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Facile synthesis of vacancy-induced 2H-MoS,
nanosheets and defect investigation for

supercapacitor applicationfy

Hai Wang, @ * Xingping Xu? and Anne Neville®

In this paper, a 2D molybdenum disulfide (MoS,) nanosheet is prepared via a one-step hydrothermal

method as electrode material for supercapacitors. Meanwhile, a series of MoS,_, nanostructures with
sulfur vacancies have been successfully obtained in an Ar/H, mixed atmosphere at different annealing
temperatures. The prepared materials were characterized by XRD, HR-TEM, Raman and XPS to identify

their morphology and crystal properties. MoS,_, assembled by interconnected nanosheets (MoS,_,-700)

provides a maximum specific capacitance of 143.12 F g™t at a current density of 1.0 A g~* with 87.1% of
initial capacitance reserved after 5000 cycles. The outstanding performance of the annealed MoS,_,
nanosheets in sodium storage is mainly attributed to the synergistic effect of the unique interconnected
structure and the abundant active vacancy generated by the sulfur vacancies. Atomic models of sulfur
vacancy defects on the basal plane, Mo-edge and S-edge were established and the electronic properties
of MoS,_, were further evaluated assisted by first principles theory. DFT calculation results show that
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sulfur vacancy defects can provide additional empty states near the Fermi level and induce unpaired

electrons, thus increasing the carrier density and improving electrical conductivity. Our findings in this
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1. Introduction

In order to resolve the challenge of environmental pollution
caused by fossil energy consumption and depletion of non-
renewable energy, the utilization of renewable energy such as
solar energy, wind energy, hydropower, tidal energy and
geothermal energy can effectively reduce the harm of industrial
development to nature." Developing energy storage and
conversion devices with high efficiency and power density is
urgent for the purpose of ensuring a sustainable and stable
supply of clean energy to supply the production demand.*”
Electrochemical capacitors (or supercapacitors, SCs) with high
power density and long cycle life have become one of the
research hotspots due to their excellent power density, fast
charge/discharge rate and long-term cycling stability.*®
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Comparable CV results of MoS,, MoS, ,-300, MoS, ,-500 and MoS, ,-700
(Fig. S1) and total density of states (DOS) of pristine MoS,, MoS,_, with B-V,
MoS,_, with Mo-V and MoS,_, with S-V (Fig. S2), comparable XPS spectra of S
2p in MoS,, MoS,_,-300, MoS,_,-500 and MoS,_,-700 with quantitative atomic
analysis (Fig. S3) and load mass of active material in MoS, and MoS,_,
electrodes (Table S1). See DOI: 10.1039/d1ra04902j
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work provide experimental and theoretical evidence of improving the electrochemical performance of
2H-MoS; nanosheets by annealing treatment.

Consequently, an ideal electrode material for SCs should meet
the requirement of high specific surface area, high exposure
active sites, excellent conductivity, suitable pore size distribu-
tion and good electrolyte wettability.”**

Two-dimensional nanomaterials with special properties
have immeasurable application potential in the fields of semi-
conductors, microelectronics and biomedicine, and have
attracted global attention from scientists around the world.****
In particular, molybdenum disulfide (MoS,) is considered to be
one of the most promising two-dimensional materials due to its
low cost, environmental friendliness, natural abundance and
ease of manufacturing.””*® The layered structure of MoS, is
similar to graphite in which the hexagonal layer of Mo is
sandwiched between two S layers. Mo-S is bonded by strong
covalent bonds while S-S is interacted by weak van der Waals
forces. In particular, the highly stable 2H-MoS, has unique
properties based on its thickness. Its ultrathin planar structure
provides an ideal platform for flexible adjustment of electronic
structure and surface characteristics through surface and/or
interface functionalization.”® Hao** used a simple hydro-
thermal method to reasonably modulate and coaxially arrange
the in-plane 1T-2H MoS, heterostructure (MoS,/CF) on three-
dimensional carbon nanofibers. The MoS,/CF composite
shows a high specific capacitance of 310 F g~ * and a remarkable
rate performance of 78% at 100 mV s~'. Manufactured asym-
metric supercapacitor provides an impressive energy density of
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81.4 W h kg™' in 1 M Na,SO, electrolyte. Shanu®* reported
a three-dimensional MoS, nanoflower with a hexagonal (2H)
phase for supercapacitor applications with a high specific
capacitance of 382 F g~ ' at a current density of 1 A g~ ". The
symmetrical solid supercapacitor device with 2H-MoS, nano-
flower electrode and PVA-Na,SO, electrolyte exhibits an energy
density of 16.4 W h kg™ " and a retention rate of 97.5% after 4000
cycles. However, pristine MoS, displays poor electrochemical
behavior during the charge/discharge processes due to struc-
tural agglomeration and slow reaction kinetics.

As a common type of surface defect, vacancy has been
considered to play an important role in many catalytic reactions
of transition metal compound -catalysts.**** Vacancy/defect
engineering is indeed a potentially effective strategy to
improve the electrochemical performance of electrodes in
different energy storage devices. The generation of vacancies/
defects leads to a wider layer spacing, which accelerates ion
insertion and extraction and ensures the stability of the elec-
trode structure during continuous charging/discharge.”*>¢
Density functional theory (DFT) is one of the most commonly
used methods in the field of computational chemistry to
investigate electronic structures.””>® The combination of DFT
calculations and micro-dynamic models can be used to estab-
lish a direct relationship between electrochemical properties
and vacancy types, not only to determine the optimal vacancy
structure, but also to understand the mechanism of the key
factors to improve the conductivity of the material.

Herein, we report the facile synthesis of nanostructured
MoS, and a series of MoS,_, composites with sulfur vacancy
defects assisted by one-step hydrothermal process and anneal-
ing treatment at different temperatures as electrode materials
for sodium ion supercapacitors. The samples were character-
ized by TEM, XRD, XPS, and Raman spectroscopy to study the
effect of vacancy defects on the structure and electrical prop-
erties of MoS,. After annealing at 700 °C, the specific capaci-
tance of the MoS, nanosheets increases from 97.5 F g~ to 142.3
Fg ', and 87.1% of the initial capacitance is reserved after 5000
charge/discharge cycles (1.0 A g~%). The gaps formed by the
interlaced nanosheets furnish the electrode surface with fast
and efficient channels for electrolyte penetration and easy
charge transfer (intercalation/deintercalation), while larger
interplanar distance achieved by annealing process provides
more active sites for reversible redox reactions, thus increasing
the electrical conductivity and specific capacitance. Hence, first-
principles density functional theory (DFT) calculation was
carried out to understand the improving electrochemical
performance of MoS,_, benefited from S vacancies at atomic
level. Computational result is in good agreement with the
experiment data and this strategy provides fundamental
insights into utilizing two-dimensional materials towards
energy storage applications.

2. Materials and methods

2.1 Material preparation

Sodium molybdate (Na,MoO,-2H,0) and thiourea (CH,4N,S)
were purchased from Sigma-Aldrich. Hydrochloric acid (HCI)
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was purchased from VWR Chemicals (USA). Sodium sulfite
(Na,S03), polyvinylidene fluoride (PVDF) and acetylene black
were bought from Alfa Aesar. The deionized water was supplied
by a Water Purifier system. All the chemicals were used as
received without further purification.

2.2 Synthesis of MoS, nanosheet and MoS,_,

MoS, nanosheets are synthesized in one step by hydrothermal
method. In a typical experiment, 0.618 g Na,MoO, and 0.837 g
thiourea were dissolved in 50 ml of deionized water and mixed
for 30 minutes under magnetic stirring. The pH of the solution
was adjusted to 1 by adding 12 M hydrochloric acid. The solu-
tion was then transferred to a 100 ml autoclave lined with Teflon
and heated at 180 °C for 24 hours. The obtained product was
then precipitated and washed with deionized water and
ethanol, centrifuged at 10 000 rpm for 5 minutes several times,
and finally dried in an oven at 70 °C for 12 hours. In order to
obtain sulfur vacancy defect, the sample was then annealed at
300 °C, 500 °C and 700 °C in Ar (95%) + H, (5%) for 3 h until
MosS, was reduced to MoS, ,. The samples were labeled as
MoS,_,-300, MoS,_,-500 and MoS,_,-700 respectively according
to the calcination temperature.

2.3 Material characterization

The morphology of the products was observed by Transmission
Electron Microscope (TEM, JEM 2100), the crystal structure of
the composites was obtained using X-ray photoelectron spec-
troscopy (XPS, Thermal Scientific ESCALAB Xi'), X-ray diffrac-
tion (Rigaku XRD ULTIMA IV), Raman spectroscopy was
performed using Renishaw invia qontor (532 nm).

2.4 Fabrication of MoS, and MoS,_, electrodes

The prepared MoS, and MoS, _,, acetylene black and PVDF were
mixed at a weight ratio of 8 : 1 : 1 and mixed to a uniform slurry
and spread on an aluminum foil. Afterwards the foil was dried
for 12 h at 100 °C in a vacuum oven. After drying, 10 MPa
pressure was applied to the electrode, thereby improving the
stability and electrochemical performance of the electrode.
Afterward, the electrode was cut into a square chip (area = 1 cm
x 1 cm). Specifically, the loading amounts of MoS, were
calculated and listed in Table S1f by comparing the weight
difference of aluminum foil before and after coating.

2.5 Electrochemical characterization

Electrochemistry tests were conducted in a standard three-
electrode system. The electrolyte is 1 mol L™ Na,SO; solution
with the platinum foil as the counter electrode and a saturated
silver/silver chloride as the reference electrode. The galvano-
static charge/discharge tests (GCD) at various current densities
were performed using a LAND CT-2001A battery test system
(Wuhan Jinnuo Electronics Co., Ltd) cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) tests were
performed at room temperature using an ACM Gill 1800 elec-
trochemical workstation. CV measurement was performed at
a potential range of —1.0 V and —0.2 V versus silver/silver

© 2021 The Author(s). Published by the Royal Society of Chemistry
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chloride. The AC impedance test frequency ranged from 100
kHz to 10 mHz. The specific capacitance is calculated from GCD
according to eqn (1).>°

At

C =1 (1)

mAV

where C; (F g7') is the areal capacitance, I (A) represent the
discharge current, m (g~ "), AV (V) and At (s) represent the load
mass of the electrode, the potential drop during discharge and
the total discharge time, respectively.

3. Results and discussion
3.1 Crystal structure and morphology characterizations

The formation process of MoS, nanosheet and MoS,_, samples
annealed at different temperature is illustrated in Fig. 1.
Precursor solution containing MoO, is hydrothermally pro-
cessed in a Teflon-based autoclave at 180 °C to obtain pristine
MoS, nanosheet. Afterwards the MoS, was placed in a furnace
where the temperature was set as 300 °C, 500 °C and 700 °C for
annealing treatment. Reactions happened in the autoclave
during hydrothermal process are shown in eqn (2) and (3).

NHzCSNHZ + HzO g NH3 + st + COZ (2)

N32M004 + st - MOSZ + N32SO4 + Hzo (3)

The crystal structure, morphology and microstructure of
MoS,_, composites were studied by XRD, SEM, XPS and UV
spectra. X-Ray diffraction pattern in Fig. 2(a) of the solvent-
assisted pristine MoS, nanosheets shows the characteristic
peaks located at 14.3°, 33.5°, 39.6°, 44.2°, 49.8°, 58.5° and 60.2°
can be well indexed to (00 2),(101),(103),(006),(105),(110)
and (0 0 8) crystal plane of 2H phase MoS, (JCPDS no. 37-1492).
The crystal phase of MoS,_, annealed at 300 °C, 500 °C and
700 °C were also obtained by XRD analysis. The samples after
annealing exhibit slight intensity difference, which can be
attributed to vacancies and defects caused by annealing.’* The
negative shift of (0 0 2) peak may be related to the T-MoS, phase
produced during annealing. Characteristic peak of MoS,
without annealing is wide, indicating that the crystallinity is low

| Hydrothermal
(180°C)

Current collector/ )

Fig. 1 Schematic diagram of fabrication process of MoS, nanosheet
and MoS,_, electrodes.
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before annealing. As annealing temperature increases from
300 °C to 700 °C, the diffraction peak becomes relatively
stronger and sharper, indicating a better crystallization process
at high annealing temperature. Such change of peak intensity
with post annealing process may be related to the removal of
lattice disorder and the smear of signal from S vacancy in MoS,
nanosheets.*

The Raman spectra of MoS, and MoS,_, are shown in
Fig. 2(b). All samples show two main peaks near 375.84 cm ™'
and 402.5 ecm™' corresponding to the in-plane Ej, and out-of-
plane A,, vibration modes of MoS,, respectively. The slight
shift and enhanced width of characteristic peaks 375.84 cm™*
with the increase of annealing temperatures may be attributed
to the loss of sulfur in MoS,_, samples, which agrees well with
previous reports.’***

Fig. 3(a)-(c) show the low resolution TEM image of synthe-
sized 2H-MoS,, which has a typical two-dimensional exfoliated
structure and the nanosheet structure shows good dispersion.
Fig. 3(d)-(f) display the low-resolution TEM images of the
MoS,_, nanosheet. After annealing treatment, MoS,_, exhibits
very similar morphology and structure, indicating that anneal-
ing atmosphere and temperature has no special effect on crystal
morphologies. It is also clear that the average thickness of 2H-
MoS,_, nanosheets is about 10 nm and the lateral size falls into
a scale range from approximately 50 nm to 100 nm. In addition,
these prepared nanosheets are interlinked with each other,
which endows them with abundant open gaps and electro-
chemically active sites, thus forming the typical characteristics
of mesoporous structure. Fig. 3(g)-(i) demonstrate the high-
resolution TEM images (HRTEM) of interlayer distance corre-
sponding to the (0 0 2) crystal plane of MoS, , annealed at
300 °C, 500 °C and 700 °C, respectively. In contrast, 2H-MoS,
samples annealed at 700 °C have the maximum layer spacing of
0.628 nm and matches perfectly with crystalline MoS, of
0.63 nm.* The increased layer spacing is conducive to the rapid
diffusion and embedding of electrolyte ions in the process of
rapid charge/discharge, which is beneficial in achieving excel-
lent rate performance for supercapacitors.>**”

The valence states and chemical compositions of the original
MoS, and MoS,_,-700 were further studied by XPS to evaluate
the effect of annealing process on surface charge states. Fig. 4(a)
shows the high-resolution spectra of Mo-3d in pristine MoS,. A
pair of characteristic peaks at 232.47 and 229.35 eV can be
indexed to Mo 3d;, and Mo 3ds,, doublet originated from Mo"".
Apart from a pair of characteristic peaks from Mo*" at 232.47
and 229.35 eV, small subpeaks belonging to the Mo®" 3ds,, and
Mo®" 3d,,, were also observed at 233.10 and 236.45 eV, indi-
cating that the presence of Mo®" is associated with the surface
oxidation of MoO;, which could be readily detected in XPS
spectra.®**® There is a peak near 226.53 eV, which corresponds
to the S-S bond formed by residual sulfur that has not reacted
with molybdenum. According to Fig. 4(b), in the high-resolution
spectra of S-2p, the double peaks at 163.30 eV and 162.11 eV are
derived from S 2p,,, and S 2ps), of $*>7, providing conclusive
evidence for the existence of MoS,. The S 2p XPS spectra of all
MoS, exhibit two satellite peaks at 168.84 eV (S 2ps;) and
170.05 eV (S 2py ;) which is consistent with S°* species in sulfate
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Fig. 2 (a) XRD patterns and (b) Raman analysis of MoS, and MoS,_,.

groups. Compared with pristine MoS,, characteristic peak of Mo
3ds/, in MoS,_,-700 in Fig. 4(c) moved from the initial position
of 232.47 eV to 232.19 eV, while the peak of Mo 3ds,, shifted
from 229.35 eV to 229.04 eV in MoS,_,-700 after annealing
process (BE shift of Mo 3ds5,, = 0.31 eV and Mo 3d;/, = 0.28 eV),
indicating slight electron transfer to Mo for enhancing the H
adsorption during the chemical reduction.*** The Mo 3d peak
position of the S vacancy sample deviates slightly from the
original sample, which also confirms the existence of defects.
After annealing in 95% Ar + 5% H, mixed atmosphere, peak
intensity of Mo®" 3ds, (232.94 eV) and Mo°®* 3d;,, (235.99 eV)
related to MoO; and S 2s peak of unreacted residual sulfur
become weaker, indicating both the content of impurity oxygen
and unreacted sulfur in MoS,_, layer obviously decrease.** In
Fig. 4(d), it is worth noting that the S 2p peak of MoS,_,-700
shifted to a relatively higher binding energy (BE shift of S 2p3,
= 0.37 eV and S 2p;, = 0.39 eV), indicating that more S
vacancies were introduced in these products.** Quantitative

analysis of atomic ratio in Fig. S31 also confirms that more S
vacancies were found at higher annealing temperatures, which
accelerates the transfer of electrons from sulfide to sulfur
vacancies, thereby reducing the equilibrium electron cloud
density and enhancing the binding energy.*® S 2s core-level
spectra is not sensitive to annealing temperature, and there is
no major peak shift. All these demonstrates that S vacancies do
exist in MoS,_, after annealing in Ar + H, mixed atmosphere.

3.2 Electrochemical measurement

The electrochemical properties of MoS,_, composites were
evaluated in a three-electrode cell in a 1.0 M Na,SO; solution. In
Fig. 5(a), the cyclic voltammetry (CV) of MoS,_,-700 at different
scanning rates from 2.5 to 50 mV s~ ' showed a stable potential
window from —1.0 V to —0.2 V. The peak current increases
gradually with the increase of the scanning rate, indicating the
fast diffusion control kinetics of ion transport at interface
between electrode and electrolyte. The CV curve at different

Fig.3
500 (i) MoS,_,-700 and corresponding interlayer distance.
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(a)—-(c) TEM image of 2H-MoS; at low resolution; (d)—-(f) TEM image of MoS,_, at low resolution and HRTEM of (g) MoS,_,-300 (h) MoS,_ -

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04902j

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 02 August 2021. Downloaded on 6/18/2026 1:23:10 AM.

(cc)

Paper

View Article Online

RSC Advances

© Raw
w—Fitting
—— Mo 3d,, (MoS;)
—— Mo 3d,, (MoS,)
5 25 (MoS,)
——Mo™ 3d,,, (MoO,)
——Mo™ 3d,, (MoO,)
~——bkg.

122035ev Mo 3d

232.47 ev
i

233.10 ev

23645 ev !

Pristine-MoS,

Intensity (a.u.)

o Raw
s Fitting
=8 2py; (MoS;)
~——§ 2pyz (MoS;)
——82py,(S0%)
——$2py,; (SOF)
— bkg.

16211ev § 2p

(b)

16330 eV

i

Intensity (a.u.)

170.05 ¢V 168.84 €V

Pristine-MoS,

1 1 1 1 1
240 238 236 234 232 230 228 226 224

L 1 1 1 1 1 1 1
176 174 172 170 168 166 164 162 160 158

MoS,_,-700

Binding Energy (eV) Binding Energy (eV)
o Raw ° 7
— Fiting 2004y Mo 3d i 16248¢v S2p
Mo 3, (M0S,) f :
Mo 3d,, (MoS,) (c) —::m :::Z: (d)
e S 25 (MOS,) S 2p,,
| ——Mo* 30, o0y ~ | —s2psa(s0)
:i ——Mo** 3d,, (MoO,) A er S | —s2p,,(s09)
~ | —bka. H 3 e bKG. 163.69 eV
z =
w .-
g 2
= 22649 e S
= : =

170.02 v 169.19 ¢V
:

MoS,..-700

PR U PR U BN S S —

Binding Energy (eV)

L 1 1 1 1 1 1 1
240 238 236 234 232 230 228 226 224

L
176 174 172__170. 168, 166 164_ 162 160 158
Binding Energy (eV)

Fig. 4 High-resolution XPS spectra of (a) Mo 3d of MoS,, (b) S 2p of MoS,, (c) Mo 3d of MoS, _,-700, (d) S 2p of MoS,_,-700.

scanning rate shows a quasi-rectangular shape without signifi-
cant redox peaks, indicating that both pseudocapacitive and
electrical double-layer capacitive behaviors are simultaneously
occurring in the electrostatic process.**® The CV curve
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Fig. 5

maintains a quasi-rectangular shape at high scan rates, indi-
cating the pseudocapacitor effect and high rate performance of
MoS,_,. Comparable CV result of MoS,, MoS,_,-300, MoS,_,-
500 is illustrated in Fig. S1.1The charge storage mechanism on
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(a) CV curves of MoS,_,-700 electrode at various scan rates (b) GCD curves of MoS,_,-700 electrode at various current densities (c) CV

curves of MoS,_,-700 electrode at initial 4 cycles (d) specific capacitances of MoS,, MoS,_,-300, MoS,_,-500 and MoS,_,-700 calculated from

GCD.
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the MosS, electrode can be explained by two processes, namely
(i) surface capacitance involving ion adsorption/desorption
process, and (ii) embedding capacitance involving electrolyte
ion insertion/de-intercalation into the MoS, nanosheet, which
can be explained by eqn (4) and (5).°>**

(MOSZ)surface + Na+ te 2 (MOSg_NaJr)surface (4)

MoS, + xNa* + xe~ 2 Na,MoS, (5)

In order to understand the potential change with time
during charge and discharge process, the GCD curve of the
MoS,_,-700 electrode at current densities of 0.5 Ag™ ", 1.0A g™},
2.0Ag ", 3.0Ag 'and 5.0 Ag ' is achieved and illustrated in
Fig. 5(b). The GCD curve of MoS,_,-700 shows an approximately
symmetrical triangular shape with reasonably linear slopes,
which demonstrates that the charge and discharge process of
MoS,_,-700 is an ideal capacitance behavior and further
confirms the high rate characteristics and ideal capacitive
performance of the electrode.*>* At different current densities,
the non-symmetrical part of the charge-discharge curve indi-
cates that the supercapacitive behavior of the MoS, super-
capacitor is dominated by the Faraday charge transfer process.
The charge/discharge time at higher current density is shorter
because the electrode material cannot be charged immediately,
which makes it difficult for the redox reaction to keep up with
the rapid change in voltage. Further, GCD curve of MoS,_, can
be approximated as linear slope with small voltage drop, indi-
cating that MoS,_, electrode has excellent redox reversibility
and good electrochemical stability.

To understand the material degradation happened on the
electrode surface, the CV change of the MoS,_,-700 electrode in
the initial 4 cycles at a scan rate of 2.5 mV s~ is described in
Fig. 5(c). The most obvious difference is that the oxidation peak
appeared at about —0.25 V and —0.67 V in the first cycle and
then disappeared immediately after the end of the cycle. In the
first cycle, the irreversible capacity drop may be due to the
formation of the solid electrolyte interfacial phase (SEI)
membrane and the irreversible Na' insertion. But after the first
two cycles, the discharge and charge capacity tended to be
stable, and the subsequent cycle discharge and charge voltage
graphs almost overlap. It is further confirmed that the MoS,_,-
700 electrode possess highly reversible sodium storage
behavior. The oxidation-reduction reaction that occurred in the
first week of the voltammetry cycle test can be revealed by eqn
(6) and (7).

2Na* +nS + 2~ — NasS, (4 = n = 8) 6)
Na,MoS, + (4 — x)Na* + (4 —x)e” = 2Na,S+Mo (7)

According to the CV scan at first cycle, the reduction peak
near —0.25 V is derived from the small amount of sulfur in
MoS,_, that has not reacted with Mo on the electrode surface
(confirmed by the S-S bond in XPS spectra) was transformed
into the long-chain polysulfide compounds (Na,S,, 4 = n < 8),
and further reduced to short-chain polysulfide compounds
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(Na,S and Na,S,).*” The oxidation peak at —0.39 V is due to the
sectional oxidation of Mo metal to form MoS,. Another reduction
peak located near —0.67 V can be explained by the further conversion
of Na,MoS, into the Na,S matrix and metallic Mo, which is described
as the irreversible reduction reaction in eqn (4).

The specific capacitance shown in Fig. 5(d) is calculated from
GCD curves according to eqn (1). It can be seen that the MoS,_,-
700 composite material has the highest capacitance. C, value of
170.2Fg ', 1422Fg ', 121.1Fg ', 109.3Fg 'and 91.8 Fg '
is achieved at current density of 0.5 Ag™", 1.0 Ag ", 2.0 Ag ™,
3.0Ag ' and 5.0 A g~ ', respectively. Specific capacitance of the
electrode decreases in the order of MoS,_,-700, MoS,_,-500,
MoS,_,-300 and MoS, at each charge/discharge current density,
which is in consistent with the order of the area enclosed by the
CV curve in Fig. S1.7

The ion transport kinetics of MoS, and MoS,_, electrodes
during electrochemical reaction were measured by electro-
chemical impedance spectroscopy (EIS). Equivalent circuit
fitting of MoS, and MoS,_, is composed of pure capacitance
element (C), equivalent series resistance (ESR), charge transfer
resistance (R.) and Warburg resistance (W). Nyquist diagram in
Fig. 6(a) can be divided into three parts. The intercept on
authentic composition Z' of the high-frequency Nyquist
diagram indicates that the equivalent series resistance (ESR)
which consists of the resistance of the electroactive material,
the resistance of the solution, and the contact resistance at the
interface.***® The corresponding ESR values are 1.89 Q, 1.42 Q,
1.21 Q and 0.87 Q for MoS,, MoS,_,-300, MoS,_,-500 and
MoS, ,-700 respectively. The charge transfer resistance (R
generated by the Faraday redox process can be obtained from
the diameter of the semi-circle in the intermediate frequency
region, of which the values are 7.25 Q, 4.31 Q, 3.99 Q and 3.75 Q
for electrodes based on MoS,, MoS,_,-300, MoS,_,-500 and
MoS, _,-700. Low R value indicates an improved conductivity
and charge transfer speed of MoS, , after annealing. The
straight line at low frequency regime represents the Warburg
region, which is related to diffusion of electrolyte ions to the
reaction interface. The approximately parallel line to the virtual
7" axis from the low frequency region can reflect the ideal
capacitance behavior of the material. MoS,_, nanosheets
annealed at 700 °C significantly reduces the diffusion path
length of electrolyte ions and electrons, thus increasing the
diffusion and migration rate of electrolyte ions in the process of
charge and discharge.* In addition, voids scattered between the
nanosheets can promote the transfer rate of electrolyte ions and
avoid volume changes during charge/discharge.®*

The stability of the energy storage device is a crucial
parameter in supercapacitor application. The stability of the
MosS, and MoS,_, electrodes were evaluated for 5000 cycles
between —1.0 and —0.2 V at a current density of 1.0 A g~ !, and
the capacitance retention of the MoS, asymmetric super-
capacitor is shown in Fig. 6(b). After 5000 cycles, the super-
capacitors based on MoS, and MoS,_, annealed at 300 °C,
500 °C and 700 °C retained 75.2%, 70.8%, 81.8% and 87.1%
respectively of their initial capacitance. The slight decrease in
capacitance can be ascribed to the accumulation of structural
defects and the repeated expansion and contraction of the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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MoS,_,-700 within 5000 cycles.

electrode material during charge and discharge.®** It shows
that most of the charge accumulated during the charging
process can be fully released during the discharge and further
confirms that the MoS,_, nanosheet after annealing treatment
is stable and robust as a promising candidate for sodium-ion
supercapacitor.

The electrochemical performance of MoS,_, after annealing
process material is significantly improved due to the synergistic
effect of S vacancies and unique nanosheet structure. The
interconnected nanosheets provide abundant diffusion chan-
nels, allowing the electrolyte to fully penetrate and reducing the
diffusion paths for electrons and Na' ions, thereby obtaining
a larger specific capacitance. On the other hand, increased
number of vacancy defects at higher annealing temperature not
only improve the conductivity of the active material, but also
greatly increase the number of active sites and provide an
expanded interlayer spacing, which makes the charge transfer
faster and endows more reversible redox reactions in the
process of charge and discharge. Annealing treatment up to
700 °C helps MoS, nanosheets to release the strain caused by
the continuous insertion and extraction of Na', thereby inhib-
iting the volume expansion of the electrode material and
resulting in better cyclic stability.

3.3 DFT calculation

In order to support the experimental results qualitatively and
provide theoretical evidence for charge transfer possibility
between different orbitals of the structures with S vacancy, DFT
was used to study the effect of vacancy on MoS, at atomic level.
Calculation was implemented using a Vienna Ab Initio Simula-
tion Package (VASP) code with Projection Enhanced Wave
(PAW) pseudopotential used to perform density functional
theory (DFT).*** Generalized gradient approximation (GGA)
function is employed to calculate exchange-correlation energy.
The cut-off energy of the extended plane-wave base is set to
500 eV. Throughout the work, spin polarization calculations
were carried out. The position of the atoms is relaxed until the
force acting on each atom becomes less than 0.01 eV A~",

In this work, we use the 2H phase of monolayer of MoS, in
computational simulation which is stable at room temperature.
The primitive cell consists of 4 Mo atoms in the x direction and

© 2021 The Author(s). Published by the Royal Society of Chemistry

4 S atoms in the y direction. In order to save calculation time,
the bottom two layers of atoms are held in place, and the top
two layers are relaxed in the calculation. For the Brillouin zone
samples, we use 5 x 5 x 1 k-point grids for 3 x 3 x 1 supercell.
The supercell includes a vacuum with a thickness of at least 15 A
to minimize the interaction between repeated images in the
vertical direction within periodic boundary conditions.

To evaluate the effect of S vacancy on the electrochemical
properties of MoS,_, composites, three different types of MoS,
with S vacancy have been studied as calculation models. Sche-
matic diagram of pristine MoS, model, MoS,_, models with S
vacancy in the basal plane (B-V), S vacancy located at the edge of
Mo atom (Mo-V) and S vacancy located at the edge of S atom (S-
V) is shown in the Fig. 7. The partial density of states (PDOS),
total density of states (DOS) and differential charge density of
three different types of MoS, structures with S vacancies were
calculated to understand the effect of S vacancy on electronic
properties compare the electrochemical reactivity of these
structures.

PDOS result of the pristine 3 x 3 x 1 single-layer MoS, is
shown in Fig. 8(a). As can be seen from the figure, the valance
band maximum (VBM) is composed of strong Mo-4d state and
weak S-3p state, while conductive band minimum (CBM) is
mainly composed of Mo-4d state. In this state, there is no
electron state passing through at Fermi level, while MoS, near
Fermi level is mainly contributed by Mo-4d, indicating the
pristine MoS, without S atom defect presents semiconductor
properties at this time. In the range of —6 eV to —2 eV of the
valence band, the Mo-4d states overlap with the S-3p states
especially at peaks around —3.88 eV and —1.98 eV, indicating an
orbital hybridization effect. PDOS result of MoS,_, with B-V
defect is illustrated in Fig. 8(b). Similarly, the valence band is
mainly contributed by the electronic states of Mo-4d and S-3p,
and the conduction band is dominated by Mo-4d states. Local
hybridization effect also appears in the orbitals of Mo-4d and S-
3p in the range of —6 eV to —2 eV. Compared with the PDOS of
pristine MoS, structure, the main difference is that several new
peaks from —0.4 eV to 0 eV in Mo-4d orbit appear near Fermi
level, which indicates that the introduction of S vacancy in basal
plane provides more available states for MoS, around Fermi
level for electron acceleration and migration.
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Fig. 9(a) shows the PDOS of structure with S vacancy at the PDOS results indicate that S-V defect provides maximum
edge of Mo atom (Mo-V). In this state, electron states pass improvement in conductivity and specific capacitance of MoS,.
through the Fermi level, indicating the MoS, with this defect The differential charge density result after 1 x 2 x 1 cell
behaves as a conductor. Compared with the B-V defect, there are  expansion of different vacancy defect models with an isosurface
more energy states in the Mo-4d orbitals near the Fermi level, value of 0.008 e A~ is shown in Fig. 10, where yellow area
which can be explained by the fact that Mo atoms on the edge of represents the charge accumulation and blue region indicates
Mo coordinate with fewer S atoms, resulting in more empty 4d  that the amount of electron is reduced. The differential charge
states. The Mo-4d orbital energy states of defect structure are density diagrams with different S vacancy defects show
also enhanced compared with structure with B-V defect. PDOS a substantial charge transfer, which is mainly ascribed to the
of structure with S vacancy defect at the edge of the S atom (S-V)  redistribution of charge within the layer.® Most differential
is illustrated in Fig. 9(b). The main peak of the electronic charge density graphs near the S vacancies are shown in blue,
density distribution in the valance band lies at —12.0 eV with which means that electron loss occurs in the S vacancies. To
a remarkable increase in density. New empty states were summarize, S vacancies break symmetry and cause dangling
introduced in the Mo-4d orbit and states intensities were bonds on adjacent Mo atoms, which allows interstitial states
enhanced between —0.3 eV and 0.3 eV, which indicates S and improves conductivity. In particular, S-V defect shows
vacancies increase the carrier density near the Fermi level and greatest contribution in improving the conductivity and specific
helps trap carriers and transit to the ground states through non-  capacitance of MoS,_, due to the unstable electronic structures.
radiative recombination.***” The DOS results in ESI (Fig. S2+t) Excellent electrochemical properties obtained at 700 °C can
further illustrate the electronic improvement due to Svacancies. be attributed to two aspect. Structurally, higher annealing
The number of spin-up and spin-down electrons are the same in  temperatures means better crystallinity and larger spacing,
the pristine MoS, and MoS,_, with B-V defect, indicating the both of which provide abundant diffusion channels for Na" and
extranuclear electrons have been paired with structural electrons. On the other hand, higher temperature means more
stability. In contrast, the numbers of spin-up and spin-down sulfur vacancies, among which S-V defect shows greatest
electron are different in MoS,_, with Mo-V and S-V defects, contribution in improving the conductivity and specific capac-
indicating that unpaired electrons exist in the structures. S-V  itance of MoS,_, due to the unstable electronic structures. It
defects shows greater asymmetry with more unpaired elec- provides more opportunities for Mo atoms to coordinate with
trons than Mo-V defect. These electrons can easily migrate in fewer S atoms and creating more empty 4d states, which is
electric field during charge and discharge, thereby increasing supported by DFT calculation. These empty states allow elec-
the reaction current and specific capacitance. Both DOS and trons easily migrate and increase carrier mobility, thus
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obtaining the highest capacitance and achieving the best
properties at 700 °C.

Table 1 compares several MoS, related materials used in
supercapacitors regarding specific capacitance, electrolyte,
current density and capacitance retention. The strategy of
synthesizing vacancy-induced MoS, , by implementing
annealing treatment remarkably increases the capacitance and
improves the supercapacitor performance of pristine MoS,.
Hence, it offers enormous opportunities in fabricating MoS,-
based nanosized composites with enhanced capacitance and
better performance. Based on our findings, preparations of
MosS, derivatives with complex structures and superior proper-
ties will be continued in the future work.

4. Conclusions

In conclusion, two-dimensional MoS, nanosheets with 2H
phase were synthesized by one-step hydrothermal method and

sulfur vacancy defects were strategically introduced into the
samples by annealing treatment method. The structure,
morphology, elemental composition and valence state of MoS,
and MoS,_, with S vacancies were studied by XRD, HR-TEM,
XPS and Raman analysis. Electrochemical measurements
show that the MoS, calcined at temperature of 700 °C in Ar
(95%) + H, (5%) has the largest interfacial spacing (0.628 nm)
and excellent electrochemical properties. After annealing at
700 °C, the specific capacitance of the MoS, nanosheets
increases from 97.5 F g~ ' to 142.3 F g~ " at a current density of
1.0 A g™, and 87.1% of the initial capacitance is reserved after
5000 charge/discharge cycles. The improved electrochemical
performance of the annealed MoS,_, material is mainly attrib-
uted to the synergistic effect of S vacancies and unique two-
dimensional structure. Interconnected nanosheet structure
allows the electrolyte to move freely into the center of MoS, and
provides a fast and efficient channel for the diffusion of Na* and
electrons. The increased spacing of (0 0 2) crystal surfaces
caused by S vacancy defects facilitates the insertion/de-
intercalation of Na' on electrode surface. As annealing
temperature increases, more sulfur defects are available in
MoS,_, which provides more active sites for redox reactions and
electrons transfer, thus increasing the capacitance derived from
reversible chemical reactions. Density functional theory (DFT)
results show that the introduction of S vacancy defects increase
the available energy states around the Fermi level, thus
increasing the conductivity of the material and facilitating the
dynamic transport of the charge carriers on the electrode
surface. This work provides a feasible approach to realize the
potential of nanostructured MoS, for developing efficient 2D
materials in electrochemical devices.

Table 1 Summary of electrochemical studies on MoS,-based supercapacitors

Retention
Electrode Electrolyte Current density Specific capacitance rate Reference
MoS, nanosheet 1.0 M Na,SO, 1.0Ag" 1292 F g ! 85.0% 69
MoS, nanoworm 1.0 M Na,SO, 1.0Ag™" 138.0F g ' 86.0% 70
MoS,@Ti plate 1.0 M KCl 1.0Ag " 133.0 Fg ! 93.0% 71
MoS,/graphene 1.0 M Na,SO, 1.0Ag™" 243.0F g' 82.5% 72
2H-MoS, 1.0 M Na,SO; 1.0Ag" 1423 Fg ! 87.1% This work

© 2021 The Author(s). Published by the Royal Society of Chemistry
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