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In this work, we report the synthesis of layered 2H—MoSe, nanosheets via an in-situ selenization route
and investigated their electrochemical charge storage performance. The structure and morphology of the
as-synthesized samples have been investigated systematically. The electrochemical performance of the
MoSe; nanosheets towards the supercapacitor has been probed by a three-electrode cell configuration in
2 M KOH electrolyte solution. The prepared MoSe; nanosheets show excellent electrochemical perfor-
mance with a specific capacity of 46.22 mAh g~! at a current density of 2 Ag. The MoSe; electrode
exhibit remarkable cyclic stability up to 2000 charge-discharge cycles. In addition, the fabricated MoSe;
symmetric supercapacitor delivered a specific capacitance of 4.1 Fg™! at a current density of 0.5 Ag™. It
exhibited high cyclic stability with capacitance retention of 105% and high coulombic efficiency of 100%
even after 10000 cycles. The high specific capacity and good cyclic stability of the MoSe, nanosheets
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suggest its application as an efficient electrode material for electrochemical supercapacitor.
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1. Introduction

The ever-increasing energy crisis and environmental pollution
demand clean and renewable energy devices. The supercapacitor,
which is also known as electrochemical supercapacitor or ultra-
capacitor (ECs), can be a promising candidate for energy storage
devices between conventional batteries and capacitors. They
exhibit high power density, high reliability, high cyclic stability, and
very short charging time [1,2]. However, the energy density of the
supercapacitors is very much lower than that of commercial
lithium-ion batteries to date, which restricted their industrial ap-
plications [3,4]. There are two types of ECs based on their charge
storage mechanism (i) pseudocapacitors, which involves near-
surface redox reactions of charged species with the electrode ma-
terial, and (ii) double-layer capacitors, which store energy elec-
trostatically through adoption/desorption of electrolyte ions on the
electrolyte surface. Carbon-based materials such as carbon nano-
tubes [5], activated carbon [6—8], and graphene [9—11] were found
as the best electrode materials for electric double-layer capacitors.
However, they suffer from low energy density which is unfavorable
for ECs. To encounter this problem a variety of pseudocapacitor
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materials were investigated such as transition metal oxides (TMOs),
conducting polymers, and transition metal dichalcogenides
(TMDs). Among these materials conducting polymers and TMOs
suffer from low cyclic stability and low electric conductivity
respectively due to which they exhibit low electrochemical
performance.

Nowadays, TMDs are under investigation extensively due to
their 2D sheet-like morphology, high conductivity, high specific
surface area, and variable oxidation states [ 12—14]. The structure of
TMDs is analogous to graphene (layered structure) with the general
formula MX; (M is a metal from groups 4 to 10 and X is a chalcogen
such as S, Te, or Se). These layers are stacked together by weak
vander Waals forces. The exfoliation of TMDs into monolayer or few
layers from their bulk counterparts, which preserves their bulk
properties, exhibits distinct chemical and physical properties.
Therefore, they offer a range of applications in electronic devices,
electro/photo catalysis, and electrochemical energy storage devices
[15—18]. Among them, molybdenum selenides (MoS;) was first
reported in 2007 for electrochemical double-layer capacitance
material by Soon and Loh [19]. There has been very little study of
selenides compared to sulfides for electrochemical supercapacitors.
MoSe; has a similar layered structure and has a higher electrical
conductivity than MoS;, due to the greater metallic nature of Se
[20]. Fig. 1 represents the structure of a monolayer of MoSe;
nanosheet which provides a large surface area and hence exhibits
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Fig. 1. Crystal Structure of monolayer of hexagonal MoSe; showing a layer of molybdenum atoms (blue) sandwiched between two layers of selenium atoms (red). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

high electrochemical performance. MoSe, has a high theoretical
capacity and a bandgap of 1.5 eV which has been investigated for
supercapacitor electrode material [21—23]. Also, the relatively
larger interlayer spacing in MoSe; helps the ions to intercalate and
extract higher current from the layered structure which makes it a
better candidate as a supercapacitor electrode [24].

Intensive efforts have been made to synthesize highly efficient
MoSe; powder via different synthesis routes. Balasingam et al. re-
ported few-layered MoSe, nanosheets synthesized via a simple
hydrothermal method which showed a high specific capacitance of
198.9 Fg'! at a scan rate of 2 mVs~! and high cyclic stability in
0.5 M HSO4 [22]. Gao et al. synthesized MoSe; having spherical
features using a facile hydrothermal route. These MoSe, spheres
exhibited a large specific capacitance of 243 Fg'! at a current den-
sity of 0.5 Ag™' and kept its capacitance to 90.3% after 1000 cycles at
1Ag™! [23]. Jinbing Cheng and his group synthesized mesoporous
MoSe; nanomaterials prepared by a simple and cost-effective hy-
drothermal method. The synthesized material exhibited a specific
capacitance of 133 Fg'! at 2 Ag’! and maintained the primary
capacitance to 95% over 2000 cycles [25]. Yongseok Jun group

synthesized MoSe,/rGO nanosheets via a hydrothermal process
which showed a specific capacitance of 211 Fg™! at a scan rate of
5 mVs~! however, the specific capacitance drops to 100 Fg™! when
the scan rate rises to 125 mVs~! [26]. Pazhamalai et al. successfully
synthesized 2H—MoSe; nanosheets through a hydrothermal
method. The MoSe; symmetric supercapacitor (SSC) achieved a
specific capacitance of 25.31 Fg~! at a scan rate of 5 mV s~ ! [27]. Li
et al. prepared MoSe;/MWCNT composite for the supercapacitor
application. The MoSe,/MWCNT delivered a specific capacitance of
927.25 F g~ ! at a current density of 1 A g~ [28].

Generally, CVD, hydrothermal, or rapid thermal processing
method is used to synthesize MoSe; nanosheets which are very
complex and expensive for the synthesis at a large scale. The MoSe;
nanosheets synthesized by the above-mentioned methods still
suffer from low specific capacitance and hence they cannot be
adopted for practical applications. To the best of our knowledge, no
report deals with the synthesis of pure phase MoSe; nanosheets in
a stainless-steel autoclave without an inert atmosphere. Moreover,
the synthesis mechanism and the influence of reaction parameters
on the phase formation of MoSe; has not been clearly understood
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yet.

In this work, we report a facile, scalable, and cost-effective
approach to synthesize layered MoSe; nanosheets via the in-situ
selenization route for its application as an electrochemical super-
capacitor electrode. The effect of reaction parameters on the phase
formation has been studied in detail. The synthesized MoSe,
nanosheets exhibit stacked plates structure and porous network
which, facilitate fast charge transport and showed higher electro-
chemical reaction kinetics and hence exhibit high specific capacity.
The MoSe, nanosheets showed a specific capacity of 46.22 mAh g~
at a current density of 2 A g~ . The prepared nanosheets exhibit
long-term stability and high coulombic efficiency up to 2000 GCD
cycles at a current density of 5 Ag™L. Also, the MoSe, symmetric
supercapacitor (SSC) delivered a specific capacitance of 4.1 Fg! ata
current density of 0.5 Ag™! with outstanding cyclic performance and
high coulombic efficiency up to 10000 cycles. The results in the
present work suggest that the synthesis method reported here has
the potential to fabricate highly efficient layered MoSe, nanosheets
for high-performance electrochemical supercapacitors at a very
low cost.

2. Experimental section
2.1. Preparation of MoSe, nanosheets

To obtain pure phase MoSe, powder, 03 g of
(NH4)6Mo07024-4H,0, 1 g of Se, and 1 g of Mg metal powders were
weighed and mixed in an agate mortar properly. The uniformly
mixed powder was then transferred into a stainless-steel autoclave
and sealed tightly. The autoclave was then heated in a pot furnace
by raising the temperature to 800 °C from room temperature for
4 h. After cooling the autoclave naturally to room temperature, the
gray powder was collected. The powder was then washed with
(10:7) dilute hydrochloric acid (HCL) to remove Mg and MgO. The
powder was then again washed with distilled water many times to
take out HCL and was then dried at 110 °C in a hot air oven. The
information about the reaction parameters and phases obtained are
given in Table 1.

2.2. Characterization

The as-synthesized samples were probed by XRD for structural
and phase analysis using a PANalytical X-Pert-Pro diffractometer
with CuKa radiation (A = 1.5406 A) by a copper target in which
Nickel filter was inbuilt. To get information about the morpholog-
ical and microstructural properties, a scanning electron microscope
(JEOL JSM-6510) and field emission scanning electron microscope
(JEOL JSM 5600) operating at 15 kV were used. Also, a transmission
electron microscope (JEOL 2100F) operating at 200 kV was used. X-
ray photoelectron spectroscopy analysis was done using AlKa
(1486.6 eV) radiation operating at 15 mA and 15 kV. The layers were

Table 1
Reaction parameters, major and minor phases obtained, and crystallite size.
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quantified by Raman spectroscopy via Jobin Yvon Horibra LABRAM-
HR 800 (473 nm) at room temperature. Brunauer-Emmett-Teller
(BET) measurements were evaluated to investigate the specific
surface area and pore size distribution using a Quantachrome In-
strument version 11.05 (Nova Station A) in a nitrogen (N3)
atmosphere.

2.3. Electrochemical measurements

All the electrochemical measurements were performed in a
three-electrode cell configuration using a biologic EC lab SP300
standard setup in 2 M KOH electrolyte solution. In the process of
preparing the working electrode, the as-synthesized MoSe; nano-
sheets, carbon black, and Nafion 117 solution (Sigma Aldrich) in a
mass ratio of 80:15:5 were mixed to make a slurry. The slurry was
diluted by mixing ethanol in such a way that it can be dropwise
coated onto a 1 cm? nickel foam. The mass loading of MoSe; on the
Ni foam was 1 mg. The coated nickel foam was then dried at 60 °C
for 8 h in a hot air oven. The platinum electrode and saturated
calomel electrode (SHE) were used as counter and reference elec-
trodes respectively. Firstly, 30 cyclic voltammetry (CV) cycles were
performed at a scan rate of 100 mVs~! within a potential range
of +1 to —1 V to activate the surface. It also helps to stabilize the
electrochemical currents and remove the contamination from the
electrode surface [29]. After that, the CV measurements were per-
formed at various scan rates ranging from 5 to 125 mVs~! in a
voltage window of 0—0.4 V. The galvanic charge-discharge curves
were measured at different current densities ranging from 2 to 10
Ag! in the same voltage range as used in the CV measurements.
Also, electrochemical impedance spectroscopy (EIS) was performed
over the frequency range of 10°—10~2 kH, at various AC amplitudes
ranging from 100 to 800 mV.

2.3.1. SSC fabrication and calculation

To fabricate the MoSe, SSC, two Ni-foams having a geometric
area of 1 cm? each, were coated with MoSe; powder with the same
procedure as mentioned above. The mass loading of MoSe, per
electrode was 1 mg and the ratio of MoSe,, carbon black and Nafion
117 solution in the slurry was 80:15:5. A 2M-KOH soaked Whatman
paper was used as a separator for SSC.

The specific capacity was calculated from the GCD measure-
ments using the following equation:

1At

Csp =
sp m

(1)
where Csp is the specific capacity (mAh g 1), Iis the applied current
(A), At is the discharge time (s) and m is the mass of the electrode
active material (g).

The specific capacitance of the MoSe; SSC was calculated using
the following equation:

S. No. Temperature (°C) Holding time (h) Molar ratio of precursors (Mo:Se) Phases obtained Crystallite Size (nm)
Major Minor
1 700 4 1:49 MoSe; Se, Mo 31.90
2 800 4 1:49 MoSe; _ 40.70
3 800 3 1:49 MoSe; MosSey4, Mo, Se 29.40
4 800 5 1:49 MoSe; Se, Mo 27.45
5 800 4 1:39 MoSe; MosSey4, Mo, Se 29.34
6 800 4 1:59 MoSe; Se 36.11
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2Nt
T mAV

Here C; is the specific capacitance (Fg~!), m is the mass of one
electrode (g) and AV is the potential window (V).

The Energy density “E” (Wh Kg~!) and power density “P” (W
kg~!) of the MoSe, SSC was calculated from the following
equations:

Cs (2)

_ GaV?

E 8

(3)

E
P=7r

3. Results and discussion
3.1. XRD

The phase and structural investigations of the samples were
done using the XRD technique. The X-ray diffraction pattern of the
MoSe; powder synthesized at a reaction temperature of 800 °C for
4 h is shown in Fig. 2. The peaks having 20 values 13.8, 27.6, 31.4,
34.4,38.0,42.0,47.4, 53.4,55.9, 56.9, 57.9, 66.6, 69.5, 71.8, 72.1, 76.2
and 83.8 were observed, which corresponds to single-phase
2H—MoSe; (ICDD card number- 00-029-0914). The XRD analysis
revealed that the 2H—MoSe, powder is crystalline with a hexagonal
structure. Here, the absence of any peak other than MoSe; in the
XRD pattern indicates the formation of pure phase MoSe,. The re-
sults are in good agreement with the reduction of MoOj3 to form
MoSe; in presence of reducing agent magnesium (Mg) and high
pressure generated inside the autoclave. Mg helps in the reduction
of MoO3 and MoO,; to Mo metal, leaving MgO and unreacted Mg as
byproducts. Moreover, the washing of the prepared sample with
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diluted HCI removes only unwanted MgO and unreacted Mg from
the prepared sample in the following manner [30,31].

Mg + 2HCl — MgCly+ Hy (5)

MgO + 2HCl — MgCl, + H,0 (6)

The results obtained are in good agreement with the reported
literature that there is no phase change before and after the HCI
etching. However, it washes out only Mg and MgO from the sample
leaving behind the final product of pure MoSe; [32—34]. Therefore,
no peak corresponding to the oxide phases is present in the XRD
pattern. The crystallite size was calculated to be equal to 40.7 nm
using the Debye Scherrer equation,

0.94
6hkl cosf

(7)

Dy =

where A is the wavelength of the X-ray, By is the FWHM, and 0 is
the diffraction angle.

To understand the effect of reaction parameters on the phase
formation, a series of experiments were done at the different re-
action temperature, time, and molar ratio of precursors. In Fig. S1
(SI), the XRD patterns of the powders synthesized at different re-
action temperatures at a constant reaction time of 4 h and the
molar ratio of 1:49 (Mo:Se) are shown. Fig. S1a (SI) shows the XRD
pattern of the sample synthesized at 700 °C. At this temperature,
MoSe; along with unreacted Se and Mo were found with a vol% of
81.89, 7.87, and 10.24 respectively. It indicates that this temperature
was not sufficient enough to react Mo and Se completely to form
MoSe;. The Se and Mo peaks can be matched with ICDD card no.
(01-073-0465) and (01-089-5023) respectively. Further raising the
reaction temperature to 800 °C, single-phase MoSe, was obtained
(Fig. S1b, SI). The crystallite size increases with reaction tempera-
ture from 31.9 nm at 700 °C to 40.7 nm at 800 °C. Due to the or-
dered structure the crystallite size increases. Above 700 °C, the
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Fig. 2. XRD pattern of the as-synthesized MoSe, powder.
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unreacted Se and Mo forms highly ordered pure phase MoSe;
powder, and hence the crystallite size increases.

In the second set of experiments, the variation in reaction time
was done at a constant reaction temperature of 800 °C and molar
ratio of 1:49 (Mo:Se). The XRD patterns of the synthesized samples
are shown in Fig. S2 (SI). At 3 h of reaction time, the peaks corre-
sponding to MoSe,, MosSey4 (ICDD card no. 01-085-0455), Mo, and
Se were obtained with a vol% of 67.13, 2.98, 6.09, and 23.80
respectively (Fig. S2a, SI). This shows that the reaction time was not
sufficient for Mo and Se to react completely. However, the pure
phase MoSe, was obtained at 4 h of reaction time (Fig. S2b, SI).
Further increasing the reaction time to 5 h, the peaks corre-
sponding to MoSe; (81.68 vol%), Mo (7.34 vol%), and Se (10.98 vol%)
were observed (Fig. S2c, SI). It indicates the decomposition of
MoSe; to Mo and Se. The crystallite size first increases from
29.4 nm at 3 h to 40.7 nm at 4 h and then decreases to 27.45 nm at
5 h of reaction time. When the reaction time was increased from 3 h
to 4 h, the MosSe4, Mo, and Se transforms into ordered MoSe;
powder, and hence the crystallite size increases. However, above
4 h of reaction time, the bonds inside MoSe, break, and the order
inside the powder decreases, and hence the crystallite size
decreases.

In the third set of experiments, the variation in the molar ratio of
the precursors was done at a constant reaction temperature of
800 °C and a reaction time of 4 h. Fig. S3 (SI) shows the XRD pat-
terns of the samples synthesized at various molar ratios of pre-
cursors. At a molar ratio of 1:39 (Mo:Se), the characteristic peaks of
MoSe; (83.14 vol%), MosSe4 (6.84 vol%), Mo (5.35 vol%), and Se
(4.67 vol%) were observed (Fig. S3a, SI). As discussed earlier, single-
phase MoSe; was obtained at a molar ratio of 1:49 (Fig. S3b, SI). The
powders synthesized at 1:59 (Mo:Se) was composed of MoSe; and
Se with a vol% of 98.15 and 1.85 (Fig. S3c). The presence of Se in the
XRD pattern indicates that the amount of Se source was higher than
the required amount for the formation of pure phase MoSe; and
hence remain unreacted. The variation in crystallite size with the
molar ratio of precursors shows similar behavior to that observed at
different reaction times. First, it increases with increasing molar
ratio of precursors and then decreases. The crystallite size of the
powders synthesized at a molar ratio of 1:39, 1:49, and 1:59 was
calculated to be equal to 29.34, 40.70, and 36.11 nm respectively.
When the molar ratio increases from 1:39 to 1:49, highly ordered
MoSe; is formed by the transformation of Mo3Se4, Mo, and Se, and
hence the crystallite size increases. However, when the molar ratio
increases from 1:49 to 1:59, extra Se decreases the order inside the
powder, and hence the crystallite size decreases.

All the above results indicate that the formation of pure phase
MoSe; is a very critical process and has a very narrow window. And
pure phase MoSe, can be obtained at a particular reaction tem-
perature, reaction time, and molar ratio of precursors. Depending
upon the aforementioned experimental outcomes, the probable
redox reactions involved in the autoclave synthesis of MoSe; can be
expressed in three steps as follows.

In the first step, AHM decomposes to MoOs at high tempera-
tures, and MoOs can reduce to MoO; in the presence of N»/H; or
NHs. In the second step, the obtained MoO3 or MoO; reduces to Mo
metal with the help of a reducing agent [35]. In this work, Mg was
used as a reducing agent which reduces MoOs; and MoO; to Mo
[36]. Mg is a highly reactive substance and hence it acts as a cata-
lyst. Further, it reacts with the oxygen present in the autoclave and
forms MgO, which also acts as a catalyst. MgO reduces the gaseous
compounds into carbon and hydrogen, which helps in the reduc-
tion of MoO3 and MoO, to Mo [34]. Also, it absorbs oxygen from the
autoclave, which hinders the conversion of MoSe; to MoOs. In the
final step, Se metal reacts with Mo metal to produce MoSe;.
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(Step I) (NH4)gM0704 - 4H,0 5 7Mo0; + 6NH;
+ 7H,0 and MoO3 + H, — MoO, + H,0 (8)

(Step II) MoO3 + 3Mg — Mo + 3MgO or MoO,

+ 2Mg — Mo + 2MgO 9)
(Step )Mo + 2Se — MoSe; (10)
3.2. XPS

The chemical composition of the as-synthesized MoSe, powder
was investigated by X-ray photoelectron spectroscopy (XPS) mea-
surements (Fig. 3). The survey spectrum is shown in Fig. 3a, which
indicates the presence of Mo, Se, and O elements within the sample.
The deconvolution of the high-resolution spectrum of Mo 3d shows
four peaks. The peaks at 232.1 and 232.7 eV can be assigned to Mo
3ds3jz and the other two peaks at 228.9 and 229.6 eV can be
assigned to Mo 3ds, (Fig. 3b) [37—39]. The high-resolution spectra
of O1s can be divided into five peaks positioned at 530.5, 531.6,
532.4, 533, and 534.1 eV which are related to C=0, C—O—Mo, C-0,
C—OH, and O—C==0 respectively (Fig. 3c) [40—42]. The presence of
C and O elements may be due to the exposure of the sample surface
to air.

3.3. SEM and FESEM

The morphology of the synthesized MoSe, powder was inves-
tigated using scanning electron microscopy (SEM). Fig. 4 shows the
SEM micrographs of the MoSe, powder. The continuous sheet
network having porosity can be observed in Fig. 4a. These sheets
have different sizes as shown in Fig. 4b. Fig. 4c demonstrates that
these sheets involve porosity of the order of few micrometers
(1—2 pm). The porous sheets may help to improve the electro-
chemical capacitance of the MoSe, powder. The overall features of
the MoSe, powder can be observed in Fig. 4d. Fig. 4e reveals the
presence of layered microspheres as well as hexagonal sheet
structures on the surface of the MoSe, network. The layered mi-
crospheres provide a large surface area and hence improves the
electrochemical performance. The field emission scanning electron
microscopy (FESEM) was also employed on the sample to get more
information about the morphological structure. Fig. 5 shows the
FESEM micrographs of the as-prepared MoSe; powder. The stacked
plates structure can be seen in Fig. 5a as expected for MoSe;. This
type of structure plays a crucial role in the electrochemical prop-
erties of the material. It helps to improve the electrochemical
capacitance of the electrode material. The hexagonal-shaped
structure shown in Fig. 5b further confirms the presence of hex-
agonal structure. In addition, the FESEM results revealed that there
is no clear uniform morphology present within the sample. The
agglomeration of uneven particles can also be observed. The
elemental analysis was done by EDS measurements which confirms
the presence of Mo and Se elements within the sample (Fig. 5d).
Table 2 represents the weight and atomic percentages calculated
from EDS measurements.

34. TEM

Transmission electron microscopy (TEM) was done to investi-
gate the microstructure of the synthesized MoSe, powder and the
micrographs are shown in Fig. 6. The micrographs clearly show the
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Fig. 3. (a) XPS survey spectra (b) high resolution Mo3d spectra and (c) high resolution O1s spectra of MoSe, powder.
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Fig. 4. SEM micrographs of the as-synthesized MoSe, powder.

layered structure of the MoSe, powder as expected (Fig. 6a and b).
The spherical shaped microstructure was found to be made up of
many layers that were also observed in SEM and FESEM measure-
ments (Fig. 6¢). These micrographs indicate the formation of
layered nanosheets. The high-resolution TEM image of the sample
is shown in Fig. 6d. The fringe width of 0.16 and 0.19 nm can be
assigned to (110) and (105) planes of MoSe; powder. The plan view
image of the sample shows the arrangement of atoms in a hexag-
onal lattice throughout the micrograph (Fig. 6e). The lattice con-
stant calculated from this micrograph is 3.3 A, which matches well
with the lattice constant of 2H—MoSe,. The extracted interlayer
separation of 6.7 A also agrees well with the previously reported
XRD data [43]. The diffraction rings obtained in the selected area
diffraction (SEAD) pattern of the sample are also consistent with
the interplanar spacing of (002) and (116) planes of MoSe; (Fig. 6f).

3.5. Raman and BET

To further study the structure of the as-synthesized MoSe;
powder, Raman spectroscopy was employed on the sample. The
Raman spectrum of the as-prepared MoSe; nanosheets is shown in
Fig. 7a. The Byg mode of MoOs and in-plane Elzg mode of MoSe,
were observed at ~197.6 and ~263.8 cm™! respectively [44,45]. The
presence of MoOs in the Raman spectrum might be due to the
surface oxidation of the sample when exposed to air. Further, the
existence of the E12g mode of MoSe; confirms the formation of the
2H—MoSe; phase, which was found in the XRD analysis. The Ni-
trogen (N;) adsorption-desorption isotherms and pore size distri-
bution curves are shown in Fig. 7b. The BET measurements revealed
that the mesoporous MoSe; structure exhibited a porosity of
0.17 cm? g~ and a specific surface area of 4.603 m? g~ In addition,
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Fig. 5. (a), (b), (c) FESEM micrographs and (d) EDS of the as-prepared MoSe, powder.

Table 2

Element weight percent and atomic percent by EDS measurements of MoSe;.
S. No. Element Weight (%) Atomic (%)
1 Mo 36.76 32.36
2 Se 63.24 67.64

the average pore size has been calculated to be equal to about
2.479 nm. The pore size distribution is narrow (2—4 nm) which
indicates the presence of a large number of micropores than mes-
opores. Such large specific surface area helps in the fast trans-
portation of solvent into the nanopores and hence a high specific
capacity can be achieved.

3.6. Electrochemical studies

The synthesized MoSe; powder was coated on a Ni foam and
was used as a working electrode in a three-electrode system in 2 M
KOH electrolyte solution which is generally used in supercapacitor
measurements. Cyclic voltammetry (CV), galvanic charge-discharge
(GCD), and electrochemical impedance spectroscopy (EIS) mea-
surements were performed to estimate the electrochemical
behavior of the MoSe; nanosheets (Fig. 8). Fig. 8a shows the CV
curves of the MoSe, powder at different scan rates ranging from 5
to 125 mVs~! in the potential range of 0—0.4 V. Obviously, the CV

curves of the MoSe; electrode are different from the ideal
rectangular-shaped curves emerging from the electric double-layer
capacitance. The redox peaks in the CV curves indicate the typical
characteristic of Faraday behavior of the battery-like electrode
(Fig. 8a). The set of redox peaks indicate that the specific capaci-
tance (specific capacity) of the MoSe, nanosheets is mainly
attributed to the faradic redox reactions between various valance
states (i.e. conversion of Mo** to Mo®* and vice versa) [13,46,47].
The cathodic peaks between 0.27 and 0.32 V can be attributed to
the insertion of K ions into the interlayers of MoSe, while the
anodic peaks between 0.18 and 0.21 V correspond to the extraction
of K™ ions from the interlayers of MoSe,. Therefore, the hexagonal
MoSe; provides a diffusion path for the intercalation of K™ and OH™~
ions. It can be observed that the reduction and oxidation peaks shift
towards lower and higher voltages respectively with increasing
scan rates. However, the shape of the curves is unvaried except for
the small displacement in the peak positions. These results indicate
that the electrode material possesses a low polarization effect and
high electrochemical reversibility [48,49]. It should be noted that
the contribution of Ni-foam to the specific capacitance can be
ignored [50,51]. According to previous reports, the high value of
specific capacitance may be accompanied by the combination of
non-faradic (equation (11)) and faradic (equation (12)) processes of
the MoSe; nanosheets [22,52].
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Fig. 6. (a), (b), (c) TEM micrographs, (d) high resolution TEM image, (e) Plan-view TEM image and (f) SEAD pattern of the MoSe, powder.

(MoSey) surface + K" + e~ « (MoSe;—K) surface (11)
MoSe; + Kt + e~ < K—MoSe; (12)

As shown in Fig. 8f, the linear behavior of the curve between the
square root of the scan rate and peak current (Ip) of anodic and
cathodic sweep indicates the excellent reversibility of the MoSe;
electrode. Also, it indicates that the reaction is mainly controlled by
the diffusion of OH™ ions and confirms the Faradic redox behavior
of the charge-storage rather than EDL adsorption [53]. The

capacitance contribution of the electrode material can be described
from the CV curves using the power low as given below [54].

I=a® (13)

Here “1” is the anodic current (mA), “v” is the scan rate and “a”
and “b” are the adjustable parameters. The b value can be deter-
mined from the slope of the log [ versus log v as shown in Fig. 8g. It
is well defined that, If the value of b is equal to 0.5, the charge
storage mechanism will be diffusion-limited. And if b is equal to 1,
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Fig. 7. (a) Raman spectra and (b) N, adsorption-desorption isotherms and pore size distribution curve of as-prepared MoSe, powder.

the charge storage mechanism will be capacitive. The value of b for
the prepared MoSe; has been calculated to be equal to 0.73. It in-
dicates that the overall capacitance is a combination of surface and
diffusion capacitive processes. A quantitative contribution of sur-
face capacitive and diffusion on the overall specific capacitance can
be determined using the following expression [55].

(V) = kv + ky!/? (14)

I(V)/W2 — kw2 4k, (15)

Here kyv is the contribution from the surface capacitive part and
kov1/2 correspond to the contribution from the diffusion-limited to
the overall specific capacitance. The values of k; and k; can be
determined from the slope and intercept of the curve between I,/
v12 and v'/2 (Fig. 8h). Therefore, the value of k; and k, has been
calculated from Fig. 8h. The current contributions of the surface
capacitive and diffusion-limited to overall specific capacity at
different scan rates are shown in Fig. 8i. It can be observed that the
surface capacitive contribution increases with increasing scan rates.
The surface capacitive contribution was 26.2% at 5 mV s~! which
increased to 63.9% at 125 mV s,

The electrochemical behavior of the MoSe; powder was further
investigated using Galvanic charge-discharge (GCD) measure-
ments. GCD allows us to calculate the specific capacity of ECs at a
constant current. Fig. 8b displays the GCD curves of the MoSe;
nanosheets at various current densities. The specific capacity
(specific capacitance) values were calculated to be equal to
46.22 mAh g~ (115 Fg'!), 41.88 mAh g~ (104.7 Fg'!), 38.32 mAh
¢ 1(95.8 Fg'!), 35.5 mAh g~ (88.75 Fg!), 31.2 mAh g~ ! (78 Fg'!),
and 30 mAh g~! (75 Fg'!) at a current density of 2, 3, 4, 5, 8, and 10
Ag! respectively. The detailed calculation steps of specific capacity
have been discussed in the experimental section. Fig. 8c shows the
relationship between the specific capacity of the MoSe, nanosheets
and various current densities. The value of specific capacity de-
creases when the current density increases and a sudden drop can
be observed from 2 Ag™! to 4 Ag’! and thereafter, it decreases
gradually. These results are consistent with the CV data. Also,
similar to the CV analysis, the diffusion rate of the electrons and
ions in the electrolyte is limited and hence only the surface area of
the MoSe, nanosheets takes part in the electrochemical process at
higher current densities. However, the electrolyte ions could

penetrate the outer surface of the MoSe; nanosheets at lower
current densities, and hence the interior part of the electrode ma-
terial is reachable and responsible for the higher value of the spe-
cific capacity. Table S1 shows the comparison of the
electrochemical performance of the prepared MoSe, powder with
other reported MoSe; electrodes.

An endurance test was done to investigate the stability of the
electrode material via galvanic charge-discharge measurements at
a current density of 5 Ag™' up to 2000 cycles. The graph between
specific capacity and the number of cycles is shown in Fig. 8d. A
dramatic decrement in the specific capacity of the MoSe; nano-
sheets (25%) has been observed after 1000 cycles. Therefore, it can
be concluded that the prepared MoSe; powder exhibited low cyclic
stability. This capacity loss perhaps originating from the saturation
of active sites of the MoSe; surface during the charging-discharging
process [56]. Thereafter a gradual decrease in the specific capacity
of the electrode was observed up to 2000 GCD cycles. It has been
observed that the MoSe; nanosheets retain the specific capacity at
56.5 mAh g~! (about 64% of the initial capacity) over 2000 cycles. It
showed a poor coulombic efficiency of 88% after the first cycle,
which is better than some of the previously reported literature
[52,57]. Further, it increases to 90% even after 2000 cycles at a
current density of 5 A g~ Such poor coulombic efficiency of the
MoSe; electrode might be due to the interactions between elec-
trode or electrolyte with impurities and the parasitic (ageing)
chemical reactions that occur between the electrode/electrolyte
interface. The chemical instability of the MoSe, nanosheets in the
aqueous electrolyte might be responsible for the capacity loss of
36%, which can be improved by using non-aqueous electrolytes
based on organic liquids.

EIS measurements at different overpotentials were conducted to
confirm the battery-like behavior of the electrode material. It also
helps us to understand the charge transfer kinetics of the super-
capacitor electrode material. Fig. 8e shows the Nyquist plots ob-
tained from the EIS measurements of the MoSe, nanosheets at
various potentials. An equivalent electrical circuit was developed to
get the information from the Nyquist plots based on the experi-
mental data as shown in Fig. 8e. The first element (R; = R) of the
circuit represents the resistance imposed by the electrical circuit
and electrolyte [58]. It was observed that there is no significant
change in the electric resistance Rg at different bias voltages (R
0.85Q). As shown in Fig. 8e, the impedance spectrums depicting
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diffusion-limited contribution to the total capacitance of MoSe, nanosheets.

semicircles at higher frequencies are mainly attributed to the
interfacial charge transfer resistance (R, = R) of the ions in the
electrode-electrolyte interface caused by faraday reaction [59]. In
Fig. 8e, it can be observed that with increasing bias voltage, the
diameter of the semicircle decreases which indicates the strong
dependence on bias voltage, and reaction kinetics. The value of R¢¢
was calculated to be equal to 71.71,12.6, and 6.5 Q at 100, 600, and
800 mV respectively. The nearly linear behavior of the charge
transfer resistance with increasing overpotential can be attributed
to the high surface area and uniform porous structure (Fig. S4; SI).
Also, the linear decrement in the R value confirms the pseudo-
capacitive or battery-like behavior of the prepared MoSe, powder.
The electron transfer reaction is limited at low overpotential
however, at high overpotentials the rate of electron transfer in-
creases, and charge transfer resistance decreases [60]. Therefore,
the difference is attributed to the favored charge transport pro-
cesses within the porous structure of the MoSe, electrode.
Further to investigate the feasibility of the as-synthesized MoSe,

10

nanosheets for practical applications, an asymmetric super-
capacitor has been fabricated using MoSe; electrodes as anode and
cathode materials both. The electrochemical measurements of the
MoSe; SSC are shown in Fig. 9. Whatman paper/KOH has been used
as a solid electrolyte and the digital photograph of the as-fabricated
MoSe, SSC is shown in Fig. 9a. Initially, CV and GCD curves at
different potential windows (0—0.5 V, 0—0.6 V, 0—0.7 V, 0—-0.8 V,
and 0—0.9 V) were measured and are shown in Fig. 9b and c,
respectively. The CV curves were measured at a scan rate of
100 mV s~! while the GCD curves were measured at a current
density of 1 Ag™l. From these curves, it can be concluded that the
MoSe; SSC can operate at a potential window of 0—0.6 V as the
rectangular shape of the CV curves is highly distorted above 0.6 V.

The CV curves at various scan rates ranging from 10 to 90 mV s !
within a voltage window of 0—0.6 V are shown in Fig. 9d. The shape
of the CV curves has not changed significantly with a gradual in-
crease in the scan rate from 10 to 90 mV s, indicating the
outstanding capacitive property of the MoSe, SSC [61]. However,
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Fig. 9. Electrochemical performance of as-assembled MoSe, SSC device. (a) digital photograph of MoSe; SSC, (b) CV and (c) GCD curves at various potential windows, (d) CV curves
at different scan rates, (e) GCD curves at various current densities, (f) Ragone plot, (g) cyclic performance and coulombic efficiency at 1 A g~! and (h) EIS curves before and after

10000 cycles.

the presence of redox peaks around 0.3—0.4 V at higher scan rates
demonstrating the pseudocapacitive behavior of the MoSe, SSC.
Also, the GCD curves at different current densities ranging from 0.5
to 1 Ag”! are shown in Fig. 9e. These curves showed almost sym-
metrical behavior in the overall range of the current densities
measured, which indicates high reversibility of the SSC [62,63]. The
specific capacitance has been calculated to be equal to 4.1, 3.62,
2.94, 2.34,1.44, 0.5 Fg'! at a current density of 0.5, 0.6, 0.7, 0.8, 0.9,
1 A g~ ! respectively. The Ragone plot, which shows the relationship
between power and current density of the MoSe; SSC is shown in
Fig. 9f. It was found that the high energy density of 184.5 mWh kg~
can be achieved at a power density of 74.6 mW kg~! at a constant
current density of 0.5 A g1, Also, it can maintain an energy density
of 22.6 mWh kg~! at a high-power density of 155.6 mW kg~!
indicating a good rate capability of the MoSe, SSC.

Fig. 9g shows the cyclic stability and coulombic efficiency curves
of the MoSe, SSC at a constant current density of 1 A g~! for 10000
GCD cycles. Eventually, the device delivered high cyclic stability

1

with capacitance retention of 105% of the initial capacitance even
after 10000 GCD cycles. Also, it shows a high coulombic efficiency
of nearly 98% after the first cycle while it increases to 100% after
10000 cycles. The electrochemical impedance spectroscopy (EIS)
has been conducted to understand the fundamental behavior of the
as-fabricated MoSe;, SSC. Fig. 9h shows the Nyquist plots for the
MoSe, SSC over the frequency range of 102—10~2 kH, before and
after 10000 cycles. The x-intercept at the beginning of the Z'-axis
represents the equivalent resistance of the contact and electrolyte
resistance (ESR). The ESR value of MoSe; before cycling is 0.389 Q
however, after 10000 cycles it charges to 0.439 Q. The small change
of about 0.05 Q in the ESR indicating the structural stability of the
electrode material. On the other hand, the charge transfer resis-
tance (R¢¢) decreases from 9 Q to 8.2 Q before and after 10000 cycles
respectively, which indicates the high charge transport of electro-
lyte ions. These results confirm the high suitability of the as-
synthesized MoSe, material for supercapacitor applications.
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4. Conclusion

In summary, layered MoSe; nanosheets have been successfully
prepared by a simple in-situ selenization route and studied their
electrochemical capacitance properties in 2 M KOH electrolyte. The
synthesis mechanism and the influence of the reaction parameters
on the phase formation have been studied. The SEM and FESEM
results reveal that the MoSe, nanosheets are made up of porous
network and stacked plate structures. Further, TEM and Raman
measurements confirm the formation of layered 2H—MoSe;
nanosheets, which was found in the XRD analysis. The MoSe;
nanosheets as an electrode material exhibited a high specific ca-
pacity of 46.22 mAh g~! at a current density of 2 Ag"L. The high
specific capacity of the electrode is mainly due to the layered
structure of the MoSe; nanosheets along with the porous network,
which provides a high specific surface area and fast electrolyte ion
transport. Also, the MoSe, nanosheets maintain the specific ca-
pacity to 64% of the primary value after 2000 cycles. In addition, the
assembled MoSe; SSC device delivered a good specific capacitance
of 41 Fg'! at a current density of 0.5 A g~ It exhibited high cyclic
stability with capacitance retention of 105% of the initial capaci-
tance and a high coulombic efficiency of 100% even after 10000
cycles. The high specific capacitance and long cycle life suggest that
the prepared MoSe, nanosheets could be a potential candidate for
high-performance electrochemical supercapacitor.
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