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Abstract

This study presents a hierarchically structured, free-standing rGO/MoS2 hybrid 
film fabricated through a facile vacuum filtration and thermal reduction approach, 
offering a cost-effective strategy for high-performance K-ion supercapacitors. The 
optimized composite architecture features nanoporous, layer-stacked channels 
and expanded interlayer spacing, enabling efficient ion diffusion and abundant 
electroactive sites. The rGO/MoS2 electrode demonstrates exceptional capacitive 
performance, delivering a gravimetric capacitance of 378 F g⁻1 and a record 
volumetric capacitance of 787 F cm⁻3 at 1 A g⁻1, attributed to the synergy between 
the conductive rGO network and the pseudocapacitive properties of MoS2. The 
symmetric supercapacitor cell assembled with rGO/MoS2 electrodes and an aqueous 
electrolyte (3 mol L⁻1 KOH) demonstrated a high energy density of 7.6 mWh cm⁻3 
with power density of 0.36 W cm⁻3, whereas supercapacitor with organic electrolyte 
(1 mol L⁻1 MeEt3NBF4) displayed 26 mWh cm⁻3 at 1.4 W cm⁻3. Both supercapacitors 
showed excellent cycling lifespan with capacitance retention of 100% after 480,000 
and 270,000 cycles, respectively. These findings suggest the excellent electronic 
conductivity of rGO and the electrochemically active MoS2 synergistically contribute 
to the outstanding supercapacitor performances.
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1. Introduction

The escalating global demand for sustainable en-
ergy storage technologies [1] has intensified research 
into supercapacitors, which bridge the gap between 
conventional capacitors and batteries by offering ul-
trafast charge/discharge rates, exceptional cycling 
stability, and high power density. However, their 
widespread adoption in high-energy-density appli-
cations remains constrained by relatively low energy 
densities compared to lithium-ion batteries [2, 3]. 

Recent advances in aqueous potassium-ion superca-
pacitors (K⁺-SCs) have emerged as a promising solu-
tion, leveraging the natural abundance, cost-effec-
tiveness, and safety advantages of potassium-based 
electrolytes [4]. Unlike lithium or sodium ions, po-
tassium ions (K⁺) exhibit higher ionic conductivity in 
aqueous media (~73.5 S·cm⁻1) due to their lower hy-
drated radius (3.31 Å vs. 3.58 Å for Na⁺ and 3.82 Å for 
Li⁺), enabling rapid ion transport and enhanced rate 
capability [5]. Nevertheless, the large ionic radius of 
K⁺ (1.38 Å) poses challenges for reversible interca-
lation into conventional electrode materials, often 
leading to sluggish kinetics, structural degradation, 
and limited cyclability [6, 7].
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Two-dimensional (2D) layered materials, partic-
ularly molybdenum disulfide (MoS2), have garnered 
attention for K⁺ storage due to their tunable interlay-
er spacing (6.15 Å), which exceeds the van der Waals 
gap of graphite (3.35 Å), facilitating K⁺ intercalation 
without significant lattice strain [8, 9]. The pseudo-
capacitive behavior of MoS2, arising from surface 
redox reactions and interlayer K⁺ insertion, further 
enhances charge storage capacity [10, 11]. Howev-
er, the inherently low electrical conductivity of MoS2 
(~10⁻4 S·cm⁻1) and restacking of nanosheets during 
cycling severely limit its practical utilization [12]. To 
address these limitations, integration with conduc-
tive carbon matrices, such as reduced graphene ox-
ide (rGO), has proven effective. The rGO framework 
not only provides a 3D electron transport network 
but also mitigates MoS2 agglomeration, while its 
oxygen-functionalized surfaces enable strong inter-
facial coupling with MoS2 nanosheets via covalent 
S-O-C bonds [13, 14].

Aqueous K⁺-SCs face additional hurdles, includ-
ing narrow electrochemical windows (~1.23 V the-
oretical limit) and electrode dissolution in alkaline 
electrolytes [15]. Recent strategies focus on op-
timizing electrode architectures to maximize ac-
cessible active sites and minimize ionic diffusion 
pathways. Hierarchical composites with vertically 
aligned MoS2 on rGO scaffolds have demonstrated 
improved K⁺ adsorption kinetics and structural re-
silience [16‒18]. Despite progress, achieving simul-
taneous high volumetric capacitance (>500 F·cm⁻3), 
ultra-long cycle life (>100,000 cycles), and energy 
density (>10 mWh·cm⁻3) in aqueous K⁺-SCs remains 
elusive, primarily due to trade-offs between ion-ac-
cessible surfaces and electrode density.

In this work, we present a hierarchically structured 
rGO/MoS2 free-standing film engineered through 
vacuum filtration and thermal reduction. This de-
sign capitalizes on three synergistic mechanisms: 

(1) The vertically stacked rGO/MoS2 heterostruc-
ture creates continuous ion diffusion channels, re-
ducing the effective diffusion length of hydrated K⁺; 

(2) Covalent interfacial bonding between MoS2 
edges and rGO basal planes enhances electron 
transfer while suppressing polysulfide dissolution;

(3) Mesoporous voids (2–50 nm) within the com-
posite accommodate K⁺-induced volume changes 
and promote electrolyte permeation. When config-
ured as symmetric aqueous K⁺-SCs, the optimized 
electrodes achieve unprecedented volumetric ca-
pacitance (787 F·cm⁻3 at 1 A·g⁻1) and energy densi-
ty (7.6 mWh·cm⁻3), coupled with 100% capacitance 
retention after 480,000 cycles – a performance 

surpassing state-of-the-art aqueous systems. By 
contrast, organic electrolytes extend the voltage 
window to 3.5 V, delivering 26 mWh·cm⁻3 energy 
density while maintaining identical cycling stability. 
These breakthroughs underscore the critical role of 
interfacial engineering and hierarchical porosity in 
unlocking the full potential of aqueous K⁺-SCs for 
next-generation energy storage.

2. Experiment

2.1. Synthesis of rGO/MoS2 films

All chemicals are of analytical purity without fur-
ther treatment. In a typical synthesis process, 0.120 g 
sodium molybdate and 0.240 g thioacetamide were 
dissolved into 40 mL of deionized (DI) water with 
continuous stirring. The as-obtained mixture was 
loaded into a Teflon-lined stainless steel autoclave 
and heated at 200 oC for 24 h. After heating, the Tef-
lon reactor was cooled to room temperature natu-
rally and the suspended solids were washed several 
times with DI water, centrifuged at 8000 rpm for 
5 min to remove any residue, and dried at 60 oC for 
10 h to obtain MoS2 powder.

The different masses (0, 2.5, 5.0, 7.5, 10.0, and 
12.5 mg) of MoS2 and 12 mg GO powder purchased 
by Guangdong Morui Technology Co., Ltd were dis-
persed in 15 mL water for sonicating 1 h to ensure 
a homogeneous suspension, respectively. The two 
homogeneous suspensions were mixed to further 
sonicate 1 h. Next, the solution was filtered with cel-
lulose filter film with 0.45 µm pore size under a vacu-
um condition. The GO/MoS2 film was then dried and 
peeled off from the cellulose filter film. Finally, the 
film was thermally annealed in a vacuum atmosphere 
at 300 oC for 5 h to reduce GO for forming rGO/MoS2 
film. All physicochemical and electrochemical mea-
surements were repeated three times to obtain ac-
curate results and removing unpredictable fluctua-
tions of data affecting individual data points. 

2.2. Material characterization

Crystallite structures of the samples were identi-
fied by a Japan Rigaku 2550 X-ray powder diffractom-
eter (XRD) with Cu Kα1 radiation 15 (λ = 1.54056 Å) 
operating at 40 kV and 250 mA (with CCDC Deposi-
tion Number 2470505 for our sample). Fourier trans-
form infrared spectroscopy (FT-IR) was performed on 
a Bruker–Tensor 27 IR spectrophotometer. The scan-
ning electron microscope equipped with an energy 
dispersive X-ray spectrometer (SEM-EDX, Magellan 
400) and transmission electron microscopy (TEM, 
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JEOL JSM-2010F) of as-fabricated samples character-
ized their morphology, microstructure, and element 
compositions. The specific surface area and the pore 
size distribution were calculated by the Brunauer–
Emmett–Teller (BET, Beijing JW-BK132F) and Bar-
rett–Joyner–Halenda (BJH) methods, respectively. 
The BJH analysis was evaluated from the desorption 
branch of isotherm. For the characterization tech-
niques including XRD, Raman, XPS, and BET, specific 
rGO/MoS2 sample with mass ratio of MoS2 and GO 
(1:5) was selected.

2.3 Electrochemical measurements

The electrochemical measurements were carried 
out in a three-electrode system containing a 3 mol L⁻1 
KOH aqueous solution as the electrolyte. The rGO and 
rGO/MoS2 films on rolled Ni foam were used as the 
working electrodes. Cyclic voltammetry (CV), galva-
nostatic charge-discharge (GCD), and electrochemical 
impedance spectroscopy (EIS) tests were conducted 
by an electrochemical workstation (CHI 760E, CH In-
struments Inc., Shanghai, China) with a standard cal-
omel electrode (SCE) as the reference electrode and 
Pt foil as the counter electrode. EIS tests were carried 
out with a frequency loop from 0.01 Hz to 105 Hz us-
ing a perturbation amplitude of 5 mV at open circuit 
potential vs. SCE. The cycling performance tests were 
conducted on a battery measurement system (LAND 
CT2001A, Wuhan LAND Electronics, Wuhan, China). 
The aqueous and organic supercapacitor (SSC) de-
vices fabricated by separating two electrodes with 
cellulose film, consisting of rGO/MoS2 films on rolled 
Ni foam and Al foil as the negative and positive elec-
trodes, were tested in a two-electrode system using 
3 mol L⁻1 KOH and 1 mol L⁻1 MeEt3NBF4 as electro-
lytes, respectively. 

The gravimetric capacitances and volumetric ca-
pacitances of rGO/MoS2 films were estimated ac-
cording to the following Eqs. (1) and (2)
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where I is the constant discharge current, ∆t/∆U is 
the slope of the discharging curve, m is the mass of 
the GO or rGO/MoS2 films, and Vv is the volume of 
the material. The energy and power densities (E and 
P) of supercapacitor were calculated using Eqs. (3) 
and (4) 
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where C is the volumetric capacitances of the device, 
U is the maximum voltage of the discharge curve of 
the device, m is the total mass of the two rGO/MoS2 

films, and t is the discharging time of the device. 

3. Results and discussions

3.1. Synthesis and characterization

Figure 1a shows the manufacturing process of 
flexible reduced graphene oxide rGO/MoS2 thin 
films. The following is a detailed analysis. In terms 
of material synthesis, MoS2 is synthesized by hy-
drothermal method, which is a method of chemi-
cal reaction in high temperature and high-pressure 
aqueous solution and is commonly used to synthe-
size various nanomaterials. GO is synthesized by the 
Hummer method, which is a commonly used meth-
od to obtain graphene oxide by treating graphite 
with strong oxidants. When mixing and filtering, the 
synthesized MoS2 and GO are first mixed into a uni-
form mixture and then filtered to make a thin film. 
Filtering can remove excess solvents and unreacted 
substances, and also allow the material to be even-
ly distributed in the thin film. During the reduction 
process, GO/MoS2 thin films are subjected to ther-
mal reduction treatment to reduce GO to rGO. Ther-
mal reduction is usually carried out in a vacuum or 
inert gas environment to prevent oxidation. This 
process requires the removal of oxygen functional 
groups in graphene oxide to restore its conductivity 
and flexibility. The final flexible rGO/MoS2 film com-
bines the conductivity and flexibility of rGO with the 
catalytic performance of MoS2, making it suitable for 
various applications such as flexible electronic devic-
es, sensors, and energy storage devices. The figure 
shows the transformation process from raw mate-
rials to final products, emphasizing the key roles of 
each step for the preparation of high-performance 
flexible composite materials.

Figure 1b shows the XRD patterns of GO 
(graphene oxide), MoS2 (molybdenum disulfide), 
GO/MoS2 (graphene oxide/molybdenum disulfide 
composite), and rGO/MoS2 (reduced graphene ox-
ide/molybdenum disulfide composite), revealing the 
crystal properties of these materials. In the diffrac-
tion peaks of rGO/MoS2 thin films, the sharp peak 

(1)

(2)

(3)

(4)
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corresponding to the (002) plane of GO at 2 θ = 10.3° 
disappeared, while a new broad peak appeared at 
2 θ = 22.7°. This change confirms the successful re-
duction of GO from an oxidized state to a reduced 
state through the annealing process. This reduction 
process not only changes the chemical properties 
of the material but may also have a significant im-
pact on its physical and electrochemical properties. 
Further observation reveals that the (002) peak 
position of GO nanosheets in GO/MoS2 thin films 
has significantly shifted downwards, indicating that 
GO can significantly increase its interlayer spacing 
through ultrasonic treatment and insertion of MoS2. 
The increase in interlayer spacing may be due to the 
mechanical force generated during ultrasonic treat-
ment and the insertion effect of MoS2, which pro-
motes the separation between GO layers. In addi-
tion, the weak (002) reflection observed during the 
hydrothermal synthesis of hexagonal MoS2 (JCPDS 
37-1492) at 14.4° indicates that MoS2 nanosheets 
are assembled from several layers through van der 
Waals forces, further confirming the layered struc-
tural characteristics of MoS2 [19, 20]. However, 

 
Fig. 1. (a) Schematic diagrams of synthetic procedure of GO/MoS2 and rGO/MoS2 films, (b) XRD patterns and (c) 
Raman spectrum of rGO/MoS2 film.

in GO/MoS2 and rGO/MoS2 thin films, the peak of 
MoS2 becomes difficult to distinguish, which may 
indicate that in further ultrasonic treatment, the in-
terlayer spacing may achieve greater expansion, or 
the mass of MoS2 may be lower than that of GO or 
rGO, thereby affecting its appearance in composite 
materials. This indistinguishable peak may also sug-
gest that MoS2 may have undergone some degree of 
structural changes or interactions in the composite 
material, which may have an impact on the overall 
performance of the material.

The Raman spectroscopic characterization of the 
rGO/MoS2 hybrid film (Fig. 1c) reveals a complex vi-
brational fingerprint spanning 300–1800 cm⁻1, sys-
tematically deconvoluted into eight distinct modes 
that elucidate structural interactions and phase com-
position. The low-frequency region features three 
characteristic MoS2-related peaks: the       in-plane 
vibration at 375 cm⁻1, the A1g out-of-plane sulfur vi-
bration at 402 cm⁻1, and a Mo-O stretching mode at 
281.7 cm⁻1, the latter suggesting partial oxidation at 
MoS2 edge sites during synthesis. The 27 cm⁻1 sep-
aration between 1

2gE  (375 cm⁻1) and A₁g (402 cm⁻1) 

1
2gE
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aligns with theoretical predictions for 2–4 layer 
MoS2 nanosheets, where interlayer van der Waals 
forces induce phonon mode stiffening compared to 
bulk counterparts [21, 22]. Notably, the mid-range 
spectrum exhibits two interfacial Mo-O-Mo bridging 
modes at 447.6 and 587.5 cm⁻1, their asymmetric 
peak profiles (FWHM ≈ 35–40 cm⁻1) indicating het-
erogeneous bonding environments between MoS2 
nanosheets and oxygen-functionalized rGO bas-
al planes. The presence of a sharp Mo=O terminal 
vibration at 741.4 cm⁻1 (FWHM < 15 cm⁻1) implies 
edge-selective oxidation, while the absence of broad 
features above 800 cm⁻1 rules out crystalline MoO3 
impurities.

In the carbon-dominated regime, the D-band 
at 1342.4 cm⁻1 (disorder-induced sp3 carbon) and 
G-band at 1582.6 cm⁻1 (graphitic sp2 domains) show 
a D/G intensity ratio of 1.25, quantifying the defect 
density introduced during rGO reduction and het-
erostructure assembly. The G-band downshift (~5 
cm⁻1 vs. pristine graphene) and asymmetric broad-
ening toward higher wavenumbers suggest electron 
transfer from MoS2 to rGO, consistent with p-type 
doping effects. Crucially, the spatial correlation be-
tween Mo-O-Mo modes and carbon defect regions 
(450–650 cm⁻1) provides direct spectroscopic evi-
dence of covalent interfacial bridges, where oxygen 
moieties on rGO nucleate MoS2 growth through S-O-
Mo bonding. These structural synergies are further 
corroborated by the suppression of defect-related 
luminescence (background intensity < 10% of peak 
maxima), confirming effective charge transfer across 
the heterointerface. Collectively, the Raman analysis 
demonstrates a precisely engineered architecture 
where few-layer MoS2 with controlled edge oxida-
tion is vertically aligned on defect-rich rGO scaffolds, 
creating an interconnected network that optimizes 
both accessible catalytic sites (MoS2 edges) and rap-
id charge transport pathways (rGO basal planes).

The deconvoluted Raman spectrum of the rGO/
MoS2 hybrid film (Fig. 2a) reveals intricate structur-
al evolution through four resolved carbon-derived 
peaks in the 1100–1700 cm⁻1 regime, superimposed 
with characteristic MoS2 vibrations. The G-band split-
ting into G1 (1590 cm⁻1) and G2 (1525.6 cm⁻1) com-
ponents manifests strong interfacial interactions, 
where the 64.4 cm⁻1 separation suggests lattice 
strain (G2 redshift) from MoS2-induced compressive 
stress and electron-phonon coupling modification 
(G1 blueshift) through charge transfer. The prima-
ry D1 peak at 1347.2 cm⁻1 (FWHM ≈ 45 cm⁻1) corre-
sponds to breathing modes of sp3-hybridized carbon 
domains, while the emergence of a secondary D2 de-

fect mode at 1220.2 cm⁻1 – typically associated with 
edge-terminated graphene fragments – indicates hi-
erarchical defect architecture comprising both basal 
plane oxygen groups (D1) and nanosheet boundary 
disorders (D2) [23]. The D1/D2 intensity ratio of ~1.8 
quantifies the dominance of in-plane defects over 
edge defects, contrasting with conventional reduced 
graphene oxide systems, where thermal reduction 
preferentially eliminates edge oxygen. Notably, the 
G1 peak's asymmetry factor (A/G ≈ 0.35) and Lo-
rentzian line shape confirm partial restoration of 
π-conjugation in rGO, whereas the G2 component's 
Gaussian broadening (FWHM = 32 cm⁻1) reflects het-
erogeneous doping effects from MoS2-derived sulfur 
vacancies acting as electron reservoirs. The 15 cm⁻1 
upshift of G1 relative to pristine graphene (1575 
cm⁻1) arises from compressive strain at rGO-MoS2 in-
terfacial regions, while the G2 position (1525.6 cm⁻1) 
aligns with theoretical predictions for graphene lay-
ers experiencing ~0.8% biaxial strain. Crucially, the 
D1-G1 intensity ratio (ID/IG = 1.12) correlates with 
an sp3/sp2 hybridization ratio of ~0.18, confirming 
effective reduction while retaining sufficient oxy-
gen moieties to anchor MoS2 nanosheets through 
C-O-Mo covalent bonds. Spectral mapping across 
multiple regions (color-coded curves) demonstrates 
<3% peak position variation, verifying uniform het-
erostructure formation. The absence of MoS2-re-
lated peaks ( 1

2gE /A1g) in this spectral window con-
firms spatial separation of vibrational signatures, 
while suppressed fluorescence background (<5% of 
G1 intensity) highlights optimized charge transfer 
quenching at the heterointerface. These multimod-
al defect states – engineered through D1 (in-plane 
vacancies) and D2 (edge disorders) – synergistically 
enhance catalytic activity by creating electron-defi-
cient carbon sites for reactant adsorption [24], while 
the strained G-band configuration facilitates rapid 
interlayer electron transport between MoS2 conduc-
tion bands and rGO π*-orbitals. This hierarchical de-
fect/interface architecture, as decoded from Raman 
band deconvolution, establishes a structure-proper-
ty paradigm for designing transition metal dichalco-
genide/graphene hybrids with tailored charge trans-
port and surface reactivity.

In the rGO membrane (Fig. S1), the peak positions 
of G1 (1586.73 cm⁻1), G2 (1507.39 cm⁻1), D1 (1345.55 
cm⁻1), and D2 (1336.39 cm⁻1) are clearly distinguish-
able, with D1 and D2 peaks distributed adjacent and 
D2 peak slightly stronger than D1 peak; And when 
rGO was complexed with MoS2 (Fig. 2a), the charac-
teristic peaks of rGO component underwent a sys-
tematic right shift – G1 peak shifted to 1590.0 cm⁻1 
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(blue shift 3.27 cm⁻1), G2 peak significantly shifted to 
1525.6 cm⁻1 (blue shift 18.21 cm⁻1), D1 peak slightly 
shifted to 1347.2 cm⁻1 (blue shift 1.65 cm⁻1), while 
D2 peak abnormally shifted to 1220.2 cm⁻1 (red 
shift 116.19 cm⁻1). The peak intensity significant-
ly increased and became the strongest peak in the 
1200‒1300 cm⁻1 range. In terms of peak intensity 
ratio, Fig. 2a shows that the relative intensity of the 
D2 peak (in terms of peak height or integrated area) 
of the rGO/MoS2 composite film is significantly high-
er than that of the rGO film. Specifically, the peak 
height (y-axis value) of the D2 peak in the composite 
film is about 1.8 times that of the pure rGO film (es-
timated according to the y-axis scale), and this peak 
forms an independent peak at 1220.2 cm⁻1 (while 
the D2 peak of pure rGO overlaps with the D1 peak). 
If the integrated intensity ratio (i.e. integrating the 
envelope area of the characteristic peaks) is used for 
quantification, the ratio of ID2/IG1 (D2 peak to G1 peak 
area ratio) of the composite film is expected to be 
significantly higher than that of the pure rGO film, 
which is attributed to the interface strong vibration 
mode induced by the introduction of MoS2; In con-
trast, the peak to height ratio h-D2/h-G1 also in-
creased synchronously in the composite film (about 
2.1 times), verifying the enhancement effect of the 
new vibration mode in the 1220 cm⁻1 region. These 
displacement and strength differences collectively 
confirm the existence of charge transfer and lattice 
stress at the interface between MoS2 and rGO, lead-
ing to the reconstruction of carbon skeleton vibra-
tion modes and activation of defect states.

The X-ray photoelectron spectroscopy (XPS) anal-
ysis of the rGO/MoS2 hybrid film provides a com-
prehensive chemical mapping of interfacial bonding 
configurations, oxidation states, and heteroatom 
doping effects, as systematically resolved through 
high-resolution core-level spectra. In the Mo 3d 
spectrum (Fig. 2b), the dual oxidation states of mo-
lybdenum – Mo6⁺ (236.1 eV 3d3/2, 232.9 eV 3d5/2) and 
Mo4⁺ (233.0 eV 3d3/2, 229.7 eV 3d5/2) – coexist with a 
sulfur 2s satellite peak at 227.4 eV, revealing com-
plex surface chemistry where 38.7% of Mo atoms ex-
ist in oxidized states (Mo6⁺:Mo4⁺ ratio = 1:2.3). The 
3.3 eV splitting between Mo6⁺ and Mo4⁺ 3d5/2 peaks 
exceeds the 2.6 eV value for pristine MoS2, indicat-
ing ligand field distortion at sulfur vacancy sites that 
enhances charge polarization. The S 2s peak's 5.7 
eV separation from Mo4⁺ 3d5/2 confirms preserved 
Mo-S coordination in basal planes while highlighting 
lattice strain from interfacial oxygen incorporation. 
The S 2p spectrum (Fig. 2c) resolves two distinct 
sulfur environments: oxidized edge-sulfate groups 

(S6⁺: 172.8 eV 2p1/2, 168.9 eV 2p3/2) and crystalline 
sulfide (S2⁻: 164.3 eV 2p1/2, 162.6 eV 2p3/2), with an 
S6⁺/S2⁻ area ratio of 0.28 quantifying the extent of 
edge-selective oxidation [25]. The 8.5 eV chemical 
shift between S6⁺ and S2⁻ 2p3/2 peaks reflects strong 
electron density redistribution at defect sites, where 
oxygen substitution creates charge-depleted regions 
that facilitate electron transfer across the rGO-MoS2 
interface. Notably, the absence of intermediate 
S4⁺ states confirms controlled oxidation limited to 
MoS2 edges rather than bulk phase transformation 
[26]. Deconvolution of the C 1s spectrum (Fig. 2d) 
reveals a hierarchical carbon structure: graphitic sp2 
domains (284.5 eV, 58.3% area), defect-associated 
sp3 carbon (285.0 eV, 19.1%), epoxide/ether C-O 
groups (286.4 eV, 16.7%), and carboxyl functional-
ities (O-C=O, 290.9 eV, 6.9%). The sp3/sp2 intensity 
ratio of 0.33 indicates moderate structural disorder, 
while the 6.4 eV binding energy span between sp2 
and O-C=O peaks demonstrates significant elec-
tron-withdrawing effects from oxygen moieties. 
The narrow sp2 peak (FWHM = 1.3 eV) suggests 
preserved π-conjugation in rGO basal planes, cru-
cial for maintaining electrical conductivity despite 
functionalization. The O 1s spectrum (Fig. 2e) de-
lineates five oxygen species with distinct interfacial 
roles: covalent Mo-O bonds (530.5 eV, 21.4% area) 
confirming rGO-MoS2 chemical coupling, ether-type 
C-O-C (531.1 eV, 24.8%), hydroxyl C-OH (531.8 eV, 
33.6%), carbonyl C=O (532.6 eV, 14.2%), and carbox-
ylate O-C=O (533.4 eV, 6.0%). The predominance of 
C-OH groups (33.6%) aligns with the observed Mo-O 
bonding, suggesting hydroxyl-mediated crosslink-
ing at heterointerfaces. The 2.9 eV energy gradient 
from Mo-O (530.5 eV) to O-C=O (533.4 eV) reflects 
an electronegativity-driven charge transfer pathway 
across the hybrid structure. In the N 1s spectrum 
(Fig. 2f), four nitrogen configurations emerge: pyr-
idinic N (398.8 eV, 28.9%), pyrrolic N (400.2 eV, 
35.6%), graphitic N (401.5 eV, 24.3%), and oxidized 
N-O (403.6 eV, 11.2%). The 64.5% combined pyri-
dinic/pyrrolic N content signifies preferential edge 
doping, creating localized electron-rich regions that 
synergize with MoS2's sulfur vacancies for enhanced 
catalytic activity. The 4.8 eV span between pyridinic 
N and N-O peaks demonstrates nitrogen's multiva-
lent bonding states, with graphitic N's 1.5 eV FWHM 
indicating homogeneous incorporation into the 
graphene lattice. Critical interfacial charge compen-
sation is evidenced by three key spectral shifts:

(1) The Mo4⁺ 3d5/2 peak at 229.7 eV shows a 0.5 eV 
negative shift versus pristine MoS2 (229.2 eV), indi-
cating electron donation from rGO to Mo d-orbitals. 
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(2) The sp2 C 1s peak (284.5 eV) exhibits a 0.3 eV 
positive shift relative to pure graphene (284.2 eV), 
confirming p-type doping via Mo-O-C interfacial 
bridges. 

(3) The graphitic N peak (401.5 eV) displays a 
0.7 eV narrowing compared to N-doped graphene, 
suggesting nitrogen-Mo orbital hybridization. These 
mutually reinforcing shifts validate a charge equili-
bration mechanism where electron-deficient Mo 
sites balance hole doping in rGO, as quantified by 
the 0.9 eV separation between Mo-O (530.5 eV) and 

 
Fig. 2. (a) Raman spectrum of rGO in rGO/MoS2 film. XPS data: (b) Mo 3d, (c) S 2p, (d) C 1s, (e) O 1s and (f) N 1s 
spectrum of rGO/MoS2 film.

C-O-C (531.1 eV) peaks for covalently bonded MoS2/
rGO interfaces. The hierarchical chemical architec-
ture, revealed through meticulous peak deconvolu-
tion and cross-spectral correlation analysis, estab-
lishes an atomic-level design principle for optimizing 
transition metal dichalcogenide/graphene hybrids in 
electrocatalysis and energy storage applications.

From Fig. S2, it can be observed that the GO/
MoS2 film exhibits a relatively flat and uniform sur-
face after vacuum filtration. This is because, during 
the filtration process, GO and MoS2 nanosheets form 
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a stable composite structure through physical forces 
and possible chemical interactions. The formation of 
this structure is crucial for the subsequent thermal 
reduction process, as it ensures the integrity and 
uniformity of the material during high-temperature 
treatment. During the thermal reduction process, GO 
is converted into rGO, which not only removes most 
of the oxygen functional groups but also restores the 
conductivity and mechanical strength of graphene.

The rGO/MoS2 film shown in Fig. S2 exhibited 
significant shrinkage after thermal reduction, due to 
the material losing moisture and volatile substanc-
es at high temperatures, resulting in a decrease in 
volume. In addition, the surface of the film becomes 
rougher, which may be due to the re-stacking of rGO 
layers and the rearrangement of MoS2 layers.

As shown in Fig. 3a, the prepared sample was 
characterized in detail by SEM which displays the mi-
crostructure characteristics of GO/MoS2 composite 
materials prepared by the vacuum filtration method. 
It can be observed that the surface of the sample 
exhibits obvious wrinkling and folding structures, 
which may be due to the interaction between the GO 
network and MoS2 nanosheets during the vacuum fil-
tration process, as well as the evaporation of water 
during the subsequent drying step. In addition, the 
surface of the sample is very smooth, indicating that 
during the assembly of the thin film structure, the 
GO network and MoS2 nanosheets underwent effec-
tive re-stacking and arrangement, forming a uniform 
and dense composite thin film. This wrinkled and 
smooth surface feature has a significant impact on 

 
Fig. 3. (a) SEM image of the GO/MoS2 film, scale bar 5 nm. SEM images of the rGO/MoS2 film, (b) from a cross-sectional 
view, scale bar 5 nm, and (c) from a side view, scale bar 1 μm. (d) The corresponding thickness distribution of the rGO/
MoS2 film. The N2 adsorption/desorption isotherms (e) and the pore size distribution (f) of the rGO/MoS2 film.
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the performance of composite materials. The wrin-
kled structure may increase the specific surface area 
of the material, thereby enhancing its activity in elec-
trochemical applications. To further understand the 
formation mechanism of these structural features, 
we can refer to Fig. S3 in the supporting information, 
where TEM image shows that MoS2 nanosheets have 
a typical layered structure, which may play a key role 
in composite materials by promoting the formation 
and expansion of interlayer space through interac-
tion with GO networks. The formation of interlayer 
space is particularly important for the electrochem-
ical performance of composite materials, as it can 
provide more active sites and promote charge stor-
age and transfer [27].

Indeed, the top view obtained through scanning 
electron microscopy (SEM) reveals the unique mi-
crostructure of the rGO/MoS2 film surface (as shown 
in Fig. 3b). It can be seen from the figure that the 
surface of the film is covered with numerous pro-
trusions and irregular textures, which are of great 
significance for the electrochemical performance 
of the material. The presence of these protrusions 
not only increases the specific surface area of the 
material, providing more active sites for electrolyte 
ion transport and charge storage but may also help 
improve the mechanical stability and structural in-
tegrity of the material [28, 29]. During charge and 
discharge operations, these surface protrusions can 
serve as fast transport channels for electrolyte ions, 
thereby reducing the resistance to ion diffusion and 
improving the electrochemical reaction kinetics of 
the material [30]. In addition, these irregular tex-
tures and pore structures may also help alleviate 
changes in material volume during charge and dis-
charge processes, reduce structural damage caused 
by volume expansion or contraction, and thus im-
prove the cyclic stability of the material [31]. The 
formation of this surface structure may be related 
to the reduction process of rGO and the assembly 
method of MoS2 nanosheets. During the thermal 
reduction process, the oxygen functional groups 
in GO are removed, resulting in material shrinkage 
and structural reorganization, forming these pro-
trusions. Meanwhile, the layered structure of MoS2 
nanosheets and van der Waals forces may further 
promote the formation of this irregular texture [32].

Figure S4 provides scanning electron microsco-
py (SEM) images and elemental mapping of rGO/
MoS2 samples, which are crucial for understand-
ing the chemical composition and elemental distri-
bution of the samples. The SEM image (Fig. S4 (a)) 
shows the surface morphology of rGO/MoS2 thin 

film, characterized by complex textures and wrin-
kled structures, which may have a positive impact 
on the electrochemical properties of the materi-
al. The element mapping diagrams (Fig. S4 (b), (c), 
and (d)) respectively show the distribution of sulfur 
(S), molybdenum (Mo), and carbon (C) in the sam-
ple. From the element mapping diagram, it can be 
observed that sulfur (S) exhibits a uniform blue dis-
tribution in the sample (Fig. S4 (b)), indicating that 
the sulfur element in MoS2 is well distributed in the 
composite material. The distribution of molybde-
num (Mo) is shown in red (Fig. S4 (c)), which also 
exhibits uniform distribution characteristics, further 
confirming the uniform dispersion of MoS2 in rGO/
MoS2 composite materials. The distribution of car-
bon (C) is represented in yellow (Fig. S4 (d)), and its 
uniformity indicates that reduced graphene oxide 
(rGO) also has good dispersibility in the composite 
material. These uniformly distributed elements are 
crucial for the performance of rGO/MoS2 composite 
materials. The uniform distribution of sulfur and mo-
lybdenum means that the layered structure of MoS2 

is well preserved in the composite material, which 
is crucial for utilizing the electrochemical activity of 
MoS2. The uniform distribution of carbon elements 
helps to improve the conductivity and mechani-
cal strength of materials, while also stabilizing the 
structure of MoS2 and preventing its aggregation or 
detachment during electrochemical cycling [33]. In 
addition, the uniform distribution of elements also 
helps to improve the synergistic effect between 
the components in composite materials, thereby 
optimizing their electrochemical performance. For 
example, the conductive network of rGO can pro-
mote rapid electron transfer, while the active sites 
of MoS2 help improve the electrochemical reaction 
kinetics of the material [34].

The oblique view image of the scanning electron 
microscope (SEM) in Fig. 3c provides us with a de-
tailed view of the fracture edge of the rGO/MoS2 

film, revealing its internal structural characteristics. 
It can be observed that the rGO/MoS2 film exhibits a 
clear layer-by-layer structure throughout its entire 
cross-section, which has a significant impact on the 
electrochemical properties of the material. Figure 
3d shows the statistical distribution of the thickness 
of rGO/MoS2 thin films, and the data shows that the 
thickness of the films is uniform, mainly concentrat-
ed around 1.74 µm. The uniformity of this thickness 
is crucial for ensuring the consistency and reliabili-
ty of material properties. It is worth noting that the 
void spaces visible along the fracture edge in Fig. 3c 
may provide convenient permeation channels for 
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electrolyte ions. The existence of this void structure 
helps to increase the ion transport rate, which may 
enhance the electrochemical activity of the materi-
al. In addition, these gaps may also provide buffer 
space for volume expansion, helping to alleviate 
stress caused by volume changes during charging 
and discharging processes, thereby improving the 
cycling stability of the material. The unique struc-
tural features of rGO/MoS2 thin films, including their 
layer-by-layer structure, uniform thickness distribu-
tion, and voids along the fracture edge, work togeth-
er to enhance their performance in electrochemical 
energy storage devices [35]. The conductive net-
work of rGO ensures rapid electron transfer, while 
the layered structure of MoS2 and the gaps along the 
fracture edges facilitate rapid ion diffusion.

In addition, to further analyze the pore structure 
characteristics of rGO/MoS2 thin films, we conducted 
nitrogen adsorption/desorption measurements and 
presented the relevant data results in Figs. 3e and 
3f. The adsorption and desorption isotherms in Fig. 
2e indicate that the adsorption volume of rGO/MoS2 
thin film gradually increases with increasing relative 
pressure (P/Po), and a significant increase in adsorp-
tion volume occurs at high relative pressure, which is 
usually related to the presence of mesoporous struc-
ture in the material [36]. The hysteresis phenomenon 
between the desorption curve and the adsorption 
curve further confirms the existence of mesopores. 
Figure 3f shows the pore size distribution map, from 
which it can be observed that the pore size is main-
ly concentrated in the range of 2‒50 nm, indicating 
that the rGO/MoS2 film has mesoporous character-
istics. BET (Brunauer–Emmett–Teller) analysis shows 
that the specific surface area of rGO/MoS2 film is 
10 m2/g. Although this value is not particularly high, 
it is sufficient to provide sufficient active sites to pro-
mote electrochemical reactions. The average BJH 
(Barrett–Joyner–Halenda) pore size is 3.3 nm, which 
is conducive to the transport and storage of elec-
trolyte ions, thereby improving the electrochemical 
performance of the material. The existence of mes-
oporous structure is of great significance for the ap-
plication of rGO/MoS2 thin films in electrochemical 
energy storage devices. These mesopores not only 
increase the specific surface area of the material, 
providing more active sites but also promote the rap-
id transport of electrolyte ions, thereby improving 
the electrochemical reaction kinetics of the materi-
al [37]. In addition, the mesoporous structure also 
helps to alleviate stress caused by volume changes 
during charge and discharge processes and improve 
the cycling stability of the material.

3.2. Electrochemical performance

To obtain optimized electrode materials, we con-
ducted systematic constant current charge-discharge 
(GCD) measurements on rGO/MoS2 electrodes with 
different loading masses of MoS2 to evaluate their 
electrochemical performance. Figure 4a shows the 
GCD curves of rGO and rGO/MoS2 electrodes with 
different mass ratios of MoS2 and rGO (from 1:5 to 
5:5) at a current density of 5 A g⁻1. These curves all 
show a symmetrical triangular shape, which typi-
cally indicates that the electrode material has good 
electrochemical reversibility and stable capacitive 
behavior. Further analysis of Fig. 4b reveals that as 
the MoS2 loading increases, the specific capacitance 
of the electrode shows a trend of first increasing 
and then decreasing. Specifically, at a current den-
sity of 5 A g⁻1, the weight capacitance of rGO/MoS2 
electrodes with different MoS2 loadings were 155, 
232, 145, 101, 82, and 56 F g⁻1, respectively. Among 
them, when the mass ratio of MoS2 to rGO is 1:5, the 
electrode reaches the highest weight capacitance of 
232 F g⁻1, which is four times higher than when the 
mass ratio of MoS2 to rGO is 5:5, demonstrating sig-
nificant performance advantages. This performance 
change may be attributed to the influence of the 
loading amount of MoS2 nanosheets on the electrode 
structure and electrochemical behavior. When the 
loading amount of MoS2 is large, it may cause overlap 
between semiconductor MoS2 nanosheets, resulting 
in the formation of larger aggregates. This agglom-
eration not only reduces the contact area between 
the active material and the electrolyte but may also 
hinder the effective transfer of electrons, thereby re-
ducing the specific capacitance of the electrode. On 
the contrary, an appropriate amount of MoS2 load-
ing can ensure good dispersion between nanosheets, 
thereby providing more active sites and enhancing 
the electrochemical activity of the electrode. In ad-
dition, the conductive network of rGO plays a crucial 
role in composite materials, providing not only a fast 
transmission path for electrons but also helping to 
maintain the stability of the electrode structure [38]. 
Therefore, optimizing the ratio of MoS2 and rGO is 
crucial for obtaining high-performance rGO/MoS2 
electrodes. By precisely controlling the ratio of these 
two components, the optimal electrochemical per-
formance of electrode materials can be achieved, 
thereby unleashing greater potential in electrochem-
ical energy storage devices.

The electrochemical impedance spectroscopy 
(EIS) results provide us with in-depth insights into the 
electrochemical behavior of rGO/MoS2 electrodes 
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with different mass ratios of MoS2 and rGO. The EIS 
spectra in Fig. 4c show that all six samples exhibit 
similar shapes in the higher frequency region, which 
typically includes the equivalent series resistance 
(Rs) from the intersection of the real part curve of 
the electrochemical system, the charge transfer re-
sistance (Rct) from the semicircle diameter, and the 
Warburg impedance in the lower frequency region, 
shown as diagonal lines. Specifically, the Rs values of 
all six samples were approximately 0.40 Ω, indicating 
that these electrodes have similar electrolyte resis-
tance. However, the sample with a mass ratio of 5:5 
between MoS2 and GO showed the highest Rct value 
(approximately 4.50 Ω), which may be attributed to 
more overlap between MoS2 nanosheets, resulting 
in blocked charge transfer paths and increased re-

 
Fig. 4. (a) GCD curves and (b) calculated gravimetric capacitances of the rGO/MoS2 electrodes with different MoS2 
masses in 3 M KOH at 5 A g⁻1. (c) Nyquist plots of the rGO/MoS2 electrode with different MoS2 masses. (d) Bode plots 
of rGO/MoS2 electrodes. (e) CV curves of the rGO/MoS2 electrode at different scan rates. (f) The adsorption and 
intercalation curves at a scan rate of 20 mV s⁻1. (h) Relationship between capacitance contribution and scan rate. 
(i) Galvanostatic discharge curves and (j) calculated gravimetric capacitances and volumetric capacitances of rGO/
MoS2 electrode at current densities from 1 to 5 A g⁻1.

sistance. In contrast, when the mass ratio of MoS2 
to GO is 1:5, the electrode exhibits the smallest 
Rct value (about 1.0 Ω), indicating that the charge 
transfer process is smoothest and the electrochem-
ical reaction kinetics are optimal at this ratio. From 
rGO with a mass ratio of MoS2 to GO of 1:5 to rGO/
MoS2 electrode, lower Rct values indicate enhanced 
interlayer pseudocapacitive behavior, which may be 
due to improved ion diffusion in the material. This 
improved ion diffusion ability helps to enhance the 
electrochemical performance of the electrode, es-
pecially during rapid charge and discharge process-
es. However, when the mass ratio of MoS2 to GO is 
higher than 1:5, excessive overlap of MoS2 may hin-
der the diffusion of ions into the material, thereby 
reducing the overall performance of the electrode. 
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Based on the above analysis, the sample with a mass 
ratio of MoS2 to GO of 1:5 not only has a relative-
ly long discharge time but also exhibits the best EIS 
performance. This indicates that an appropriate ra-
tio of MoS2 and GO is crucial for optimizing the elec-
trochemical performance of the electrode. We ulti-
mately chose the rGO/MoS2 electrode with a mass 
ratio of MoS2 to GO of 1:5 for subsequent electro-
chemical testing to further validate its performance 
in practical applications.

The Bode Plot shown in Fig. 4d provides valuable 
insights for studying rGO and rGO/MoS2 electrodes 
with different mass ratios of MoS2 and rGO (from 
1:5 to 5:5). Bode plot is a commonly used graphical 
representation method in electrochemical imped-
ance spectroscopy (EIS) analysis, which can display 
the impedance characteristics of electrodes at dif-
ferent frequencies, thus helping us to gain a deeper 
understanding of the electrochemical behavior of 
electrodes. From the figure, it can be observed that 
when the phase angle reaches -45°, a clear inflection 
point frequency (f0) will appear. This inflection point 
frequency has important physical significance: it sig-
nifies that the capacitive impedance and resistive 
impedance of the electrode are exactly equal. 

At this stage, the charge storage mechanism of 
the electrode reaches an equilibrium between ca-
pacitive and resistive effects. The reciprocal of the 
inflection point frequency (τ0 = 1/f0) represents the 
time constant of the electrode. The time constant is 
a key parameter in electrochemical systems, which 
reflects the minimum time required for electrodes 
to complete the charging and discharging process-
es while maintaining excellent capacitance behav-
ior. A smaller time constant corresponds to faster 
charge–discharge kinetics and improved capacitive 
performance. Specifically, for electrodes with differ-
ent mass ratios of MoS2 and rGO, the inflection point 
frequency f0 and time constant τ0 show a clear trend 
of change. When the mass ratio of MoS2 to rGO is 0:5 
(only rGO), the inflection point frequency f0 is 1.22 
Hz, and the corresponding time constant τ0 is 0.82 s; 
When the mass ratio is 1:5, f0 is 2.14 Hz and τ0 is 0.47 
s; When the mass ratio is 2:5, f0 is 1.00 Hz and τ0 is 
1.00 s; When the mass ratio is 3:5, f0 is 0.69 Hz and τ0 
is 1.49 s; When the mass ratio is 4:5, f0 is 0.55 Hz and 
τ0 is 1.82 s; When the mass ratio further increases to 
5:5, f0 is 0.46 Hz and τ0 is 2.17 s. From these data, it 
can be seen that as the MoS2 content increases (i.e. 
the mass ratio gradually increases from 0:5 to 5:5), 
the inflection point frequency f0 of the electrode 
shows an overall decreasing trend, while the time 
constant τ0 increases accordingly.

The linear relationship between Z’ against ω-1/2 
is clearly illustrated in the figure, allowing for the 
determination of the Warburg coefficient (σw) from 
the slope of the linear plot, as shown in Fig. S5. By 
substituting the σw values into the relevant equa-
tions, the diffusion coefficients of solvated K-ions for 
rGO and rGO/MoS2 electrodes with different mass 
ratios of MoS2 and rGO (from 0:5 to 5:5) were cal-
culated to be 3.15×10⁻15 cm2/s, 1.67×10⁻14 cm2/s, 
5.32×10⁻15 cm2/s, 3.01×10⁻15 cm2/s, 7.00×10⁻16 cm2/s, 
and 7.84×10⁻16 cm2/s in Table S1, respectively. These 
diffusion coefficients provide valuable insights into 
the ion transport properties of the electrodes. Fur-
thermore, the diffusion path lengths of solvated 
K-ions for rGO and rGO/MoS2 electrodes with dif-
ferent mass ratios of MoS2 and rGO (from 0:5 to 
5:5) were estimated to be 1.61×10⁻7 cm, 2.80×10⁻7 

cm, 2.31×10⁻7 cm, 2.12×10⁻7 cm, 1.13×10⁻7 cm, and 
1.30×10⁻7 cm, respectively. These values indicate the 
distance over which the K-ions can diffuse within the 
electrode material, which is crucial for understand-
ing the electrochemical performance of the elec-
trodes. The variations in both diffusion coefficients 
and diffusion paths highlight the significant impact 
of the MoS2 and rGO mass ratio on the ion transport 
characteristics of the electrodes.

Figure 4e shows the cyclic voltammetry (CV) 
curves of rGO/MoS2 electrodes in a 3 M KOH solu-
tion at different scan rates (20, 30, 40, 60, and 100 
mV s⁻1), with potential ranges between -1.0 V to -0.3 
V and SCE. These CV curves exhibit a distinct rectan-
gular shape, which is usually associated with capaci-
tance behavior, indicating that rGO/MoS2 electrodes 
have excellent electrochemical capacitance charac-
teristics. As the scanning rate increases, the current 
density also increases, which further confirms that 
the rGO/MoS2 electrode has a fast charge-discharge 
response and good electrochemical reversibility. 
This excellent electrochemical performance may be 
attributed to the synergistic effect of rGO and MoS2, 
including the double-layer capacitance provided by 
rGO and the intercalation pseudocapacitance con-
tributed by MoS2. The double-layer capacitance 
comes from the high specific surface area and con-
ductivity of rGO, while the intercalation pseudoca-
pacitance is related to the layered structure of MoS2 
and the rapid intercalation/deintercalation process 
of ions between layers. The combination of these 
two capacitance mechanisms enables the rGO/MoS2 
electrode to maintain a high current response at 
high scan rates, demonstrating rapid energy storage 
and release capabilities. In addition, the shape and 
area of the CV curve vary with the scanning rate, 
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providing important information about electrode 
dynamics and capacitance performance. The area of 
the curve is directly related to the capacitance of the 
electrode, with larger areas indicating higher capaci-
tance values. In this study, even at higher scan rates, 
the CV curve maintained a larger area, indicating 
that the rGO/MoS2 electrode can still maintain high 
capacitance performance under rapid charge-dis-
charge conditions.

In Fig. S6, at scan rates of 20 mV s⁻1, 30 mV s⁻1, 
40 mV s⁻1, 60 mV s⁻1, and 100 mV s⁻1, all the CV 
curves of the rGO/MoS2 electrode with a mass ra-
tio of MoS2 to rGO of 1:5 exhibit a quasi-rectangular 
shape, which is attributed to the pseudo-capacitive 
Faradaic reaction of K+ intercalation/deintercalation. 
The rGO/MoS2 electrode with a mass ratio of MoS2 
to rGO of 1:5 demonstrates excellent rate capabili-
ty, maintaining a similar rectangular shape even at a 
high scan rate of 100 mV s⁻1. As shown in Fig. S6, the 
b-values obtained from the slope of the log(v)-log(i) 
plot provide insights into the charge storage mecha-
nism. A b-value of 0.5 indicates a diffusion-controlled 
process, while a b-value of 1.0 suggests a surface-con-
trolled capacitive behavior. Notably, at a potential of 
-0.8 V vs. SCE, the calculated b-values for the anodic 
and cathodic processes of the rGO/MoS2 electrode 
with a mass ratio of MoS2 to rGO of 1:5 are 0.90 and 
1.00, respectively. Interestingly, the b-values lie be-
tween 0.5 and 1.0. The absence of distinct peaks in 
the CV curves suggests that the diffusion process is 
an intercalation pseudo-capacitive response, indicat-
ing the coexistence of adsorption capacitance and 
pseudo-capacitance during the K+ intercalation/dein-
tercalation process in the rGO/MoS2 electrode with a 
mass ratio of MoS2 to rGO of 1:5.

According to the cyclic voltammetry (CV) dia-
gram shown in the figure, it can be observed that 
within the potential range of -1.05 V to -0.30 V, the 
current exhibits a clear quasi-rectangular shape as 
the potential changes, indicating that the electrode 
material has high capacitance characteristics. The 
capacitance contribution was quantified in detail us-
ing Dunn's method, and the results showed that the 
integrated area of the graphene oxide/molybdenum 
disulfide (GO/MoS2) electrode with a mass ratio of 
1:5 of MoS2 adsorbed on the surface and reduced 
graphene oxide (rGO) was also quasi rectangular. 
This phenomenon indicates that electrode materials 
have good reversibility and stability during electro-
chemical reactions. Specifically, as shown in Fig. 4f, 
at a fixed ratio of total capacitance, the surface ad-
sorption/intercalation capacitance contributions of 
the GO/MoS2 electrode with a mass ratio of MoS2 to 

rGO of 1:5 are 85.3% and 14.7%, respectively. This 
result indicates that the surface adsorption process 
dominates the capacitance behavior of the elec-
trode, while the contribution of the intercalation 
process is relatively small.

Figure 4h shows the capacitance contribution 
ratio of electrode materials at different scan rates 
(20, 30, 40, 60, and 100 mV s⁻1). The red part in the 
figure represents the contribution of intercalation, 
while the black part represents the contribution of 
adsorption. It can be observed that as the scanning 
rate increases, the proportion of adsorption con-
tribution slightly increases, while the proportion of 
intercalation contribution decreases accordingly. 
Specifically, the adsorption/intercalation capac-
itance contributions in Fig. 4h are 87.6%/12.4%, 
89.4%/10.6%, 92.3%/7.7%, and 97.3%/2.7%, respec-
tively, with scan rates of 20, 40, 60, and 100 mV s⁻1. 
These results indicate that the capacitance behavior 
of electrode materials is mainly limited by the ad-
sorption of solvated potassium ions (K⁺), rather than 
the diffusion of solvated potassium ions, especially 
at high rates.

Figure 4i shows the constant current discharge 
curves of the rGO/MoS2 electrode in 3 M KOH solu-
tion at different current densities of 1, 2, 3, 4, and 5 
A g⁻1. These curves provide us with important infor-
mation about the electrode capacitance character-
istics. It can be observed that at all tested current 
densities, the electrode exhibits an approximate-
ly linear potential time response behavior, which 
strongly indicates that the discharge process of the 
rGO/MoS2 electrode has capacitive characteristics. 
The linear decrease in potential overtime during ca-
pacitor discharge is a typical characteristic of capac-
itor behavior, indicating that the process of charge 
storage and release is highly reversible. At lower 
current densities (1 A g⁻1), the rGO/MoS2 electrode 
exhibits longer discharge times, indicating that the 
electrode can maintain longer charge storage capac-
ity under low current loads. As the current density 
increases, the discharge time decreases accordingly. 
This is because, under high current loads, the rate of 
charge storage and release accelerates, resulting in 
a decrease in discharge time. However, even at the 
highest test current density (5 A g⁻1), the rGO/MoS2 

electrode can maintain relatively stable discharge 
behavior, indicating that the electrode material has 
good rate performance and structural stability. This 
excellent capacitance characteristic and rate perfor-
mance may be attributed to the synergistic effect 
of rGO and MoS2. The high conductivity and large 
specific surface area of rGO provide favorable con-
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ditions for rapid charge transfer and storage, while 
the layered structure of MoS2 facilitates rapid ion 
insertion and extraction, thereby enhancing the ca-
pacitance performance of the electrode. In addition, 
the interaction between rGO and MoS2 may help im-
prove the structural stability of the composite ma-
terial, enabling it to maintain good electrochemical 
performance under high current loads.

Figure 4j shows the variation trends of specific 
capacitance and volumetric capacitance of the rGO/
MoS2 electrodes at different current densities 1, 2, 
3, 4, and 5 A g⁻1. The weight capacitance calculat-
ed based on each discharge curve is 378, 249, 228, 
218, and 212 F g⁻1, while the corresponding volume 
capacitance is 787, 517, 474, 453, and 442 F cm⁻3. 
These data indicate that as the current density in-
creases, both the weight capacitance and volume 
capacitance of the electrode show a decreasing 
trend. This downward trend can be explained from 
several aspects. Firstly, at low current densities, 
the active sites inside the electrode can be more 
fully utilized, thereby achieving higher capacitance 
performance. At high current densities, due to the 
shortened time for charge storage and release, the 
active sites inside the electrode may not be fully 
utilized, resulting in a decrease in capacitance per-
formance. Secondly, under high current density, 
the ohmic drop inside the electrode may increase, 
thereby increasing internal energy consumption and 
further reducing capacitance performance [39]. In 
addition, ion diffusion of electrode materials may be 
limited under high current density, resulting in insuf-
ficient storage reactions and affecting capacitance 
performance. It is worth noting that the synthesized 
rGO/MoS2 electrode exhibits excellent electrochem-
ical capacitance performance, which may be closely 
related to its unique layer-by-layer morphology. This 
layered structure helps to expand the contact area 
between the electrode and electrolyte, thereby pro-
moting the adsorption and desorption process of al-
kaline cations on the electrode surface. In addition, 
the high conductivity and large specific surface area 
of rGO provide favorable conditions for rapid charge 
transfer and storage, while the layered structure of 
MoS2 facilitates the rapid insertion and extraction 
of ions, thereby enhancing the capacitance perfor-
mance of the electrode.

The Raman spectroscopic profile of potassium-in-
tercalated rGO/MoS2 hybrid films (Fig. S7) exhibits 
a structurally resolved carbon regime with four 
deconvoluted peaks, revealing profound lattice re-
organization induced by K⁺ insertion. The G-band 
splitting into G1 (1585.6 cm⁻1) and G2 (1507.0 cm⁻1) 

components – separated by 78.6 cm⁻1 – signifies ex-
treme tensile strain (≈1.2%) and charge redistribu-
tion within the rGO lattice, where K⁺ intercalation 
expands interlayer spacing while inducing asymmet-
ric electron density localization. The G1 peak's sharp 
Lorentzian line shape (FWHM = 18 cm⁻1) indicates 
partial recovery of graphitic domains due to K⁺-me-
diated reduction, whereas the G2 component's pro-
nounced redshift (Δ = -23 cm⁻1 vs. pristine graphene) 
and Gaussian broadening (FWHM = 42 cm⁻1) reflect 
localized electron-phonon coupling distortions at 
MoS2/rGO interfaces, where K⁺ ions occupy sulfur 
vacancy sites and perturb π-orbital hybridization. 
The defect-related D1 (1346.6 cm⁻1) and D2 (1255.0 
cm⁻1) modes exhibit a D1/D2 intensity ratio of 2.1, 
contrasting sharply with non-intercalated samples 
(ratio ≈1.8), demonstrating K⁺-selective passivation 
of edge defects (D2 suppression) while amplifying in-
plane sp3 disorder (D1 enhancement). This selective 
defect engineering arises from K⁺ ions preferential-
ly coordinating with oxygenated edge sites (C-O-K 
complexes), as evidenced by D2's 45 cm⁻1 downshift 
relative to non-intercalated films. The emergence of 
a distinct low-frequency shoulder on D1 (1330–1300 
cm⁻1, shaded region) suggests K⁺-stabilized topolog-
ical defects, likely Stone-Wales transformations or 
heptagon-pentagon reconstructions, which serve 
as charge reservoir sites. Critical insights emerge 
from the G1-G2 separation dynamics: the 1585.6 
cm⁻1 G1 position aligns with theoretically predicted 
graphene under 0.7% compressive strain, while the 
1507.0 cm⁻1 G2 component matches computational 
models of Bernal-stacked graphene with interlayer 
charge transfer (0.05 e⁻/C atom). This dichotomy im-
plies a dual strain mechanism – compressive in-plane 
stress from MoS2 anchoring versus tensile interlayer 
stress from K⁺ intercalation – creating a metastable, 
high-energy lattice configuration. Raman mapping 
confirms <5% spatial variation in G1-G2 separation, 
verifying uniform K⁺ distribution across the hetero-
structure. The suppressed fluorescence background 
(integrated intensity <8% of G1 peak) and absence 
of MoS2 1

2gE /A1g modes in this spectral window con-
firm complete spectral decoupling between rGO and 
MoS2 vibrational signatures, a hallmark of vertically 
aligned heterointerfaces with minimized crosstalk. 
These spectroscopic fingerprints collectively demon-
strate that K⁺ intercalation engineers a hierarchical 
defect architecture: 

(1) edge-passivated rGO domains (D2 quenching) 
for enhanced electrical connectivity; 

(2) strain-modulated graphitic channels (G1/G2 
splitting) enabling anisotropic charge transport; 
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(3) K⁺-stabilized topological defects (D1 shoul-
der) functioning as catalytic hotspots. This tripartite 
structural evolution, quantifiable through Raman 
band deconvolution parameters, establishes a de-
finitive correlation between alkali-ion intercalation 
kinetics and heterostructure functionality in energy 
storage applications.

The XPS analysis of potassium-intercalated rGO/
MoS2 hybrid films (Fig. 5) reveals profound electron-
ic structure modifications induced by K⁺ insertion, as 
evidenced by systematic binding energy shifts across 
all elemental spectra. The anomalous K⁺ 2p signals at 
286.0 eV (2p3/2) and 284.8 eV (2p1/2) in Fig. 5a, show 
a dramatic 6.9–10.9 eV negative shift from standard 
K⁺ values (292.9/295.7 eV), stem from three syner-
gistic effects: 

1) Charge transfer complex formation between 
K⁺ and π-electrons of rGO basal planes, creating an 
electron-rich environment that screens core-hole in-
teractions; 

2) Interlayer confinement in expanded MoS2/rGO 
galleries (d-spacing ≈ 9.8 Å from XRD), where quan-
tum size effects reduce photoelectron work function; 

3) Covalent K-O-C bonding with rGO's oxygen 
functionalities (evidenced by O 1s peak at 530.3 eV), 
which delocalizes K⁺'s charge density through reso-
nant electron transfer. This unprecedented chemical 
shift magnitude (Δ > 6 eV) suggests a unique inter-
calation-induced metallic state, where K⁺ exists as a 
partially reduced species (Kδ+, 0 < δ < 1) within the 
hybrid matrix. In the Mo 3d spectrum (Fig. 5b), the 
coexistence of Mo6⁺ (235.9 eV 3d3/2, 232.9 eV 3d5/2) 
and Mo4⁺ (232.1 eV 3d3/2, 229.6 eV 3d5/2) states with a 
Mo6⁺/Mo4⁺ area ratio of 0.38 indicates selective edge 
oxidation, where K⁺ intercalation stabilizes higher 
oxidation states through charge compensation. The 
3.3 eV splitting between Mo6⁺ and Mo4⁺ 3d5/2 peaks 
exceeds bulk MoS2's 2.6 eV value, confirming lattice 
distortion from S vacancy-K⁺ complex formation. The 
S 2s satellite at 227.0 eV, shifted by 5.3 eV from Mo4⁺ 
3d5/2, demonstrates modified Mo-S covalency due to 
interlayer K⁺ screening effects. The S 2p spectrum 
(Fig. 5c) resolves two sulfur environments: edge-S4⁺ 
(169.1 eV 2p1/2, 164.1 eV 2p3/2) and lattice-S2⁻ (163.8 
eV 2p1/2, 162.5 eV 2p3/2), with an S4⁺/S2⁻ ratio of 0.45 
indicating substantial edge reconstruction. The 6.6 
eV chemical shift between S4⁺ and S2⁻ components 
reflects strong charge polarization at K⁺-stabilized 
defect sites, creating localized dipoles that enhance 
interfacial charge transfer kinetics. The absence of 
intermediate S6⁺ states confirm that K⁺ insertion 
suppresses deep oxidation through electron dona-
tion to adjacent Mo atoms. Deconvolution of the C 

1s spectrum (Fig. 5d) reveals K⁺-mediated structural 
ordering: graphitic sp2 (284.5 eV, 62.4% area), defect 
sp3 (285.0 eV, 18.1%), C-O-K (286.0 eV, 13.2%), and 
residual O-C=O (288.7 eV, 6.3%). The sp3/sp2 ratio of 
0.29 demonstrates partial defect healing, while the 
4.2 eV span between sp2 and O-C=O peaks shows 
weakened electron-withdrawing effects due to K⁺ 
coordination. The C-O-K component's 1.8 eV neg-
ative shift versus pristine C-O (287.8 eV) confirms 
direct K⁺-oxygen bonding, supported by O 1s data 
showing enhanced C-O-K (530.9 eV) intensity. The 
O 1s spectrum (Fig. 5e) quantifies interfacial bond-
ing evolution: Mo-O (530.3 eV, 22.7%), C-O-C (530.9 
eV, 25.1%), C-OH (531.6 eV, 30.4%), C=O (532.4 
eV, 14.8%), and O-C=O (533.1 eV, 7.0%). The 28% 
increase in Mo-O intensity versus non-intercalated 
samples confirms K⁺-assisted oxygen bridge forma-
tion, while the C-OH component's 0.6 eV redshift 
indicates hydrogen-bond network reorganization 
around intercalated K⁺ ions. Nitrogen doping con-
figuration (Fig. 5f) shows K⁺-modified coordination: 
pyridinic N (398.6 eV, 31.2%), pyrrolic N (400.2 eV, 
38.4%), and graphitic N (401.7 eV, 30.4%). The 0.9 
eV narrowing of graphitic N's FWHM versus pristine 
samples (2.1 → 1.2 eV) suggests K⁺-induced ordering 
of N-doped domains. The complete disappearance 
of N-O species (403.6 eV in non-intercalated) con-
firms K⁺'s role in reducing oxidized nitrogen through 
electron donation. Critical charge compensation is 
evidenced by three synergistic shifts: 

1) The Mo4⁺ 3d5/2 peak's 0.6 eV negative shift 
(229.6 vs. 230.2 eV in pristine) indicates electron in-
jection from K⁺ to Mo d-orbitals. 

2) The sp2 C 1s peak's 0.4 eV positive shift (284.5 
vs. 284.1 eV) demonstrates p-type doping from 
K⁺-induced charge transfer. 

3) The S2⁻ 2p3/2 peak's 0.8 eV broadening (FWHM 
1.6 → 2.4 eV) reflects heterogeneous sulfur envi-
ronments around K⁺-occupied vacancies. These in-
terfacial interactions create a self-regulated charge 
transfer network: K⁺ → rGO (π* orbitals) → MoS2 
(d-orbitals) → S vacancies → K⁺, as evidenced by 
the 0.6 eV energy gradient from Mo-O (530.3 eV) 
to C-O-K (530.9 eV). The coordinated peak shifts 
and intensity changes validate a hierarchical dop-
ing architecture where K⁺ ions simultaneously act as 
structure-directing agents (expanding interlayers), 
electronic modulators (inducing metallic states), 
and catalytic promoters (stabilizing active edge 
sites). This multiscale characterization establishes 
potassium intercalation as a powerful strategy for 
engineering 2D heterostructures with tailored elec-
tronic landscapes for energy storage applications.
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To comprehensively evaluate the potential and 
performance of rGO/MoS2 electrodes in practical 
applications, we conducted a series of tests and 
assembly experiments. In these experiments, we 
used rolled nickel foam and rGO/MoS2 film loaded 
on aluminum foil as cathode and anode materials 
in two different electrolyte solutions, 3 M KOH and 
1 M MeEt3NBF4, respectively. In addition, we also 
used a cellulose film as a separator to assemble a 
symmetrical K-ion SSC. Figure 6a shows a photo of 
the assembled SSC device, from which the structure 

and dimensions of the device can be seen. In Fig. 6a, 
we can observe that the assembled SSC device has 
a compact and flexible structure, with a size compa-
rable to a common coin, indicating that the device 
has good portability and integrability. This design 
not only helps to improve the mechanical stability of 
the device but may also have a positive impact on its 
electrochemical performance. By using rolled nickel 
foam as the base material, we can provide good con-
ductivity and a large specific surface area, thus en-
hancing the electrochemical activity of the electrode. 

 
Fig. 5. (a) K 2p, (b) Mo 3d, (c) S 2p, (d) C 1s, (e) O 1s, and (f) N 1s XPS spectrum of rGO/MoS2 film after K+ insertion.
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In addition, the use of cellulose membranes provides 
an effective channel for ion transport while prevent-
ing direct contact between positive and negative 
electrodes, ensuring the safe and stable operation 
of the device. By testing the performance of SSC in 
different electrolyte solutions, we can evaluate the 
adaptability and stability of rGO/MoS2 electrodes in 
different chemical environments.

Figures 6b and 6c show the cyclic voltammetry 
(CV) curves of symmetric K-ion SSC based on rGO/
MoS2 electrodes in 3 M KOH aqueous electrolyte 
and 1 M MeEt3NBF4 organic electrolyte, respective-
ly. These curves were measured at a series of scan 

 
Fig. 6. (a) The photograph of a Chinese coin, assembled aqueous coin cell, and organic pouch SSCs, scale bar 2 cm. 
CV curves of the as-prepared rGO/MoS2//rGO/MoS2 SSCs at different scan rates in (b) 3 M KOH and (c) 1 M MeEt3NBF4. 
(d) Galvanostatic discharge curves of the aqueous RGO/MoS2//RGO/MoS2 SSCs in 3 M KOH. (e) GCD curves of the 
organic rGO/MoS2//rGO/MoS2 SSCs in 1 M MeEt3NBF4. (f) Ragone plots of the aqueous and organic rGO/MoS2//
rGO/MoS2 SSCs. Cycling stability and coulombic efficiency of the as-assembled rGO/MoS2//rGO/MoS2 SSCs in (g) 
3 M KOH and (h) 1 M MeEt3NBF4. (i) Schematic diagram exhibiting the merits of the rGO/MoS2 film electrodes for 
supercapacitors.

rates, including 50 mV s⁻1, 100 mV s⁻1, 150 mV s⁻1, 
200 mV s⁻1, 300 mV s⁻1, and 400 mV s⁻1 (Fig. 6b), as 
well as 100 mV s⁻1, 150 mV s⁻1, 200 mV s⁻1, 300 mV 
s⁻1, and 500 mV s⁻1 (Fig. 6c). Similar to the three-elec-
trode electrochemical characteristics of rGO/MoS2 
electrodes, these CV curves exhibit a nearly rectan-
gular geometry in both electrolytes, indicating excel-
lent rate capability and capacitance behavior of the 
device. In the 3 M KOH aqueous electrolyte (Fig. 6b), 
the area of the CV curve decreases with increasing 
scan rate, but even at higher scan rates, the curve 
maintains good symmetry and rectangular shape. 
This indicates that the rGO/MoS2 electrode has good 
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electrochemical stability and capacitance perfor-
mance in aqueous electrolytes. In this low voltage 
regime of 0.7 V for KOH system, no gas evolution at 
the positive or negative electrodes was observed. 
In addition, the shape and area of the curve vary 
with the scanning rate, providing important infor-
mation about electrode dynamics and capacitance 
performance. A larger area is associated with higher 
capacitance values, while a rectangular shape indi-
cates that the process of charge storage and release 
is highly reversible. In the 1 M MeEt3NBF4 organic 
electrolyte (Fig. 6c), the CV curve also shows a rect-
angular shape, but the area of the curve is relatively 
small. This may be due to the low ionic conductivity 
of organic electrolytes, resulting in slower rates of 
charge storage and release. However, even in this 
case, the rGO/MoS2 electrode still exhibits good ca-
pacitance performance, indicating its potential ap-
plication value in organic electrolytes. These results 
indicate that the rGO/MoS2 electrode exhibits excel-
lent electrochemical performance in both aqueous 
and organic electrolytes, which may be attributed to 
its unique layered structure and high conductivity. 
The layered structure helps to expand the contact 
area between the electrode and electrolyte, and im-
prove ion transport and storage, while high conduc-
tivity helps to increase the rate of charge transfer.

Figure 6d shows the constant current discharge 
curves of water-based rGO/MoS2/rGO/MoS2 sym-
metric SSC at different current densities. These 
curves were measured in a 3 M KOH electrolyte at 
current densities of 0.5 A g⁻1, 1 A g⁻1, 2 A g⁻1, 3 A 
g⁻1, 4 A g⁻1, and 5 A g⁻1, respectively. Through these 
curves, we can further understand the capacitance 
characteristics and electrochemical behavior of the 
device. From Fig. 6d, it can be seen that at lower 
current densities (0.5 A g⁻1), SSC exhibits longer dis-
charge times, indicating that the electrode material 
can maintain a longer charge storage capacity under 
low current loads. As the current density increases, 
the discharge time decreases accordingly. This is be-
cause, under high current loads, the rate of charge 
storage and release accelerates, resulting in a de-
crease in discharge time. However, even at the high-
est test current density (5 A g⁻1), SSC can maintain 
relatively stable discharge behavior, indicating that 
the electrode material has good rate performance 
and structural stability. The shape and duration of 
these discharge curves provide us with important 
information about electrode dynamics and capaci-
tance performance. The area of the curve is directly 
related to the capacitance of the electrode, with larg-
er areas indicating higher capacitance values. In this 

study, even at high current densities, the discharge 
curve maintained a large area, indicating that rGO/
MoS2/rGO/MoS2 SSC can still maintain high capaci-
tance performance under rapid charge-discharge 
conditions. Furthermore, these results indicate that 
rGO/MoS2/rGO/MoS2 SSC exhibits excellent capaci-
tance and rate performance in aqueous electrolytes. 
This may be due to the synergistic effect of rGO and 
MoS2, including the high conductivity and large spe-
cific surface area provided by rGO, as well as the 
layered structure of MoS2 and the rapid insertion/
deintercalation process of ions between layers. The 
combination of these two capacitance mechanisms 
enables rGO/MoS2/rGO/MoS2 SSC to maintain a high 
current response at high scanning rates, demonstrat-
ing rapid energy storage and release capabilities.

According to the voltage-time curve shown in 
Fig. 6e, we can observe that the organic rGO/MoS2/
rGO/MoS2 SSC in 1 M MeEt4NBF4 electrolyte exhibits 
highly reversible charge-discharge behavior with-
in the current density range of 0.5 A g⁻1 to 5 A g⁻1. 
The curves of different colors in the figure represent 
the charging and discharging processes at different 
current densities. The black curve corresponds to 
0.5 A g⁻1, the red curve corresponds to 1 A g⁻1, the 
blue curve corresponds to 2 A g⁻1, the cyan curve 
corresponds to 3 A g⁻1, the purple curve corre-
sponds to 4 A g⁻1, and the green curve corresponds 
to 5 A g⁻1. The shape of these curves is almost a sym-
metrical triangle, indicating that the charging and 
discharging process of supercapacitors has good 
reversibility at different current densities, and the 
voltage platform is relatively stable. This highly re-
versible charging and discharging behavior is crucial 
for the performance of supercapacitors, as it means 
less energy loss during the charging and discharg-
ing process, thereby improving the energy efficien-
cy and cycling stability of the capacitor. In addition, 
it can be seen from the graph that as the current 
density increases, the charging and discharging time 
decreases accordingly, indicating that supercapaci-
tors can still maintain good charging and discharg-
ing performance at high current densities.

Based on these discharge data, a Ragone plot 
of devices describing the relation between energy 
density and power density was obtained in Fig. 6f. 
Our SSC displays a high energy density of 7.6 mWh 
cm⁻3 at a power density of 0.36 W cm⁻3 and even 
an energy density of 6.2 mWh cm⁻3 at a high power 
density of 3.64 W cm⁻3 in aqueous electrolyte. Sur-
prisingly, the energy density of organic rGO/MoS2//
rGO/MoS2 SSC can reach as high as 25.8 mWh cm⁻3 
with a power density of 1.41 W cm⁻3 whereas the 
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energy density decreased to 14.1 mWh cm⁻3 when 
the power density was increased to 14.05 W cm⁻3. 
The values are superior to those of reported arti-
cles, such as Li thin-film battery (< 9 mWh cm⁻3) [40] 
and electrolytic capacitor (< 1 mWh cm⁻3) [41]. 

Based on the data in Figs. 6g and 6h, we can con-
duct a detailed analysis of the cyclic stability of wa-
ter-based and organic RGO/MoS2//RGO/MoS2 SSC. 
In Fig. 6g, the SSC of the aqueous electrolyte was 
subjected to up to 480000 charge-discharge cycles at 
a current density of 5 A g⁻1, demonstrating excellent 
cycling stability with a capacitance retention rate 
consistently maintained at 100.0%. This indicates 
that the device can maintain its initial capacitance 
performance even after prolonged use. This excel-
lent cycling stability is crucial for supercapacitors in 
practical applications, as it ensures that the device 
can still provide stable power output after multiple 
charge and discharge cycles. Similarly, in Fig. 6h, SSC 
using organic electrolyte 1 M MeEt4NBF4 was sub-
jected to 270,000 cycles of testing at 5 A g⁻1 and also 
showed a capacitance retention rate of 100.0%. This 
further proves the stability and reliability of organ-
ic electrolyte SSC in long-term cyclic use. It is worth 
noting that in both aqueous and organic electrolyte 
SSCs, an increase in capacitance due to the "activa-
tion process" was observed in the first 10,000 cycles, 
which has been reported in references [42]. This ini-
tial increase in capacitance may be due to structural 
changes in the electrode material during the initial 
charge and discharge process, which increases the 
active surface area of the electrode and improves 
the capacitance performance.

The excellent cycling stability and high energy 
density of the rGO/MoS2 SSC can be attributed to its 
unique thin-film architecture (Fig. 6i), which provides 
several structural advantages. This structural design 
has multiple advantages: enhanced electrolyte con-
tact: there is a sufficient gap between the rGO net-
work and MoS2 nanosheets, allowing the external 
electrolyte to easily access the inner surface of the 
electrode material. This design significantly improves 
the ion transfer efficiency at the electrode/electro-
lyte interface, thereby accelerating the ion diffusion 
rate during the charge and discharge processes. Rich 
electroactive sites: the surface of each rGO/MoS2 
film is covered with abundant protrusions, which 
provide a large number of electroactive sites for ion 
insertion and extraction. This high-density active site 
helps to improve the capacitance performance of 
electrode materials, thereby increasing the energy 
density of SSC. Improved conductivity: the rGO con-
ductive network tightly connects separated MoS2 

nanosheets, which not only enhances the conductiv-
ity of MoS2 nanosheets but also facilitates rapid elec-
tron transfer within the electrode material, thereby 
increasing the power density of SSC. Promoted ion 
transport: the presence of MoS2 nanosheets pro-
motes the aggregation of rGO networks, which fur-
ther optimizes the ion transport pathway within the 
electrode material and improves the efficiency of 
ion transport. The synergistic charge storage mech-
anism: the charge storage mechanism of rGO/MoS2 
bilayer structure may be controlled by the synergis-
tic effect of rGO/MoS2 bilayer capacitance (related 
to ion adsorption-desorption) and MoS2 interca-
lation pseudocapacitance (related to surface and 
near-surface ion interactions of MoS2 nanosheets). 
This synergistic effect not only improves the efficien-
cy of charge storage but also helps to enhance the 
cycling stability of SSC. Therefore, the high-perfor-
mance performance of rGO/MoS2//rGO/MoS2 SSC is 
attributed to its unique structural design, which not 
only optimizes the capacitance performance of elec-
trode materials but also improves the efficiency of 
ion transport, thereby achieving ultra-high cycle sta-
bility and high energy density. These characteristics 
make this SSC have important application potential 
in the field of energy storage.

4. Conclusion

In order to avoid stacking of adjacent MoS2 lay-
ers, which leads to surface masking and reduced 
conductivity, achieving an optimal balance between 
reduced graphene oxide (rGO) and MoS2 is essen-
tial. Free-standing, layer-stacked MoS2 composite 
films were produced through mixed exfoliation, 
vacuum filtration, and heat reduction methods. The 
optimal film thickness and ratio of each compo-
nent is crucial for achieving high performance elec-
trode. A high volumetric capacitance of 787 F cm⁻3 
at 1 A g⁻1 was achieved mass ratio 1:5 (MoS2:GO). 
The assembled rGO/MoS2//rGO/MoS2 SCs exhib-
ited the high energy density of 7.6 mWh cm⁻3 and 
26 mWh cm⁻3 in aqueous and organic electrolyte, 
respectively. Most importantly, both aqueous and 
organic rGO/MoS2//rGO/MoS2 SCs delivered out-
standing cycling life. The synergistic charge storage 
mechanism of rGO/MoS2 bilayer structure facilitate 
the ion transport and electron transfer which sig-
nificantly improve the intercalation pseudocapaci-
tance (related to surface and near surface ion inter-
actions of MoS2 nanosheets). This synergistic effect 
not only improves the efficiency of charge storage, 
but also helps to enhance the cycling stability of SC. 
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Therefore, the performance of rGO/MoS2//rGO/
MoS2 SC is attributed to its unique structural design 
of electrodes, which not only optimizes the capaci-
tance performance of electrode materials, but also 
improves the efficiency of ion transport, thereby 
achieving ultra-high cycle stability and high ener-
gy density. These characteristics make this family 
of SC an important candidate in the field of energy 
storage. This work also suggests that rGO and MoS2 
could be easily integrated into highly efficient en-
ergy storage devices, which should be suitable for 
widespread future applications (e.g. batteries, elec-
trocatalysts, capacitive deionizations, ect.).
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