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Abstract Interspace-expanded molybdenum disulfide
(IE-MoS2) has been designed as a supercapacitor elec-
trode material to improve the cycling stability. IE-MoS2
was formed through the ultrasound exfoliation of the
interspace-compacted molybdenum disulfide (IC-
MoS2), which was initially prepared through hydrother-
mal synthesis using Na2MoO4 as molybdenum source
and CH4N2S as sulfur source. As-formed IE-MoS2
shows a few-layer structure with approximate 8–16
monolayer packing and monolayer distance of
0.83 nm. The MoS2 few-layer distance increased from
12 nm of IC-MoS2 to 20 nm for IE-MoS2. The specific
capacitance was determined to be 108 F g−1 for IC-
MoS2 to 192 F g−1 for IE-MoS2 at 0.5 A g−1. The
improved specific capacitance was ascribed to more
active sulfur atom exposed at the edges of IE-MoS2
few-layer to conduct the promoted proton attachment
reaction. IE-MoS2 showed the capacity retention of 42%
when the current density increased from 0.5 to 10 A g−1,
presenting the high-rate capability. IE-MoS2 achieved
the capacity retention of 116% at 10 A g−1 after 5000
charge-discharge cycles, which was ascribed to the
electro-activation of the few-layer expanded MoS2 in
proton acid electrolyte solution. IE-MoS2 exhibited the
obviously improved cycling stability in comparison
with IC-MoS2. All solid-state IE-MoS2 supercapacitor
based on two symmetric IE-MoS2 electrodes and

H2SO4-PVA gel electrolyte exhibited the energy density
of 18.75 Wh kg−1 and power density of 375 W kg−1 at
0.5 A g−1 and high voltage window of 1.5 V. IE-MoS2
supercapacitor also exhibited the improved capacity
retention of 110% after 1000 charge-discharge cycles.
Such well-designed IE-MoS2 few-layer with highly im-
proved cycling stability performance presented the
promising energy storage application.

Keywords Molybdenum disulfide . Ultrasound
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Supercapacitor

Introduction

In recent decades, lithium ion batteries and
supercapacitors have shown the good electrochemical
performance and broad application prospect owing to
high-energy density, power density cycling performance
(Park et al. 2014; Xie 2017). Generally, there are three
kinds of supercapacitor electrode materials such as car-
bon materials, conductive polymers, and transition met-
al oxides or sulfides (Xie andWang 2018; Zhou and Xie
2017). Carbon materials with high surface area are
widely used in electrical double-layer capacitors. Al-
though carbon materials possess good cycling stability,
low specific capacitance is a fatal flaw (Zhao and Xie
2017). High specific capacitance and poor cycling sta-
bility are the features of conductive polymers (Xiao
et al. 2017; Xie and Sha 2018). Comparatively, layer-
structured two-dimensional transition metal oxides or
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sulfides have considerable theoretical capacity and elec-
trochemical properties because of its inherently layered
structure (Fei et al. 2014; Xie and Tian 2017). Therefore,
the transition metal oxides or sulfides were widely
regarded as the promising electrode materials of
pseudocapacitors owing to the low-cost, environmental-
ly friendly feature and high theoretical specific capaci-
tance (Lu and Xie 2017; Lu et al. 2018; Xie and Gao
2017).

Molybdenum disulfide as a typical layered transition-
mental dichalcogenides has sandwich-like structure,
exhibiting unique physical and chemical peculiarities
(Liu et al. 2012; Xiong et al. 2015). MoS2 involves
Mo–S strong covalent bonds in single molecular layer
and weak van der Waals force between the interlayers,
which permits the intercalation of electrolyte ions
(Bissett et al. 2015). Layered molybdenum disulfide
(MoS2) electrode material shows the following multiple
advantages (Yu et al. 2017). The high surface area
ensures large electrode-electrolyte contact area and elec-
trochemical actives sites. The permeable thin shells can
shorten the ion diffusion length and electron transporta-
tion route. The layered structure can effectively release
the stress-induced structural variation during long-time
charge-discharge process. MoS2 has high theoretical
specific capacitance of 900~1200 mAh g−1 (Du et al.
2010), presenting much higher value than 371 mAh g−1

of graphene (Lee et al. 2012). Therefore, MoS2 presents
an application prospect in the field of energy storage.
The preparation methods of MoS2 include the reduction
of molybdate salt and molybdenum vulcanization.
MoS2 nanofibers or nanoflowers were reported to be
prepared through hydrothermal synthesis method using
molybdate salt as molybdenum source and thiourea as
sulfur source in acidic medium (Hu et al. 2014;
Nagaraju et al. 2007). Interspace-compacted MoS2
(IC-MoS2) usually showed the small interlayer distance
of about 6.15 Å and the low conductivity of 3.3 ×
10−7 S cm−1 (Wang et al. 2015), which lowered the
accessible surface areas and cycling stability to a certain
extent. Therefore, such an IC-MoS2 electrode material
usually exhibited low specific capacitance and capacity
retention during long-time charge-discharge process
(Wu et al. 2016). It was reported that MoS2 nanosheet
prepared by in situ hydrothermal growth technique re-
vealed the specific capacitance of 146.15 F g−1 and the
capacity retention of only 17% after 1000 charge-
discharge cycles (Patel et al. 2016). One of the unique
properties of 2D-layered materials was capable to

intercalate guest species into the van der Waals gaps
(Yoo et al. 2016). Therefore, many efforts were conduct-
ed to improve the specific capacitance and cycling per-
formance by expanding interlayer distance of MoS2
(Tang et al. 2015). The ion intercalation or ultrasound
exfoliation become reasonable methods to enlarge the
interlayer spaces (Matte et al. 2010). Comparatively,
ultrasound-assisted stripping method seems more effec-
tive to peel off the layered-structured MoS2 into few-
layer (Wang et al. 2016). The reaction solvent is mainly
related to its surface tension of MoS2, which could lead
to the smaller exfoliation energy and the better disper-
sion effect (Cunningham et al. 2012). N,N-
dimethylformamide (DMF) and N-methyl-2-
pyrrolidone (NMP) were used for the liquid-phase ul-
trasound exfoliation to obtainMoS2 few-layer (Ghasemi
and Mohajerzadeh 2016; Wang et al. 2016). Compara-
tively, DMF solvent could act as the reducing agent and
the oxygen donor, which could expand interlayer spaces
and meanwhile improve intrinsic conductivity of MoS2
(Liu et al. 2016). In this study, interspace-expanded
MoS2 was prepared by peeling off interspace-
compacted MoS2 using liquid-phase ultrasound exfoli-
ation method. The electrochemical performance of
interspace-expanded MoS2 few-layer was fully investi-
gated to act as supercapacitor electrode material.

Experimental

Materials

Sodium molybdate dihydrate (Na2MoO4·2H2O); thio-
urea (CH4N2S); poly (vinylidene fluoride) (PVDF); N-
methyl-pyrrolidone (NMP); N,N-dimethylformamide
(DMF); sulfuric acid (H2SO4); lithium sulfate (Li2SO4);
and sodium sulfate (Na2SO4) were purchased from
Sinopharm chemical reagent Co., Ltd. Deionized water
was used throughout all experiments.

Preparation of IC-MoS2 and IE-MoS2

Figure 1 shows the schematic illustrating the preparation
of interspace-expanded molybdenum disulfide (IE-
MoS2) few-layer. Firstly, IC-MoS2 was prepared
through hydrothermal synthesis method using
Na2MoO4·2H2O as molybdenum source and CH4N2S
as sulfur source. In detail, 1.21 g Na2MoO4·2H2O and
1.56 g CH4N2Swere dissolved in 30-ml deionized water
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and then added into 50-ml Teflon-lined stainless steel
autoclave, reacting in 220 °C for 24 h. The product was
washed with ethanol and deionized water for several
times and dried at 60 °C in a vacuum. Finally, black
product was obtained and denoted as IC-MoS2. Second-
ly, IE-MoS2 was prepared through liquid-phase ultra-
sound exfoliation process in DMF solvent (Wang et al.
2016). In a typical process, 1.0 g IC-MoS2 was added
into 100 ml of DMF followed by sonication treatment
for 2 h. The suspension was centrifuged at
2000 rpm min−1 for 30 min and the sediment was
discarded to remove unexfoliated or thick MoS2 flakes.
The suspension was dried at 60 °C until the liquid is
completely volatilized. The obtained gray product was
denoted as IE-MoS2.

Figure 2 shows photographs of electroactive elec-
trodes of IC-MoS2 and IE-MoS2 few-layer supporting
on carbon paper and all-solid-state IE-MoS2

supercapacitor. The IC-MoS2 and IE-MoS2 electrodes
were prepared by mixing 80 wt% electroactive mate-
rials, 10 wt% acetylene black, and 10 wt%
polyvinylidene fluoride (PVDF) in NMP solvent, and
then coating on carbon paper (1 cm × 5 cm) in vacuum
at 80 °C. The loading mass is approximately
0.5 mg cm−2. All-solid-state IE-MoS2 supercapacitor
was constructed using two symmetric IE-MoS2 elec-
trodes and H2SO4-PVA gel electrolyte.

Characterization and measurement

The electrochemical measurement was conducted using
CHI 760 electrochemical workstation with a standard
three-electrode system. A Pt plate and the saturated
calomel electrode (SCE) were used as the counter and
the reference electrode, respectively. The reaction elec-
trolyte solution was 1 M H2SO4, 1 M Li2SO4, and 1 M

Na2SO4 aqueous solution. Cyclic voltammetry (CV)
measurements were conducted at a potential range of
− 0.2~0.6 V vs. SCE at scan rates from 5 to 200 mV s−1.
Galvanostatic charge and discharge (GCD) measure-
ments was conducted at a potential range of −
0.2~0.6 V vs. SCE at a current density of 0.5, 1, 2, 3,
5, and 10 A g−1, respectively. Electrochemical imped-
ance spectroscopy (EIS) was conducted in the frequency
range of 10−2~105 Hz. Cycling stability measurements
were conducted using LAND CT2001A battery testing
system. The specific capacitance (C), energy density
(E), and power density (P) are calculated using the
following equations:

C ¼ Q
ΔV � m

¼ I � t
ΔV � m

ð1Þ

P ¼ I �ΔV
2m

ð2Þ

E ¼ C � ΔVð Þ2
2

ð3Þ

where C is the specific capacitance, I is the charge-
discharge current, t is the time of discharge, ΔV is the
voltage difference between the upper and lower poten-
tial limits, and m is the mass of active materials.

The morphology and microstructure of electrode ma-
terials were characterized by means of scan electron
microscopy (SEM, Zeiss Ultra Plus); transmission elec-
tron microscopy (TEM, JEM-2100); and energy-
dispersive x-ray (EDX, Zeiss Ultra Plus). Raman spec-
troscopy was performed on a Raman spectrometer (Ra-
man, RenishawmicroRaman spectroscopy) using a He–
Ne that emitted the samples at 532-nm excitation with

Fig. 1 Schematic illustrating the preparation of the interspace-expanded MoS2 few-layer through hydrothermal synthesis and ultrasound
exfoliation process
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wave between 0 and 2000 cm−1. X-ray diffraction
(XRD, Bruker D8 Advance) were obtained with the
use of Cu-Kα radiation source (λ = 1.54178 Å) operat-
ing at 40 kVand 40 Å.

Results and discussion

Morphological characterization

Figure 3a–f shows the SEM images of IC-MoS2 and IE-
MoS2. As-formed IC-MoS2 and IE-MoS2 reveal the
whole spherical particle morphology (Fig. 3a, d). IE-
MoS2 shows rougher surface than IC-MoS2. Both IC-
MoS2 and IE-MoS2 have the nanoflower morphology
and the lamellar microstructure (Fig. 3b, e). The inter-
space distance is 150–200 nm for IC-MoS2 few-layer
and 200–250 nm for IE-MoS2 (Fig. 3c, f). IE-MoS2 few-
layer keeps larger interspace distance than IC-MoS2.

The lamellar structure usually contributes tomuch larger
surface area than the conventional block structure,
which could enhance the effective contact area (Wang
et al. 2016). The expanded interspace with the improved
accessible surface area could facilitate the ion diffusion
in electrochemical reaction process. Figure 3g, h show
the TEM images of IC-MoS2 and IE-MoS2. Generally,
the IC-MoS2 has d-spacing (interlayer distance or layer-
layer distance) of about 0.62–0.63 nm for (002) crystal
plane (Xiong et al. 2015; Zhang et al. 2017a). Compar-
atively, IE-MoS2 few-layer has the d-spacing (interlayer
distance) of 0.83 nm for (002) crystal plane, which is
obviously larger than IC-MoS2 (Wang et al. 2017a; Xiao
et al. 2017). Therefore, DMF-assisted exfoliation ultra-
sound could effectively expand the interspace distance
and interlayer distance of IC-MoS2. The hydrothermal
reaction of Na2MoO4·and CS(NH2)2 could produce the
layer-structured IC-MoS2. In ultrasound exfoliation pro-
cess, DMF molecule could enter into the van der Waals

A 

B 

Fig. 2 Photographs of a electroactive electrodes of IC-MoS2 and IE-MoS2 few-layer supporting on carbon paper and b all-solid-state IE-
MoS2 supercapacitor
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gaps of MoS2 interlayers, resulting in interlayer-
expanded IE-MoS2. Meanwhile, the sonication exfolia-
tion also could enlarge the distance of MoS2 few-layer,
resulting in the interspace-expanded IE-MoS2. So, or-
ganic molecule insertion and sonication exfoliation
method could well expand both interlayer distance and
interspace distance of MoS2. Figure 3h shows TEM and
SAED pattern of IE-MoS2. IE-MoS2 reveals the few-
layered structure. The presence of distinct diffraction
rings indicate that IE-MoS2 presents the well-defined
crystal structure.

Structural analysis

Figure 4a shows the Raman spectra of IC-MoS2 and IE-
MoS2. Both IC-MoS2 and IE-MoS2 exhibited the strong
characteristic Raman peaks at the wavenumber of
376 cm−1 (or 378 cm−1) and 402 cm−1 (or 404 cm−1),
which were assigned to E2g

1 and A1g vibration modes,

respectively (Hu et al. 2014; Jeong et al. 2015). The E2g
1

peak at 376 cm−1 (or 378 cm−1) was ascribed to the in-
plane bending vibration of Mo and S atoms. The A1g

peak at 402 cm−1 (or 404 cm−1) was ascribed to the out
of plane bending vibration of the S atom (Xiong et al.
2015). The E2g

1 and A1g peaks shifted from 378 and
404 cm−1 for the IC-MoS2 to 376 and 402 cm−1 for the
IE-MoS2, presenting the red-shift effect. The IE-MoS2
with the increased interlayer distance has the lowered
Van der Waals force, causing the red-shift of A1g and
E2g

1 Raman peaks ofMoS2 (Liu et al. 2015). So, Raman
spectrum analysis result is well consistent with the TEM
characterization result that the d-spacing increases from
0.63 nm for IC-MoS2 to 0.83 nm for IE-MoS2.

In general, layer-structured MoS2 has three crystal
forms of 1T, 2H, and 3R. The monolayer MoS2 usually
shows 1T crystal phase (Acerce et al. 2015). Few-layer
and multilayer MoS2 usually shows 2H crystal phase,
which is the most stable crystal structure (Wang et al.

Fig. 3 SEM images of a–c IC-MoS2 and d–f IE-MoS2. TEM images of g IC-MoS2 and h, i IE-MoS2
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2017b). It has been widely reported that IC-MoS2 syn-
thesized by hydrothermal reaction of Na2MoO4 and
CS(NH2)2 is multilayer-structured MoS2 with 2H crys-
tal phase (Lu et al. 2015). Herein, IE-MoS2 is formed by
DMF-assisted ultrasound exfoliation of multilayer-
structured MoS2. The x-ray diffraction characterization
is carried out to determine the crystal phase of IE-MoS2.
Figure 4b shows the XRD patterns of IC-MoS2 and IE-
MoS2. IE-MoS2 demonstrates the characteristic diffrac-
tion peaks at 2θ = 14.1°, 33.7°, 39.5°, 49.4°, and 58.9°,
which are corresponding to the crystal planes of (002),
(100), (103), (105), and (110), respectively. Similar
characteristic diffraction peaks of IC-MoS2 are observed
except for the 2θ diffraction angle at 14.3° for crystal
planes of (002). The characteristic diffraction peaks of
IC-MoS2 and IE-MoS2 are consistent with the standard
diffraction peaks of MoS2 with 2H crystal phase
(JCPDS No. 37-1492) (Liu et al. 2012). The impurity
crystal phase was not observed, indicating the high-

yield formation of 2H phase of MoS2 in the hydrother-
mal synthesis process. So, IE-MoS2 few-layer exhibit
2H crystal phase form. The (002) crystal plane peak
shift to the small diffraction angle indicates the increase
of (002) interplanar spacing, leading to the interlayer
expansion of IE-MoS2. This result agrees with TEM
analysis result that the d-spacing increases from
0.63 nm for IC-MoS2 to 0.83 nm for IE-MoS2. IE-
MoS2 still keeps few-layer structure rather than mono-
layer structure.

Figure 4c shows the EDX spectrum of IE-MoS2. The
energy-dispersive peaks at about 2.3, 17.3, and 19.5 kev
are ascribed to Mo element. The energy-dispersive peak
at about 2.3 keV is also ascribed to S element. The inset
table lists the calculated weight ratio and atom ratio of
Mo and S elements of MoS2. The atom ratio of S/Mo
was approximately close to be 2, which was in accor-
dance with the stoichiometric ratio of MoS2. No other
element could be found in the EDX spectra.

Fig. 4 a Raman spectra and b XRD patterns of IC-MoS2 and IE-MoS2. c EDX spectrum of IE-MoS2
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Electrochemical performance

The electrochemical properties of IC-MoS2 and IE-
MoS2 investigated through CVand GCDmeasurements
in 1 M H2SO4 solution. Figure 5a, b shows the CV
curves at a scan rate of 5 mV s−1 and GCD curves at
0.5 A g−1 of IC-MoS2 and IE-MoS2. The CV curves of
IE-MoS2 at a low scan rate of 5 mV s−1 exhibit an
obvious pair of redox peaks in 1 M H2SO4 electrolyte
solution, which is corresponding to anodic peak at
0.52 V and cathodic peak at 0.14 V. The redox peaks
of MoS2 are associated with proton insertion/desertion
into MoS2 interlayer. The redox process occurred on IE-
MoS2 is related with the active atoms located at the edge
of the exposed few-layer (Mahmood et al. 2016; Soon
and Loh 2007; Temel et al. 2010). Sulfur atoms, ex-
posed at the edges of IE-MoS2 few-layer, can reversibly
attach protons in the acidic electrolyte, thus changing
the oxidation state of the neighboringMo atoms from 4+

to (4 − δ)+ according to the proton attachment reaction

of MoS2 + H+ + e− ⇌ MoS–SH (Koroteev et al. 2016).
The reversible redox process causes the deviation of CV
curves from normal rectangular shape, suggesting the
typical pseudocapacitive behavior (Zhang et al. 2015).
Comparatively, the redox peaks of IC-MoS2 became
insignificant. Generally, the IC-MoS2 presents the
compacted few-layer structure with smaller monolayer
distance than IE-MoS2. Less active sulfur atoms mostly
cause a lower electroactivity to conduct the proton at-
tachment reaction. Accordingly, the weakened redox
process of IC-MoS2 leads to the reduced current re-
sponse as well. According to the GCD measure-
ments and equation 1, the specific capacitance of IC-
MoS2 and IE-MoS2 was 108 and 192 F g−1 at 0.5 A g−1,
respectively. The corresponding IR drop was 20.3 and
27.7 mV, respectively. IE-MoS2 shows the increased
capacitance and the decreased internal resistance.
Figure 5c shows the capacitance curves in dependence
on different current densities. The capacitance retention
was 22 and 42% when the current density increased

Fig. 5 a CV curves of IC-MoS2 and IE-MoS2 at a scan rate of
5 mV s−1 in 1 M H2SO4 electrolyte solution. bGCD curves of IC-
MoS2 and IE-MoS2 at 0.5 A g−1 in 1MH2SO4 solution. c Specific

capacitance of IC-MoS2 and IE-MoS2 at different current densi-
ties. d Rate capability performance of IC-MoS2 and IE-MoS2 at
different current densities during cycling charge-discharge process

J Nanopart Res (2018) 20: 183 Page 7 of 14 183



from 0.5 to 10 A g−1. Figure 5d shows the rate capability
performance of IC-MoS2 and IE-MoS2 at different cur-
rent densities. During initial 500 cycles at 1 A g−1, the
stable specific capacitance was 81 F g−1 for IC-MoS2 and
154 F g−1 for IE-MoS2. During the following 501–1000th
cycles at 2 A g−1, 1001–1500th at 3 A g−1, 1501–2000th
at 5 A g−1, and 2001–2500th at 10 A g−1, the capacitance
gradually decreased and still kept at a stable level. The
capacitance of IE-MoS2 achieved 166 F g

−1 during 2501–
3000th cycles at 1 A g−1.

EIS measurements were conducted to investigate the
charge transfer and ion diffusion properties of active
electrode materials. Figure 6 shows EIS Nyquist plots
of IC-MoS2 and IE-MoS2 in 1 M H2SO4 solution at the
frequency range of 10−2~105 Hz. The insets show the
corresponding equivalent circuit and the enlarged
Nyquist plots in the high frequency region. The ele-
ments in the equivalent circuit included the ohmic resis-
tance (Ro), charge transfer resistance (Rct), constant
phase element (CPE), and Warburg element (Wo). Ta-
ble 1 lists the corresponding fitting values of the equiv-
alent circuit elements. The electrochemical complex
impedance is mainly dependent on the charge transfer

resistance at high frequency region andWarburg imped-
ance at a low-frequency region. The Ro is related to the
ionic resistance of electrolyte, intrinsic resistance of
active materials, and the contact resistance at the active
materials/current collector interface and active
materials/active materials interface (Xie and Zhu
2017). The Ro value can be determined by the intercept
of the arc with the real axis. The similar Ro value is
determined to be 0.569 Ω for IC-MoS2 and 0.589 Ω for
IE-MoS2. The Rct is related to the charge transfer resis-
tance at the electrode/solution interface, which is deter-
mined by high-frequency arc. Obviously, the Rct value
decreased from 42.43 Ω for IC-MoS2 to 35.47 Ω for IE-
MoS2. This result indicates that IE-MoS2 with the ex-
panded interlayer spaces facilitates the interfacial charge
transfer capability. The Wo represents diffusion imped-
ance between the electrodes and electrolyte, which is
determined by the linear slope in the low-frequency
region (Iessa et al. 2016). The sloping lines of both
MoS2 samples show nearly vertical characteristic, pre-
senting almost capacitive behavior (Aboutalebi et al.
2011). Wo is defined by W-R, W-T, and W-P. W-R is
the Warburg diffusion resistance. The IE-MoS2 shows
much smaller W-R value (5.324 Ω) than IC-MoS2
(71.11 Ω), suggesting more feasible electrolyte ion dif-
fusion into the surface of the electrode material to con-
duct the electrochemical reaction. W-T is the diffusion
time constant and can be estimated through the formula
of W-T = L2/D, where L is the effective diffusion dis-
tance of electrolyte ions and D is the effective diffusion
coefficient. The IE-MoS2 (1.281) shows much smaller
W-T value than IC-MoS2 (8.562), indicating higher ion
diffusion efficiency of IE-MoS2. W-P is the fractional
exponent between 0 and 1. W-P values of IC-MoS2
(0.467) and IE-MoS2 (0.576) are close to 0.5, indicating
Warburg impedance behavior. CPE is used to compen-
sate for the surface non-homogeneity and surface rough-
ness of electrode materials. CPE is defined by CPE-T
and CPE-P. CPE-P is the constant phase element expo-
nent between 0 and 1. CPE-P = 0 represents the pure

Fig. 6 EIS Nyquist plots of IC-MoS2 and IE-MoS2 in 1MH2SO4

solution (The insets show the corresponding equivalent circuit and
the enlarged Nyquist plots in high-frequency region)

Table 1 Fitting values of equivalent circuit elements of IC-MoS2 and IE-MoS2 electrodes

Electrode material Ro (Ω) Rct (Ω) CPE Wo

CPE-T CPE-P W-R (Ω) W-T W-P

IC-MoS2 0.569 42.43 0.030 0.510 71.11 8.562 0.467

IE-MoS2 0.589 35.47 0.073 0.747 5.324 1.281 0.576
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resistor. CPE-P = 1 represents the ideal capacitor. Here-
in, the IE-MoS2 (0.747) shows higher CPE-P value than
IC-MoS2 (0.510), presenting the moderate capacitor
behavior of IE-MoS2. CPE-T value is related to the
capacitance of electrode materials. The IE-MoS2
(0.073) shows higher CPE-T value than IC-MoS2
(0.030), indicating its superior capacitive performance.
The corresponding CV and GCD measurement results
also prove the higher electrochemical performance of
IE-MoS2 electrode material rather than IC-MoS2. All
above analysis results prove that IE-MoS2 is more suit-
able to act as a promising electrode material of
supercapacitor.

Figure 7 shows CV curves at 5 mV s−1 and GCD
curves at 0.5 A g−1 of IE-MoS2 electrode in different
electrolyte solution. The CV curves of IE-MoS2 shows
well-defined couple of redox peaks in H2SO4 electrolyte
solution at a low scan rate. Comparatively, the redox
peaks became insignificant in 1 M Li2SO4 and 1 M
Na2SO4 electrolyte solution. It is believed that H+ be-
come more feasible rather than Li+ and Na+ to conduct
ion insertion and desertion process, leading to reversible
redox reaction. The response current in Li2SO4 electro-
lyte is higher than that in Na2SO4 electrolyte. It suggests
that interlayer ion diffusion of Li+ is more effective than
that of Na+ (Acerce et al. 2015). The GCD curves of IE-
MoS2 exhibited that IR drop increased gradually when

the electrolyte solution changed from H2SO4 to Li2SO4

and Na2SO4. The corresponding capacitance was listed
in Table 2. IE-MoS2 electrode shows much higher ca-
pacitance in H2SO4 than that in Li2SO4 and Na2SO4.
The similar capacitance performance was achieved in
Li2SO4 and Na2SO4 electrolyte solution. The ionic ra-
dius of cation increased from H+ to Li+ and Na+. The
delayed ion diffusion of Li+ and Na+ in the interlayer
space of MoS2 could affect the ion transportation, ac-
cordingly leading to the declined capacitance.

The redox process of IE-MoS2 electrode is related
with the atoms located at the surface exposed layers and
at the edges (Mahmood et al. 2016; Soon and Loh 2007;
Temel et al. 2010). Sulfur atoms, located on the edges
and the surfaces of MoS2, can reversibly attach protons
in H2SO4 electrolyte. The adsorption of protons on IE-
MoS2 layers promotes accessibility of the active sulfur

Fig. 7 a CV curves at 5 mV s−1 and b GCD curves at 0.5 A g−1 for IE-MoS2 electrode in 1 M H2SO4, 1 M Li2SO4, and 1 M Na2SO4

electrolyte solution

Table 2 Specific capacitance of IE-MoS2 electrode at 0.5 A g−1 in
1 M H2SO4, 1 M Li2SO4, and 1 M Na2SO4 electrolyte solution

Electrolyte 1 M H2SO4 1 M Li2SO4 1 M Na2SO4

Capacitance (F g−1) 192 158 152
Fig. 8 EIS Nyquist plots of IE-MoS2 in different electrolyte
solution (The insets show the corresponding equivalent circuit
and the enlarged Nyquist plots at high-frequency region)
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atoms. The oxidation state of the neighboring Mo atoms
is changed from 4+ to (4 − δ)+ according to the reaction
(MoS2 + H+ + e−→MoS–SH) (Koroteev et al. 2016).
Considering the high redox potential of Li+ in MoS2
(usually lithium insertion potential at 1.0 V), lithium ion
insertion and desertion reaction (MoS2 + δLi+ + δe−→
LiδMoS2) is unlikely to occur in aqueous solution at the
low potential range from − 0.2 to 0.6 V (Yu et al. 2017).

Figure 8 shows EIS Nyquist plots of IE-MoS2 in
different electrolyte solution. The insets show the corre-
sponding equivalent circuit and the enlarged Nyquist
plots in the high-frequency region. The fitting values
of the equivalent circuit elements of IE-MoS2 are listed
in Table 3. The Ro value is 0.589, 1.333, and 1.064Ω for
H2SO4, Li2SO4, and Na2SO4 electrolyte solution, re-
spectively. H2SO4 electrolyte as a typical proton acid
shows much lower ohm resistance than Li2SO4 and
Na2SO4 electrolyte. The Rct value of H2SO4 (35.47 Ω)
is much smaller than that of Li2SO4 (57.15 Ω) and
Na2SO4 (102.70 Ω) electrolyte, indicating more effec-
tive interfacial charge transfer capability of proton acid.
The W-R value of H2SO4 (5.324 Ω) is much smaller
than that of Li2SO4 (17.27 Ω) and Na2SO4 (28.70 Ω)

electrolyte, presenting its lower Warburg diffusion re-
sistance. The W-T value of H2SO4 (1.281) is much
smaller than in Li2SO4 (2.640) and Na2SO4 (3.777)
electrolyte, indicating higher diffusion coefficient of
H2SO4 electrolyte. All the CPE-P values are larger than
0.5, indicating moderate capacitor behavior in three
kinds of electrolyte solution. The CPE-T value in
H2SO4 (0.073) is larger than that in Li2SO4 (0.042)
and Na2SO4 (0.045), suggesting higher capacitance in
H2SO4 rather than Li2SO4 and Na2SO4 electrolyte. This
result is in accordance with the CV and GCD measure-
ment results. In comparison with Li+ and Na+ ions, the
proton with the smallest ion size becomes much more
effective to diffuse into multilayered IE-MoS2 through
proton attachment reaction of −SH. So, IE-MoS2 elec-
trode possesses the superior electrochemical perfor-
mance in H2SO4 electrolyte solution.

Figure 9 shows the cycling performance of IC-MoS2
and IE-MoS2 electrode materials at 10 A g−1 for 5000
cycles. The continuous GCD measurement was con-
ducted at 10 A g−1 from − 0.2 V to 0.6 V. IE-MoS2 kept
the good cycling stability at low capacity level of
26.1 F g−1. Comparatively, IE-MoS2 showed the in-
creased capacitance from 76.6 to 88.8 F g−1, presenting
the capacity retention of 116% after 5000 cycles. The
slightly increased capacity is ascribed to the electro-
activation of the expanded few-layer spaces of IE-
MoS2 during the charge and discharge process, accord-
ingly promote interface electrochemical reaction. It was
also reported that the d-spacing of MoS2 electrode ma-
terial could be well expanded from 0.69 to 0. 75 nm
even after charge-discharge for 50 cycles (Sahu and
Mitra 2015). More accessible active sites could further
contribute to improving the capacitance performance of
MoS2. So, the IE-MoS revealed the high cycling stabil-
ity at high-capacity level. Table 4 lists the comparison of
the electrochemical properties of IE-MoS2 and as-
reported MoS2 electrode materials. These nanostruc-
tured MoS2 electrode materials showed relatively high

Table 3 Fitting values of equivalent circuit elements of IE-MoS2 electrode in different electrolyte solution

Electrolyte Ro (Ω) Rct (Ω) CPE Wo

CPE-T CPE-P W-R (Ω) W-T W-P

1 M H2SO4 0.589 35.47 0.073 0.747 5.324 1.281 0.576

1 M Li2SO4 1.333 57.15 0.042 0.873 17.27 2.640 0.501

1 M Na2SO4 1.064 102.7 0.045 0.772 28.70 3.777 0.569

Fig. 9 Cycling stability performance of IC-MoS2 and IE-MoS2 at
10 A g−1 for 5000 cycles
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capacity (134~168 F g−1) at low current density
(0.5~1.0 A g−1) (Huang et al. 2014; Wang et al. 2014;
Wu et al. 2016; Zhang et al. 2017b). Usually, the capac-
ity could obviously decrease at high current density
(such as 26.1 F g−1 at 10 A g−1). However, the IE-
MoS in this study achieved 88.8 F g−1 even at
10 A g−1. Additionally, the microstructure could affect
the cycling performance of MoS2 electrode materials.
These nanostructuredMoS2 showed the cycling stability
with a wide variation range. Significantly, IE-MoS2

revealed the improved capacity retention at 10 A g−1

even after 5000 cycles. So, IE-MoS2 electrode material
shows superior the electrochemical stability at high
current density.

Electrochemical performance of IE-MoS2
supercapacitor

Figure 10 shows CV curves at different scan rates, GCD
curves at different current densities, corresponding

Table 4 Comparison of electrochemical properties of IE-MoS2 and as-reported MoS2 electrode materials

MoS2 electrode Electrolyte Specific capacitance Cycle numbers Capacity retention Ref.

MoS2 nanosheet 1.0 M Na2SO4 150 F g−1 at 1 A g−1 500 22.3% at 1 A g−1 Huang et al. 2014

MoS2 nanosphere 0.5 M Na2SO4 145 F g−1 at 0.5 A g−1 2000 90% at 1 A g−1 Wu et al. 2016

MoS2 nanoflower 1 M KCl 168 F g−1 at 1 A g−1 3000 92.6% at 1 A g−1 Wang et al. 2014

MoS2 nanosheet 1 M Na2SO4 134 F g−1 at 1 A g−1 1000 67.1% at 1 A g−1 Zhang et al. 2017b

IE-MoS2 1 M H2SO4 88.8 F g−1 at 10 A g−1 5000 110% at 10 A g−1 This work

Fig. 10 Electrochemical performance of all-solid-state IE-MoS2
supercapacitor using H2SO4-PVA polymer gel electrolyte. a CV
curves at the scan rates of 5–200 mV s−1 and window voltage of
1.5 V. b GCD curves at current densities of 0.5–5.0 A g−1 and

window voltage of 1.5 V. cCorresponding capacity decay curve. d
Ragone plot (The inset shows photograph of IE-MoS2

supercapacitor powering an LED)
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capacity decay curve, and Ragone plot of all-solid-state
IE-MoS2 supercapacitor. The corresponding specific
capacitance (C), energy density (E), and power density
(P) are calculated using equation 1, 2 and 3, respective-
ly. Figure 10a shows CV curve of all-solid-state IE-
MoS2 supercapacitor using H2SO4-PVA polymer gel
electrolyte at a scan rate of 5 mV s−1 and window
voltage of 1.5 V. IE-MoS2 supercapacitor using
H2SO4-PVA polymer gel electrolyte does not show
obvious redox peak at positive window voltage.
Concerning the highly delayed ion diffusion of solid-
state electrolyte, hydrogen ion intercalation into MoS2
interlayer becomes insufficient in H2SO4-PVA polymer
gel electrolyte, causing the restrained hydrogen reduc-
tion process. The proton insertion/desertion into MoS2
becomes insignificant Faradaic process. The adsorption
of proton on the surface of MoS2 results in the
nonFaradaic process ((MoS2) surface + H+ + e− →
(MoS2-H) surface). Figure 10b, c show that the specific
capacitance of IE-MoS2 supercapacitor was 60 F g−1 at
0.5 A g−1. Figure 10d shows that the energy density
decreased from 18.75 to 2.19 Wh kg−1 at high window
voltage of 1.5 V when the power density increased from
375 to 3750 W kg−1. The inset in Fig. 10d shows
photograph of IE-MoS2 supercapacitor powering an
LED light. Thus, all-solid-state IE-MoS2 supercapacitor
had good electrochemical energy storage performance,
presenting a promising energy storage application.

The cycling performance was measured for IE-MoS2
supercapacitor using H2SO4-PVA gel electrolyte. Fig-
ure 11 shows the capacity retention of all-solid-state IE-

MoS2 supercapacitor at 1 A g−1. The cycling perfor-
mance is measured by LAND CT2001A battery testing
system. But the capacitance performance via GCD
curves is measured by CHI760C electrochemical work-
station. So, the measured capacitance results may have a
little difference. Continuous GCD measurement was
conducted at 1 A g−1 and the window voltage of 1.5 V.
The specific capacitance increased from 50.08 to
55.12 F g−1. The capacity retention even achieved about
110% after 1000 cycles. As-reported MoS2

supercapacitor only showed the energy density of
5.42 Wh kg−1 at 0.8 mA g−1 (Javed et al. 2015).
Graphene-MoS2 supercapacitor showed the increased
energy density of 24.59 Wh kg−1 at 6.5 mA g−1 (Javed
et al. 2015). The reasonable cycling stability was
achieved to keep the capacity retention above 90% after
1400 cycles. Comparatively, all-solid-state IE-MoS2
supercapacitor could keep both high energy density
(18.75 Wh kg−1) and cycling stability (even above
100%) as well. So, IE-MoS2 electrode material still
had good electrochemical energy storage performance
and presented a promising energy storage application.

Conclusions

The interspace-expanded MoS2 few-layer was prepared
through hydrothermal synthesis and then ultrasound
exfoliation process. The specific capacitance of IE-
MoS2 electrode was 192 F g−1 at 0.5 A g−1 in 1.0 M
H2SO4 electrolyte solution. The capacity retention was
42% when the current density increased from 0.5 to
5 A g−1. The overall capacity retention was 116% after
5000 charge-discharge cycles in H2SO4 electrolyte so-
lution, presenting good cycling performance. Superior
specific capacitance and cycling performance were as-
cribed to the expanded interlayer spaces of IE-MoS2.
The improved capacity retention even above 100% was
ascribed to the electro-activation of the expanded few-
layer in H2SO4 electrolyte solution. All-solid-state IE-
MoS2 supercapacitor based on H2SO4-PVA gel electro-
lyte were determined to be energy density of
18.75 Wh kg−1 and power density of 375 W kg−1 at
0.5 A g−1 and window voltage of 1.5 V. The overall
capacity retention was 110% after 1000 charge-
discharge cycles, presenting good electrochemical sta-
bility. IE-MoS2 could be well used as all-solid-state
supercapacitor electroactive material, exhibiting the
promising energy storage application.

Fig. 11 Capacity retention curve of all-solid-state IE-MoS2
supercapacitor at 1 A g−1
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