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Freestanding Metallic 1T MoS2 with Dual Ion Diffusion 
Paths as High Rate Anode for Sodium-Ion Batteries

Xiumei Geng, Yucong Jiao, Yang Han, Alolika Mukhopadhyay, Lei Yang,  
and Hongli Zhu*

This work studies for the first time the metallic 1T MoS2 sandwich grown on 
graphene tube as a freestanding intercalation anode for promising sodium-
ion batteries (SIBs). Sodium is earth-abundant and readily accessible. Com-
pared to lithium, the main challenge of sodium-ion batteries is its sluggish 
ion diffusion kinetic. The freestanding, porous, hollow structure of the elec-
trode allows maximum electrolyte accessibility to benefit the transportation of 
Na+ ions. Meanwhile, the metallic MoS2 provides excellent electron con-
ductivity. The obtained 1T MoS2 electrode exhibits excellent electrochemical 
performance: a high reversible capacity of 313 mAh g−1 at a current density  
of 0.05 A g−1 after 200 cycles and a high rate capability of 175 mAh g−1 at  
2 A g−1. The underlying mechanism of high rate performance of 1T MoS2 for 
SIBs is the high electrical conductivity and excellent ion accessibility. This 
study sheds light on using the 1T MoS2 as a novel anode for SIBs.
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the previous reports, 1T-MoS2 does not 
exist in nature but can be prepared with 
the intercalation of guest ions such as 
n-butyllithium, which easily catches fire 
on exposure to air. Herein, for the first 
time, a facile method was developed to in 
situ synthesize a thin layer of 1T metallic 
MoS2 onto both the interior and exterior 
surfaces of a hollow graphene tube to 
form 3D MoS2-graphene sandwich struc-
ture. Corresponding electrochemical per-
formance as a freestanding and binder 
free Na+-intercalation anode constituent 
was evaluated.

Sodium-ion batteries (SIBs) are one 
of the highly promising options for use 
in next generation large-scale energy 
storage due to sodium’s earth abundance 

and ready accessibility.[18–21] However, compared to the lithium 
sodium ion has much slower diffusion kinetics due to the larger 
size of the Na ion (372% larger in volume than Li ion owing to 
its higher coordination number of four and the atomic radius 
of sodium is 99 pm, whereas the atomic radius of lithium is 
59 pm).[22] Therefore, there is an urgent need to design a robust 
and enhanced structure to assist the ion diffusion in SIBs with 
improved rate performance, capacity, and stability.[18,23–26] To 
solve the sluggish sodium-ion diffusion kinetics, this work 
grew the 1T MoS2 onto the porous 3D hollow graphene foam to 
increase the ion accessibility. In order to grow a thin layer of 1T 
MoS2, onto both the interior and exterior walls of a 3D hollow 
graphene tube scaffold, ethanol was used as a solvent. Due to 
the low surface energy of ethanol compared to water, it is more 
compatible with graphene. The configuration of the two thin 
layers of 1T MoS2 sandwiching one inner graphene layer pos-
sesses several advantages: (1) provide dual sodium-ion diffu-
sion paths, (2) significantly increase the amount of active mate-
rial loading per footprint area, and (3) offer mechanical support 
to the 1T MoS2 and enable a freestanding electrode without the 
addition of any binder and conductive additive.

Even though 2H semiconducting MoS2 has been investi-
gated for Li+ intercalation, water splitting, and catalysis,[27–30] 
this is the first application of 1T MoS2 for Na+ intercala-
tion. The obtained 1T MoS2 electrode has a high reversible 
capacity of 313 mAh g−1 at a current density of 0.05 A g−1 
after 200 cycles and a capability of 175 mAh g−1 at a high cur-
rent density of 2 A g−1. The earth abundance of sodium along 
with the unique configuration of the MoS2-graphene electrode 

Batteries

1. Introduction

Layered semiconducting trigonal 2H MoS2 has been inves-
tigated as an anode material because of its high theoretical 
capacity of ≈670 mAh g−1 with Na+ intercalation.[1,2] Despite the 
high capacity, 2H MoS2 has poor intrinsic conductivity with a 
direct band gap of ≈1.9 eV.[3] Furthermore, the 2H MoS2 elec-
trodes experience structure pulverization and particle aggrega-
tion, resulting in poor rate performance and cycling stability.[4–7]  
Recently, metallic 1T MoS2 nanosheets have been investigated 
due to their excellent properties in electrocatalysts,[8,9] photo-
catalysts,[10] photoelectrochemical cells,[11–13] and supercapaci-
tors.[14,15] Compared to 2H MoS2, 1T-MoS2 has two unique 
structural characteristics that facilitate both electron transport 
and ion diffusion for electrochemical energy storage technolo-
gies: one is the distorted octahedral coordination that makes 
it an electronic conductor with conductivity ≈105 times higher 
than the 2H phase[16] and the other is high hydrophilicity.[17] 
High electron conductivity associates the electron transfer, 
and the hydrophilic property benefits the ion diffusion. These 
distinct features make 1T MoS2 an emerging competitive 
metallic nanosheets for energy storage. However, according to 
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presented in this work will shed light on developing metallic 
MoS2 for SIBs.

2. Results and Discussion

The fabrication process of the 1T MoS2 grown on graphene 
scaffold is illustrated schematically in Figure 1. First, graphene 
was deposited onto nickel foam via chemical vapor deposition 
(Figure 1a,b). The nickel was etched away with FeCl3 to obtain 
a transparent, 3D, and hollow graphene microtube scaffold 
(Figure 1c) with a fraction of surface pores and slits. A solution 
consisting of MoO3 and thioacetamide precursors dispersed in 
ethanol was used to grow the MoS2. The synthesis procedure 
was further explained in the Experimental Section. As a result, 
a thin layer of 1T MoS2 nucleated on both the interior and exte-
rior surfaces of the graphene tubes and formed a sandwich 
structure (Figure 1d). This process is the first demonstration 
of the ability to create a uniform coating of a 1T MoS2 spe-
cies onto a 3D graphene surface. The hollow graphene scaffold 
serves as the backbone for the active 1T MoS2 layers. Ethanol 
was chosen as the solvent because the surface energy matches 
that of graphene allowing the solution to penetrate and wet 
the entire, especially the interior, wall of graphene scaffold. 
Also, ethanol is relative environmental friendly organic solvent 
than N,N-dimethylformamide, N-methyl-2-pyrrolidone, and 
acetone.[31] The proposed strategy of selecting a solvent, which 
is compatible with the graphene, is outlined in Figure 1e. The 
sandwiched graphene layer provides fast electron transport, 

whereas, the electrolyte that has penetrated into the percolating 
tube network provides ion diffusion pathways for both 1T MoS2 
layers. The structure of the freestanding MoS2–graphene–
MoS2 anode supported by a dandelion is graphically illustrated 
in Figure 1f. It was also evident that the entire structure, as 
shown in Figure 1f, was very light. It is worth noting that the 
existence of the multilayers of graphene has no contribution in 
Na+ storage due to its limited layer distance, which was further 
verified in Figure 2d.

X-ray photoelectron spectroscopy (XPS), X-ray diffraction 
(XRD), and Raman spectroscopy were used to analyze the 
chemical composition of MoS2 deposited onto the graphene 
scaffold. The signals observed at 228.8 and 231.9 eV in Mo 3d 
XPS are corresponding to the 3d5/2 and 3d3/2 components of 
MoS bonding in 1T MoS2 that is ≈1 eV lower with respect 
to the corresponding 2H MoS2 peaks.[16] Besides, the MoO 
signal at 235.2 eV is due to tiny amount of unreacted MoO3. 
The S 2p XPS signals at 161.5 eV and 162.5 eV, which also con-
firmed the presence of MoS bonding, are associated with S 
2P3/2 and 2P1/2, respectively. The peaks are also ≈1 eV lower 
than the peaks in 2H MoS2 according to the literature.[16] The 
absence of any SO bonding in the spectrum indicated that 
there is no MoOSx configuration in the material (Figure 2b).[29] 
Correspondingly, three strong peaks were also observed at 184, 
324, and 416 cm−1 in Raman spectrum, which is evidently dif-
ferent with the typical Raman shifts at 378 and 404 cm−1 of 2H 
MoS2. The peak at 184 cm−1 is a typical metal–metal Raman 
stretching mode. According to the previous reports,[16,32–34] 
the intense peaks at 184 and 324 cm−1 are corresponding to 
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Figure 1. Schematic diagram illustrating the hydrothermal preparation of the 3D MoS2–graphene–MoS2 structure. a) A 3D nickel foam. b) Graphene 
was deposited onto a 3D nickel foam. c) Nickel was etched away to obtain a transparent and hollow graphene foam structure. d) The graphene structure 
immersed in a precursor solution. 1T MoS2 grown on the interior and exterior graphene surfaces facilitated by similar surface energies of graphene 
and ethanol. e) Mechanism of MoS2 growth on both sides of the 3D graphene. Red dot indicates thioacetamide and green dot indicates MoO3. f) The 
lightweight, freestanding MoS2–graphene foam rested on the top of a dandelion.
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the typical J1 and J3 peaks of the 1T MoS2, which indicated 
that 1T MoS2 was obtained in this study. Very small amount  
of MoO3 in the as-grown MoS2 layer is also confirmed by 
their vibration at 820 and 958 cm−1 in the Raman spectra 
(Figure 2c).[35] It is important that the graphene scaffold 
remains intact during the MoS2 growth process and preserves 
the mechanical and electronic integrity of the anode structure. 
The measured XPS spectrum for carbon has a single peak at 
284.5 eV, indicating that the sp2 carbon in graphene does not 
react during the hydrothermal growth process (Figure S1, Sup-
porting Information). In Figure 2d, the XRD peak of graphene 
at 26.6° is attributed to the (002) reflection of graphitic carbon, 
corresponding to the d-spacing of 0.335 nm, which is too small 
for Na+ intercalation.[36] The peaks at around 8.5 and 14.8° in an 
inset of Figure 2d can be indexed to the (002) and (004) planes 
of 1T MoS2, which also indicated the as prepared material is 
1T MoS2.[15,33,37] Furthermore, the weak intensity and broad dif-
fraction peaks demonstrate that MoS2 has a relatively small size 
and a relatively low crystallinity, which is in good agreement 
with the observation of the following high-resolution transmis-
sion electronic microscopy (HRTEM) images and selected area 
electron diffraction (SAED) patterns. The peak at around 16.5° 
is indexed to the residual Ni in the 3D MoS2–graphene–MoS2 
sandwich structure,[38,39] and the peak at 22° is corresponding 
to the (110) plane of the residual MoO3, agreeing well with the 
Raman result.[40]

We also measured the electronic conductivity of the as 
observed material. The resistivity of MoS2–graphene, measured 
with a four point probe, was 1.7 × 103 Ω sq−1, which is lower 

than the pure metallic MoS2.[16] We believe that the graphene 
scaffold further improved the conductivity of MoS2. The mor-
phology of the MoS2–graphene structure was characterized by 
both scanning electron microscopy (SEM) and energy disper-
sive X-ray spectroscopy. Figure 3a highlights the continuous 
network structure of the graphene scaffold, which is necessary 
for good electron transport within the electrode. A single MoS2 
coated graphene tube is presented in Figure 3b. From this 
image, it is apparent that both the interior and exterior surface 
of the tube is covered by a high density of 1T MoS2. The elec-
trolyte can easily penetrate the graphene scaffold structure and 
allows for full utilization of the active material on the structure. 
A high-magnification cross-section image of the graphene tube 
in Figure 3c reveals the uniform coverage of MoS2. Growth on 
both surfaces of the graphene scaffold is a direct consequence 
of the choice of ethanol as the solvent since the solute precur-
sors can easily access the hydrophobic graphene surface. Planar 
coverage of MoS2 on the outer surface of graphene tube is vis-
ible in Figure 3d. Elemental mapping of the surface of the MoS2 
layer was performed with energy-dispersive X-ray spectroscopy 
(EDX) (Figure S2, Supporting Information), and it was found 
that the Mo and S are evenly distributed throughout the sur-
face region. Furthermore, a uniform coverage of MoS2 on the 
inner surface morphology of the graphene tube is indicated in 
Figure 3e. Sandwich-structured 1T MoS2–graphene–1T MoS2 
morphology was presented in Figure 3f, in which multilayers 
of graphene are well defined. The ability of the hydrothermal 
growth process developed in this work to coat both sides of the 
graphene substrate is an improvement over previous studies in 
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Figure 2. Structural and chemical characterization of the synthesized MoS2–graphene. XPS spectra of Mo 3d (a) and S 2p (b). c) Raman spectroscopy 
and d) XRD of MoS2–graphene.
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which active material was only grown on one side of a carbon 
nanotube,[41] graphene,[1] or nanofiber substrate.[42]

HRTEM observation was prepared by sonicating the MoS2–
graphene material for 10 min. This preparation method high-
lights the strength of the interaction between the 1T MoS2 
and the graphene substrate as 1T MoS2 coated graphene was 
present in HRTEM images (Figure 4a,b) and SEM image 
(Figure S3, Supporting Information). From the uniform 
intact layer of MoS2 on graphene after sonication presented 
in Figure S3 in the Supporting Information, we can see the 
mechanical bonding between MoS2 and graphene is robust. The 
robust mechanical strength attribute to the in situ syntheses 
procedure in this study. In Figure 4c, we observed the layer dis-
tance of the materials on the multilayers graphene at around 
0.64–0.65 nm, which is the typical layer distance of few layer 
MoS2. Figure 4d shows the SAED pattern of the material on the 
graphene surface exhibiting hazy and broaden diffraction rings, 

indicating the material has a low crystalline ratio, which is 
consistent with the weak and broad peaks of the XRD pattern. 
The thin, layered structure of the as-prepared MoS2 is ideal for  
Na+ intercalation in an SIBs configuration.

The electrochemical properties of the MoS2–graphene struc-
ture were characterized by galvanostatic cycling and cyclic vol-
tammetry (CV), and the results are presented in Figure 5. The 
galvanostatic charge/discharge curves for 1T MoS2–graphene 
electrode cycled between 0.01 and 3.0 V versus Na+/Na at a cur-
rent density of 50 mA g−1 is plotted in Figure 5a. The initial cycle 
has a coulombic efficiency of 64%. The voltage plateau at 0.8 V 
versus Na+/Na is absent for all the cycles except for the first dis-
charge that can be attributed to the reductive decomposition of 
electrolyte during the formation of the solid electrolyte interphase 
(SEI). Voltage plateaus at 1.6 and 1.8 V versus Na+/Na observed in 
the subsequent discharge and charge curves, respectively, corre-
spond to the reversible sodium intercalation and deintercalation.

Adv. Funct. Mater. 2017, 27, 1702998

Figure 3. Morphological characterizations of MoS2 grown on graphene. a) 3D graphene foam structure. b,c) High-magnification image of a double-
side-coated graphene tube. d) High-magnification image of 1T MoS2 on the external surface of the tube. e) High-magnification image of 1T MoS2 on 
the internal surface of the tube. f) Cross-section of the edge of a graphene tube.
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The CV measurements were first performed to determine 
the reduction and oxidation potentials of the 1T MoS2–gra-
phene binder-free electrode. The voltammograms of the first 
five cycles measured between 0.01 and 3.0 V versus Na+/Na 
at a scan rate of 0.1 mV s−1 are presented in Figure 5b. The 
strong redox peaks appeared at 1.7 V versus Na+/Na and weak 
reduction peak at 0.8 V versus Na+/Na are also consistent with 
the voltage plateaus observed during galvanostatic cycling. 
Clearly, these cathodic and anodic peaks show almost negli-
gible changes in amplitude and voltage positions during the 
subsequent cycles, indicating an excellent cyclability of the 1T 
MoS2–graphene electrode owing to the strong synergistic cou-
pling effects. As can be seen, peaks in the CV curves also prove 
the as observed material is MoS2, which proceed in two steps 
including intercalation and conversion.[2,4,6]

The freestanding electrode architecture provides the 1T 
MoS2–graphene–MoS2 electrode with excellent cycling sta-
bility, as seen in the discharge capacity versus cycle number 
plot in Figure 5c. A high specific capacity of 630 mAh g−1 at  
50 mA g−1 is obtained for the first discharge cycle. After an 
initial five cycles activation phase, the discharge capacity 
is around 340 mAh g−1 at the 10th cycle and stabilizes at 
313 mAh g−1 for 200 cycles. The coulombic efficiency of  
the system with continued cycling is 99%, indicating negligible 
side reactions during each cycle. For comparison, a separate 
cell was assembled and cycled using sole graphene foam as 

the active material. Figure 5c demonstrates 
that all capacity comes from the 1T MoS2 
since multilayers graphite cannot serve as 
a sodium anode due to the limited layer 
distance of 0.34 nm.[36] The high rate capa-
bility of the 1T MoS2–graphene electrode is 
presented in Figure 5d. The electrode was 
cycled for ten cycles each at different current 
densities of 0.5, 0.8, 1.0, 1.5, and 2.0 A g−1 
and delivered reversible capacities of 241, 
222, 208, 190, and 175 mAh g−1, respectively. 
With an order of magnitude increase in the 
current density from 0.2 to 2.0 A g−1 the 
capacity decreases to 175 mAh g−1, which 
is about 62.5% of its original capacity at the 
low current density (280 mAh g−1). The cur-
rent density was reduced back to 0.05 A g−1 
for the final cycle of the rate capability exper-
iment, and the electrode recovers the initial 
capacity of 313 mAh g−1 for five stable cycles. 
The high rate performance might be due 
to the combination of the good electronic 
conductivity of the 1T MoS2-graphene, the 
excellent ion diffusion, and electrolyte acces-
sibility of the hollow and porous structure.

The electrochemical impedance spectra 
(EIS) of the electrodes before and during 
cycling are compared in Figure 5e. All 
impedance measurements were made at 
the fully discharged state. The impedance 
spectra are combinations of a depressed 
semicircle in high frequencies and a straight 
line in low frequencies. In the high-fre-

quency region, the intercepts with real impedance Z′(Ω) axis 
being reflected by an ohmic resistance, which includes ionic 
resistance from the separator paper and electrical resistance 
from electrodes. It can be seen that the ohmic resistance has 
a value very near zero, revealing an excellent electrical con-
ductivity of the composite electrode. It is mainly due to the 
1T MoS2 and graphene are both good electronic conductors. 
The charge transfer resistance of the as assembled cell is quite 
high; however, after first five cycles, the charge transfer resist-
ance decreases by a factor of five. The charge transfer resist-
ance continues decreasing with cycling and finally stabilizes 
at the tenth cycle at around 600 Ω. The reduced semicircle 
indicates a smaller charge transfer resistance, based on which 
we concluded that the ionic and electronic transfer kinetic is 
better after the wetting of the electrolyte in the entire graphene 
foam electrode along with cycling. Furthermore, a stable ion 
diffusion is evidenced from the similar slope of the Nyquist 
plot at a lower frequency compared to its initial state. This 
result is consistent with the cycling performance; the specific 
discharge capacity stabilized at the tenth cycle and maintained 
capacity for over 200 cycles. The low impedance of the battery 
is indicative of the excellent conductivity of the MoS2–gra-
phene–MoS2 structure as well as the homogeneous coverage 
of both surfaces of the graphene tube by 1T MoS2. Overall, the 
excellent electrochemical performance of 1T MoS2–graphene–
MoS2 composite as the Na storage anode can be ascribed to 

Adv. Funct. Mater. 2017, 27, 1702998

Figure 4. HRTEM characterization. a,b) Low-magnification images, showing a high density of 
MoS2 on graphene. c) High-magnification images of MoS2. d) The selected area electron dif-
fraction (SAED) pattern of MoS2.
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the synergistic effects of the perfect distribution of highly con-
ductive 1T MoS2 and graphene foam.

We have also compared the electrochemical performance 
of 1T MoS2–graphene with 2H MoS2–graphene published 
before.[6] So far the material with the highest capacity was 
60-MoS2–graphene that had an initial capacity of 338 mAh g−1  
at a current density of 25 mA g−1, and after 20 cycles the 
capacity became 240 mAh g−1, which is much lower than 
the 1T MoS2–graphene material prepared in this research. 
We speculate that the difference in performance is a result 
of the high conductivity of 1T MoS2, which helps the mate-
rial keep its higher capacity under a high current density. It 
seems 1T MoS2–graphene–MoS2 electrode has a relatively 
low volumetric energy density because of its porous struc-
ture. However, a balance between advantages and disadvan-
tages for the practical application of our prepared nanoactive 
material in sodium-ion batteries should be carefully consid-
ered. The high conductive 1T MoS2–graphene–MoS2 elec-
trode with a high rate property and a stable cyclability make 

it a promising 3D electrode architecture for micro battery 
applications.

The excellent sodium-ion storage properties of the 1T MoS2–
graphene electrode can be ascribed to their 3D network and 
high electrical conductivity as well as hollow structure. The 
1T MoS2–graphene functions in the following aspects: (1) the 
1T MoS2 owns high conductivity, which helps the material to 
keep its high capacity and stability under high current density 
as a sodium-ion batteries anode; (2) the graphene substrate not 
only prevents the MoS2 nanoparticles from aggregating but also 
provides a conductive matrix to facilitate the electron transpor-
tation during the electrode reactions; (3) the 3D hollow nature 
of MoS2–graphene enlarges the electrode/electrolyte contact 
area and further provides an efficient condition for diffusion 
of electrolyte ion, which improves the rate capability; (4) allows 
efficient utilization of active material and greatly improves the 
conductivity and ion diffusion performance without any addi-
tional additive. Such long-lasting anode material with high rate 
capability and stable cyclability can open up a new direction, 

Adv. Funct. Mater. 2017, 27, 1702998

Figure 5. Electrochemical performance. a) Charge/discharge profiles, b) cyclic voltammetry (CV) curves, c) specific capacity and coulombic efficiency 
versus cycle number at a current density of 50 mA g−1, d) rate performance of the MoS2-graphene electrode, and e) electrochemical impedance spectra 
at various cycle numbers.



www.afm-journal.dewww.advancedsciencenews.com

1702998 (7 of 8) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

which will allow researchers to develop high rate conversion-
reaction anodes for high-power sodium-ion batteries for hybrid 
electric vehicles.

3. Conclusion

For the first time, the metallic 1T MoS2 was investigated as a 
high-performance nanostructured anode material for room-
temperature sodium-ion batteries. The new material was syn-
thesized on both sides of a freestanding, 3D hollow graphene 
foam via scalable hydrothermal approach. The unique sand-
wich structure of the 1T MoS2–graphene–MoS2 provides an 
excellent electrochemical performance, as evidenced by excel-
lent rate capability of 175 mAh g−1 at 2 A g−1 and a high revers-
ible specific capacity of 313 mAh g−1 for 200 cycles. The high 
conductivity of the 1T MoS2–graphene–MoS2 electrode along 
with the structural configuration of the 3D porous hollow gra-
phene contribute to high rate capability with good electron 
conductivity and reduced ion diffusion lengths. Meanwhile, 
the unique configuration prevents the aggregation of MoS2 
nanosheets, whence, possesses excellent cycling stability. This 
study represents the first application of the metallic 1T MoS2 
for sodium-ion batteries. This general approach for control-
ling nanostructures can be meaningful in modifying many 2D 
layered materials to enhance their applications in high-perfor-
mance energy storage.

4. Experimental Section
Preparation of 3D Graphene Foam: The graphene was synthesized 

by chemical vapor deposition method with 3D Ni as template and 
catalyst. First, the 3D Ni foam was heated to 1000 °C in a horizontal 
tube furnace (MTI corporation) under Ar (500 sccm) and H2  
(200 sccm) atmosphere and annealed for 5 min to eliminate thin 
surface oxide layer. Then a small amount of CH4 with the flow rate of 
10 sccm was introduced into the reaction tube at ambient pressure. 
After 5 min of reaction with the gas mixture, the samples were rapidly 
cooled down to room temperature at a rate of ≈100 °C min−1 under 
Ar (500 sccm) and H2 (200 sccm) atmosphere. After that, the Ni was 
etched away with 0.1 m FeCl3 solution till soft and 3D graphene foam 
suspended in ethanol.

Preparation of 1T MoS2 Covering 3D Graphene Foam: 12 mg MoO3 
and 24 mg thioacetamide (Fisher Scientific, US) were added into 10 mL 
ethanol, followed by 1 h magnetic stirring at 500 rpm. Then graphene 
foam was immersed into the well-distributed solution, transferred to 
an autoclave and kept in the furnace at 200 °C for 18 h. The autoclave 
was cooled down to room temperature. The as-prepared MoS2 on 
graphene foam was washed with deionized water (DI water) and ethanol 
individually and dried at 50 °C for 2 h before using it as anode material 
in sodium-ion battery. The MoS2–graphene–MoS2 has an ultra low 
density of about 0.5 mg cm−3.

Electrochemical Characterization: 2025 coin cells were assembled 
using 8 × 8 mm2 1T MoS2 coated graphene foam as the working 
electrode. 1 m NaPF6 in (1:1, v/v) ethylene carbonate/dimethyl 
carbonate with 2% fluoroethylene carbonate (FEC) additive served as the 
electrolyte. Celgard separator soaked in electrolyte was dropped between 
the working electrode and sodium metal counter electrode.

All the cycling tests were performed in BT2000 Arbin by sweeping 
between 3.0 and 0.01 V versus Na/Na+. Rate performance was tested 
in the same voltage range with current density increasing consecutively 

from initial 50 mA g−1 to 100, 200, 300, 500, 800, 1000, 1500, and  
2000 mA g−1 for ten cycles. Finally, the current density was tuned to 
original 50 mA g−1. Specifically, both Na+ insertion and extraction were 
performed under same current density.

Cyclic voltammograms (CVs) were performed using Biologic SP-150 
at a scanning rate of 0.1 mV s−1. EIS were tested in the frequency range 
from 10 mHz to 100 kHz with an amplitude of 5 mV. All the tests were 
performed at the room temperature.

Physical Characterization: Transmission electron microscopy (TEM) 
and high-resolution transmission electron microscopy (HRTEM) 
imaging and electron diffraction were performed on an FEI Tecnai G2 
F20 S-Twin microscope operated at an accelerating voltage of up to 
200 kV. The TEM samples were prepared by sonication at 500 W for 
≈5 min, and 25 µL supernatant was dropped onto holey carbon grids. 
Morphology and composition of the as-prepared 1T MoS2 –graphene 
were characterized by an ultrahigh resolution SEM (Hitachi S4800), 
which has an optimum resolution of 1.4 nm.

XPS was conducted using an Axis Ultra DLD (Kratos) system. The 
vacuum of the chamber was 1 × 10−9 Torr. A monochromatic aluminum 
Kα source with a source power of 150 W (15 kV × 10 mA) was used. 
The pass energy was 160 eV for wide scans and 40 eV for narrow scans. 
Raman spectroscopy was performed using a LabRam HR800 UV NIR 
and 532 nm laser excitation with working distances on a × 50 lens. 
The Raman spectra of the 1T MoS2 –graphene and metallic MoS2 were 
recorded by depositing the samples on silicon substrates. The XRD 
patterns were performed on a Bruker AXS-D8 Advance powder X-ray 
diffractometer using Cu/Ka radiation (λ = 1.5406 Å) with a step size of 
0.02° and a dwell time of 3.0 s.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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