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composite: a promising anode
material for lithium-ion batteries at high
temperature†

Bongu Chandra Sekhar, a Abdelrahman Soliman,a Muhammad Arsalanb

and Edreese H. Alsharaeh *a

Two-dimensional atomically thick materials including graphene, BN, and molybdenum disulfide (MoS2)

have been investigated as possible energy storage materials, because of their large specific surface area,

potential redox activity, and mechanical stability. Unfortunately, these materials cannot reach their full

potential due to their low electrical conductivity and layered structural restacking. These problems have

been somewhat resolved in the past by composite electrodes composed of a graphene and MoS2
mixture; however, insufficient mixing at the nanoscale still limits performance. Here, we examined

lithium-ion battery electrodes and reported three composites made using a basic ball milling technique

and sonication method. The 5% BN-G@MoS2-50@50 composite obtained has a homogeneous

distribution of MoS2 on the graphene sheet and H-BN with high crystallinity. Compared to the other two

composites (5% BN-G@MoS2-10@90 and 5% BN-G@MoS2-90@10), the 5% BN-G@MoS2-50@50

composite electrode exhibits a high specific capacity of 765 mA h g−1 and a current density of

100 mA g−1 in batteries. Additionally, the 5% BN-G@MoS2-50@50 composite electrode displays an

excellent rate capability (453 mA h g−1 at a current density of 1000 mA g−1) at a high temperature of 70 °

C, thanks to h-BN that allows reliable and safe operation of lithium-ion batteries. Our research may pave

the way for the sensible design of different anode materials, including 2D materials (5% BN-G@MoS2-

50@50) for high-performance LIBs and other energy-related fields.
1. Introduction

A signicant challenge today is meeting the world's energy
needs while maintaining a healthy balance between the quan-
tity of energy produced and consumed. Non-renewable
resources are currently the main source of energy generation.1

Because they are more readily available, easier to mine and
transport, and more practical for use in homes, businesses, and
industries, fossil fuels including coal, oil, and natural gas are
frequently employed as key energy sources.2,3 On the other
hand, the burning of fossil fuels is considered the main source
of greenhouse gas emissions, particularly carbon dioxide, which
is the primary cause of global warming and the ensuing climate
change.4 Furthermore, the move toward renewable energy
sources has been prompted by their limited nature and ongoing
depletion as a result of heavy reliance.5 Because they produce
the fewest greenhouse gas emissions, renewable energy sources
aisal University, PO Box 50927, Riyadh,

lfaisal.edu

ramco, P.O. Box 5000, Dhahran, 31311,

tion (ESI) available. See DOI:

–5624
such as solar, hydropower, geothermal, wind, and biomass are
growing in popularity.6–8 These energy sources are acknowl-
edged as sustainable substitutes. Many countries have switched
to using renewable energy sources to provide electricity.9

Lithium-ion batteries (LIBs), the most promising energy
conversion and storage technology, are used extensively in
hybrid electric vehicles (HEVs) and portable gadgets because of
their high energy densities.10–14 Other electro-active materials
have been investigated as potential replacements for the exist-
ing carbonaceous anode with a restricted theoretical capacity of
372 mA h g−1 to meet long cycle life and rate stability require-
ments. Since the discovery of graphene, 2D materials have
drawn much attention, particularly because of the many
changes in their chemical and physical properties. Two-
dimensional (2D) materials have become increasingly popular
over time, particularly for energy storage applications. Exam-
ples includeMXenes, transitionmetal oxides (TMOs), transition
metal dichalcogenides (TMDs), transition metal carbides and
nitrides, hexagonal boron nitride (h-BN), 2D metal–organic
frameworks (MOFs), borophene, and so forth.15–21 Certain
materials, including transition metal suldes (TMSs), have
garnered interest because of their safety, high energy density,
and high capacity.22–27 Because of their inherent safety and
potential applications, TMSs have emerged as the most
© 2024 The Author(s). Published by the Royal Society of Chemistry
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appealing anode materials for LIBs compared to a few other
promising materials.

Due to their intriguing physical and chemical characteris-
tics, TMS materials like MoS2 and WS2 have found extensive
application in lithium-ion batteries (LIBs), sodium-ion batteries
(NIBs), photocatalysis, electrocatalysis, supercapacitors, and
sensors.28–31 MoS2 shares a layered structure with graphite and
has a theoretical capacity that is roughly twice as high
(670 mA h g−1) as that of graphite.32 Weak van der Waals
interactions hold the layers together in MoS2, but they are
stronger than those in graphite (interlayer distance ∼0.6 nm) in
the case of Li-ion intercalation/deintercalation.33,34 Its practical
application is hindered by structural deterioration caused by
a signicant volume change upon charge/discharge and low
intrinsic electrical conductivity between two adjacent S–Mo–S
sheets.35 These factors combined result in poor cycling perfor-
mance and inferior rate capability. It has been shown that
integrating nanostructured MoS2 with conductive and exible
materials is an efficient way to increase electrochemical
performance and overcome these limitations. The electrical
conductivity and structural stability of the MoS2 electrode
material improved during cycling by combining MoS2 with
carbonaceous materials, such as graphene, carbon bers,
amorphous carbon, porous carbon, carbon spheres, or carbon
nanotubes.36–43 A carbon component can improve the MoS2
electronic conductivity while buffering its volume changes
throughout the lithiation/delithiation cycle, resulting in stable
cycling performance and quick electrode kinetics. Because of its
high specic surface area, superior mechanical qualities, and
high electrical conductivity, graphene has garnered signicant
interest among numerous carbonaceous materials.44 Numerous
MoS2/graphene composites in various morphologies were
previously created.32,34,36,40,45–48

Hexagonal boron nitride (h-BN), a 2D material similar to
graphene and molybdenum disulde (MoS2), is another
example. Researchers' attention has been drawn to hexagonal
and cubic boron nitride in particular. In contrast to graphene,
which is formed of sp2 hybridization, hexagonal boron nitride
(h-BN) has a hexagonal crystal structure with boron and
nitrogen atoms arranged in a honeycomb pattern.49,50 It has
been demonstrated that h-BN may be used as a polymer ller in
a range of applications, including electrical and biological ones.
It possesses high hydrophobicity, excellent mechanical
strength, high hydrophobicity, strong thermal conductivity,
non-toxicity, good thermal stability, and a good band gap of
6 eV.51,52 The dielectric constant, thermal expansion coefficient,
and moisture absorption capacity of h-BN make it a preferred
material in light-emitting devices, the electronics industry,
surface coating, nanoelectronics, and lubricants.53 Despite
having inferior electrical conduction, moisture absorption
capacity, and thermal expansion coefficients, h-BN materials
are primarily utilized in the electronics sector. Furthermore,
because of their important properties such as transparency,
excellent charge carrier mobility, edge conguration, sp2

hybridization, size reduction, large surface area, high stability,
and point vacancies, which guarantee good electrochemical
performance of the electrodematerial, h-BNmaterials are better
© 2024 The Author(s). Published by the Royal Society of Chemistry
used in energy storage systems (electrodes and electrolytes).54–63

The h-BN act as a ller to the graphene and MoS2 to avoid the
agglomeration and interlayer interactions for the composites.
Consequently, MoS2 and graphene combined with h-BN would
undoubtedly be a good option for next-generation batteries.

Here, we show how to easily manufacture a BN-G@MoS2
composite using h-BN, MoS2, and graphene for use as a lithium-
ion battery anode. A ball milling technique has been utilized to
prepare the compositions of 5% BN_G@MoS2_50@50, 5%
BN_G@MoS2_90@10, and 5% BN-G@MoS2-10@90. Out of the
three composites, the best performing composite (5% BN-
G@MoS2-50@50) has a high specic capacity of 765 mA h g−1

and a 99.4% retention rate at a current density of 100 mA g−1 for
200 cycles. Motivated by these ndings, a lithium-ion battery
exhibits exceptional reversible capacity, achieving 440 mA h g−1

at a 1000 mA g−1 rate with a 97% coulombic efficiency for 500
cycles. Additionally, the 5% BN-G@MoS2-50@50 composite
electrode exhibits high-rate capability and coulombic efficiency
even at high temperature. As-prepared, the 5% BN-G@MoS2-
50@50 composite is anticipated to be a good option for the
anode of next-generation, high-performance lithium-ion
batteries.
2. Experimental section
2.1. Materials

Na2S and (NH4)2MoO4 (about 99.98%) and N-methyl-2-
pyrrolidone (99.9%) were purchased from Merck. MTI Corpo-
ration provided poly(vinylidene uoride) powder and 50%
compressed carbon black. h-BN with 98% purity and 99.9999%
graphene powder were bought fromGraphene Supermarket and
XG Sciences. Alcohol and hydrochloric acid were acquired from
local companies for washing purposes. All the chemicals were
used without any further purication.
2.2. Material synthesis

2.2.1. Preparation of MoS2. MoS2 was prepared using
a simple ball milling method (Scheme 1). Firstly, 1 g of Na2S and
0.35 g of (NH4)2MoO4 were added and stirred in a few ml of
distilled water for 1 hour. The aforementioned aqueous solu-
tion is mixed with the required amount of hydrochloric acid
(HCl) to create the amorphous precursor of MoS2. The dried
precursor was then vigorously ball-milled in a planetary ball
mill for 24 hours at 500 rpm in an Ar environment. Balls made
of stainless steel served as the milling medium. Finally, to
eliminate byproducts, the ball-milled product was repeatedly
rinsed with deionized water, alcohol, and hydrochloric acid.
Aer collecting the nal molybdenum disulde, it was dried for
12 hours at 60 °C.

2.2.2. Preparation of h-BN/graphene/MoS2 composites.
The preparation of h-BN/graphene/MoS2 composites has been
reported previously,61 but here a more detailed explanation is
provided. Graphene and the prepared MoS2 were used as
starting materials to create MoS2/graphene (50 : 50, 10 : 90, and
90 : 10) nanocomposites using ball milling and sonication in
the rst stage. Following a 30 minute grinding period, the
Nanoscale Adv., 2024, 6, 5612–5624 | 5613
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Scheme 1 Schematic illustration of the preparation process of pure MoS2 and composite anode materials.
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powdered graphene and MoS2 were subjected to 45 minutes of
ball milling at varying ratios (50 : 50, 10 : 90, and 90 : 10)
(powder weight ratio with balls to material: 4 : 1 at 1060 rota-
tional speed (rpm)) utilizing a SPEX samplePrep P instrument
(Model number 8000M MIXER/MILL) with two distinct ball
sizes (four 6.3 mm and two 12.5 mm stainless steel balls).
Ethanol (25 mL) was subjected to ultrasonication (250 W, 20
kHz, model VWR Ultrasonic Cleaner USC THD instrument) for
60 minutes at room temperature in order to achieve better
homogeneity. The produced MoS2@graphene nanohybrid was
dried for six hours at 100 °C in a vacuum furnace. Aer 45
minutes of ball milling with 5 weight percent of BN, MoS2 with
graphene composites (50 : 50, 10 : 90, and 90 : 10) were ultra-
sonicated for 60 minutes to improve homogeneity. The nished
products 5% BN_G@MoS2_50@50, 5% BN_G@MoS2_90@10,
and 5% BN_G@MoS2_10@90 were produced by ultrasonically
sonicating the material and then drying it for six hours at 100 °C
in a vacuum furnace.

3. Characterization
3.1. Physicochemical characterization

A RigakuMiniex 600 X-ray diffractometer was used to study the
crystalline nature and phase composition of the prepared
composites using CuKa radiation (l = 1.5406). The morphology
of the prepared composite materials was studied by using
Gemini Scanning Electron Microscopy (SEM) and transmission
electron microscopy (TEM). In the sample preparation for TEM
analysis, the composite samples were ultra-sonicated for 20 min
in a mixed solution of ethanol and water, followed by drop-
casting onto a fresh lacey carbon copper grid.

3.2. Electrochemical characterization

The electrochemical performance tests including cyclic vol-
tammetry (CV), galvanostatic current charge–discharge (GCD)
and electrochemical impedance spectroscopy (EIS) methods
(AC voltage of 5 mV) in a two-electrode system were imple-
mented by using a Bio-Logic SP-300 Modular electrochemical
workstation. 5% BN-G@MoS2-10@90, 5% BN-G@MoS2-50@50
and 5% BN-G@MoS2-90@10 were used to fabricate the working
5614 | Nanoscale Adv., 2024, 6, 5612–5624
electrodes. The composite samples (BN-G@MoS2) were mixed
with carbon black (Super-P) and poly(vinyl diuoride) (PVDF) in
a weight ratio of 80 : 10 : 10 and coated on copper foil using
a doctor blade (MTI Corporation) and dried at 80 °C for 12 h in
a vacuum oven. The mass loading of the electrode materials on
the foil (15 mm) was 1.0–1.5 mg. Li foils were used as the
counter/reference electrodes for half-cell fabrication. Poly-
propylene was utilized as the separator, and the electrolyte was
1 M LiPF6 dissolved in ethylene carbonate (EC)/dimethyl
carbonate (DMC) (1 : 1 by volume). Coin cells (CR2032) with Li
foil as the cathode and composites as anodes were assembled in
an Ar-lled glove box to test the electrochemical performance of
the as-prepared electrodes. High-temperature studies were
conducted using a bomb calorimeter vessel connected to
a Gamry electrochemical working station. High-temperature
tests were performed for long-term cycling at 70 °C using coin
cells through a constant-current process with a current density
of 500 mA g−1. The potential window applied was 0.01 to 3.0 V.
The loading of the electrode material (5% BN-G@MoS2-50@50)
was 1.0 mg.
4. Results and discussion

By using X-ray diffraction (XRD), the crystalline structures of the
as-prepared materials, MoS2 and composites (5% BN-G@MoS2-
10@90, 5% BN-G@MoS2-50@50, and 5% BN-G@MoS2-90@10),
were investigated and the results are plotted in Fig. S1† and 1.
The unique diffraction peaks at 2q angels of approximately
14.0°, 33.1°, 39.2°, 43.7°, 49.5°, 58.4°, and 60.1°, respectively,
correspond to the MoS2 hexagonal (JCPDS card No. 37-1492)
phase crystal planes (002), (100), (103), (006), (110), and (008).42

Furthermore, when graphite (002) is present, the XRD patterns
of the 5% BN-G@MoS2-10@90, 5% BN-G@MoS2-50@50, and
5% BN-G@MoS2-90@10 composites exhibit a peak at 26.8°.
Additionally, the peak of 5% BN-G@MoS2-90@10 is more visible
at around 26.8° than those of 5% BN-G@MoS2-10@90 and 5%
BN-G@MoS2-50@50 composites. This suggests that the higher
graphene content of 5% BN-G@MoS2-90@10 is consistent with
the synthesis process, as is the case with 5% BN-G@MoS2-
10@90 and 5% BN-G@MoS2-50@50 composites. Nevertheless,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of 5% BN-G@MoS2-10@90, 5% BN-G@MoS2-
50@50 and 5% BN-G@MoS2-90@10 materials.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 4
/1

6/
20

26
 8

:3
1:

36
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the peak intensity of the 5% BN-G@MoS2-10@90 and 5% BN-
G@MoS2-50@50 composites is greatly reduced due to the
reduction in crystallinity (calculated using Debye Scherrer's
equation (eqn (1))) and the S–Mo–S layer number. The crystal
sizes of the 5% BN-G@MoS2-90@10, 5% BN-G@MoS2-50@50,
and 5% BN-G@MoS2-90@10 composites were 74, 72 and 60 nm,
respectively.

Debye Scherrer’s equation ¼ D ¼ K � l

b cos q
(1)
Fig. 2 SEM images of (a–c) 5% BN-G@MoS2-10@90, (d–f) 5% BN-G@M

© 2024 The Author(s). Published by the Royal Society of Chemistry
where D = crystallite size, K = Scherrer constant (0.9), l =

wavelength of the X-rays used (0.15406 nm), b = full width at
half maximum (FWHM, radians), and q = peak position
(radians).

Scanning electron microscopy was used to methodically
examine the morphology of the prepared 5% BN-G@MoS2-
10@90, 5% BN-G@MoS2-90@10, and 5% BN-G@MoS2-50@50
composites (Fig. 2). SEM images unequivocally indicate that the
ratios of graphene to MoS2 have a signicant impact on the
morphology of the compositions. The 5% BN-G@MoS2-10@90
composition is depicted in Fig. 2a–c, where MoS2 is not
completely covered by the graphene substrate network and
exhibits self-aggregation. However, 5% BN-G@MoS2-90@10
and 5% BN-G@MoS2-50@50 composites are shown in Fig. 2d–i.
Fig. 2g–i show the low to high magnication SEM images of the
5% BN-G@MoS2-50@50 composite, respectively. It is evident
from the high magnication image that the graphene sheets
include both h-BN and MoS2. However, transmission electron
microscopy (TEM) analysis was carried out for pure MoS2 and
5% BN-G@MoS2-50@50 composite materials (Fig. S2† and 3).
From TEM, the MoS2 particles are nanosized. The composite
material shown in Fig. 3 reveals that every single MoS2 particle
has a graphene coating. The enlarged views of Fig. 3c and
d show how individual MoS2 is present in conjunction with
graphene to inhibit aggregation and limit the volume increase
that is unavoidable. In the 5% BN-G@MoS2-50@50 nano-
composite, in particular, MoS2 was evenly distributed and well-
integrated onto the graphene sheet, preventing the nanosheets
from aggregating due to the composition.
oS2-90@10 and (g–i) 5% BN-G@MoS2-50@50 materials.

Nanoscale Adv., 2024, 6, 5612–5624 | 5615
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Fig. 3 TEM images of (a–c) 5% BN-G@MoS2-50@50 composite material.
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4.1. Electrochemical characterization

4.1.1. Half-cell electrochemical performance at room
temperature. The BN-G@MoS2 composites were studied as
potential anode materials for lithium-ion batteries to assess
their electrochemical characteristics. Cyclic voltammetry (CV)
measurements were performed at a scan rate of 0.05 mV s−1 in
the potential range of 0.01–3.0 V to assess the electrochemical
activity of composite electrodes with 5% BN-G@MoS2-10@90,
5% BN-G@MoS2-90@10, and 5% BN-G@MoS2-50@50. The
recorded curves of the three samples are similar and displayed
in Fig. 4. Particularly, three cathodic peaks can be seen in the
Fig. 4 (a–c) Cyclic voltammograms of 5% BN-G@MoS2-10@90, 5% BN-
0.05 mV s−1 and (d) 1st CV cycle curves of the 5% BN-G@MoS2-10@90,

5616 | Nanoscale Adv., 2024, 6, 5612–5624
rst cycle at roughly 1.25 V, 0.68 V and 0.52 V. The tiny peak at
about 1.25 V is due to Li+ intercalation into the MoS2 layered
structure, which results in LixMoS2. This is accompanied by
a phase transition of LixMoS2 from the 2H to 1T structure.36,38,64

The additional conversion reaction from LixMoS2 into metallic
Mo and Li2S is responsible for the 0.68 V peak. Thus, the
continuous reaction with the electrolyte solution to generate
a SEI lm could be the cause of the 0.52 V peak. Two peaks may
be seen in the anodic scans at 1.75 V and 2.36 V for the 5% BN-
G@MoS2-50@50 composite. It is possible to attribute the faint
and broad peak at 1.75 V to Mo's partial oxidation to MoS2 (Mo
G@MoS2-50@50 and 5% BN-G@MoS2-90@10 anodes at a scan rate of
5% BN-G@MoS2-50@50 and 5% BN-G@MoS2-90@10 anodes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to Mo4+/Mo6+). The production of sulfur is shown by the
prominent oxidation peak at 2.36 V (Li2S to sulfur or poly-
suldes).65,66 However, 5% BN-G@MoS2-10@90 (Fig. 4a) and 5%
BN-G@MoS2-90@10 (Fig. 4c) composite electrodes show one
oxidation peak at 2.36 V with lower current intensity than the
5% BN-G@MoS2-50@50 composite electrode (Fig. 4b and d).
One reduction peak at 1.98 V and one oxidation peak at 2.34 V
are seen from the second to the h cycle, and they do not
clearly differ from one another, indicating that the composite
electrodes made of 5% BN-G@MoS2-10@90 and 5% BN-
G@MoS2-90@10 exhibit good stability. More signicantly, it is
evident that the G coating layer helps host the electrochemical
products of Mo and soluble lithium polysuldes. This is
because the oxidation peak at 2.34 V, corresponding to the
delithiation of Li2S and Mo, is observed in 5% BN-G@MoS2-
50@50. Additionally, it should be noted that cycling causes the
intensity of the oxidation peak at 2.34 V to rise slightly, sug-
gesting that the activation process is still happening.32

To determine the lithium storage capacity of the 5% BN-
G@MoS2-10@90, 5% BN-G@MoS2-90@10, and 5% BN-
G@MoS2-50@50 composite electrodes, galvanostatic charge/
discharge cycle experiments were performed at different
current densities from 50 to 1000 mA g−1 and the results are
shown in Fig. 5a. In Fig. 5a, the 5% BN-G@MoS2-50@50
Fig. 5 (a) Rate capability (50 to 1000 mA g−1) and long-term cycling pe
50@50, and 5% BN-G@MoS2-90@10 composite electrodes, and long-
G@MoS2-50@50 composite electrode tested at current densities of (b)

© 2024 The Author(s). Published by the Royal Society of Chemistry
composite electrode shows a superior rate capability to the 5%
BN-G@MoS2-10@90 and 5% BN-G@MoS2-90@10 composite
electrodes. At current densities of 50 mA g−1, 100 mA g−1,
200 mA g−1, 400 mA g−1, 500 mA g−1, 800 mA g−1 and
1000 mA g−1, respectively, the measured reversible discharge
capacities of the 5% BN-G@MoS2-50@50 composite electrode
are 1462 mA h g−1, 798 mA h g−1, 698 mA h g−1, 593 mA h g−1,
529 mA h g−1, 473 mA h g−1 and 397 mA h g−1. The composite
anode regains its initial specic capacity of 1023 mA h g−1,
demonstrating the exceptional reversibility of the 5% BN-
G@MoS2-50@50 anode when the current density drops to
50 mA g−1. In contrast, the electrodes with 5% BN-G@MoS2-
10@90 and 5% BN-G@MoS2-90@10 exhibit rapid capacity
fading when the C-rate rises from 50 mA g−1 to 1000 mA g−1.
The reversible capacities of the 5% BN-G@MoS2-10@90
composite electrode are 730 mA h g−1, 364 mA h g−1,
227 mA h g−1, 141 mA h g−1, 135 mA h g−1, 99 mA h g−1 and
91 mA h g−1 at current densities of 50 mA g−1, 100 mA g−1,
200 mA g−1, 400 mA g−1, 500 mA g−1, 800 mA g−1 and
1000 mA g−1, respectively. The 5% BN-G@MoS2-50@50
composite electrode shows a capacity 2 and 3 times higher than
the 5% BN-G@MoS2-10@90 and 5% BN-G@MoS2-90@10
composite electrodes at a current density of 50 mA g−1,
respectively. The 5% BN-G@MoS2-50@50 composite electrode
rformance at 50 mA g−1 of 5% BN-G@MoS2-10@90, 5% BN-G@MoS2-
term cycling performance and coulombic efficiencies of the 5% BN-
100 mA g−1 and (c) 1000 mA g−1.
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then exhibits a high average specic capacity of 1050 mA h g−1

when the test current density is reduced back to 50 mA g−1. This
compound's specic capacity is greater than those of the 5%
BN-G@MoS2-90@10 and 5% BN-G@MoS2-10@90 compounds
(485 and 320 mA h g−1). The remarkable improvements
observed for the 5% BN-G@MoS2-50@50 composite at high
rates show that the electrical and ionic conductivities have
greatly improved, in addition to the structural stability, which
has been greatly enhanced. Furthermore, the rate performance
has been investigated along with the long-term cycling stability
at a high current density of 50 mA g−1. It is evident that aer 70
cycles (Fig. 5a), the 5% BN-G@MoS2-50@50 composite elec-
trode canmaintain a capacity of 1035 mA h g−1, whereas the 5%
BN-G@MoS2-10@90 and 5% BN-G@MoS2-90@10 composite
electrodes are nearly at the point of failure. The capacity of the
5% BN-G@MoS2-10@90 and 5% BN-G@MoS2-90@10
composite electrodes rapidly decreases, most likely due to poor
conductivity and signicant structural damage from volume
changes that pulverize the active material.

5% BN-G@MoS2-10@90, 5% BN-G@MoS2-50@50, and 5%
BN-G@MoS2-90@10 have initial charge and discharge capac-
ities of 505/730 mA h g−1, 1070/1462 mA h g−1, and 356/
502 mA h g−1, respectively, at 50 mA g−1 current density. These
values correspond to the respective coulombic efficiencies of
73.0%, 71.0%, and 67.0%. The enhanced capacity and efficiency
of the 5% BN-G@MoS2-50@50 electrode can be attributed to the
homogeneous dispersion of MoS2 on the conductive graphene
network. Evidently, the development of the SEI layer is what
causes the irreversible capacity loss that occurs during the rst
cycle.36

The coulombic efficiency of the 5% BN-G@MoS2-50@50
electrode steadily rises to around 99% in the subsequent cycles,
which is higher than that of the 5% BN-G@MoS2-10@90 (98%)
and 5% BN-G@MoS2-90@10 electrodes (∼95%). Notably, when
charged/discharged at high current densities of 100 and
1000 mA g−1, the 5% BN-G@MoS2-50@50 electrode shows
a remarkable long-term cycling performance as well, as shown
in Fig. 5b and c. Fig. 5b clearly shows that aer 200 cycles the
5% BN-G@MoS2-50@50 electrode exhibits 758 mA h g−1 at
100 mA g−1, which is double the theoretical capacity of
commercial graphite anodes (Fig. S3†) and higher than values
Table 1 Comparison of the electrochemical performance of the 5% BN

Anode materials Current density

MoS2/3DGN 100 mA g−1

MoS2 100 mA g−1

MoS2 500 mA g−1

MoS2/Mo2TiC2Tx-500 100 mA g−1

MoS2/C 100 mA g−1

G/UT- TiO2@C-150/FL-MoS2 100 mA g−1

MoS2/C-73 100 mA g−1

MoS2/graphite 150 mA g−1

MoO3@MoS2 69 mA g−1

MoS2@Mo2C 50 mA g−1

MoS2/MoO3 200 mA g−1

5%BN-G@MoS2-50@50 100 mA g−1

5618 | Nanoscale Adv., 2024, 6, 5612–5624
reported in previous publications for lithium-ion batteries
(Table 1). However, the 5% BN-G@MoS2-50@50 electrode
exhibits three times higher capacity than pure MoS2 (Fig. S4†)
and een times higher capacity than the h-BN electrode
material (Fig. S5†). Another cell test at a current density of
1000 mA g−1 conrms the 5% BN-G@MoS2-50@50 electrode
composite's excellent cycle performance. As demonstrated in
Fig. 5c, the 5% BN-G@MoS2-50@50 composite electrode shows
a reversible specic capacity of 485 mA h g−1 at 1000 mA g−1

aer 500 cycles, which is still greater than that of the
commercial graphite anode. On the other hand, the composite's
high capacity and electrochemical stability result from gra-
phene's control over the structural stability of MoS2 and H-BN,
which reversibly store charges through surface redox
processes.76

Fig. 6a–c depict the charge/discharge curves of the 5% BN-
G@MoS2-10@90, 5% BN-G@MoS2-50@50, and 5% BN-
G@MoS2-90@10 anodes at varying current densities. During the
rst cycle of the three composite electrodes, irreversible
capacity loss occurs due to the formation of a solid electrolyte
interface layer (SEI) and electrolyte breakdown (Fig. 6d). In the
three composite electrodes, at low current density, electrode
polarization decreases, indicating effective electron transfer
and lithium diffusion. At high current rates, electrode polar-
isation increased, whereas discharge capacities declined
dramatically, highlighting the negative inuence of current
density on specic capacity in the three composite electrodes.
In the discharge/charge proles of the 5% BN-G@MoS2-50@50
composite (Fig. 6b), there are two plateaus: 1.99 and 1.52 V for
discharge and 1.77 and 2.36 V for charging (Fig. 6d). The 5% BN-
G@MoS2-50@50 composite exhibits lower polarization and
high plateaus in all the cycles compared to the other two
composites (Fig. 6a and c), indicating its high structural
stability due to graphene and H-BN.

Fig. 7 depicts the Nyquist plots (electrochemical impedance
spectra, EIS) of 5% BN-G@MoS2-10@90, 5% BN-G@MoS2-
50@50, and 5% BN-G@MoS2-90@10 electrodes before (Fig. 7a)
and aer 150 discharge–charge cycles (Fig. 7b), which were used
to study electrode kinetics and charge/discharge capacity
changes before and aer cycling. Before cycling, the Nyquist
plot shows the electrolyte resistance (Rs) in the high-frequency
-G@MoS2-50@50 composite with previous publications

Reversible capacity (mA h g−1) Ref.

877 27
200 32
737 67
646 68
650 69
802 (100th cycle) 70
600 71
490 72
590 73
150 74
510 75
758 (200th cycle) This work

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Galvanostatic charge–discharge curves of (a) 5% BN-G@MoS2-10@90, (b) 5% BN-5% BN-G@MoS2-50@50, and (c) G@MoS2-90@10
composite electrodes at different current rates and (d) GCD curves of the three composites at 50 mA g−1.
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range and the typical charge transfer resistance (Rct) in the
medium-low-frequency region with a spike in the low-frequency
region (Li-ion diffusion into the electrode).77 Another depressed
semi-circle in the high to medium frequency band is shown in
the Nyquist plot obtained aer 150 cycles (Fig. 7b). The
formation of the solid electrolyte interface (SEI) layer on the
anodes is indicated by the comparatively small quasi-semi-
circle in the high to medium frequency range. Compared to
the 5% BN-G@MoS2-10@90 anode (72 U), the 5% BN-G@MoS2-
50@50 (47U) and 5% BN-G@MoS2-90@10 anodes (38U) exhibit
smaller Rct (Fig. 7a). The combination of graphene and MoS2
components results in better reaction kinetics for quick elec-
trochemical reactions, as evidenced by the lowered Rct. It is
Fig. 7 Electrochemical impedance spectroscopy spectra of the as-fabric
G@MoS2-50@50 and 5% BN-G@MoS2-90@10 anodes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
important to remember that the redistribution of the active
material within the matrix provides better contact, which lowers
charge transfer and results in a cell with a resistance that is
substantially lower aer cycling than when the cell is freshly
prepared.78 The Rs of the 5% BN-G@MoS2-50@50 electrode
slightly increased to 9.9 U (compared to 8.9 U of the fresh cell)
and Rct decreased to 35.0U (compared to 47.9U of the fresh cell)
aer 150 cycles, as shown in Fig. 7b. Notably, the Rs and Rct

values of the 5% BN-G@MoS2-10@90 anode and 5% BN-
G@MoS2-90@10 anode increased aer 150 cycles (Table 1).
Because of its better structure and electrode stability, the 5%
BN-G@MoS2-50@50 electrode exhibits outstanding electron
transport kinetics that can be well maintained throughout
ated (a) and after 150 cycles (b) of the 5% BN-G@MoS2-10@90, 5% BN-

Nanoscale Adv., 2024, 6, 5612–5624 | 5619
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repeated Li-ion insertion/extraction, as demonstrated by the
above data. Based on the aforementioned data, the 5% BN-
G@MoS2-50@50 electrode exhibits the best LIB performance
because it has superior structural stability, electron transport,
and Li-ion transport properties to the 5% BN-G@MoS2-90@10
electrode and the 5% BN-G@MoS2-10@90 electrode.

4.1.2. Half-cell electrochemical performance at elevated
temperature. The rate capability, discharge–charge curves, and
impedance analysis of the 5% BN-G@MoS2-50@50 composite
electrode half cells at 70 °C are displayed in Fig. 8a–c. As illus-
trated in Fig. 8a, adequate electron transfer and lithium diffu-
sion are indicated by the negligible electrode polarization at
lower C-rates (i.e., at 50, 100, and 200 mA g−1 current rates).
Higher current rates (400–1000 mA g−1) led to a considerable
drop in discharge capacities and an increase in electrode
polarization (Fig. 8b). The capacities of 929 mA h g−1 at
50 mA g−1 and 453 mA h g−1 at 1000 mA g−1 are attained with
a rise in current density, demonstrating good rate capability
even at high temperatures due to h-BN. A capacity of
1025 mA h g−1 remained aer the current density dropped to
50 mA g−1. The initial CE of the 5% BN-G@MoS2-50@50
composite electrode is 131% at high temperatures. This is
because of the uneven and thick surface, which reduces ion
conductivity and causes irreversible capacity loss as well as
Fig. 8 (a) Rate performance, (b) galvanostatic discharge–charge curves
temperature of the 5% BN-G@MoS2-50@50 composite electrode.

5620 | Nanoscale Adv., 2024, 6, 5612–5624
unstable coulombic efficiency.79–81 Following the h cycle, the
CE of the composite electrode approaches 100% and remains
constant throughout the battery cycling process. These ndings
show that, particularly at high temperatures, a stable SEI layer
can form rapidly at the interface between the electrolyte and the
5% BN-G@MoS2-50@50 composite electrode. Even at elevated
temperatures, the lack of thermal damage to the cells demon-
strates that the h-BN composite enables Li-ion batteries to
operate dependably and safely.82

Fig. 8c displays the Nyquist plot of the 5% BN-G@MoS2-
50@50 composite electrode at room temperature and high
temperature in the frequency range of 0.01 Hz to 100 kHz. Rs

and Rct values derived from the Nyquist plot are presented in
Table 2. The Rs and Rct values of the 5% BN-G@MoS2-50@50
composite electrode were found to decrease as the temperature
rose (Table 3). Reduced Rct values indicate that the dynamic
interface of the cell becomes more active at high temperatures
and that the combination of G/MoS2 and h-BN provides better
reaction kinetics for rapid electrochemical reactions. Aer
cycling, the electrode structure was studied using XRD and EIS
analysis (Fig. S6 and S7†). XRD analysis shows the 5% BN-
G@MoS2-50@50 composite electrode structure did not change
much but showed increased broadness. The impedance anal-
ysis of 5% BN-G@MoS2-50@50 composite electrode before and
at high temperature and (c) Nyquist plot at room temperature and high

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Rs and Rct values of 5% BN-G@MoS2-10@90, 5% BN-
G@MoS2-50@50 and 5% BN-G@MoS2-90@10 anodes before and after
cycling

Name of the anodes

Cycling

Before (U) Aer (U)

Rs Rct Rs Rct

5% BN-G@MoS2-10@90 20.8 72.1 28.1 63.8
5% BN-G@MoS2-50@50 9.2 47.4 10.1 38.0
5% BN-G@MoS2-90@10 7.9 38.3 17.1 87.3

Table 3 Rs and Rct values of the 5% BN-G@MoS2-50@50 anode at
room temperature and high temperature

Name of the anode

Room temp. (U) High temp. (U)

Rs Rct Rs Rct

5% BN-G@MoS2-50@50 8.5 50.3 4.2 29.1
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aer cycling the Rs and Rct values were increased very little
indicating the stability of the composite electrode. Conse-
quently, we can draw the following conclusions about the stable
capacity and rate performance at high temperatures: an
enhanced h-BN thermal conductivity that results in a high Li+

diffusion coefficient throughout the discharge process even at
high temperatures, and a minor increase in electrode polari-
zation because of the enhanced conductivity brought about by
the addition of carbon.
5. Conclusion

This article describes the design and construction of 5% BN-
graphene@MoS2 composite electrodes, which were used as
anode electrodes for lithium-ion batteries. The crystal structure
and shape of these materials were validated by XRD and TEM.
Additionally, the three composite electrodes 5% BN-G@MoS2-
10@90, 5% BN-G@MoS2-50@50, and 5% BN-G@MoS2-90@10
were subjected to an electrochemical investigation. Concerning
reversible specic capacities, outstanding rate capability, and
long-term (200 cycles) performance (765mA h g−1 with a current
density of 100 mA g−1), 5% BN-G@MoS2-50@50 exhibits the
most promise of all the three anodes. More importantly, the 5%
BN-G@MoS2-50@50 composite electrode was studied at high
rates at a high temperature (70 °C). Consequently, the best
results for LIB anodes were obtained when operating at high
temperatures, reaching a high capacity of 893.7 mA h g−1 at
100 mA g−1. Even at a high current density of 1000 mA g−1,
a high capacity of 453 mA h g−1 was maintained. The enhanced
electrochemical performance can be attributed to the combined
actions of h-BN, MoS2, and graphene sheets working in concert.
Their better electrochemical performances point to the huge
potential of the 5% BN-G@MoS2-50@50 composite electrode in
energy storage applications. Its widespread application in
© 2024 The Author(s). Published by the Royal Society of Chemistry
electrochemical energy storage devices guarantees its relevance
in materials research for some time to come.
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