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An interlayer spacing design approach for efficient
sodium ion storage in N-doped MoS2†

Peng Wang,‡a Wenshan Gou,‡a Tian Jiang, ‡b Wenjing Zhao,c Kunpeng Ding,b

Huanxing Sheng,a Xin Liu,d Qingyu Xu *c and Qi Fan *a

MoS2 in a graphene-like structure that possesses a large interlayer

spacing is a promising anode material for sodium ion batteries

(SIBs). However, its poor cycling stability and bad rate performance

limit its wide application. In this work, we synthesized an N-doped

rGO/MoS2 (ISE, interlayer spacing enlarged) composite based on an

innovative strategy to serve as an anode material for SIBs. By

inserting NH4
+ into the interlayer of MoS2, the interlayer spacing

of MoS2 was successfully expanded to 0.98 nm. Further use of N

plasma treatment achieved the doping of N element. The results

show that N-rGO/MoS2(ISE) exhibits a high specific capacity of

542 mA h g�1 after 300 cycles at 200 mA g�1. It is worth mentioning

that the capacity retention rate reaches an ultra-large percentage

of 97.13%, and the average decline percentage per cycle is close to

0.01%. Moreover, it also presents an excellent rate performance

(477, 432, 377, 334 mA h g�1 at 200, 500, 1000, 2000 m A g�1

respectively). This work reveals a unique approach to fabricating

promising anode materials and the electrochemical reaction

mechanism for SIBs.

1. Introduction

At present, lithium-ion batteries (LIBs) are the most widely used
energy storage devices in our lives; however, the further devel-
opment of LIBs is restricted by low safety, limitation of lithium
resources and high cost. Therefore, in order to meet the
demands of the energy storage field, current research focuses

on the development of new energy storage devices. Sodium-ion
batteries have received increased attention from researchers
and are considered to be the most likely to replace lithium-ion
batteries in the future due to low cost, suitable redox potential
(�2.71 V vs. SHE) and abundant sodium resources. However,
the radius of sodium ions (1.02 Å) is larger than that of lithium
ions (0.76 Å),1 so it is more difficult for sodium ions to move in
the electrode material during the charging and discharging
process, and it also causes a huge volume change to the
electrode material and the battery capacity decays rapidly, and
thus the storage capacity of sodium ions is low. This requires us
to develop suitable electrode materials to minimize the volume
expansion and ultimately enhance the electrochemical perfor-
mance of the electrode material.

In recent years, layered metal dichalcogenides such as WS2,2

SnSe2,3 VS2,4 MoSe2,5 MoS2,6,7 and SnS/SnS2
8–10 have attracted

tremendous attention due to their large interlayer spacing.11

Metal dihalide compounds are suitable electrode materials for
batteries because of their large interlayer spacing, which
enables more ions to be stored.12–16 Among them, the two-
dimensional (2D) nanomaterial MoS2 with a special S–Mo–S
sandwich structure has been widely used as an electrode material
for rechargeable batteries.17–19 MoS2 has attracted great attention
due to its high theoretical capacity (670 mA h g�1), which is
double that of graphite, and it is comparatively cheaper.20,21 As
an anode material for sodium ion batteries, the weak van der
Waals force between the layers of MoS2 helps the extraction and
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New concepts
N-doped rGO/MoS2 (ISE, interlayer spacing enlarged) was synthesized by
an innovative one-step hydrothermal method with N plasma treatment to
achieve N-doping of the sample. The interlayer spacing of MoS2 was
expanded from the initial 0.62 nm to 0.98 nm, and the electrical
conductivity was also enhanced. The synthesized N-rGO/MoS2 (ISE)
brings excellent electrochemical performance to the battery, particularly
a high specific capacity of 540 mA h g�1 (200 mA g�1). After 300 cycles at
200 mA g�1, the capacity retention rate reaches an ultra-large percentage
of 97.13%, and the average decline percentage per cycle is close to 0.01%.
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insertion of sodium ions.22 In addition, the four-electron transfer
mechanism enables MoS2 to store more sodium ions. In the
charge/discharge process, the deep conversion reaction MoS2 +
4Na+ + 4e�- Mo + 2Na2S occurs, and the MoS2 sodium storage
process is a four-electron transfer mechanism.23 Theoretically,
MoS2 has a high specific capacity and good rate capability.
However, MoS2 is a semiconductor and has poor conductivity.
In the process of charging and discharging, the volume change
will reduce the activity of the material, resulting in rapid capacity
decay and poor cycling performance.24 Moreover, although MoS2

has a larger interlayer spacing than other two-dimensional
materials, in order to achieve a more ideal battery performance,
the interlayer spacing of 0.62 nm is not large enough. Up to now,
many studies have demonstrated that the large interlayer spacing
and fewer-layer structure of MoS2 can greatly improve its electro-
chemical performance.25,26 Hu et al. enlarged the interlayer
spacing of MoS2 nanosheets (002) from 0.62 nm to 0.69 nm,
resulting in high discharge specific capacity (300 mA h g�1 at
1 A g�1) and excellent rate capability (195 mA h g�1 at 10 A g�1);6

Jia and co-workers synthesized a highly stable MoS2–O nano-
sphere, realizing the expansion of the interlayer spacing, and the
initial specific capacity of the Zn-ion battery at 100 mA g�1 was
206.7 mA h g�1 with 300 cycles.27 The cycling stability of the
battery is significantly improved. Therefore, the increase of
the MoS2 interlayer spacing is an effective strategy to improve
the electrochemical performance of new type secondary batteries.
Another widely accepted strategy is to combine MoS2 with conduc-
tive and elastic carbonaceous additives, including graphene,28,29

carbon nanofibers17,30 and so on, which can significantly improve
the conductivity of MoS2-based materials buffering structural
changes during cycling. Zhang et al. grew MoS2 with a large (002)
interlayer spacing on carbon nanotubes (CNTs) by a hydrothermal
method with excellent electrochemical performance of a high
specific capacity of 504.6 mA h g�1 at 50 mA g�1 over 100 cycles
and 495.9 mA h g�1 at 200 mA g�1.31

This article mainly focuses on the expansion of the inter-
layer spacing of MoS2 and the plasma treatment to achieve
element doping. GO/MoS2(ISE) was first synthesized by an
L-cysteine-assisted hydrothermal process in this work. During
this hydrothermal process, NH4

+ was successfully intercalated
into the interlayer of MoS2. Next, using nitrogen plasma to treat
the above samples, the N plasma can be applied to GO to obtain
N-doped GO, and the partial reduction of GO can be achieved
by N plasma treatment to obtain rGO, and the N doping of
MoS2 can also be achieved. Therefore, N plasma treatment can
achieve N doping of GO and MoS2 at the same time. And causes
the interlayer spacing to expand from the initial 0.62 nm to
0.98 nm, which further facilitates the Na+ transport between
layers. In addition, the doped-N and loaded GO in MoS2

enhance the electronic conductivity. The related testing result
shows that the electrochemical performance has been signifi-
cantly improved. The final sample exhibits a high initial capa-
city and achieved a high specific capacity of 542 mA h g�1 after
300 cycles at 200 mA g�1, the capacity retention rate reaches an
ultra-large percentage of 97.13%, and the average decline per-
centage per cycle is close to 0.01%. It also shows excellent rate

performance with a specific capacity of 477, 432, 377, and
334 mA h g�1 at current densities of 200, 500, 1000, and
2000 mA g�1 respectively. When it goes back to 100 mA g�1,
the capacity can remain 508 mA h g�1. In addition, the working
mechanism of N-rGO/MoS2(ISE) is systematically investigated by
ex situ XRD and ex situ XPS.

2. Experimental
2.1 Synthesis of materials

Synthesis of GO/MoS2: graphene oxide was synthesized by the
modified Hummers’ method.32 30 mg of synthesized graphene
oxide was added to 60 mL of deionized water, and the graphene
oxide was completely dispersed in deionized water by ultra-
sonication for 2 h in an ice bath. Subsequently, 1.7655 g of
ammonium molybdate tetrahydrate and 1.5225 g of thiourea
were added in sequence, and the mixture was stirred for 0.5 h. After
completion, the mixed solution was transferred into a 100 mL
reaction kettle and kept at 220 1C for 24 h. A black precipitate was
obtained, which was washed three times with deionized water and
absolute ethanol, and the precipitate was collected by centrifugation
to obtain GO/MoS2 samples.

Synthesis of GO/MoS2(ISE) and N-rGO/MoS2(ISE): 30 mg of
graphene oxide was taken and added to 22.5 mL of deionized
water. Then it was sonicated in an ultrasonic machine for 1 h to
make it fully dispersed in deionized water. Next, 300 mg of
L-cysteine and 150 mg of Na2MoO4�2H2O were added to the
above graphene oxide dispersion, respectively. After stirring
uniformly for 0.5 h, 22.5 mL of absolute ethanol was then
added, and the resulting solution was poured into a 100 mL
Teflon-lined stainless steel autoclave, and keep at 220 1C for
24 h. The resulting black precipitate was collected by suction
filtration, washed three times with deionized water and abso-
lute ethanol, respectively, and dried in a vacuum drying oven at
80 1C for 12 h. GO/MoS2(ISE) was obtained. It was then put into
a glass tube, nitrogen was passed for a period of time until the
glass tube was filled with nitrogen, and it was treated with a
plasma device for 40 min. The conditions of the treatment are
nitrogen flow 100 mL min�1, the pressure in the glass tube is
set to 40 Pa, and the power is set to 120 W. The obtained sample
is labeled as N-rGO/MoS2(ISE).

2.2 Material characterization

The crystal structures and phases of the as-synthesized samples
were investigated by X-ray diffraction (XRD) scanning at ambient
temperature using a Cu Ka radiation source (l = 1.5406 Å) in the
2y range of 5 to 801. The morphology of the samples was analyzed
by scanning electron microscopy (SEM, FEI Inspect F50), and the
elemental composition of the samples was analyzed by X-ray
spectroscopy (EDS). The internal microstructure and structure of
the samples were observed by transmission electron microscopy
(TEM, JEOL JEM-2100F) at 200 kV, and the change of interlayer
spacing was analyzed by high-resolution transmission electron
microscopy. Raman spectroscopic analysis was carried out under
532 nm laser light on a confocal Raman microscopy spectrometer
(LabRAM HR UV-Visible). Thermogravimetric analysis (TGA) was
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used to determine the content of MoS2 and graphene in the N-rGO/
MoS2(ISE) composites. The thermogravimetric analysis was per-
formed with a thermogravimetric analyzer (TG209 F3) under air
atmosphere, the heating rate was 10 1C min�1, and the temperature
range was 20–650 1C. The content of MoS2 in N-rGO/MoS2(ISE) is
about 61.1% by calculation. X-Ray photoelectron spectroscopy (XPS)
was carried out using a Thermo Fisher Scientific k-alpha model
spectrometer with Al Ka radiation (hu = 1486.6 eV). The equipment
used to test the nitrogen adsorption and desorption isotherms was a
Micrometritics TriStar II 3020M from Micron Instruments, Inc.

2.3 Electrochemical measurements

The electrochemical test was carried out with the help of CR2032
coin cells. The active material (GO/MoS2(ISE) or N-rGO/MoS2(ISE)),
acetylene black and PVDF were mixed uniformly in a certain ratio
(8 : 1 : 1, wt%) in N-methyl-2-pyrrolidone (NMP), and blended for
24 h on a magnetic mixer to obtain a slurry. Then, it was evenly
coated on copper foil and dried in a vacuum drying oven at 80 1C
for 12 h. Then the copper foil was cut with a microtome to obtain a
12 mm round electrode sheet. Then, we assembled a CR2032 coin
cell in a glove box with a metallic sodium sheet as the counter
electrode and a glass fiber (Whatman) membrane as the separator.
The electrolyte consisted of a mixture of 1 M NaClO4 in EC/DMC
(1 : 1, V%) with 5% fluoroethylene carbonate (FEC).

Charge and discharge experiments were performed at room
temperature using the NEWARE battery test system (Wuhan,
Wuhan NEWARE Technology Co., LTD) in the voltage range of
3–0.01 V, and different current densities and other electroche-
mical properties were set. Cyclic voltammetry (CV) was per-
formed at a rate of 0.2 mV s�1 in the voltage range of 0.01–3 V.
Electrochemical impedance spectroscopy (EIS) tests were per-
formed on an electrochemical workstation (CHI660E, Shanghai
Chenhua) with an alternating voltage amplitude of 5 mV and a
frequency range of 0.1 Hz to 100 kHz.

3. Results and discussion

To examine the crystal structure and composition of the pre-
pared samples, XRD measurements were carried out, and the

spectra are shown in Fig. 1(a). For GO/MoS2, the observed (002),
(100) and (110) characteristic diffraction peaks (2H-MoS2 JCPDS
card No. 37-1492) can be found in the GO/MoS2(ISE) and N-rGO/
MoS2(ISE) samples. It can be found that the structural char-
acteristics of GO/MoS2(ISE) and N-rGO/MoS2(ISE) share simila-
rities. The differences are since the N plasma treatment
influences the structure of MoS2.33 The diffraction peaks corres-
ponding to the (002) crystal surface of GO/MoS2(ISE) and N-rGO/
MoS2(ISE) obviously shift to a lower angle (2y = 8.81) compared
to the original Go/MoS2 (2y = 13.61). According to the Bragg’s
equation, nl = 2d siny, where n, l, d, and y, respectively,
represent a positive integer, the incident X-ray wavelength, the
spacing distance, and the diffraction angle. The d corres-
ponding to the first XRD peak represents the layer spacing of
MoS2. GO/MoS2 shows the (002) peak at 2y = 13.61 in the Cu Ka
line (l = 0.15418 nm) as the incident light, corresponding to an
interlayer distance of 0.65 nm. XRD patterns of GO/MoS2(ISE)
and N-rGO/MoS2(ISE) clearly show the shift of the (002) peak to
8.81, corresponding to an interlayer distance of 0.98 nm. The
increased distance of 0.33 nm matches well with the size of
NH4

+ with a hydrogen bond diameter of about 0.35 nm.34

Additionally, the peaks of GO/MoS2(ISE) and N-rGO/MoS2(ISE)
are weak compared with GO/MoS2. This indicates that MoS2

nanosheets are few-layer structures without restacking.35 Com-
pared with GO/MoS2, the (100) and (110) peaks of GO/MoS2(ISE)
and N-rGO/MoS2(ISE) have offset to the left. This indicates that
the (100) and (110) peaks in diffraction expanded, which may
derive from the defect formation along the basal planes of
MoS2. After N plasma treatment, a new peak that is assigned
to graphene emerges at about 2y = 221, which indicates the
destruction of the interlayer structure of GO, and GO is effec-
tively reduced to rGO.36 And the intensity of the peak becomes
weak, which demonstrates that N plasma treatment reduces the
crystallinity of the samples.

Fig. 1(b) shows the Raman images of GO/MoS2, GO/MoS2

(ISE) and N-rGO/MoS2 (ISE). In the Raman spectrum, the A1g

and E1
2g peaks represent the out-of-plane vibrational modes and

in-plane vibrational modes of 2H-phase molybdenum sulfide,
which are characteristic peaks of MoS2.37,38 As shown in the

Fig. 1 (a) XRD patterns and (b) Raman spectra of GO/MoS2, GO/MoS2 (ISE) and N-rGO/MoS2 (ISE).
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enlarged part of Fig. 1(b), the peaks of A1g and E1
2g of the sample are

located at 400 cm�1 and 374 cm�1, respectively, indicating that the
MoS2 in the sample is the structure of 2H phase.39,40 The D peak
and G peak are attributed to the vibration of carbon in the sp2

orbital. The G peak corresponds to the E2g phonon vibration in the
center of the Brillouin zone. The D peak is a defect peak caused by
stretching of carbon at sp2 atoms.41 The two vibrational peaks at
1344 and 1591 cm�1 of the GO/MoS2 sample correspond to the D-
band and G-band of graphene. The D and G bands of the GO/
MoS2(ISE) and rGO/MoS2(ISE) samples appear at 1344/1344 and
1583/1576 cm�1, respectively. Through observation and calculation,
the intensity ratio of the N-rGO/MoS2 (ISE) peaks is the largest
(ID/IG = 1.06), followed by GO/MoS2 (ISE) (ID/IG = 1.05), and the ID/IG

value (ID/IG = 1.005) of GO/MoS2 is the smallest. ID/IG is the intensity
ratio between the D and G peaks, and this ratio can be used to
describe the intensity relationship between these two peaks. The
D peak represents the defects in the lattice, so the larger this value is,
the more defects in graphene. And a previous study42 points out that
the atom substitution defects inside and outside the graphene face
formed by nitrogen atoms can improve the graphene conductivity.

Scheme 1 shows the synthesis flow of GO/MoS2 (ISE) and
N-rGO/MoS2 (ISE), and introduces the principle of the expansion
of the interlayer spacing. In the hydrothermal process, L-cysteine
will decompose in high temperature solution to obtain H2S and
NH3,43 in which H2S serves as the source of sulfur for MoS2, and
it is also a reducing agent, reducing MoO4

2� to MoS2, which can
also partially reduce GO to rGO.43 NH3 will exist in the form of
NH4

+ in the solution and will be embedded in the interlayer of
MoS2 during the formation of MoS2, consequently increasing the
interlayer spacing of MoS2 from the initial 0.62 nm to 0.98 nm;
the interlayer spacing increased by 0.36 nm. According to pre-
vious reports, the diameter of NH4

+ is about 0.35 nm, which also
agrees well with these results.34 In this way, MoS2 nanosheets can
be grown vertically and closely on GO, and this can be observed
in Fig. 2d, and furthermore MoS2 with fewer layers and larger
interlayer spacing is obtained. These vertical MoS2 nanosheets
with few layers and large interlayer spacing are tightly attached
on the GO surface, which is conducive to electron transport and
Na+ ion diffusion.

Fig. 2(a–c) depict a general view of the microstructure of GO/
MoS2, GO/MoS2(ISE) and N-rGO/MoS2(ISE) observed by SEM,
respectively. The SEM image of GO/MoS2 shows a 3D flower-like
appearance, which consists of several layers of petals stacked
on top of each other. As can be seen from Fig. 2(b and c), GO/
MoS2(ISE) and N-rGO/MoS2(ISE) display similar morphology
and structure, and the petal-like hybrid nanosheets are partially
overlapped or crosslinked to form a three-dimensional struc-
ture, and GO/rGO is attached to the MoS2 nanosheets.

According to the low-magnification TEM images (Fig. 3(a
and b)), the GO/rGO and MoS2 nanosheets can be identified. The
brighter region is GO/rGO, and the dark region represents MoS2.
The narrower MoS2 region on GO/rGO, compared to an average size
of about 100 nm, indicates that the MoS2 nanosheets grow vertically
on the GO sheets. In the TEM image, GO was observed. As shown in
Fig. 3(a), the GO and MoS2 are connected tightly. The GO is evenly
distributed around the layered structure MoS2. The structures and
morphologies of GO/MoS2(ISE) and N-rGO/MoS2(ISE) are similar.

Scheme 1 Schematic illustration of the synthesis of N-rGO/MoS2(ISE).

Fig. 2 SEM images of (a) GO/MoS2, (b) GO/MoS2 (ISE) and (c and d) N-
rGO/MoS2 (ISE).

Communication Nanoscale Horizons

Pu
bl

is
he

d 
on

 1
4 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
5.

07
.2

02
5 

17
:4

3:
52

. 
View Article Online

https://doi.org/10.1039/d2nh00488g


This journal is © The Royal Society of Chemistry 2023 Nanoscale Horiz., 2023, 8, 473–482 |  477

The interlayer spacing of the MoS2 (002) plane was 0.68 nm.33 From
Fig. 3(c and d), it can be confirmed that MoS2 nanosheets are
uniformly grown vertically on GO and rGO, and the measured
MoS2(002) interlayer spacing is 0.98 nm, indicating the expansion
of the interlayer spacing. Moreover, the number of layers of MoS2 is
less than 5 layers, which is less than that of MoS2 studied in the past

(usually more than 10 layers).33 This also proves that L-cysteine can
inhibit the growth of MoS2 on the (002) surface during the hydro-
thermal process. The elemental distribution images of GO/
MoS2(ISE) and N-rGO/MoS2(ISE) are shown in Fig. S2(c and d)
(ESI†), corresponding to Fig. 2(b and c), respectively. It can be seen
that MoS2 dominates and the C element is evenly distributed
indicating that MoS2 grows uniformly on GO. This structure not
only provides a buffer for the volume deformation of MoS2, but also
increases the overall electrical conductivity. Furthermore, the con-
tent of N element was enhanced after plasma treatment.

To study the effect of the enlarged interlayer spacing and
plasma treatment on the electrochemical performance of the
samples, GO/MoS2, GO/MoS2 (ISE) and N-rGO/MoS2 (ISE) were
used to assemble SIBs, respectively. We assembled the coin cell
with GO and rGO as the anode material, respectively, and the
results are shown in Fig. S4 (ESI†). GO exhibits a capacity of
5 mA h g�1 while rGO exhibits a capacity of 19 mA h g�1. The
experimental results show that GO and rGO contribute very
little to the capacity. As is shown in the charge–discharge curve
in Fig. 4(a), at the current density of 100 mA g�1, the initial
discharge specific capacity of GO/MoS2 is 720 mA h g�1, and it
drops to 360 mA h g�1 after 51 cycles. This indicates the bad
cycling stability of GO/MoS2. Subsequently, we studied the rate
performance and cycling stability of GO/MoS2, GO/MoS2 (ISE)
and N-rGO/MoS2 (ISE). Fig. 4(b and c) show the charge–dis-
charge curves of the first three cycles at 100 mA g�1 and the
others obtained at 200, 500, 1000 and 2000 mA g�1 respectively.
From the Fig. 4(b), we can understand that at the current
density of 100 mA g�1, the first cycle discharge specific capacity
of GO/MoS2(ISE) is 840 mA h g�1, and the charging specific

Fig. 3 TEM images of (a) GO/MoS2 (ISE) and (b) N-rGO/MoS2 (ISE).
HRTEM images of (c) GO/MoS2 (ISE) and (d) N-rGO/MoS2 (ISE).

Fig. 4 (a–c) are charge/discharge profiles at the different current densities, (d) rate performance, and (e) cycling performance at 200 mA g�1 of GO/
MoS2, GO/MoS2 (ISE) and N-rGO/MoS2 (ISE).
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capacity is 500 mA h g�1. The corresponding first cycle
discharge/charge specific capacity of N-rGO/MoS2(ISE) is
1100/600 mA h g�1. The discharge specific capacity in the first
cycle is significantly higher than that of charge mainly because
of the formation of an SEI film, which basically remains the
same in the subsequent cycles. In contrast, the specific capacity
of N-rGO/MoS2 is higher than that of both GO/MoS2 (ISE) and
GO/MoS2 in the first cycle, indicating that the expansion of the
interlayer spacing and plasma treatment is beneficial to the
improvement of the Na-ion storage capacity of the material.
The capacity decays of N-rGO/MoS2 (ISE) and GO/MoS2 (ISE) in
the first three cycles are faster than that of GO/MoS2 at the
current density of 100 mA g�1. This is because the higher
the capacity the material has, the more ions are stored, and
the damage to the structure is larger, so the high capacity of the
material shows the more obvious capacity decay in the first few
cycles, which is a common phenomenon.

From the rate performance in Fig. 4(d), we can conclude that
compared with GO/MoS2, both GO/MoS2(ISE) and N-rGO/
MoS2(ISE) show brilliant rate performance; when going back
from 2000 mA g�1 to 100 mA g�1, the capacity of the battery at
100 mA g�1 barely did not decrease compared with the original.
In particular, the N-rGO/MoS2(ISE) exhibits the specific capacity of
477, 432, 377, and 334 mA h g�1 at the current densities of 200,
500, 1000, and 2000 mA g�1 respectively, indicating its high rate
capability, which is significantly higher than that of GO/MoS2 and
GO/MoS2(ISE) with only 98 and 211 mA h g�1 at 2000 mA g�1.

To test the cycling stability of the samples, the battery was
cycled for 300 cycles at a current density of 200 mA g�1, as
shown in Fig. 4(e). The N-rGO/MoS2(ISE) shows the best cycling
stability with an excellent specific capacity of 540 mA h g�1,
which is in distinct contrast with that of the slightly decreased
GO/MoS2 (ISE), and the rapidly decreasing GO/MoS2. After
300 cycles, the capacity retention rate of N-rGO/MoS2(ISE)
reaches an ultra-large percentage of 97.13%, and the average
decline percentage per cycle is close to 0.01%, which benefits
from the expanded interlayer spacing remitting the volume
change during the charge and discharge processes.

The cyclic voltammetry (CV) experiments are performed at
various sweep rates of 0.2 mV s�1 within 0.01–3.00 V, revealing

the redox mechanisms and capacitive contributions of GO/
MoS2 (ISE) and N-rGO/MoS2 (ISE) (Fig. 5(a and b)). As displayed
in Fig. 5(a), during the initial discharge process, the reduction
peak at around 0.81 V is due to the intercalation of sodium ions
into MoS2 and generates the intermediate NaxMoS2. With the
progress of the negative sweep, after B0.40 V, the intermediate
product NaxMoS2 undergoes new electrochemical decomposi-
tion to form Na2S and Mo. Subsequently, the reduction peak
around 0.01 V is about the organic electrolyte being irreversibly
decomposed to form a solid electrolyte membrane (SEI) and
resulting in specific capacity loss. It is similar to the sodium
storage principle of MoS2 reported in previous work.6,19,44

During the following charging process, a small oxidation peak
appeared at about 0.70 V, which may be due to insufficient
de-sodiumization of NaxMoS2. A broad oxidation peak appeared
at 1.80 V, corresponding to the conversion reaction from Mo
formation to MoS2.6 During the second discharge process, the
original two peaks disappeared, and two new peaks appeared at
1.43 V and 0.71 V, which were related to the formation of Na2S
and the combination of Na and Mo metal.45 Fig. 5(b) shows the
CV curves of the first three cycles of N-rGO/MoS2(ISE). The basic
redox mechanism of N-rGO/MoS2(ISE) remains unchanged com-
pared to GO/MoS2(ISE). It is worth noting that the peak of
N-rGO/MoS2(ISE) at 0.01 V is sharper and stronger than that
of GO/MoS2(ISE) in the first cycle. This is mainly due to the good
adsorption capacity of oxide graphene for Na+ ions, indicating
that N-rGO/MoS2(ISE) has faster Na+ ion diffusion kinetics.46,47

For the subsequent cycling process, the CV curve almost coin-
cides with the second cycle, indicating that the GO/MoS2(ISE)
and N-rGO/MoS2(ISE) have better stability during the repetitive
sodium ion insertion/extraction process.

In order to further analyze the electrochemical properties,
electrochemical impedance spectroscopy (EIS) tests were per-
formed. Fig. 6(a) shows the equivalent circuit diagram of the
samples, which includes contact resistance (Rs), charge transfer
resistance (Rct) and Warburg impedance (Zw).48 According to
the equivalent circuit in Fig. 6, the Rct of GO/MoS2(ISE) and
N-rGO/MoS2(ISE) is 583 O and 141 O respectively. The Rct of
GO/MoS2 is much larger than both. It can be concluded that
N-rGO/MoS2(ISE) possesses outstanding charge transfer ability.

Fig. 5 CV curves at a scanning rate of 0.2 mV s�1 of (a) GO/MoS2 (ISE) and (b) N-rGO/MoS2 (ISE).
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The contact resistances Rs of these three samples are similar,
and this is due to the use of the same battery structure and
electrolyte. According to the slope s of the linear fitting line,
the ion transport rate of the sample can be identified (s is the
diffusivity of the samples). The s of N-rGO/MoS2(ISE) and GO/
MoS2(ISE) is 286 and 468 O s�1, respectively, which contrasted
sharply with that of GO-MoS2 (1847 O s�1), indicating that the
Na+ ion diffusion coefficient of N-rGO/MoS2(ISE) is 1.64/
6.46 times higher than that of GO/MoS2(ISE)/GO/MoS2.49 There-
fore, the N plasma treatment and the increases in the interlayer
spacing in MoS2 by the intercalation of NH4

+ can effectively
increase the diffusion coefficient of Na+ ions.

Fig. 7(a and b) show the CV curves of GO/MoS2(ISE) and N-
rGO/MoS2(ISE) at different scan rates from 0.2 to 2 mV s�1.
According to the equation i = aub, where i is the peak current at
the corresponding scan rate (u, mV s�1), and a and b are
empirical parameters, the degree of capacitive effect can be
characterized by the equation log(i) = log(a) + b log(u),50 as
shown in Fig. 7(c and d). By calculation, the b values of the
four peaks corresponding to the N-rGO/MoS2(ISE) are 1.04, 1.01,
0.85 and 0.86, respectively; and the values of GO/MoS2(ISE) are
0.855, 0.883, 0.761, and 0.775, respectively, indicating that
N-rGO/MoS2(ISE) has superior capacitive kinetics. According to
the formula i(V) = k1u + k2u

1/2, where k1 and k2 are the deter-
mined values, k1u represents capacitance contribution, and
k2u

1/2 represents diffusion contribution,50,51 the percentage of
capacitance and diffusion contribution at a certain scan rate can
be obtained. This pseudocapacitive contribution originates
from the extraction and intercalation of sodium ions between
the MoS2 layers. Fig. 7(e and f) show the capacitance contribu-
tion of GO/MoS2(ISE) at 1 mV s�1. According to the calculations,
the capacitive contributions for scan rates of 0.2, 0.4, 0.6, 0.8, 1.0
and 2.0 mV s�1 are 53%, 59%, 62%, 65%, 68% and 78%,
respectively. Fig. 7(g and h) show the capacitance contribution
of N-rGO/MoS2(ISE) at 1 mV s�1. According to the calculations,
the capacitive contributions for scan rates of 0.2, 0.4, 0.6, 0.8, 1.0
and 2.0 mV s�1 are 61%, 65%, 69%, 72%, 74% and 83%,
respectively. The intrinsically fast Na+ transport and notable
capacitance contribution of N-rGO/MoS2(ISE) work together to

achieve a good electrochemical kinetic. The better electroche-
mical kinetic properties bring a better rate performance to N-
rGO/MoS2(ISE)-based SIBs.

Based on the above kinetics characterizations and analyses,
it can be concluded that compared with the conventional GO/
MoS2, the electrochemical performance of GO/MoS2 (ISE)
synthesized by L-cysteine assisted hydrothermal synthesis has
been significantly improved, both in Na+ storage capacity and
cycling stability. The reasons for N-rGO/MoS2(ISE) obtaining
such excellent electrochemical performance, mainly are: (1) the
insertion of NH4

+ makes the interlayer spacing larger, which
can benefit the storage of ions, diminishing the resistance of Na+

transport, and reducing the damage to the material structure
during the de-intercalation process; (2) the number of synthe-
sized MoS2 layers is small, which can well alleviate the volume
expansion during the charge and discharge process; (3) plasma
treatment achieved N doping of graphene and MoS2, and reduced
GO to rGO, thereby enhancing the electrical conductivity of the
composites.

To investigate the storage mechanism of reversible sodium
ion de-embedding, we performed ex situ XRD and XPS char-
acterizations. Fig. S6 (ESI†) shows the ex situ XRD of N-rGO/
MoS2 (ISE). The characteristic peak of MoS2 shifts to a lower
angle during the discharge process; this is because the sodium
ions are gradually inserted into the layers of MoS2, resulting in
the layer spacing expansion. Along with the extraction of
sodium ions in the charging process, the peak gradually returns
to the initial state. It can be concluded that the sodium storage
mechanism of MoS2 is highly reversible. However, since the
XRD diffraction peaks of N-rGO/MoS2 (ISE) powder samples are
inherently faint, and less on the electrode, we cannot accurately
characterize the changes of diffraction peak positions under
different charging and discharging states by ex situ XRD. To
better determine this storage mechanism, we perform the ex situ
XPS test (Fig. S7, ESI†). Fig, S7(a) (ESI†) shows the ex situ XPS
fine spectra of Mo. Three peaks at 228.98 eV, 232.43 eV and
235.93 eV, correspond to Mo 3d5/2, Mo 3d3/2 of Mo+4 and a small
amount of Mo+6, respectively. With the discharge process, the
characteristic peak binding energy of Mo4+ decreases and

Fig. 6 (a) EIS spectra of GO/MoS2 (ISE) and N-rGO/MoS2 (ISE) (inset is equivalent circuit); (b) the linear fits of Z0 and o�1/2 of GO/MoS2 (ISE) and N-rGO/
MoS2 (ISE).
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Fig. 7 (a and b) are CV curves at different scan rates from 0.2 to 2 mV s�1; (c and d) are log(i) vs. log(v) plots derived from the peak currents; (e and f) are
the capacitive contributions at 1 mV s�1; (g and h) are the capacitive contribution ratios at various scan rates, for GO/MoS2 (ISE) and N-rGO/MoS2 (ISE).

Communication Nanoscale Horizons

Pu
bl

is
he

d 
on

 1
4 

 2
02

3.
 D

ow
nl

oa
de

d 
on

 1
5.

07
.2

02
5 

17
:4

3:
52

. 
View Article Online

https://doi.org/10.1039/d2nh00488g


This journal is © The Royal Society of Chemistry 2023 Nanoscale Horiz., 2023, 8, 473–482 |  481

increases in the following charge process, which is consistent
with the reversible electrochemical reaction. This demonstrated
that the insertion/extraction of Na+ in N-rGO/MoS2 (ISE) is
accompanied by the valence state change of Mo during the
discharge charging process. The binding energy and the percen-
tage of peak area of Mo6+ increase with the electrochemical
reaction process corresponding to the lower first-period Coulomb
efficiency of N-rGO/MoS2 (ISE), and some of the Mo elements
cannot reversibly undergo the valence change. Fig. S7(b) (ESI†)
shows the reversible characteristic peak change of S. The binding
energy increased during the discharge process, which derives from
the elevated valence state of Mo during the discharge process.11

The ex situ XPS spectra of C 1s (Fig. S7(c), ESI†) remain stable
during the charging and discharging process, indicating that GO
did not participate in the electrochemical reaction.

4. Conclusions

In this study, the composite of MoS2 and GO was synthesized as
an SIB anode material by an L-acid-assisted hydrothermal
method, and NH4

+ was successfully inserted into the interlayer
of MoS2 to enlarge the interlayer spacing. Furthermore, through
the N plasma treatment, GO was reduced to rGO and N element
was doped in at the same time. The final (N-rGO/MoS2(ISE))
exhibited excellent electrochemical performance. In particular,
the discharge capacity remains 542 mA h g�1 after 300 cycles at
200 mA g�1. The capacity retention rate reaches an ultra-large
percentage of 97.13%, and the average decline percentage per
cycle is close to 0.01%. The improvement of the electrochemical
performance is due to the fewer layers of the synthesized MoS2

reducing the volume expansion, and the large interlayer spacing
storing more ions, and reducing the resistance of ion transport.
Meanwhile, doped N improves the conductivity of the composite
material. Therefore, the synergistic effect of this work enables the
synthesized samples to exhibit excellent electrochemical perfor-
mance. This well-designed strategy provides a new thought to
designing high-performance electrode materials for energy sto-
rage batteries in the future.
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