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S1. Experimental section

S1.1 Materials 

Ammonium perrhenate (NH4ReO4) was obtained from Alfa-aesar private Ltd., South 

Korea. Hydroxylamine hydrochloride (HONH3Cl), lithium sulfate, and thiourea (CH4N2S) were 

purchased from Daejung Chemicals Ltd., South Korea.

S1.2 Preparation of rhenium disulfide (ReS2) nanostructures

A facile hydrothermal method was employed for the preparation of ReS2 nanostructures 

according to the methods available in literature1,2. At first, ammonium perrhenate (0.161 g), 

hydroxylamine hydrochloride (0.125 g), and thiourea (0.205 g) were dissolved in 50 mL of DI 

water and stirred for 30 min. Then, the mixture solution was transferred to an 80 mL stainless 

steel autoclave for hydrothermal reaction at a temperature of 240 ℃ and kept for 24 h. After 

completion of the reaction, the reactor was allowed to cool down to room temperature naturally. 

Then, the black colored precipitates containing ReS2 was repeatedly washed with DI water and 

ethanol using centrifugation process and dried at 80 ℃ for 12 h.

S1.3 Instrumentation

The phase purity and the crystallinity of the ReS2 nanostructures were determined using 

Rigaku X-ray diffractometer operated at 40 keV and 40 mA Cu Kα radiation. The Raman spectra 

of the ReS2 nanostructures were obtained using Lab Ram HR Evolution Raman spectrometer 

(Horiba Jobin-Yvon, France). The Raman system was operated at 10 mW laser power and an 

excitation wavelength of 514 nm with an Ar+ ion laser. The data were collected using a 10 s data 

point acquisition time. The chemical composition and state of elements present in ReS2 were 

obtained by X-ray photoelectron spectroscopy (XPS) techniques using ESCA-2000, VG 

Microtech Ltd. In this, a monochromatic X-ray beam source at 1486.6 eV (aluminum anode) and 
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14 kV was used to scan the sample surface. A high-flux X-ray source with an aluminum anode 

was used for X-ray generation, and a quartz crystal monochromator was used to focus and scan 

the X-ray beam on the sample. The elemental mapping and morphology of the ReS2 

nanostructures was examined using field-emission scanning electron microscope (TESCAN – 

MIRA3) instrument. The surface morphology of the ReS2 nanostructures was analyzed using 

transmission emission scanning electron microscope (HR-TEM, JEOL JEM 2011, JEOL Ltd.). 

S1.4 Electrochemical studies

The ReS2 electrode for the electrochemical studies were according to the slurry coating 

procedure reported in our previous work3. Briefly, the active material (ReS2), carbon black and 

polyvinylidene difluoride (PVDF) were mixed the ratio of 85:10:5 using N-methyl pyrrolidone 

(NMP) as solvent and ground well to form the slurry. Then, the prepared slurry was coated on to 

the pre-cleaned SS substrate (1×1 cm2) and allowed to dry at 80 ºC overnight. The electroactive 

mass of the ReS2 electrode on to the stainless-steel substrate is calculated from the difference 

between the mass of the substrate before and after coating of the ReS2 electrode using Dual-range 

Semi-micro Balance (AUW-220D, SHIMADZU) with an approximation of five-decimal points 

is approximate ~ 0.7 mg in each substrate. The electrochemical characterization of the ReS2 

electrode was examined using a three-electrode system. Here, the ReS2 electrode was used as the 

working electrode, silver/silver chloride as the reference electrode, and platinum as the counter 

electrode. The ReS2 symmetric capacitors (two-electrode) were fabricated in the form of a 

sandwich-type electrode, with an electrolyte-immersed Celgard as the separator. The 

electrochemical properties were examined via cyclic voltammetry (CV), electrochemical 

impedance spectroscopy (EIS) and galvanostatic charge-discharge (CD) measurements using an 
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Autolab PGSTAT302N electrochemical workstation. An aqueous solution containing 1 M 

Li2SO4 was used as an electrolyte.

S1.5 Electrochemical analysis

S1.5.1 Determination of specific capacitance from CV profiles:

The specific capacitance of the ReS2 SSC device was calculated from the CV analysis 

using the relation4:

C = [ʃ IdV / (s ×∆V× M)] .......................... (1)

Here “C” is the specific capacitance (F g-1) of SSC device, “I” is the current (A), “s” is 

the scan rate (mV s-1), “∆V” is the potential window (V), and “M” is the mass of the electrode 

(g).

S1.5.2 Determination of specific capacitance, Columbic efficiency, energy and power 

density values from CD profiles:

The specific capacitance, Columbic efficiency (%), energy and power density of the 

ReS2 SSC device was obtained from the CD analysis using the relations5,6:

Cs = (I  td) / (M  V) ………………. (2)

E = (Cs × V2)/2 ……………….…… (3)

P = E/td   ………….………………..… (4)

Here “Cs” is the specific capacitance, “E” is the energy density, “P” is the power density, 

“I” is the discharge current density, “tc” is the charging time, “td” is the discharge time, “M” is 

the mass of the electroactive material and “∆V” is the potential window.

S1.5.3 Determination of real and imaginary components of capacitance from EIS analysis:

The variation of real and imaginary capacitance of ReS2 SSC device with respect to the 

applied range of frequencies was obtained using the relation (6) and (7) respectively3:
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C
ω = -Z

ω /(ωZ ω2)…….… (6)

C
ω = Z

ω /(ωZ ω2)……..… (7)

Here, “C
ω” and “C

ω” represents the real and imaginary components of capacitance that 

corresponds to the stored energy and irreversible energy loses, respectively.

S1.5.4 Determination of specific capacitance from EIS analysis:

The variation of ReS2 SSC device capacitance with respect to the applied frequency with 

an increase in potential using the relation7:

Cs = -1/2fz ………….. (8)

Here “Cs” is the specific capacitance of the device, and “f” is the applied frequency, and 

“z” is the imaginary plot of impedance.
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Figure S1. Typical X-ray photoelectron survey spectrum of the hydrothermally prepared ReS2 

nanostructures showing the presence of Re, S components in addition to C and O components.
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Figure S2 FESEM micrograph of ReS2 nanostructures (A) low magnification and (B and C) high 

magnification. 
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Figure S3. Energy disperspersive X-ray spectrum of hydrothermally prepared ReS2.



S8

Figure S4. Surface area analysis of ReS2 nanostructures (A) N2 adsorption/desorption isotherm 

(B) Pore volume distribution. 
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Figure S5. Electrochemical characterization of ReS2 SSC device using 1M TEABF4 as 

electrolyte.  (A) CV and (B) CD profiles measured at various OPWs.
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Figure S6. Effect of current density on the specific capacitance of the  ReS2 SSC device (A) 1 M 

Li2SO4 and (B) 1 M TEABF4
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Figure. S7. (A) CD profiles of ReS2 SSC and (B) Nyquist plot of ReS2 SSC device during initial 

and after 5000 cycles of consecutive CD tests.
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Figure. S8. (A) CD profiles of ReS2 SSC and (B) Nyquist plot of ReS2 SSC device during initial 

and after 5000 cycles of consecutive CD tests.
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Table S1: Comparison on the performance of ReS2 electrode with recently reported electrode 

materials. 

S. 
No.

Materials Electrolyte Potential 
window (V)

Scan rate / 
Current 
density

Specific
capacitance 

(F g-1)

Ref

1 Few-layered MoS2 LiOH -0.7 to 0.0 5 mV s-1 89 5

2 L-cysteine derived 
MoS2

Na2SO4 -0.8 to 0.2 1 A g-1 129 8

3 Ruthenium disulfide H2SO4 0.0 to 0.8 0.5 mA cm-2 85 3

4 Zinc sulfide KOH -0.2 to 0.2 5 mV s-1 32 9

5 Samarium telluride LiClO4 -1.3 to 0.0 5 mV s-1 144 10

6 CuSbSe2 KOH 0.0 to 0.6 0.4 mA 34 11

7 Cu3SbS4 KOH 0.2 to 0.6 0.5 mA 20 12

8 accordion-like Ti3C2 Li2SO4 -0.9 to 0.3 2 mV s-1 90 13

9 Ti3C2Tx H2SO4 -0.6 to 0.1 1 A g-1 116 14

10 Ruthenium oxide H2SO4 0.0 to 1.2 20 mV s-1 105 15

11 Porous Ruthenium 
oxide 

H2SO4 -0.1 to 0.7 20 mV s-1 50 16

12 Rhenium disulfide 
(ReS2)

Li2SO4 -0.8 to 0.0 5 mV s-1 162 This 
work

13 Rhenium disulfide 
(ReS2)

Li2SO4 -0.8 to 0.0 0.5 mA cm-2 189 This 
work
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Table S2: Comparison on the performance of ReS2 electrode with recently reported negative 

electrodes for supercapacitors.

S.NO Electrode Potential 
window (V) Electrolyte

Scan rate / 
Current 
density

Specific 
capacitance

(F g-1)
Ref.

1 Fe2O3 nanorod -0.8 to 0.0 LiCl 5 mV s-1 125 17

2 CoFe2O4 -1.2 to 0.0 KOH 2 m A 152 18

3 gC3N4-Fe2O3 -1 to 0.0 Li2SO4 1 A g-1 167 19

4 FeP -0.8 to 0.0 Na2SO4 1 mA cm-2 149 20

5 MoO2 -0.3 to +0.4 H2SO4 1 mA 140 21

6 MoO2 -1.2 to -0.5 LiOH 5 mV s-1 146 22

7 TiO2 -1.4 to 0.0 Na2SO4 0.5 A g-1 109 23

8 FeWO4 -0.6 to 0.0 LiNO3 10 mV s-1 35 24

9 VN -1.1 to -0.1 KOH 0.5 A g-1 98 25

10 Fe2N -0.8 to 0.0 LiCl 10 mV s-1 170 26

11 ReS2 -0.8 to 0.0 Li2SO4 0.5 mA cm-2 189 This work

12 ReS2 -0.8 to 0.0 Li2SO4 5 mV s-1 162 This work
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Table S3: Comparison of specific capacitance, energy and power density of ReS2 SSC device 

with reported SSC device

S.No. SSC device Specific 
capacitance (F g-1)

Energy density
(Wh kg-1)

Power density
(W kg-1) Reference

1. RuS2 17 1.51 40 3

2. FeS 4.62 2.56 726 27

3. Ti2CTx 4.9 0.335 700 28

4. 2D MnO2 248 1.9 297 29

5. Ti3C2Tx 54 2 30 30

6. Ni2P 1.70 0.24 42 31

7. Cu3SbS3 19 0.7 36 12

8. Cu3SbS4 17.8 0.62 39 12

9. Porous carbon 250 2.9 15 32

10. ReS2 35.75 3.17 1000 This work

11. ReS2 51.40 28.55 10,000 This work
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Table S4: Comparison of energy density and power density of ReS2 SSC device with reported 

TMO based supercapacitors device

S.No. Device Energy density
(Wh kg-1)

Power density
(W kg-1) Reference

1. AuNP/nano-Co3O4 25 400 33

2. Graphene/MnO2/CNT 8.9 106 34

3. ZnFe2O4 4.47 277 35

4. 3D MnO2/graphene 6.8 62 36

5. MnFe2O4 10.25 3076 37

6. N/NiOx 20.3 240.9 38

7. 2D MnO2 1.9 297 39

8. Co(OH)2 3.96 5000 40

9. d-MnO2 8.2 125 41

10. ReS2 3.17 1000 This work

11. ReS2 28.55 10,000 This work
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