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3D MoS2/graphene oxide 
integrated composite as anode 
for high‑performance sodium‑ion 
batteries
Yan Yang 1,3*, Fangying Zheng 2,3, Lei Wang 2 & Yining Liu 1,2

Sodium-ion batteries (SIBs) are emerging as a promising alternative to conventional lithium-ion 
technology, due to the abundance of sodium resources. The major drawbacks for the commercial 
application of SIBs lie in the slow kinetic processes and poor energy density of the devices. 
Molybdenum sulfide (MoS2), a graphene-like material, is becoming a promising anode material for 
SIBs, because of its high theoretical capacity (670 mAh g–1) and layered structure that suitable for 
Na+ intercalation/extraction. However, the intrinsic properties of MoS2, such as low conductivity, 
slow Na+ diffusion kinetics and large volume change during charging/discharging, restrict its rate 
capability and cycle stability. Here, molybdenum disulfide and graphene oxide (3D MoS2/GO) with 
excellent conductivity were fabricated through layer-by-layer method using amino-functionalized 
SiO2 nanospheres as templates. The 3D MoS2/GO composite demonstrates excellent cycling stability 
and capacity of 525 mA h g–1 at 500 mA g–1 after 100 cycles, which mainly due to the integrated MoS2/
GO components and unique 3D macroporous structure, facilitating the material conductivity and Na+ 
diffusion rate, while tolerating the volume expansion of MoS2 during the charge/discharge processes.

The development of sustainable low-carbon energy society requires the efficient utilization of renewable power 
sources1–3. Sodium-ion batteries (SIBs) have similar reaction mechanism as lithium-ion batteries (LIBs)4–6. 
Therefore, SIBs are growing remarkably as promising candidates to replace LIBs in large-scale energy storage 
systems, because of the abundant sodium reserves on earth5,7–14. However, the commercial graphite employed 
in LIBs has been shown to be unsuitable for SIBs, because the radius of Na+ (1.06 Å) is much larger than that 
of Li+ (0.76 Å), which slows down the dynamism of the reaction and causes big volume expansion, leading to 
irreversible structural decomposition and capacity decay of SIBs12,15–19. Therefore, it is urgent to find suitable 
anode materials with high conductivity, fast Na+ diffusion channels and bouncy structure to tolerant volume 
change during charging and discharging processes.

Nowadays, the promising anode materials for SIBs include carbon-based materials18,20–24, titanium-based 
materials25–29, metal sulfides30–35, metal oxides36–40, alloys and organic compounds41,42. Among them, transition 
metal chalcogenide, a 2D-layered material, has attracted much attention due to its excellent physical and chemical 
properties. For example, MoS2 has high theoretical capacity (670 mAh g−1) and large interlayer spacing (6.2 Å), 
which allows sodium-ions (1.06 Å) for rapid and reversible insertion/extraction. Nevertheless, due to its inherent 
low conductivity and inevitable instability, molybdenum disulfide cannot be used as SIB anode material alone. 
At present, the most common strategy to conquer the above limitations is to add carbonaceous materials, such 
as carbon, graphene and graphene oxides39,40. Graphene oxides have excellent optical, electrical and mechanical 
properties, and GO composites have been proved to exhibit enhanced conductivity and bouncy structure that 
diminish volume change41,43. However, MoS2/GO composites that with integrated MoS2/GO components and 
well organized 3D macroporous structure that not only facilitate Na+ diffusion but also tolerant volume change 
are rarely reported.

Herein, we prepared 3D MoS2/Graphene oxide (3D MoS2/GO) composite with MoS2 supported on 3D GO 
for sodium-ion batteries anode material, which showed excellent reversible capacity and cyclic stability. Porous 
foam structure provides abundant specific surface facilitating Na+ diffusion and attachment, meanwhile, rich 
channels promote the contact between electrolyte and electrode, accelerating the electrolyte infiltration. The 3D 
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GO framework ensures the high electrode conductivity, speeds up the electron transmission efficiency, effectively 
alleviates the volume changes, and increases the structural stability and reversible circulation capacity. In this 
work, the 3D MoS2/GO electrode delivers a high discharge capacity of 525 mAh g–1 at 500 mA g–1 after 100 cycles 
and a reversible capacity of 277 mAh g–1 at 5000 mA g–1 after 3000 cycles with Coulombic efficiency of 99.99%.

Experimental
Material synthesis
Sample preparation of 3D MoS2/GO
Synthesis of SiO2 nanospheres.  The SiO2 nanospheres with a diameter of 100 nm were synthesized according 
to a previously reported method44. Briefly, 9.6 g TEOS was mixed with 200 mL ethanol, and then the solution 
was added into 8 mL deionized water and 8 mL ammonia solution (25 wt%). The mixed solution was stirred for 
5 h at room temperature, then removed the solvent and dried the solution at 80 °C to obtain SiO2 nanospheres 
templates.

Synthesis of GO wrapped SiO2 nanospheres.  The GO can be wrapped on the on the surface of amino-func-
tionalized silica on the basis of the electrostatic interaction between the negatively charged GO and positively 
charged amino-functionalized SiO2 nanospheres. GO was synthesized by a modified Hummer’s method45. The 
acquisition of GO wrapped SiO2 nanospheres refers to Meng46 but has made some changes as follows. The SiO2 
nanospheres (0.4 g) were ultrasonically dispersed into Ethanol solution (200 mL), 3-aminopropyltrimethoxysi-
lane (2 mL) was added drop by drop, the solution was refluxed for 5 h under an argon flow (5 L min–1), and then 
cooled down to RT, the particles were collected and washed three times with ethanol to get amino-functionalized 
silica (denoted as NH2-SiO2). 40 mg GO was put into 10 mL deionized water for ultrasonic treatment (30 min), 
then the suspension was added into NH2-SiO2 dispersion in water (200 mL), after fully stirred for 1 h, obvious 
delamination was found. Finally, the product was collected by centrifugation and washed with deionized water 
for few times.

Synthesis of 3D MoS2/GO.  (NH4)6Mo7O24·4H2O (50  mg) was mixed with the suspension of GO wrapped 
NH2-SiO2 (in 20 mL water solution) that obtained from step 2.1.1.2. Stir them to dry under room temperature, 
and collect the solid powder. The solid powder and CS2 (10 mL) were put into 40 mL stainless steel autoclave 
and maintained at 400 °C for 4 h. Finally, the solid powder was collected and soaked with hydrofluoric acid solu-
tion (20 wt%) for 1 day to remove the SiO2 nanospheres. Wash the powder with deionized water for 4–5 times 
(~ 1000 mL), and dry it (100 ℃ 24 h) to achieve the final product.

Sample preparation of 3D MoS2
For comparison, the 3D MoS2 was made by similar experimental procedures but without the addition of graphene 
oxide. (NH4)6Mo7O24·4H2O 50 mg was mixed with SiO2 nanospheres suspension (400 mg in 20 mL water solu-
tion) under room temperature. After stirring the solution to dry, the obtained powder and CS2 were mixed and 
transferred into the autoclave, and kept at 400 °C for 4 h, the 3D MoS2 powder was obtained after HF solution (20 
wt%) etching for 24 h, deionized water washing for 4–5 times (~ 1000 mL) and drying processes (100 ℃ 24 h).

Sample preparation of 2D MoS2/GO
The 2D MoS2/GO was prepared by same experimental procedures as above for preparing 3D MoS2/GO but 
without the addition of SiO2. (NH4)6Mo7O24·4H2O 50 mg and 40 mg graphene oxide were dispersed in deionized 
water (10 mL), the solvent was removed by constant stirring. Then the obtained powder and CS2 were transferred 
to the autoclave and kept at 400 °C for 4 h, and then cleaned and dried (100 ℃ 24 h).

Materials characterization
High resolution scanning electron microscopy (HRSEM) was conducted on Hitachi S5500. High resolution 
transmission electron microscopy (HRTEM) was conducted on TECNAI G2 F30. X-ray diffraction (XRD) 
measurements were conducted on Rigaku D/Max 2500/PC. Raman spectroscopy was performed on a LabRAM 
HR 800 Raman spectrometer. XPS was carried out on KRATOS Axis UltraDLD. The vacuum degree in the analysis 
room was 9.8 × 10–10 Torr.

Electrochemical measurements
The battery was assembled with CR2032 button cell shell and its electrochemical performance was tested. The 
batteries were assembled in a glove box. The electrode was made by mixing the active material, acetylene black, 
and polyvinylidene fluoride binder at a weight ratio of 7:2:1, and then pasted onto a Cu foil current collector and 
dried in a vacuum oven at 60 °C. Then cut the Cu foil into pieces with diameter of 12 cm. The mass loading was 
approximately 1.0 mg cm−2. The capacities described were achieved based on the total weight of 3D MoS2/GO 
composite. Metallic Na pieces were used as counter electrodes and reference electrodes. A glass fiber membrane 
(Whatman/F) was used as separator. The 1 M NaClO4 (Aldrich) in Ethylene carbonate (EC): Propylene carbonate 
(PC) (1:1 vol%) + 5 wt% Fluoroethylene carbonate (FEC) as the electrolyte. The galvanostatic discharge/charge 
measurements were performed in the voltage range of 0.01–3 V (vs. Na/Na+) on a NEWARE battery testing 
system. Cyclic voltammetry (CV), and electrochemical impedance spectroscopy (EIS) tests were performed on 
an electrochemical workstation (Gamry). CV was measured in a voltage range of 0.01–3 V at room temperature. 
EIS of the electrodes were measured, applying a 5 mV amplitude signal in the frequency of 0.01 Hz–100 kHz.
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Results and discussions
3D MoS2/GO were prepared by layer-by-layer method from using the SiO2 nanospheres as 3D templates, GO 
and MoS2 as coating layers. Figure 1 shows the typical preparation process of the 3D MoS2/GO. Firstly, SiO2 
nanospheres are functionalized by amino groups, and GO can be electrostatically attached with it, thus complet-
ing the coating of SiO2 by GO. Then, heating at 400 ℃ for 4 h by solvothermal method to grow molybdenum 
disulfide on the surface of graphene oxide. Finally, the final product 3D MoS2/G was obtained by etching the 
SiO2 with HF solution.

The scanning electron microscope (SEM) images show that SiO2 nanospheres with an average diameter of 
100 nm possess very smooth un-textured surfaces, Fig. S1a,b. After grafted with amino- groups on SiO2, the 
surface of SiO2 is rough instead of smooth, Fig S1c,d. When electrostatic adsorption self-assemble between GO 
and NH2-SiO2 is completed, the surface of NH2-SiO2 is covered by wrinkled GO sheets, as can be seen in Fig S1e,f. 
High-resolution scanning electron microscopy (HRSEM) image Fig. 2a shows uniform macroporous structure 
of 3D MoS2/GO. Three-dimensional foam structure of 3D MoS2/GO provides high specific surface area which 
facilitates Na+ diffusion and attachment. Also rich channels promotes the contact between electrolyte and elec-
trode, accelerating the electrolyte infiltration. The high-resolution transmission electron microscopy (HRTEM) 
images shown in Fig. 2b and c reveal the hollow structure with layered lattice spacing of 0.65 nm, which match 
the (002) plane of 2H-MoS2, indicating the layered structure of MoS2 is well preserved in 3D MoS2/GO. The 
atomic resolution HAADF-STEM image in Fig. 2d and EDS mapping results in Fig. 2e–g confirm the uniform 
dispersion of S, Mo and C elements.

The structure of as-prepared samples were investigated by X-ray diffraction (XRD). The main peaks of the 3D 
MoS2/GO match the peaks of 2H-MoS2 (JCPDS card No.37-1492) and some weak peaks correspond to peaks of 
graphitic carbon, confirming the coexistence of MoS2 and graphene oxide, Fig. 3a. The 3D MoS2/GO composite 
basically retain the layered crystallinity and the diffraction peaks of MoS2. Notably, from the XRD results of 3D 
MoS2/GO, 3D MoS2, 2D MoS2/GO (Supporting information, Fig. S2), it can be seen that with the addition of gra-
phene oxide in the composite, the intensity of all diffraction peaks of MoS2 decreases, especially the (002) plane 

Figure 1.   Schematic illustration of the preparation process of the 3D MoS2/GO composite.

Figure 2.   Morphology and nanostructure characterizations of 3D MoS2/GO, (a) HRSEM of 3D MoS2/GO, (b,c) 
HRTEM of 3D MoS2/GO, (d) HAADF-STEM image of 3D MoS2/GO, and (e–g) EDS mapping results of S, Mo 
and C.
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peak. Figure 3b is the Raman spectrum of 3D MoS2/GO, displaying the fingerprint peaks locating at 385 cm–1 
and 409 cm–1, corresponding to the E1

2g in-plane mode and the A1g out-of-plane mode respectively47. In addi-
tion, there are also two characteristic peaks at 1355 cm–1 and 1595 cm–1, which attribute to D (disordered) band 
and G (graphite) band of carbon materials respectively48, confirming the presence of GO in 3D MoS2/GO. The 
chemical configuration and surface electron valence states of MoS2 in 3D MoS2/GO were further determined 
by X-ray photoelectron spectroscopy (XPS). The XPS survey spectrum in Fig. 3c shows that the elements in 
the sample are S, Mo, C and O. The high-resolution spectrum of Mo in Fig. 3d shows three peaks at 226.8 eV, 
229.2 eV and 232.4 eV, corresponding to S 2 s, Mo 3d5/2 and Mo 3d3/2 respectively. In addition, the peak located 
at 235.5 eV is the 3d3/2 of Mo6+, which is mainly caused by the surface oxidation of Mo4+ in air during sample 
characterization49,50. Figure 3e is the S 2p high-resolution spectrum, and two peaks are observed at 162.1 eV 
and 163.3 eV, assigning to S 2p3/2 and S 2p1/2 respectively49–51. Meanwhile, the wide peak ranging from 165.9 to 
171.5 eV may be caused by the partial oxidation of S on the surface of the sample in air51,52. Figure 3f shows three 
peaks at 284.6 eV, 285.4 eV and 288.5 eV, attributing to C–C, C–O and C=O respectively51. Both 3D MoS2 and 
2D MoS2/GO XPS spectra show similar peaks, confirming the same MoS2 configuration with 3D MoS2/GO, as 
shown in Figs. S3, 4.

To determine the loading amount of MoS2, thermogravimetric analysis (TGA) was performed. As can be seen 
in Fig. S5, there are three steps of mass loss in 3D MoS2/GO. The first small mass loss (less than 200 ℃) dues to 

Figure 3.   Structure and composition characterizations of 3D MoS2/GO. (a) XRD pattern of 3D MoS2/GO. (b) 
Raman spectrum of 3D MoS2/GO. (c) XPS survey spectrum of 3D MoS2/GO and high-resolution XPS spectra of 
Mo 3d (d), S 2p (e) and C 1 s (f).
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the evaporation of adsorbed water. The second mass loss between 200 ℃ and 400 ℃ belongs to the oxidation of 
MoS2 (MoS2 + O2 → MoO3 + SO2). The third mass loss from 400 ℃ to 490 ℃ should be attributed to the combus-
tion of the GO46. Based on TGA data, assuming that the product at 600 ℃ is pure MoO3, the calculated contents 
of MoS2 in 3D MoS2/GO, 3D MoS2 and 2D MoS2/GO are about 51.47%, 69.13% and 62.58%, respectively47. Both 
3D MoS2/GO (67.0 m2/g) and 3D MoS2 (43.5 m2/g) exhibit high surface area compared with 2D MoS2/GO (8.7 
m2/g), verifying the rich porous structure that derived from the SiO2 nanosphere templates, Supporting Infor-
mation, Fig. S6. 3D MoS2/GO shows the highest surface area, owing to the contribution of GO and its support 
effect for MoS2 loading. Therefore, through a layer-by-layer method using SiO2 nanospheres as templates, we 
have successfully fabricated 3D MoS2/GO with high surface area and MoS2 loading.

The electrochemical properties of the 3D MoS2/GO as the anode material for SIBs were investigated, as 
shown in Fig. 4. Figure 4a shows the cyclic voltammograms (CV) of the 3D MoS2/GO for the first five cycles 
at a scan rate of 0.5 mV s−1 at voltage window of 0.01–3 V. The peak at 0.75 V is related to the insertion of Na+ 
between MoS2 and the formation of solid electrolyte interface (SEI) layer formed by electrolyte decomposi-
tion. The reduction peak at 0.2 V is related to the further formation of Mo and Na2S by the conversion reaction 
(NaxMoS2 + Na+  + e– → 2Na2S + Mo) and the insertion of Na+ into graphene52,53. In the first charge process, the 
prominent oxidation peak at 1.88 V corresponds to the oxidation conversion reaction of Mo with partial Na2S 
to reform MoS2

54. After the first cycle, the second to fifth discharging/charging curves almost overlapped, sug-
gesting high reversibility and cycling stability of Na+ storage in the 3D MoS2/GO composite. Figure 4b shows 
the galvanostatic charge/discharge curves at a current density of 500 mA g–1. In the initial discharge (1500 mAh 
g–1), two voltage plats appears at 1.0 V and 0.2 V respectively, while in the first charge, the voltage platform at 
1.9 V appears, which agrees well with the CV result. Besides, from 40th to 100th cycle, the charge and discharge 
profiles are almost overlapped, which further proves that the material has good cycling stability during the 
sodiation/desodiation processes54. Cycling performance at a current density of 500 mA g–1 is shown in Fig. 4c. 
After 100 cycles, the reversible discharge capacity of 3D MoS2/GO, 2D MoS2/GO and 3D MoS2 are 525 mAh g–1, 
324 mAh g–1, and 90 mAh g–1, respectively. The capacity retention rate of 3D MoS2/GO, 2D MoS2/GO and 3D 

Figure 4.   Electrochemical performance of different samples. (a) CV curves of the 3D MoS2/GO for the first 
five cycles at a scan rate of 0.5 mV s–1, (b) Galvanostatic discharge–charge curve of 3D MoS2/GO at 500 mA g–1, 
(c) Cycling performance of the 3D MoS2/GO, 3D MoS2 and 2D MoS2/GO at a current density of 500 mA g–1 
(The first two cycles are activated at a current density of 50 mA g–1), (d) Rate performances of the 3D MoS2/GO, 
3D MoS2 and 2D MoS2/GO, (e) Long-term cycling property and Coulombic efficiency of the 3D MoS2/GO at a 
current density of 5000 mA g–1 (The first two cycles are activated at a current density of 50 mA g–1).
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MoS2 are 95.6%, 18.8% and 93.6%, respectively. The rate capabilities are evaluated at current densities ranging 
from 0.05 to 2 A g−1 as shown in Fig. 4d. When cycled at various current densities of 50, 100, 300, 500, 1000 and 
2000 mA g–1, the 3D MoS2/GO electrode delivers the discharge capacities of 599, 599, 577, 559, 531, 492 mAh 
g–1, respectively, which are superior to those of 3D MoS2 (389, 158, 48, 15, 4 and 2 mAh g–1) and 2D MoS2/GO 
(281, 267, 225, 202, 165 and 138 mAh g–1) electrodes. When the current density of 3D MoS2/GO returns to 
300 mA g–1, the capacity retention rate is 96.8%, further proves its excellent rate property. In addition, as shown 
in Fig. 4e, the long-term cycling stability of 3D MoS2/GO under high current (5000 mA g–1) was tested. After 
3000 cycles, 3D MoS2/GO showed a high capacity of 277 mAh g–1 and a high coulombic efficiency of 99.99%, 
with capacity retention rate of 37.0%. Compared with other MoS2/carbon-based composites (Table S1), 3D 
MoS2/GO showed super performance in both large current density and long cycling stability55–62. By comparing 
3D MoS2/GO with control samples, we assume the reasons for the excellent performance of 3D MoS2/GO are 
as follows: (1) The intense contact between MoS2 and GO substrate can enhance the electrical conductivity of 
the whole material; (2) The addition of GO effectively alleviated the volume expansion of MoS2 and prevented 
the capacity attenuation; (3) The macroporous structure generated by SiO2 nanospheres templates can provide 
higher specific surface area and expose more active sites, which are conducive to the infiltration of electrolyte 
and Na+ transmission, leading to accelerated reaction rate and promoted storage ability of Na+.

To reveal more information about the high performance of 3D MoS2/GO, the 3D MoS2/GO electrode 
was recycled after 100 cycles at 500 mA g–1. From the SEM image (Fig. S8a), rich macropores with sizes of 
100 nm–2 μm are clearly observed on the surface of the recycled 3D MoS2/GO sample. The non-uniform pore 
size distribution of the macropores are probably caused by the material treatment processes during the prepara-
tion of electrode and the long cycling test of battery. Furthermore, the nanostructure of the recycled 3D MoS2/
GO was characterized by HRTEM. From the HRTEM image, the layered structure with d-spacing correspond-
ing to GO (0.40 nm) and MoS2 (0.67 nm) are clearly observed, showing the well-preserved structure of GO and 
MoS2 after long cycling test. Further confirming the excellent stability of 3D MoS2/GO, and this will benefit for 
its long cycling stability.

The electrochemical impedance spectroscopy (EIS) was measured before charging/discharging as shown in 
Fig. 5a. The high-frequency (the semicircular) part is the charge-transfer impedance (Rct), of which 3D MoS2/GO 
is significantly lower than that of 3D MoS2 and 2D MoS2/GO. The low-frequency part is the Warburg impedance 
(Zw)63, which relates to Na+ diffusion coefficient D. The equations are as follows54,64: 

(1)Z
′
= R + σwω

−1/2
,

Figure 5.   (a) EIS Nyquist plots of 3D MoS2/GO, 3D MoS2 and 2D MoS2/GO, (b) The relationship between Z’ 
and ω−1/2 for 3D MoS2/GO, 3D MoS2 and 2D MoS2/GO, (c) CV curves of 3D MoS2/GO at different scan rates, 
(d) Log (i)–log (v) plots at different cathodic/anodic peaks.
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D is the diffusion coefficient of Na+, R is the gas constant, T is the absolute temperature, A is the surface area 
of the electrode, n is the number of the electrons per molecule involved in the electronic transfer reaction, F is 
the Faraday constant, C is the concentration of Na+, σw is the slope of the line Z´ ∼ ω–1/2. As shown in Fig. 5b, 
the slopes σw of 3D MoS2/GO, 3D MoS2 and 2D MoS2/GO are 99, 319 and 1030, respectively. According to the 
equation, the Na+ diffusion coefficient of 3D MoS2/GO electrode is higher than 3D MoS2 and 2D MoS2/GO. 
Besides, the CV curves at different scan rates are used to explore the charge storage behavior of 3D MoS2/GO, as 
shown in Fig. 5c and d. The relationship between peak current and scanning rate is as follows65:

i is peak current, a is adjustable parameters, v is scanning rate and b is the slope of the plot of log (i) vs log (v). 
According to the equation, b value based on cathodic/anodic peaks for are 0.929 and 0.80, respectively. Both are 
closer to 1, indicating that the capacitive contribution is dominant in the 3D MoS2/GO electrodes. Compared 
with the intercalation contribution, the capacitive contribution causes less damage to the electrode and is more 
conducive to the cycling stability. This further explains the excellent cycling stability of 3D MoS2/GO electrode.

Conclusion
In conclusion, 3D MoS2/GO composite has been prepared using SiO2 nanospheres as template through layer-by-
layer method. 3D MoS2/GO possesses 3D macroporous structure with rich channels and high specific surface 
area, and shows super performance as electrode for sodium-ion batteries. It has showed superior specific capacity 
(277 mAh g–1) and cycling stability (3000 cycles) at high current (5000 mA g–1), with a high Coulombic efficiency 
of 99.99% in sodium-ion batteries. The excellent rate performance and cycling stability of 3D MoS2/GO may 
be originated from its unique 3D structure, including rich surface area, abundant 3D transportation channels, 
less volume change during charging/discharging and high conductivity that inherited from the intense contact 
between MoS2 and GO. This strategy is also applicable to other transition metal sulfides. Therefore, we believe 
this work can inspire the development of other alternative electrode materials for high-performance sodium 
ion batteries.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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