0, 1, and 2) crystals.
The negative AS value states ordering happen with
the rise in temperature and the crystals get ordered
before structure degradation. The determined

@ Springer
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Fig. 10 The Kissinger plots for ReS, ,Se, (x =0, 1, and 2) CVT
as-grown single crystals

AH values are positive for all the ReS,_,Se, (x =0, 1,
and 2) single crystals that state the heat absorption is
by the single crystals. The large heat absorption leads
to disintegration of ReS, ,Se, (x = 0, 1, and 2) single
crystals. The disintegration is corroborated by the
maximum weight loss in the temperature range of
Step II. The AG values are positive in case of all the
ReS,_,Se, (x =0, 1, and 2) single crystals. The posi-
tive AG values state that the process of disintegration
to be non-spontaneous. All the parameters calculated
are for Step II. The overall graphical picture is mainly
highlighted for Step II disintegration due to high heat
absorption than Step 1.

5 Conclusion

The single crystals of ReS,_,Se, (x =0, 1, and 2) are
successfully grown by chemical vapor transport
technique using iodine as transporting agent. The
temperature range employed in the present growth
technique is too lower compared to the melting
points of rhenium chalcogenide. This is possible due
to chemical vapor transport reaction. The powder
XRD of as-grown crystals showed them to be of sin-
gle phase. ReS;_,Se, (x =0, 1, and 2) have triclinic
unit cell structure in good match with the reported
data. The crystal orientation is along major (001)
plane. The EDAX of the crystals showed them to be
free of any impurity and overall stoichiometry is well
maintained in all as-grown single crystals. The opti-
cal analysis shows that the bandgap values vary with
sulfur-selenium composition. The direct optical
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Table 8 The kinetic
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parameters of ReS,_,Se, Single crystals E. (J/mole) AS (J/K mole) AH (J/mole) AG (J/mole)
S‘ :u?fs I, and 2) single ReS; 61,453.70 — 189.75 54,894.01 204,614.42
Y ReSSe 67,337.58 — 194.67 59,904.86 233,947.28

ReSe, 80,019.46 — 201.89 73,380.32 258,123.87
bandgap lies between 1.37 and 1.27 eV for different Funding

compositions. The variation in energy gap is due to
the changes in energy level of the host material. The
Raman spectroscopy of the crystals showed all the
peaks of ReS,_,Se, (x = 0, 1, and 2). The TG analysis
showed the CVT as-grown ReS,_,Se, (x = 0,1, and 2)
single-crystal samples to disintegrate in two steps:
the first Step I represents the good thermal stability of
grown materials and the second Step II is disinte-
gration which is further deeply analyzed with the
required calculation and parameters. The two-step
disintegration is supported by the presence of two
peaks in the corresponding DTG curves. The corre-
sponding DTA showed an initial endothermic and
later exothermic nature. The thermodynamic
parameters determined using Kissinger relations
shows the thermal activation energy value is high in
the high-temperature range for Step II. This indicates
the decomposition of the sample at high tempera-
tures. The changes in entropy of all samples are
found negative. The change in enthalpy is positive
which indicates heat absorption by the samples. The
change in Gibbs free energy values are positive stat-
ing prompt non-spontaneous absorption of heat as
temperature rises. The thermodynamic parameters
showed that the single-crystal sample disintegrates at
high temperatures leading to weight loss being
observed in the TG curves.
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