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Abstract

A fabrication strategy involving the electrostatic self-assembly of positively charged molybdenum disulfide (MoS,)
nanosheets and negatively charged graphene oxide (GO) sheets and thermal reduction process is proposed to prepare MoS,/
graphene hybrid films. The incorporation of MoS, nanosheets embedded in graphene sheets serves as spacers, preventing
the graphene sheets from restacking. The optimized free-standing MoS,/graphene hybrid film (MoS,/G-2) demonstrates a
remarkable areal specific capacitance of 979 mF cm™2 at 1 mA cm™2, which is 2.85 times as much as pure reduced graphene
oxide (rGO) (343 mF cm™2). Benefiting from the layer-layer self-assembly structure and good synergistic effect, MoS,/G-2
electrode exhibits enhanced capacitive performance with excellent cycling stability and no capacitance attenuation after 3000
cycles. Furthermore, by utilizing MoS,/G-2 as electrode material for the assembled symmetric supercapacitors (MoS,/G-2//
MoS,/G-2), a superior areal energy density of 20 uWh cm™2 at the areal power density of 600 pW cm~2 is achieved. The
prepared hybrid film materials hold immense potential in constructing high-performance film electrode for electrochemical

energy storage.
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Introduction

The development and design of high-performance energy
storage devices have been motivated by the growing demand
for sustainable and renewable energy sources. One promis-
ing alternative is supercapacitors (SCs) that possess a higher
energy density compared to conventional capacitors and a
superior power density than batteries [1-4]. They also have
the advantages of a long life cycle, ultra-fast charge and dis-
charge rates, and environmental friendliness [5, 6]. However,
SCs typically have a limited energy density when compared
to batteries, which usually constrains their practical appli-
cations. One efficient approach to increasing the energy
density of SCs is enabling high cell voltage and/or specific
capacitance. For aqueous or organic electrolyte systems, the
voltage window is within a specific range. Therefore, adjust-
ing the capacitance fully can result in an increase in energy
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density. The capacitive performance of SCs primarily relies
on the electrode material, which involves two mechanisms
for charge storage: electric double-layer capacitors (EDLC)
by adsorption and accumulation of electrolyte ions, and
pseudocapacitors by redox reactions at electrode/electrolyte
interfaces [7, 8].

Two-dimensional (2D) graphene has been investigated for
EDLC-type SC electrode material because of its exceptional
physical and chemical properties. These properties include
high specific surface area, mechanical strength, conductivity,
and ultra-stable carbon structure [9-11]. However, graphene
electrode materials tend to have relatively low capacitance
because of the layer stacking and reduction of available
surface area caused by van der Waals forces. In contrast,
the graphene-like structure of MoS, has been identified as
a promising SC electrode material. It possesses a unique
S-Mo-S sandwich structure that affords a large surface area
and exposed active edges [12—15]. MoS, offers excellent
electrochemical performance as an active material, dem-
onstrating high specific capacitance, charge storage capac-
ity, and noticeable intrinsic ionic conductivity [16—18].
Inspired by these characteristics, combining MoS, and gra-
phene to construct MoS,/graphene hybrid has proven to be
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an effective method to enhance the capacitive performance
and energy density of graphene-based hybrids [19-25]. For
instance, Maskhiwa et al. successfully prepared MoS,/gra-
phene foam composites through the hydrothermal process,
resulting in a high-performance asymmetric supercapacitor
cell. The composites exhibited a maximum specific capaci-
tance of 59 F g~ at 1 A g™!, energy density of 16 Wh kg™,
and power density of 758 W kg~! [26]. Similarly, Yang et al.
designed the MoS,/GNS and MnO,/GNS electrodes as the
negative and positive electrodes for asymmetric supercapaci-
tor, achieving a superior energy density of 78.9 Wh kg™! at
284.1 W kg~!. The prepared MoS,/GNS negative electrode
holds great potential in asymmetric supercapacitor owing to
the wide voltage window and high specific capacitance [27].
Additionally, Saraf et al. synthesized MoS,-rGO composite
through the utilization of an optimized hydrothermal method
and obtained a high specific capacitance of 387.6 F g~! at
1.2 A g7 [28]. The combination of MoS, and graphene has
demonstrated superior electrochemical performance among
various composites. Nevertheless, the traditional method of
combining them without any interaction between the two
components cannot effectively prevent the self-restacking of
sheets and also affects electron motion and charge transfer at
the interface [29, 30]. Therefore, it is imperative to explore
the development of MoS,/graphene electrode materials with
interactive interfaces, ultimately leading to the attainment of
enhanced electrochemical performance.

Herein, we present the fabrication process of MoS,/gra-
phene hybrid films through the electrostatic self-assembly.
The nanosheets of MoS, with a positive charge were com-
bined with GO with a negative charge through this tech-
nique, followed by a thermal reduction step. The resulting
MoS,/graphene hybrid films can act directly as working
electrodes without any additives or binders. The MoS,
nanosheets act as spacers and are embedded in the layers
of graphene nanosheets to prevent the re-stacking of gra-
phene and also increase its interlayer spacing This provides
an effective pathway for ion transport and ensures high-
rate performance. The optimized hybrid film (MoS,/G-2)
exhibited a remarkable areal capacitance of 979 mF cm™>2
at 1 mA cm™2. Notably, this excellent capacitance remained
unchanged even after 3000 charge/discharge cycles when
subjected to a high current density of 10 mA cm~2. To fur-
ther evaluate the performance, symmetric supercapacitors
(SSCs) were assembled with MoS,/graphene hybrid film as
electrode material. These SSCs exhibited a favourable areal
energy density of 20 pWh cm™2 at the areal power density
of 600 pW cm™2, demonstrating excellent electrochemical
energy storage characteristics.
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Experimental
Materials

Sodium molybdate dihydrate (AR), poly(diallyldimethy-
lammonium chloride) solution (PDDA, 35 wt%), thiourea
(AR), concentrated sulfuric acid (98%), and acetone were
obtained from Shanghai Macklin Biochemical Technology
Co., Ltd. and employed without any additional purification.

Preparation of MoS, nanosheets

The MoS, nanosheets were prepared via a facile and opti-
mized hydrothermal approach. Initially, 0.484 g of sodium
molybdate dihydrate and 0.760 g of thiourea were dis-
solved in 30 mL of deionized water. After vigorous stir-
ring for 10 min, the solution was transferred to a 50 mL
autoclave and maintained at a temperature of 180 °C for 24
h. Subsequently, the reaction product was allowed to cool
down to room temperature followed by filtration, thorough
washing with deionized water, and ultimately subjected to
freeze-drying for 3 h.

Preparation of MoS,/graphene hybrid film (MoS,/G)

The synthesis of GO was previously conducted via the modi-
fied Hummers method [31]. Forty milligrams of MoS, pow-
der was exfoliated through ultrasonication in 20 mL of deion-
ized water for 2 h. 0.5 mL of poly(diallyldimethylammonium
chloride) solution (PDDA) was then added to the MoS, dis-
persion, followed by continuous stirring for 24 h. In a sepa-
rate step, a dispersion of GO with a concentration of 2 mg/
mL was prepared by dissolving 80 mg of GO in 40 mL of
deionized water. This GO dispersion was then added into the
above MoS,/PDDA dispersion and stirred for 24 h at 25 °C.
The MoS,/GO film was formed using vacuum-assisted filtra-
tion with PVDF membrane (pore size, 0.22 pm). The MoS,/
GO film was further peeled off from the PVDF membrane
dissolved in acetone. Finally, the hybrid MoS,/GO film was
kept at 350 °C for 5 h under nitrogen atmosphere to reduce
GO and form the MoS,/graphene hybrid film, denoted as
MoS,/G-2. By varying the mass ratio of MoS, and GO, other
two different hybrid films were also prepared. Forty mil-
ligrams of MoS,, 40 mg of GO (w:w = 1:1) and 80 mg of
MoS,, and 40 mg of graphene oxide (w:w = 2:1) according
to the above similar operation steps to prepare the MoS,/
graphene hybrid films and denoted as MoS,/G-1, MoS,/G-3,
respectively. As a control, only 80 mg of GO was used to
form the film and recorded as rGO.
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Characterization

The surface, cross-sectional morphology, and EDS element
mapping of the samples were analyzed by scanning electron
microscope (SEM, SU8010) equipped with an energy dis-
persive X-ray (EDX) detector. The chemical composition
and structure of the samples were determined by X-ray dif-
fraction patterns (XRD, Bruker D8 Advance, 26~10-80°,
5°/min), Raman spectroscopy (Raman shift ~50-2000 cm™!,
633 nm laser excitation wavelength), and X-ray photoelec-
tron spectroscopy (XPS, Thermo ESCALAB 250Xi, Al Ka).

Electrochemical measurements

To characterize the electrochemical performances of the
MoS,/graphene hybrid film (MoS,/G), electrochemical
measurements were conducted using an electrochemical
workstation (CHI600E, Chenhua Instrument, Shanghai,
China). In the three-electrode configuration, the hybrid film
(0.8 x 0.8 cm?) served as the working electrode, while the
Pt plate functioned as a counter electrode. The reference
electrode was Ag/AgCl and the electrolyte was 1 M H,SO,
solution. For the two-electrode system, two identical pieces
of the MoS,/graphene hybrid film were assembled into sym-
metric supercapacitors (SSCs) in 1 M H,SO, electrolyte.
Cyclic voltammetry (CV) measurements were performed in
a potential window of 0-0.6 V with a scan rate of 10-100
mV/s. Galvanostatic charge/discharge (GCD) tests were
conducted with a current density of 1-10 mA cm™ within
the same potential window. Cycling stability was evaluated
by conducting 3000 repeated GCD test cycles at 10 mA
cm~2. Electrochemical impedance spectroscopy (EIS) was
performed in the frequency range from 100 kHz to 0.01 Hz
with an amplitude of 5 mV. The areal specific capacitance(C,
mF cm™?), areal energy density (E, ptWh cm™2), and areal
power density (P, pW cm™2) were calculated according to
the Eqgs. (1)—(4) [32, 33]:

Fig.1 Schematic fabrication
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where C;_peerrode A1 Cy ejeciroge (MF cm™2) represent the
areal specific capacitance of electrodes in three-electrode
and two-electrode cells; I/A (mA cm™2) refers to current
density; At (s) and AV (V) represent the discharge time
and voltage window.

Results and discussion

Fabrication and characterization of the MoS,/
graphene hybrid film

The fabrication process of the MoS,/graphene hybrid film
(MoS,/G) via electrostatic self-assembly and thermal reduc-
tion combining MoS, and graphene component was sche-
matically illustrated in Fig. 1. The self-standing hybrid film
was formed via filtering a mixed solution of PDDA-modified
MoS, and GO on the PVDF filter membrane. The final ther-
mal reduction treatment removed oxygen-containing groups
in GO. To confirm the surface charge after the modifica-
tion of MoS, by PDDA, PDDA-modified MoS, was posi-
tively charged with the zeta potential of +43.5 mV. Due
to the abundant presence of oxygen-containing groups,
GO acquired negative charge with the zeta potential of
—35.9 mV. When positively charged MoS, was mixed with
negatively charged GO, the mixture became viscous and
the surface potential was altered to +23.1 mV, suggesting
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successful electrostatic self-assembly between MoS, and
GO.

The surface and interlayered structure morphology of
the as-prepared samples were investigated by SEM. As dis-
played in Fig. 2a and b, it can be observed that the pure
MoS, formed agglomerates and exhibited nanosheets rang-
ing in size from 50 to 500 nm. The top-view SEM images
of the MoS,/graphene hybrid film in Fig. 2c revealed the
distribution of graphene sheets and MoS, nanosheets on the
surface. The cross-sectional SEM images of the MoS,/gra-
phene hybrid film in Fig. 2d and e depicted a hierarchical
typical stacked layered structure with sufficient interlayer
space for ion transport and volume change, which is suit-
able for rapid charging and discharging process [34]. The
element mapping distribution of cross-sectional the MoS,/
graphene hybrid film can be further confirmed by the layer-
layer self-assembly structure. The EDS mapping of C, O, S,
and Mo elements was shown in Fig. 2f—i. All the elements
were uniformly distributed on the cross-sectional surface
of the sheets, suggesting the formation of layer-layer self-
assembly structure.

Figure 3a shows the crystalline phase structures of pure
MoS,, GO, and MoS,/graphene hybrid film (MoS,/G-2)

by XRD. For pure MoS,, the typical diffraction peaks at
13.2°,32.9°, and 58.4° are ascribed to the crystal planes of
(002), (100), and (110), respectively. These typical diffrac-
tion peaks match well with the hexagonal structure of MoS,
(JCPDS: 37-1492) [27, 35]. The rGO film exhibits a broad
peak at 24.7° attributed to the (002) plane, resulting from
the stacking structure of the rGO sheets. Compared with
rGO film, the (002) diffraction peak of MoS,/G-2 is shifted
towards a lower diffraction angle, suggesting an expansion
of the interlayer distance. Additionally, MoS,/G-2 shows
three similar diffraction peaks to MoS,, implying the inser-
tion of MoS, nanosheets into the graphene sheets. Figure 3b
shows Raman spectroscopy of MoS,, rGO, and MoS,/G-2.
Obviously, two characteristic peaks are observed at approxi-
mately 377 cm™! and 404 cm™!, corresponding to two typical
modes of in-plane vibration (E’,,) and out-of-plane vibra-
tion (A;,) of MoS, [36-38]. The hybrid film MoS,/G-2 also
exhibits the characteristic bands at 1343 cm™! (D band) and
1592 cm™! (G band) of rGO, as well as the peak at 388 cm™!
of MoS,. The shift of the latter peak indicates an interaction
between MoS, and graphene.

The chemical composition and bonding characteristics of
the MoS,/graphene hybrid film were determined by XPS.

Fig.2 SEM images of MoS, (a, b), MoS,/graphene hybrid film (c), cross-sectional SEM images of MoS,/graphene hybrid film (d, e), and cross-

sectional EDS mapping of MoS,/graphene hybrid film (f-i)
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Fig.3 XRD (a) and Raman spectra (b) of MoS,, rGO, and MoS,/G-2

Figure 4a shows the survey spectrum of MoS,/G-2. The
existence of surface elements C, O, Mo, and S indicates
the successful synthesis of the MoS,/graphene hybrid. The
element contents of C 1s, O 1s, Mo 3d, and S 2p are 76.22
at%, 20.18 at%, 1.61 at%, and 1.98 at%, respectively. In
Fig. 4b—d, the high-resolution spectra show more details.
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The C 1s spectrum is mainly composed of C-O (285.4 eV)
and C-C (283.7 eV). The Mo 3d spectrum exhibits the Mo
3d;;, (231.5 eV) and Mo 3d;, (230.3 eV) valence states,
indicating that Mo™ exists in MoS, [13, 39]. The peak at
234.7 eV can be considered Mo%*, which may be attributed
to the surface oxidation of MoS, to MoO; during the thermal
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Fig.4 XPS survey spectrum of MoS,/G-2 (a) and high-resolution spectra of C 1s, Mo 3d, and S 2p (b-d)
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reduction process. Furthermore, a typical peak at 227.2 eV
is attributed to S 2s, confirming the presence of the S-Mo
bond. In addition, the S 2p spectrum shows a doublet with
the S 2p,, peak centered at 167.5 eV and the S 2p5,, peak at
160.5 eV, which are in accordance with the divalent sulphide
ions (S7?) derived from MoS,. These confirm the successful
formation of the MoS,/graphene hybrid frameworks.

Electrochemical performances of the MoS,/
graphene hybrid film

The as-prepared MoS,/graphene hybrid films can directly act
as working electrodes without any additives or binders and
are expected to possess greatly enhanced electrochemical
performances. CV was firstly conducted using a three-elec-
trode system to investigate the electrochemical performances
in 1 M H,SO, acidic electrolyte. Figure 5a depicts the CV
curves of the MoS,/G-2 electrode, wherein various scan
rates (10, 20, 30, 50, 80, 100 mV/s) were employed within
a potential window of 0-0.6 V. These reversible closed CV
curves exhibit relatively rectangular shapes without distinct
redox peaks, indicating excellent capacitive behavior of the
electrode. The CV curves still keep similar shapes even at
100 mV/s and the current increases with the increase of
the scan rate, to some extent reflecting relatively the good
rate capability [40, 41]. It is known that the integral area
enclosed by the CV curve corresponds to the specific capaci-
tance of the electrode material. Figure 5b compares the CV
curves of MoS,/G-1, MoS,/G-2, MoS,/G-3, and rGO elec-
trodes at the same scan rate of 10 mV/s. As can be observed,
the MoS,/G-2 electrode demonstrates a larger integral area
and higher specific capacitance relative to pure rGO and the
other hybrid electrodes.

GCD measurements were conducted to further analyze
the electrochemical performances of the as-fabricated elec-
trode. The GCD curves of MoS,/G-1, MoS,/G-2, MoS,/G-3,
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and rGO electrodes were performed at various current den-
sities (1-10 mA cm™2) within a potential window of 0-0.6
V (Fig. 6a—d). The GCD curves of rGO were found to be
highly symmetrical and linear associated with the character-
istic of electric double-layer capacitors. In contrast, the GCD
curves of the three hybrid electrodes (MoS,/G-1, MoS,/G-2,
MoS,/G-3) displayed non-linear triangular charge/discharge
patterns, indicating the presence of pseudocapacitance after
the introduction of MoS,. Notably, the discharge time of the
MoS,/G-2 electrode was significantly longer than those of
pure GO and the other two hybrid electrodes. This indicates
the MoS,/G-2 electrode possesses a higher specific capaci-
tance consistent with the above CV results mentioned.

The areal specific capacitances of MoS,/G-1, MoS,/G-2,
MoS,/G-3, and rGO electrodes were calculated at various
current densities from 1 to 10 mA cm~2 using the discharge
curves shown in Fig. 7a. At different current densities of
1,2,3,5,8, and 10 mA cm™2, the areal specific capaci-
tances of MoS,/G-2 were determined to be 979, 710, 602,
431, 243, and 164 mF cm™2, respectively. Among all the
MoS,/graphene hybrid films and rGO, the MoS,/G-2 elec-
trode exhibited the highest areal specific capacitance. The
maximum areal specific capacitance of MoS,/G-2 was
2.85 times as much as pure rGO (343 mF cm™?), show-
ing an enhanced capacitive performance. Interestingly, it
is observed that the areal specific capacitance of MoS,/G-1
decreased compared to pure rGO, suggesting a lack of
synergistic effect between MoS, and graphene. The addi-
tion of an appropriate amount of MoS, contributed to the
improvement of the areal specific capacitance. The incor-
poration of MoS, nanosheets in the graphene layers acted
as layer-structure spacers, preventing self-restacking and
providing easy path for electrolyte ions to reach the inner
layer of the electrode. This unique layer structure of elec-
trostatic self-assembly effectively utilized the contribution
of MoS, to Faraday capacitance and the strong synergistic
effect of MoS, and graphene, and the improved conductivity
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Fig.5 CV curves of MoS,/G-2 at 10-100 mV/s (a) and comparison of CV curves of MoS,/G-1, MoS,/G-2, MoS,/G-3, and rGO at 10 mV/s (b)
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Fig.6 GCD curves of MoS,/G-1 (a), MoS,/G-2 (b), MoS,/G-3 (c), and rGO (d)

provided by graphene, resulting in the enhanced capacitive
performance of MoS,/G-2 electrode [42, 43]. Figure 7b pre-
sents the Nyquist plots of the fabricated electrodes. These
plots mainly consisted of a linear part in the low-frequency
region and a semicircular part in the high-frequency region.
Among the hybrid film electrodes, the MoS,/G-2 electrode
possessed the smallest semicircle, demonstrating the low-
est charge transfer resistance (Rct). At low frequencies, the
MoS,/G-2 electrode exhibited a steep linear slope similar
to rGO, suggesting excellent capacitive behavior and supe-
rior ion transport. Additionally, the MoS,/G-2 electrode had
the smallest equivalent series resistance (Rs) value of 3.2
Q compared to other electrodes. This can be attributed to
the unique layer-layer self-assembly structure of MoS, and
graphene, which prevents mutual self-stacking and reduces
internal resistance.

Furthermore, Fig. 7c depicts the relationship between Z’
and o~ in the low-frequency region. The equation about
the relationship between Z' and @~ ?is Z' = R + o 0™ 2.
o,, is the slope of the line Z'~»~ 2. The corresponding fit
slope values of MoS,/G-1, MoS,/G-2, MoS,/G-3, and rGO
electrodes are 44.66, 10.50, 22.35, and 13.45, respectively.
It is observed that the MoS,/G-2 electrode demonstrated
the lowest slope in all electrodes, indicating the smallest

ion diffusion resistance and the most efficient ion diffusion/
transfer [44, 45]. This result further supports the enhanced
areal specific capacitance of the MoS,/graphene hybrid film.
The cycling stability of MoS,/G-2 electrode was depicted
in Fig. 7d, with the GCD curves of the first and last several
cycles shown in the inset. Notably, even after 3000 charge/
discharge cycles at high current density, there was no capaci-
tance decay, demonstrating an outstanding long-term elec-
trochemical cycling life. The self-assembly layered structure
of the hybrid electrode could provide stable backbone sup-
port, while the opened interlayer spacing allow for volume
change, resulting in improved electrochemical cycling sta-
bility [46].

Electrochemical properties of the symmetric
supercapacitors

The symmetric supercapacitors (SSCs) were assembled
using free-standing MoS,/G-2 films as symmetric electrodes
in a two-electrode system to investigate their potential for
practical applications. Figure 8a exhibits the CV curves of
MoS,/G-2-based SSCs at scan rates ranging from 10 to 100
mV/s. These CV curves exhibit similar shapes, consistent
with the CV curves measured in three-electrode system. The
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Fig.7 Areal specific capacitance versus current density (a), Nyquist plots (b), and linear fitting the relationship between Z' and @~ ? (c) of
MoS,/G-1, MoS,/G-2, MoS,/G-3, and rGO electrodes and cycling stability of MoS,/G-2 electrode at 10 mA cm™2 (d)

GCD curves in Fig. 8b show approximately symmetric and
linear profiles at all current densities, which indicates low
charge transfer resistance within the electrode and efficient
ion transport and diffusion. The areal specific capacitances
of the assembled SSC device at different current densities
were calculated according to the GCD curves and presented
in Fig. 8c. It can be observed that the SSC device exhib-
ited a maximum areal specific capacitance of 406 mF cm™
at 1 mA cm~2, and a minimum value of 97 mF cm™2 at 5
mA cm~2. Energy density and power density are key per-
formance indicators for evaluating the power supply per-
formance of the fabricated SSC device. The Ragone plot in
Fig. 8d illustrates the areal energy and power densities of the
fabricated device. At a areal power density of 600 pW cm™2,
the SSCs achieved a maximum areal energy density of 20
pWh cm~2. When the areal power density increased to 3000
uW cm™2, the device still maintained an areal energy density
of 5 uWh cm™2. The fabricated MoS,/G-2//MoS,/G-2 device
exhibited a superior areal energy density compared to previ-
ously reported MoS, and graphene-based devices, such as
1T/2H-MoS,/GFT (8.61 pWh cm™?) [47], graphene/MoS,
(14.665 pWh cm™) [48], PEDOT:PSS/rfGO/MoS, (8.5 pWh
cm™?) [49], MnO,/RGO/CF (18.1 pWh cm™2) [50], MoS,/
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MnS/GR (7.0 pWh cm™2) [32], and CNT/RGO (3.8 pWh
cm™?) [51].

Conclusions

The MoS,/graphene hybrid films were designed and syn-
thesized by combining negatively charged GO sheets with
PDDA-modified positively charged MoS, nanosheets through
electrostatic self-assembly and thermal reduction process.
The optimum and binder-free hybrid film (MoS,/G-2) elec-
trode material exhibited remarkable areal capacitance of 979
mF cm~2 at | mA cm™~2 and exceptional cycling stability with
no capacitance decay after 3000 cycles. Compared to pure
rGO and other hybrid films, the MoS,/G-2 electrode showed
an enhanced areal specific capacitance. This enhancement
could be attributed to the efficient utilization of MoS,
nanosheets and graphene, which possess a good synergistic
effect and reduced electric resistance within layer-layer self-
assembly structure, enabling rapid diffusion and transport of
ions. Furthermore, for the potential practical application, the
as-assembled symmetric supercapacitors (SSCs) based on
MoS,/graphene hybrid film demonstrated a maximum areal
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Fig.8 CV curves (a), GCD curves (b), areal specific capacitance versus current density (c), and Ragone plot of the assembled symmetric super-

capacitors device and other previously reported supercapacitors (d)

energy density of 20 yWh cm™ at a areal power density of
600 pW cm™2. These improvements in electrochemical per-
formance and hybrid self-assembly structure suggest a poten-
tial for exploring high energy density supercapacitor devices.
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