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Abstract: In the present era, different allotropes of carbon have been discovered, and graphene is
the one among them that has contributed to many breakthroughs in research. It has been considered
a promising candidate in the research and academic fields, as well as in industries, over the last
decade. It has many properties to be explored, such as an enhanced specific surface area and bene-
ficial thermal and electrical conductivities. Graphene is arranged as a 2D structure by organizing
sp? hybridized C with alternative single and double bonds, providing an extended conjugation com-
bining hexagonal ring structures to form a honeycomb structure. The precious structure and out-
standing characteristics are the major reason that modern industry relies heavily on graphene, and
it is predominantly applied in electronic devices. Nowadays, lithium-ion batteries (LIBs) foremostly
utilize graphene as an anode or a cathode, and are combined with polymers to use them as polymer
electrolytes. After three decades of commercialization of the lithium-ion battery, it still leads in con-
sumer electronic society due to its higher energy density, wider operating voltages, low self-dis-
charge, noble high-temperature performance, and fewer maintenance requirements. In this review,
we aim to give a brief review of the domination of graphene and its applications in LIBs.

Keywords: lithium-ion battery; graphene; anode; cathode; electrolyte

1. Introduction

Modern society is built up by materials, and carbon-based materials are widely held
and have a vital role in human civilization. Carbon allotropes are promising candidates
for wide applications. Life is impossible without carbon. Carbon is famous for forming
many allotropes; graphite, carbon nanotubes, fullerenes, graphene, and diamond are
some of the well-known forms of carbon. The structure of some carbon allotropes has
been depicted in Figure 1. Compounds based on carbon have been widely used in appli-
cations such as environmental, biomedical, energy, photochemical, etc. Carbon is a signif-
icant component used in electrochemical applications, such as batteries, supercapacitors,
photoelectrochemical water splitting, solar cells, fuel cells, sensors, etc. The advanced
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large-scale energy storage devices, redox flow cells, are also reliant on carbon-based elec-
trodes [1,2]. Initially, lithium-ion battery research was focused on positive and negative
electrodes, wherein the negative electrodes commonly investigated were based on Li
metal and lithium alloys [3-5]. However, safety concerns are the prime problem, so the
focus has mainly been placed on safer anode dendrites, which led to the synthesis of LiCs
in 1965 [6]. In 1967, Besenhard and Eichinger made a discovery that led to the creation of
the reversible intercalation of lithium ions from a graphite electrode to form LiCs[7,8]. At
that time, in the absence of appropriate electrolytes to avoid the co-intercalation, graphite
was not cast off as a cathode material. In 1978, [9] used polymer electrolytes to overcome
the concerns about safety issues, and successfully recognized graphite as an intercalated
anode. The important applications of carbon in energy storage devices is authenticated as
the commercialized battery is equipped with a graphite anode, which was introduced by
Rachid Yazami, for which he was awarded the prestigious Draper Prize in Engineering.
Applications for carbon anode materials have been discovered in metal creation, energy
stockpiling gadgets like batteries, and supercapacitors. Specifically, graphite and gra-
phene have found successes as anodes, which is not surprising owing to their outstanding
electrical properties [10]. Nowadays, the research field is growing very vast, and more
contributions have been added to the carbon allotropes by exposing 3D Buckminster full-
erene, 2D graphene, and 1D carbon nanotubes (CNTs).

Figure 1. Structure of various carbon allotropes: (a) carbon chains; (b) polycyclic aromatic hydro-
carbon; (c) graphene; (d) carbon nanotube (CNT); (e) C60; (f) C70; (g) graphite; (h) amorphous car-
bon; and (i) diamond.
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In the present day, a wide variety of carbon allotropes has been discovered and stud-
ied, among which graphite leads a fantastic role in both the industry and research fields
[10]. Since 2004, the discovery of graphene, awarded to Konstantin Novoselov and Andre
Geim [11] (with the prestigious Nobel Prize in Physics, 2010) paved a new trend in the
research world; this led to an explosion of advancement in energy storage devices, elec-
tronic devices, optoelectronic devices, catalysis, and sensors, as well as in the biomedical
field [11]. The discovery of graphene is considered the most delightful victory in the dis-
cipline of material science, engineering, and technology. The material has many unambig-
uous physiognomies, such as excellent electronic conductivity, significant specific surface
areas, mechanical properties, and elevated thermal stability [12]. Among carbon allo-
tropes, graphene is one of the significant crystalline allotropes; it has a hexagonal, single
layer of graphite and the simplest form, with bond distances of 0.142 nm among carbon—
carbon single bonds. It has sp>-hybridized carbon atoms, with alternative single and dou-
ble bonds developing a hexagonal ring structure to form a planar 2D nanosheet structure
[13]. Graphene itself occurs in numerous forms, such as nanosheets, nanoribbons, 3D
structures, and nanoplates.

Graphene is the most popular carbon allotrope wherein the carbon atoms are bonded
to form a unique electronic cloud, which is highly stable and has a size of less than 20 nm.
It has been known to exhibit the quantum hall phenomenon. Based on its exceptional
characteristics, graphene and its derivatives are gaining a gigantic reputation in every as-
pect [14]. Graphene can be modified into different forms such as 0D fullerene, 1D CNTs,
and 3D graphite, as depicted in Figure 2. In the applied research field, graphene has
mostly been used in batteries and sensors. In graphene, all the carbon atoms are sp? hy-
bridized, leading to an extended m electron cloud all over the structure, which results in
super ballistic electronic conductivity [15]. High electronic conductivity can be tuned ac-
cording to applications by synthesis methods, which aids graphene in a wide variety of
applications. The enhanced electronic conductivity makes the allotrope an attractive com-
ponent in lithium-ion batteries (LIBs).

Figure 2. 2D Graphene nanosheets as the basic building units of various carbon allotropes (a) 0D,
(b) 1D, and (c) 3D.
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Rechargeable LIBs were commercialized in 1991. To date (2021), LIBs are the most
reliable and dependent energy storage device, and they have a leading role in the market
as well as in research, thanks to the rigorous efforts and hard work of researchers. The
first commercialized LIBs relied on the graphite anode and the replacement of the anode,
with more conductive graphene is under research. The amazing electron mobility, as well
as enhanced surface area, imparted the material to be developed as an inevitable compo-
nent in energy devices. The premium properties of graphene have paved the way for the
researchers all around the world for multipurpose use of the material including its appli-
cation as components for rechargeable batteries [16]. In the future, the electrochemical
enactments of rechargeable batteries will have relied on the advancement in the electrode
design as well as its synergistic properties, hence graphene is expected to lead a gigantic
role[17,18]. The roadmap of the development of graphene, the timeline of its evolution, is
summarized in Figure 3.

Better, easier,
nhene cheaper, and
‘ reproducible
synthesis
2004: Gelm and co-workers prepare graphene via micromechanical
: exfohation: numerous reports follows
1999: Ruoff and co-workers micromechanically exfolated graphite into

thin lameliae comprised of multiple lavers of graphene

TUPAC formalizes the definition of graphene: “the term grapheme
1997: should be used only when the reactions. structural relations or
other properties of individual layers are discussed

Boehm and co-worers recommended tat te term “grapheme™ be used

1986: to describe single layers of graphite-like carbon
| |
1975: Van Bommel and co-workers prepare monolaver graphite by
: subliming silicon from silicon carbide
1970: Blakely & co-workers prepare monolayer graphite by segregating
" carbon on Ni (100) surface; several subsequent reports follows
|
1969: May interprets the data collected by Morgan and Somorjai as te
: presence of monolayer of graphite on the Pt surface
1968: Morgan and Somorjai obtain LEED patterns produced by small-
- molecule adsorption onto Pt (100)
1962: Boehm and co-workers prepare reduced grapheme oxide (r-GO) by

the chemical and thermal reduction of graphite oxide

ira 4 » Scha it ie. Sta aier. 5.
1840-1958: Graphite oxide prepared by Schathaeuti. Brodie, Staudenmaier. Hummers
Wallace and others

Figure 3. Roadmap representing the development and future of graphene reproduced from Ref.
[19].
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2. Graphene; Properties and Synthesis

Graphene comprises sp?> bonded carbon atoms in a single-atom-thick planar sheet to
form a hexagonal framework. The astonishing properties of graphene dominate the re-
search world due to the potential applications since its discovery in 2004. The versatile
applications including electrochemical performances were tested by various scientists
worldwide who concluded that graphene is a promising candidate as an electrode as well
as electrolyte for rechargeable batteries. Recently, the major challenge that the future of
energy storage devices is focusing on is the commercial-scale synthesis of graphene
through ambient methods. In conclusion, future electronic gadgets will be powered by
graphene as an electrode as well as electrolyte. Here, the present review provides a precise
and brief on the synthesis, properties, application, and the major challenges faced by gra-
phene as active components in LiBs [20].

2.1. Chemical and Physicall Properties of Graphene

Graphene is quite an interesting material for the scientific and industrial community
because it is non-toxic, chemically and thermally stable, electrically conductive, and me-
chanically robust. It is the lightest known material as well as considered to be the building
block for the development of other allotropes of carbon, such as one-dimensional carbon
nanotubes (CNTs) by rolling up 2D graphene into a tubular form; it also can be wrapped
into spherical zero-dimensional bucky balls as well as stacked together to form a three-
dimensional (3D) structure of graphite. A virtual demonstration of the evolution of 0D,
1D, and 3D allotropic carbon forms has been demonstrated in Figure 2. On the grounds
of the extraordinary electronic properties of graphene, it has been known to be a pseudo-
conductor with zero electrical bandgap and hence has also been designated as a quasi-
metal compound. The charge mobility and carrier concentration in graphene was exten-
sively studied and explained on the basis of Dirac equation. It has a perfect crystalline
structure; hence, the energy reduced quasi-particles showed an angular frequency pro-
portional to the wavenumber explained by linear dispersion relation. It is also known for
many unusual electronic properties such as ballistic transport electron flow. The graphene
is also known to have a pseudospin chirality which was based on the “Berry phase”. The
material also possess an ambient half-integer quantum Hall effect, as well as a remarkable
electronic conductivity in the deficiency of charge carriers. The electronic properties of the
graphene inevitably proves its capability as a potential component for upcoming elec-
tronic materials, and with a sense of humor, it predicted that the silicon is changed to
carbon. Graphene possess the fastest known electronic mobility rate of 15,000 cm? V-lcm™.
The material also displayed about 200 times enhancement in the mobility of temperature-
independent charge carriers (200,000 cm? V-15-1) than that of silicon. It also delivered a
Fermi velocity of 106 m sin the ambient condition. The graphene also imparts stupen-
dous optical, mechanical, electrochemical, and thermal properties, loftier than other car-
bonaceous materials. The important properties of graphene in comparison with other al-
lotropes of carbon are enumerated in Table 1. Monolayer graphene is known to possess
an excellent mechanical property delivering a Young’s modulus of 1.0 TPa. The stiffness
of graphene is obtained to be in the range of 130 Gpa. The monolayer material also dis-
played an optical transmittance of 97.7% which makes it applicable for transparent elec-
tronic gadgets. It also displayed superior thermal conductivity of about 100 times com-
pared with Cu (5000 W m~K-!). The enhanced theoretical specific surface area (2620 m?2
g') makes the material exploitable in the area of catalysis and energy storage applications.
The inimitable properties of graphene upgraded the material for wide variety of applica-
tion which is known to out-perform various other carbon allotropes such as CNTs and
graphite, as well as metals such as Cu, Pt, etc. in various applications. The tunability in
bandgap of the graphene by introduction of dopants and defect states makes it a compet-
itive replacer of several semiconductors for various electronic applications [21].
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Table 1. Physical and electronic properties of different allotropes of carbon. Adapted and repro-
duced from ref. [20].

Carbon Nanotube

Carbon Allotropes Diamond Graphite (CNT) Graphene Fullerene (Ceo)
Dimension Three Three One two Zero
Hybridized form sp? sp? Mainly sp? sp? Mainly sp?
Density (g cm™3) 3.50-3.53 2.09-2.23 >1 >1 1.72

Crystal system Octahedral Hexagonal Icosahedral Hexagonal Tetragonal
E i 1 ifi
xperimental speciiic 54, 160 ~0-10 ~1300 ~2300 80-90
surface area (m2g)
. . Insulator, semi- Electrical con- Metallic and semi- Semimetal, zero-
Electronic Properties . . Insulator
conductor ductor conducting gap semiconductor
Thermal Conductivity 1500-2000 23, 5—
—-232 4840- 4
(W m-K-) 900-2320 10¢ 3500 840-5300 0
. Flexible non- . . . . .
Tenacity - . Flexible elastic Flexible elastic Elastic
elastic
High ingl
Hardness Ultrahigh High High ighest (single High
layer)
tructural d d-  97.7% of optical -li tical
Optical properties Isotropic Uniaxial Structura e}:?en 97:7% o . optical - Non-linear optica
ent properties transmittance response
Electrical conductivity Anisotropic  Structure depend- 2000 1010
(Scm™) 2-3 x10%2, 6°b ent

aa—direction, P b—direction, <c—direction.

2.2. Various Synthesis Methods Exploited for Preparation of Graphene

Two major modes of synthesis of graphene have been explored to date. The known
methods of synthesis can be categorized as the bottom-up and the top-down methods.
The bottom-up procedure predominantly incorporates the strategies for the development
of graphene epitaxially as well as chemical vapor deposition (CVD). Building the material
from atomic-scale can be achieved by CVD, and the epitaxial growth technique can lead
to the formation of imperfection-free graphene nanosheets [22]. Thermal reduction, chem-
ical reduction, epitaxial growth, and micromechanical cleavage of graphene oxide (GO)
are the main methods used to prepare graphene nanosheets in the top-down method.
Among the reported modes of synthesis, the chemical reduction of GO is the most vowing
method for the commercialization of graphene. Chemical exfoliation of graphite to gra-
phene oxide can be achieved by several methods such as the Brodie method, Hummer’s
method, and Staudenmaier method. GO has a similar layered structure to graphene and
in its basal planes has epoxide and hydroxyl groups along with carbonyl and carboxyl
groups [23]. These oxidative functional groups are also available at the edges of the GO
sheets. The different methods followed from 2004 to now are discussed below, and the
process involved in the synthesis is listed in a flow chart and displayed in Figure 4 [24].
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| |
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exfoliation exfoliation al exfoliation e growth
GO deposition
AFM ti m Thermal
P method
Scotch tape | | Sonication Plas
method method e

[— Brodie method

Staudenmaier
method

Figure 4. Flow chart representing the synthesis procedure of graphene.

The top-down method mainly takes into account the exfoliation of graphite. The ex-
foliation of the graphite results in the breakage of Van der Waals’ force of attraction that
held the graphite layer together by physical or chemical methods. Significant difficulties
in this region incorporate successfully isolating the layers without harming the sheets and
forestalling re-agglomeration of the sheets once the layers have been shed. Top-down ap-
proaches experience the effects of low yields. Graphite can be created artificially under
high-temperature conditions but not mostly appropriate for graphene synthesis due to
helpless degrees of graphitization and sporadic morphologies. For bottom-up schemes,
undeniable degrees of graphitization should be elevated to create great quality material,
so these techniques for the most part require high temperatures. The cycles included are
generally basic, albeit the material created can contain more elevated levels of deformities
than noticed for hierarchical techniques. In expansion to shaping graphene nanosheets,
bottom-up techniques can likewise be utilized to shape enormous region graphene films
utilizing development on certain substrates [25]. A schematic illustration of the top-down
in addition to bottom-up synthesis technique has been depicted in Figure 5.
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Low quality bulk synthesis

SiC, and so on

Figure 5. Pictorial representation of the synthesis method of graphene, categorized by the top-down
along with bottom-up techniques. Adapted and reproduced from Ref.[23]. Copyright 2015 Royal
Society of Chemistry.

2.2.1. Top-Down Method

The very first method used to isolate monolayer graphene was micromechanical
cleavage. In this method, the graphite was exfoliated to separate the layer using adhesive
tape. Hence, this method is widely known as the Scotch tape or the Peel-off method [25].
It is the principal technique used for the synthesis of graphene, offering better electronic
conductivity compared with other synthesis methods. This strategy permits solid and
simple preparation however experiences a low yield [21,26].

Chemical exfoliation is referred to as the finest method. In this method, graphene is
produced from bulk graphite and graphite intercalation compounds. Graphene oxides
were produced in 1860 by Brodie, Hummers, and Staudenmaier methods. Mainly, two
steps are involved in this process, the formation of intercalation compounds and the ex-
foliation by sonification. GO is commonly synthesized by the Hummers method, the most
popular chemical exfoliation method. The exfoliation of GO can be achieved by an oxida-
tive technique of graphite separating the interlayers using strongest oxidizing agents such
as NaNOs in H2504/HsPO4 and KMnOs: followed by ultrasonication in a dimethyl forma-
mide (DMF) water mixture (typically 9:1 v/v) mixture to produce single-layer graphene
oxide. Thermal exfoliation and reduction of graphite oxide similarly produce good-qual-
ity graphene [25,27].
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2.2.2. Bottom-Up Method

On account of the epitaxial development method, at elevated temperatures, graphene
is grown on silicon carbide (SiC) as well as metals substrates such as ruthenium, platinum,
etc., under ultrahigh vacuum. The proposed method is capable of developing graphene
with reduced defect states. However, the high-vacuum conditions enhance the expense of
manufacture and yield a lower amount of product compared with other methods [25].
The development of graphene on SiC also favored the sublimation of silicon along with
the formation of graphite with excess number of carbon atoms at elevated temperatures
exceeding 1000 °C and ultra-high vacuum (UHV) conditions. Growth of graphene in the
argon atmosphere or the presence of minor amounts of di-silane has been exposed to de-
crease the rate of silicon sublimation, leading to higher temperatures to be castoff and
which produce higher-quality graphene. Preferential Si sublimation can be prompted by
pulsed electron irradiation [25,28].

Chemical vapor deposition (CVD): In this method, graphene was formed by the dis-
integration of hydrocarbons followed by deposition of graphene from atomic-scale at el-
evated temperatures on metal oxide such as alumina (Al20s) and magnesia (MgO) as well
as metal substrates such as nickel, platinum, and copper. The CVD method mainly de-
pends on the substrates and produces high-quality graphene; however, there is a signifi-
cant expense and moderately low yield. On the other hand, this methodology has an ex-
traordinary potential that can be added for additional improvement. Mainly, the peeling
of graphitic materials is the key procedure and includes oxidation, intercalation, shedding
of graphene subordinates, such as graphite, CNTs, expandable graphite, graphite oxide,
graphite intercalation compounds, and graphite fluoride. The reduction of graphite oxide
with a minimum about of expense could yield a huge amount of rGO with high processa-
bility. The major growth parameters taken into account while using the CVD method are
the substrate quality, C/H ratio, pressure, temperature, and oxygen on the substrate sur-
face influences the graphene synthesis [25,28].

3. Lithium-Ion Battery: A Brief Overview

In comparison to the battery chemistries, LIBs are still ruling the portable gadget
market attributable to their specific characteristics such as prodigious energy density, bor-
der operating voltage, good temperature performances, low self-discharging capacity,
long cycling life, sustainability, and minimal maintenance requirement. Sony Japan com-
mercialized LIBs for the first time in 1991, and the application levels are extended to more
different fields including defense, aerospace, and automobile industries, and renewable
energy integration. The performance of these rechargeable batteries greatly relies on the
physiochemical properties of both anodes as well as cathodes. Additionally, it is affected
by the electrode structure and synthesis routes. Schematic illustration of a typical LIB have
been demonstrated in Figure 6. The commercial LIBs consist of carbon (graphite) based
active material as anode and lithium metal oxide-based active material in cathode along
with a carbonate-based organic electrolyte along with inorganic lithium salts for lithium
ions to move back and forth easily [27].
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Figure 6. Schematic demonstration of typical LIB comprising of graphite as anode, lithium iron
phosphate as cathode, and lithium salt-based electrolyte.

4. Graphene as Components in LIBs

In the current scenario, the LIBs industry has been mainly ruled by graphite. Graph-
ite is commercially used as the anode in rechargeable LIBs due to the low cost, low volume
change, great Coulombic efficiency, stable cycling performance, and conductivity as well
as availability. However, graphite possesses a theoretical specific capacity of 372 mAh g,
comparatively much lower; it also shows a poor rate of performance. The graphite anode
becomes confined to meet the current practical sense of LIBs requirement due to the lim-
ited lithium storage sites. To overcome the issues of graphite, graphene becomes the most
relevant component [29,30]. As described earlier, the LIBs comprise three major parts, an-
ode, cathode, and electrolytes. The major advantage of graphene is the ability of the ma-
terial to augment the performance of all these components, thereby boosting the overall
performance of the battery.

4.1. Pristine Graphene and Graphene Composites as Anodes in LIBs

LIBs are widely utilized in versatile hardware, for example in phones, laptops, tab-
lets, computerized cameras, and so forth, and are accepted to be promising decisions as
energy-successful and climate well-disposed gadgets. For the most part, LIBs are made
out of anodes, electrolytes, and cathodes. During the charging of LIBs, the de-lithiation
from the positive electrode traverse along the electrolyte and embed into the negative
electrode. Further re-energizing, finished with the Li-particle inclusion/extraction meas-
ure in the cathodes, the idea of the two-terminal materials is pivotal to the performance of
LIBs. The present terminal materials utilized in LIBs exist Li intercalation mixtures such
as graphite as negative electrode and lithium cobalt oxide (LiCoO: and LCO) as positive
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electrode material, as they displayed effective reversible charging/releasing under inter-
calation possibilities. Even if graphite electrode displayed better Coulombic efficiency, it
fell behind in higher Li stockpiling limit (hypothetical worth: 372 mAh g™) as a viable
negative electrode material in the upgraded power stockpiling gadgets. Consequently, a
much higher accused stockpiling limit of promising cyclability and rate capability of neg-
ative electrodes in LIB research has gained serious consideration. The presence of gra-
phene-based negative electrode with its nano structural advancement is to be utilized as
an anode in r-LIBs. A current commercial negative electrode, graphite can be replaced by
graphene, which is considered to enhance the performance of the device without incorpo-
ration of harmful chemicals such as lithium. The graphene-based anodes may consist of
pristine graphene nanosheets, graphene nanosheets composite with carbon nanomaterials
(CNT, fullerene, etc.), metals, chalcogenides, and doped graphene nanosheets.

4.1.1. Pristine Graphene as Anode for LIBs

Graphene is also specified as graphene nanosheets (GNS) and is widely explored as
the negative electrodes for energy storage devices. The theoretical specific capacity of gra-
phene is reported to be 744 mAh g which is twofold than that of the 3D graphite (372
mAh g) [31]. Initial reports on graphene nanosheets based anode for LIBs were reported
by Honma et al. [32] in 2008, wherein they compared the performance of graphite with
graphene nanosheets, graphene nanosheets composites with CNT, and fullerene. The in-
vestigation of the reversible capacity of various anodes at 0.05 A g-'revealed that graphite
anode delivered a capacitance of 340 mAh g whereas GNS, GNS/C60, and GNS/CNT
anodes delivered a reversible capacity of 540, 784, and 730 mAh g, respectively, which
confirms that graphene nanosheets offer almost double intercalation of lithium ions than
graphite anodes [32]. The charge—discharge profiles and cycling stability have been de-
picted in Figure 7.
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Figure 7. Charge-discharge profiles and cycle stability of the graphite, graphene (GNS), GNS + car-
bon nanotube (CNT), and GNS + Fullerene (Ceo); (a) charge/discharge curves at 0.05 A g, (b) com-
parison of cycling performance. Adapted and reproduced with permission from [32]. Copyright
2008 American Chemical Society.

A modification in the result was introduced by Song et al. [33] (2009) wherein gra-
phene nanosheets were prepared by Staudenmaier’s method. The anode was fabricated
with GNSs/acetylene black/poly (vinylidene difluoride) (PVdF) 80:10:10 wt.% and the cell
studies of the anode were investigated in the electrolytic medium of 1 M LiPFs in EC: DMC
(1:1 v/v). The anodes retained an electrochemical stability voltage ranging from 0 to 3.5 V.
The initial cycling performance of the cell revealed a charge/discharge capacity of 1233
and 672 mAh g, respectively, at a current density of 0.2 mA cm?. After prolonged cycling
exceeding to 30 cycles, it displayed a reversible capacity of 502 mAh g [33] comparable
to the previous report [33]. A reasonable advancement in the performance of GNS anode
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was reported in 2013 by Hassoun et al. [34]. In the study, GNS was fabricated by the ex-
foliation of graphite by the wet chemical method followed by the fabrication of the full
cell with GNS/PVdF/carbon super P in the ratio 80:15:5 coated on the copper foil as anode
and cathode as LiNiosMn150s coated on aluminum foil. The electrolytic medium was the
same as that of the previous report [33]. The cell displayed a stabilized capacity of 600
mAh g dropped from an initial performance of 2000 mAh g [34] (Figure 8a) as well as
a working voltage of ~0.9 V, which was substantially higher than the previously reported
performances. The comparison of charge-discharge voltage profiles of the first two cycles
of GNS/LNMO cell depicted in Figure 8b shows the drop in performance due to lithiation
of the electrode [34].
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Figure 8. Cycling performance of GNS as anode; (a) charge-discharge profiles of GNS at 149 mA
g™, (b) charge/discharge profiles of the GNS resulting by the pre-cycling process at 74 mAh g in
lithium and LNMO half cells. Adapted and reproduced with permission from [34]. Copyright 2013
Royal Society of Chemistry.

In 2013, Sun et al. [35] reported structurally modified GNS as a negative electrode for
LIBs. The report revealed the structures have an evident task in the enhancement of stor-
age competence of the negative electrode. In relevance to the explanation, three different
types of GNSs were fabricated with variable morphologies. For the synthesis of two of the
morphologies, modified Hummer’s method was adopted by varying the stirring time, and
another sample was prepared by autoclaving the second GNS fabricated by modified
Hummer’s method using urea and was labeled as GNS I, II, and III, respectively [35]. The
morphologies of corresponding samples have been depicted in Figure 9 [35]. These GNSs
synthesized via modified Hummer’s method resulted in the formation of thin translucent
nanosheets with more extent of exfoliation was evident for GNS II where additional stir-
ring was provided during the synthesis. The morphology of the hydrothermally treated
GNS samples showed much reduction in the size which can be associated with the en-
hancement in the extent of exfoliation as evident from Figure 9¢c,d [35].
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Figure 9. Morphological analysis of graphene nanosheets (GNS) synthesized in varying conditions;
SEM images of (a) GNS-I, (b) GNS-II, and I GNS-III; TEM images of (c) GNS-I, (d) GNS-II,(e) SEM
image of GNS-III; TEM image of GNS-II and (f) GNS-III. Adapted and reproduced with permission
from ref [35]. Copyright 2013 Royal Society of Chemistry.

The cell studies of the structurally modified GNS samples were conducted in a coin
cell with copper foil as current collector on which the active material (GNS) was coated
with PVdF binder in the ratio of 90:10. The electrolyte employed was 1 M LiPFs in
EC/DEC/EMC in equi-volume ratio. The initial charge capacities of GNS-I, GNS-II, and
GNS-III were obtained at 1275, 861, and 1233 mAh g7, and the discharge capacity was
obtained at 925, 418, and 2561 mAh g, respectively [35]. On prolonged cycling, the ca-
pacity decreases, which is ascribed to the formation of the SEI layer. After 99 cycles, GNS
I, 1I, and III exhibited a discharge capacity of ~270, 400, and 690 mAh g, respectively [35]
as depicted in Figure 10a. The Coulombic efficiency of the samples has been displayed in
Figure 10b, which indicates that the GNS I and II showed variation in the efficiency
whereas GNS III maintained the performance almost equivalent to 100%. Overall, the per-
formance of the GNS anode has relied on the extent of exfoliation, the more the extent of
exfoliation efficiency will be the anode [35]. In 2020, Mu et al. [36] further added vertical
graphene sheets support (not exclusively) the lithium-ion transport rate due to its inherent
high electrical conductivity, however likewise can altogether diminish convolution of lith-
ium-particle transport due to its exceptionally particular lithium-particle inclusion ways.
Into equal parts cells, the vertical graphene sheets/graphite can persevere through 3000
cycles in 3 min of charge time per cycle. All the more strikingly, a full cell with vertical
graphene sheets/graphite anode and LiFePOs cathode shows an elevated energy density
of around 312 Wh kg in 10 min of charge time per cycle at 4 C, showing that the vertical
graphene sheets/graphite anode has the capacity of outrageously quick charging while at
the same time keeping up high energy density.
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Figure 10. Cycling stability of graphene nanosheets synthesized by varying the conditions as anodes
tested in the half cell; (a) Coulombic efficiency against cycle numbers of various GNSs, (b) cycling
stability of various GNSs at 100 mA g'. Adapted and reproduced with permission from ref [35].
Copyright 2013 Royal Society of Chemistry.

4.1.2. Doped-Graphene as Anode for LIBs

Conductivity and electrochemical performance of 2D graphene sheets were pro-
foundly enhanced by doping with nitrogen, boron, phosphorous, etc. The method is quite
similar to N-doping and P-doping in semiconductors. N-doped graphene was developed
by CVD [37] technique as well as arc discharge technique [38]. The first principle studies
revealed that the conductivity of graphene was substantially enhanced with the introduc-
tion of nitrogen or boron atom to the lattice [38]. The bond length of the N-C bond was
almost the same, whereas the B-C bond length was slightly more than that of the carbon—
carbon single bond length in pristine graphene. An analogues’ property was also observed
in the case of interlayer spacing; N doped GNS showed slight enhancement in the spacing,
whereas B doped GNS with considerable enhancement in the spacing [38]. Theoretical
studies of doped graphene as anode material in LIBs were conducted by Zhou et al. in
2011 [37]. The first principle studies revealed that the Li desorption and adsorption un-
dergoes faster in N and B-doped GNS. The activation barrier of the delithiation process of
N-doped graphene is relatively inferior to that of graphene. Successively, the authentica-
tion in the theoretical results was investigated by Sun et al. [39] developing an investiga-
tional proof. The N-doped graphene was synthesized by chemical exfoliation using mod-
ified Hummer’s method forming graphite oxide followed by annealing at 1050 °C under
a nitrogen atmosphere. Thus, received samples were further annealed in the occurrence
of ammonia gas (NHs) leading to the materialization of N-doped GNS. The morphological
analysis of the GNS and N-doped GNS has been depicted in Figure 11 [39]. The reversible
discharge capacity after 100 cycles of the GNS and N-doped GNS resulted in 269 and 452
mAh g7, respectively. Discharge capacity of N-doped GNS was found to increase up to
500 cycles and remained almost constant in the range of 684 mAh g [39].
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Figure 11. Electron micrographs of GNS and N-GNS; SEM images (a) GNS and (b) N-GNS; TEM (c)
GNS and (d) N-GNS. Adapted and reproduced with permission from ref [39]. Copyright 2011 Else-

vier.

Properties of N-doped GNS were enhanced by the addition of additives such as FesC
[40], SiO2[41], LisVOa4[42], MoS: [43], etc. Fe-FesC/N-doped GNS binary composite was
synthesized by pyrolysis process of MIL-100 (Fe) (porous metal-organic framework)
which delivered a discharge performance of 607 mAh g at 1000 mA g extending the
cycle stability to 100 cycles [40]. SiO2/GNS composite was fabricated by the hydrothermal
method [41]. The sample with 1:0.5 of GNS: SiO2 showed a considerable enhancement in
the performance, and the analysis at current densities ranging from 100, 200, 500, 1000,
2000, to 5000 mA g-'resulted in discharge capacity of 1052, 866, 670, 536, 415, and 272 mAh
g1 [41], respectively. The results revealed superior properties for SiO2/GNS composite as
anode material in LIBs. LisVO4/GNS composite was synthesized by the hydrothermal
method which displayed an initial charge—discharge capacities of 429 and 550 mAh g,
respectively, at a current density of 0.15 A g1 [42]. On prolonged cycling, the performance
was increased and was sustained after 100 cycles at 476 and 478 mAh g, respectively [42].
The MoS:/GNS nanocomposite was prepared by hydrothermal method followed by ther-
mal treatment. The samples dispensed enhanced performance with a reversible capacity
of 1151 mAh g-' at 0.1 A g'. The cycle stability was retained up to 92.6% even after 600
cycles [43].

Recently, N-GNS with MoS:2 (N-GRs/MoS2) have been reported by Xiao et al. [43].
The graphene oxide was prepared by spray drying technique from graphene oxide
nanosheets (GONs), which were sonographically dispersed in deionized water. To the
dispersed solution, L-cysteine along with sodium molybdate mixture in deionized water
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was added dropwise followed by stirring [43]. The solution mixture was then subjected
to hydrothermal treatment for 12 h. The resultant product was repeatedly washed with
deionized water followed by freeze-drying. The final product was obtained after anneal-
ing the dry samples at 800 °C for 2 h in an Ar atmosphere (denoted as N-GRs/MoSz). For
comparison, pristine MoSz, N-doped graphene ribbons (N-GRs), and N-doped graphene
nanosheets/MoS: (N-GNs/MoS2) were also synthesized. A schematic illustration of the
synthesis of N-GRs/MoS: and N-GNs/MoS: has been demonstrated in Figure 12 [43]. The
performance of the material as the anode in LIBs was tested using Li half-cell and N-
GRs/MoS://LiFePOx full cell configurations. The anode was coated on aluminum foil by
mixing sample/conductive material (Super P)/polyvinylidene difluoride binder (PVdF) in
the ratio of 8:1:1 [43]. The electrolyte used for the study was the 1 M solution of LiPFs in
carbonate mixtures of ethylene carbonate (EC)/dimethyl carbonate (DMC)/ethyl methyl
carbonate (EMC) in the ratio of 1:1:1. The performance of the cell with varying current
densities is displayed in Figure 12b, evidently showing the enhanced discharge capacity
of the anode of about 499 mAh g even at an elevated current density (8.0 A g1) [43].
Moreover, samples also displayed better cycling as shown in Figure 12c. The cycling was
extended up to 200 cycles at 0.5 A g1, where N-GRs/MoSz, N-GNs/MoSz, and pristine
MoS: anodes delivered a discharge performance of 925, 389, and 311 mAh g, respec-
tively, wherein N-GRs/MoS: displayed a capacity retention of 102%, which is 2.38 and
2.98% greater than that of N-GNs/MoS: and pristine MoS, respectively [43]. The results
reveal the enhanced and sustained performance of N-GRs/MoSz anodes-based LIBs.
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Figure 12. Nitrogen-doped graphene nanoribbons and nanosheets composite with MoSz; (a) sche-
matic illustration on the preparation of N-doped graphene ribbons/molybdenum sulfide (N-
GRs/MoS2) and N-doped graphene nanosheets/molybdenum sulfide (N-GNs/MoSz) composites, (b)
cycle stability of N-GRs/MoS: from 0.1 to 8.0 A g and (c) cycling performance comparison of N-
GRs/MoS2, N-GNs/MoSe, and pure MoS: at the current density of 0.5 A g™'. Adapted and reproduced
with permission from ref [43]. Copyright 2021 Elsevier.
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4.1.3. Nanocomposites Based on Graphene as Anode for LIBs

Nanocomposites based on graphene are polyphase materials where the graphene
stays as a network stage. The majority of the composite materials grown at any point
formed by the incorporation of metal oxide, sulfide, and metal nanoparticles into gra-
phene. Wu et al. [20] demonstrated the prevalence (as far as electrochemical highlights) of
graphene/metal oxides composites, for example, moored, wrapped, typified, layered,
sandwiched, and blended models, (Figure 13) compared with that of pristine compound
[44]. Graphene-based inorganic composites of several metal chalcogenides were widely
explored. CosOs [45], silicon [46,47], sulfur [48], FesOx [48], SnO2 [49], CuO [50], TiO: [51],
MoS: [52], MoO: [53], MgO [54], FezMo030s [55], Co2M03Os [56], Sb2Ss [57], Fe20s [58,59],
ZnMosOs [60], and graphene eggshells in-graphene foam [61] were also reported as
composite anode for LIBs. The possibility of graphene composites as components in LIB
is an alluring one due to their fantastic electrochemical exhibitions. Herein, the sum up of
graphene based composites has been investigated at this point just to stamp their
superlative electrochemical highlights came about due to creative designing.

Figure 13. Schematic representation of metal oxide/graphene composite models: (a) surface
anchored model, (b) wrapped model, (c) encapsulated model, (d) sandwich model, (e) layered
model, and (f) mixed model. In the structures, red balls represent metal oxide particles and the blue
sheets represent 2D graphene sheets. Adapted and reproduced with permission from ref [20].
Copyright 2012 Elsevier.

Fe20s/Graphene Based Composite as Anode for LIBs

Iron oxide (Fex0s) is widely explored as an anode material owing to the ease of
intercalation/deintercalation of the lithium ions in the lattice of the metal oxide. The low
cost, reduced toxicity, and ease of fabrication make the anode a widely accepted metal
oxide for application [62-66]. The Fe2Osbased anodes are known to intercalate six lithium
ions in the lattice-based on Equation (1) [58].

Fe203 + 6 Lit + 6 e > 2 Fe + 3 Li2O (1)

Wang et al. [67] investigated the graphene/Fe20s nanocomposite prepared by
reduction of the graphite oxide by hydrogen reduction method at 500 °C which was
incorporated in the Fe:0s synthesized by in situ hydrothermal treatment. The
electrochemical performance of the nanocomposites was compared with the pristine Fe203
micro particles prepared by the same technique. The electrochemical performance of
composites was analyzed by fabricating electrode CR2430 coin cell assembled with
composite material as anode vs. Li*/Li reference electrode. The charge-discharge
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performance of the cell was analyzed 0.005 V to 3.0 V vs. Li*/Li reference electrode.
Graphene/Fe20s cells delivered an initial discharge capacity of 1800 mAh g at 160 mA g
and a charge capacity of 1420 mAh g at the same condition. Comparing the performance
of Graphene/Fe:0s with pristine graphene and Fe:0s electrodes at the same current
density after 100 cycles displayed a 660 mAh g1, which was much higher than that of the
pristine cells (Graphene electrode-550 mAh g and Fe:03 450 mAh g'. A similar study
conducted by Li et al. [68] Graphene/Fe203 composites were prepared by solution mixing
of Fe2Os nanoparticles with graphene oxide synthesized by modified Hummer’s method
by ultra-sonication followed by freeze-drying technique. The electrochemical studies of
coin cells fabricated with composite as anode vs. lithium metal revealed an initial charge—
discharge capacity of 2550 and 1551 mAh g, respectively, at 0.1 C cycled between 0.01 to
2.5 V. Zhu et al. [58] reported a simple two-step reaction for the synthesis of rGO/Fe:0s3
nanocomposite by homogeneous precipitation of FeCls in a suspension of graphene oxide
platelets with urea, with subsequent decrease in the graphene oxide with hydrazine by
microwave technique to yield rGO platelets decorated with Fe20s nanoparticles [58]. The
scattered FexOs nanoparticles on rGO nanoplatelets offered an enhanced electrical
conductivity. The charge and discharge capacities of rGO/Fe20s composite revealed the
enhanced performance of 1227 and 1693 mAh g'. The specific capacity of rGO/Fez0s has
enhanced considerably than the pristine RG-O and Fe20s confirming the synergistic effect
of rGO and Fe20s on the improvement of electrochemical performance.

Copper Oxide/Graphene Composites as Anode for LIBs

Copper oxide is one of the widely explored anode materials for LIBs. The eco-friendly
nature of the metal oxide, along with superior theoretical capacitance (674 mAh g™) as
well as the availability of the material makes it a highly attractive candidate as the anode
in rechargeable batteries. Several reports on exploring CuO as the anode in LIBs have been
reported so far [69-71]. The lithium insertion in the CuO anode causes volume expansion
leading to a decrease in the cyclability of the batteries is considered to be a major drawback
of these anodes. Hence, to enhance the cycling stability of CuO, carbon allotropes are
added as a composite material. Among carbon allotropes, graphene is the most
prominent. Lithiation and de-lithiation of the CuO anode, analyzed by transmission
electron microscopy, revealed the formation of Li:O in the CuO matrix by Equation (2)
[72]. The schematic illustration of in situ analysis of TEM of LIB is depicted in Figure 14a.
Figure 14b reveals the TEM image of the composite CuO/graphene electrode. Based on
the morphological variation, an ion-conducting pathway has been proposed in Figure 14b.
The size of the CuO nanoparticles anchored on graphene resulted in a volumetric
expansion of during the lithiation and delithiation process of the anode. Figure 14h
displays a focused image of the lithiated CuO nanoparticles, evidently displaying that the
surfaces, as well as the edges of the composite electrodes, were coated with thin shells of
Li2O which was further confirmed by Figure 14i. The variation in size of the CuO
composite during lithiation and delithiation process is demonstrated in Figure 14j [72].

CuO +2 Li* +2e- — Cu + LizO @)
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Figure 14. Morphological images of the changes occurring in pristine CuO/graphene electrode on
charge-discharge cycling in a nano-LIB; (a) Illustration of the electrochemical setup for in situ TEM
imaging, (b) schematic representation of the reaction front in a single CuO particle and the transport
pathway for Li* ions and electrons; TEM image of (c) the pristine CuO nanoparticle, (d) the first
lithiation product, (e) delithiated CuO nanoparticle, (f) the second lithiated CuO, (g) delithiated
CuO nanoparticle (h) HRTEM image recorded from a lithiated CuO nanoparticle, (i) lithiated CuO
nanoparticles, (red circles indicate the formation of Cu grains and the inset represents high
resolution images, and (j) the schematic illustration of the variation in size of the CuO on
lithiation/delithiation process. Adapted and reproduced with permission from ref [72]. Copyright
2015 American Chemical Society.

Liu et al. [73] reported the fabrication of free-standing and flexible CuO nanosheets
(NSs)/reduced graphene oxide (r-GO) hybrid lamellar paper via simple vacuum filtration
method followed by hydrothermal reduction of the products. The surface charge of GO
being the negative the positively charged copper oxide are decorated on the GO surface
as depicted in Figure 15. The morphological analysis of the composite membrane confirms
the decorated structure (Figure 15). The electrochemical performance of the composite
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was analyzed in three different mass ratios of CuO NSs to r-GO (2:1, 1:1, 1:2) which was
directly employed as the working electrode, and Li metal foil was used as the reference
electrode. The working electrode was used in pristine form without the binder and
conductive carbon. The studies revealed that CuO NSs/rGO (1:1) delivered an enhanced

discharge specific capacity of 736.8 mA h g at a current density of 67 mA g™ [73].
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Figure 15. (a) Schematic representation of the synthesis of flexible free-standing CuO nanosheets
(NSs) with graphene oxide (GO)/reduced graphene oxide (r-GO) hybrid lamellar paper via simple
vacuum filtration method followed by hydrothermal reduction (CuO NSs/GO and CuO NSs/r-GO
paper); Morphological analysis of the sample, top-view SEM images (b) CuO NSs/GO and (c) CuO
NSs/r-GO paper, the inset in c is a digital photograph of CuO NSs/rGO paper with a diameter of ca.
19 mm; Cross-section SEM images of (d,e) CuO NSs/r-GO paper, the inset in e is a digital
photograph shows good flexibility (the inset in e), (f,g) TEM images of the CuO NSs/r-GO paper,

inset of (g) is electron diffraction pattern. Adapted and reproduced with permission from ref [73].
Copyright 2013 American Chemical Society.
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Molybdenum Chalcogenide/Graphene Composites as Anodes for LIBs

Molybdenum composites are one of the most widely explored two-dimensional
materials due to their properties similar to that of graphene. Hence, molybdenum-based
chalcogenides such as molybdenum oxide, molybdenum sulfide, etc., are widely
investigated as anodes composited with graphene for enhancing the anodic properties in
LIBs lithium-ion batteries. Chang et al. [52] investigated layered MoSz/graphene
composites revealed the most elevated explicit limit of 1571 mAh g at a current density
of 100 mA g estimated from MoS:/G (1:2) on account of its round 3D morphology (Figure
16a). The intercalation of the Li*ions was eased which was evident from the cyclic stability
and rate capability delivered by the cell studies as depicted in Figure 16¢,d. In 2014, Choi
et al. [74] arranged folded graphene/MoOs composite by shower pyrolysis, ensuing
tempering at 300 °C [74]. They closed its performance as improved explicit limit (1490
mAh g), higher Coulombic efficiency, better cyclic security, and expanded rate ability in
correlation with uncovered MoOs powders (Figure 16). Petnikota et al. [53] found the
intercalation of Li-ion and explained the synthesis of exfoliated graphene oxide/MoO:
composites as anode materials through a modest solid-state graphenothermal reduction
method. The results revealed intercalation mechanism is best for steady-state capacity
during the cycling for the reason of superfluous graphene and stability window even in
the operating voltage of 0.005-3.0 V and MoO: undergoes conversion below 0.8 V.
Almodavar et al. [75] studied hexagonal molybdenum trioxide (h-MoOs) micro rods and
their composites with graphite, graphene, and graphene oxide. The h-MoQOs/GO terminals
convey a striking explicit limit of 789 mAh g after 100 cycles at a high current density of
1000 mA g, while h-MoOs-graphene cathodes show a great steadiness at extremely high
current densities, with a specific capacity limit exceeding 665 and 490 mAh g at 2000 and
3000 mA g, respectively. EIS estimations and SEM-EDX of the cycled terminals uncover
that the consistently scattered graphene and GO layers increase the structural stability of
the composites and make a conductive organization that guarantees compelling
ambipolar dispersion of electrons and Li* particles, bringing about a huge electrochemical
limit and rate execution at raised current densities. These outcomes grow the possible uses
of h-MoO:s and their composites towards LIBs, making them ready for future upgrades.
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Figure 16. Morphology and electrochemical properties of layered MoS:/graphene composites
(M0S2/G) synthesized in variable ratios; Morphology of layered MoS:/graphene composites
(Mo0S2/G) synthesized in 1:2 ratio (a) SEM image, (b) TEM image; electrochemical properties of lay-
ered MoSz/graphene composites (M0S2/G) synthesized in variable ratios, (c) cycling behavior of
MoSz, M0S2/G (1:1), M0S2/G (1:2), and MoS2/G (1:3) after annealing in Hz/Nz at 800 °C for 2 h at a
current density of 100 mA g; (d) Rate capability of MoS2/G samples at different current densities
(inset provided the SEM image, SAED pattern and HRTEM images of M0S:/G composites). Adapted
and reproduced with permission from ref [52]. Copyright 2011 American Chemical Society.

Titanium Oxide/Graphene Composites as Anode for LIBs

Titanium oxide, otherwise known as titania, is a wide bandgap semiconductor mate-
rial. The optical band gap of titania is reported to be 3.1 eV. Titania crystalizes in three
forms, namely anatase, rutile, and brookite, out of which rutile form is stable in room
temperature conditions and is widely formed when titania is synthesized in the bulk form,
whereas anatase and brookite are metastable forms stabilized in lower size regimes. Tita-
nia has been widely explored as anode material in LIBs [76-80]. However, the perfor-
mance of the anode can be enhanced by incorporating various nanomaterials in the metal
oxide as a composite. Graphene is one of the major composites added to titania to improve
the performance of the anode in LIBs. The TiOz/graphene, as well as TiOz/reduced gra-
phene oxide (rGO) composites, are widely explored in this area. These composites are
mostly synthesized by reacting graphene oxide (GO) and TiO2 nanoparticles through hy-
drothermal reaction [74], UV photocatalytic reduction of GO in the presence of TiO2[81],
and even synthesized by dispersing graphene as sol-gel along with titania precursor [82]
A schematic illustration on the formation of TiOz/graphene composite with titanium hy-
droxide precursor is depicted in Figure 17.
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Figure 17. Schematic representation of the mechanism of the formation of the TiOz/graphene nano-
composite, wherein Ti(OH)4 reacts with functional groups of GO sheets leading to the reaction of
oxygen atoms with titanium precursor to form graphene/TiO2 nanocomposites. Adapted and repro-
duced with permission from ref [83]. Copyright 2014 Elsevier.

Qiu et al. [83] reported mesoporous TiO2/graphene composite was synthesized by
titania oxysulfate (TiOSOs) as TiO2 precursor which was hydrothermally composited with
graphene oxide (GO) by a one-step hydrothermal route. The electrochemical studies of
the composite were analyzed by fabricating working electrodes with TiOz/G, acetylene
black, and binder (polytetrafluoroethylene, PTFE) at a weight ratio of 70:20:10 and lithium
metal as reference electrode, with electrolyte medium of 1 M LiPFs in ethylene car-
bonate/dimethyl carbonate (EC/DMC, v/v 1:1) mixture. The alteration in discharge capac-
ity at variable current densities (500 to 5000 mA g™) investigated revealed a discharge
capacity of 206.7 mAh g at 500 mA g after the 10th cycle which was further diminished
t0 190.9, 179.1, 169.5, 160.8, and 141.7 mAh g at the current densities of 1000, 2000, 3000,
4000, and 5000 mA g, respectively. The same group also reported the synthesis of TiO2/
graphene composites by the photocatalytic method [81]. For the same, GO was synthe-
sized by modified Hummer’s method and titania (anatase) was synthesized by hydrother-
mal method from titanium butoxide precursor. TiOz/graphene composite was prepared
by homogeneously mixing GO (0.04 g in ethanol) with TiO:z (25 mL) solution (2% w/v) in
an ultrasonic bath followed by UV irradiation under 1000-W xenon lamp with prolonged
stirring (2-5 h). The resultant solution was then filtered and rinsed with deionized water,
and the resultant composite obtained was dried in a vacuum oven at 60 °C for 12 h. Thus,
the obtained TiOz/graphene composite was used for electrochemical analysis as an anode
in LIBs. The reversible discharge capacity of TiO2-rGO, TiO2-GO, and TiO2was 310, 220,
and 150 mAh g, respectively, which was much higher than the previous report [81]. The
transport properties of TiOz/graphene composites were reported by Lam et al. [84]. The
TiO:2 with tiny subunits enclosed in highly conductive graphene oxide nanosheets, which
possess a highly porous network structure facile the diffusion of the electrolyte facilitating
the lithium—ion intercalation and enhancing the electronic conductivity to the external cir-
cuit, as depicted in Figure 18.
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Figure 18. Schematic representation of the transport path of lithium ions and electrons in the
theTiO2/graphene hybrids where TiO: with tiny subunits enclosed in highly conductive graphene
oxide nanosheet (TGR) hybrids. Adapted and reproduced with permission from ref [84]. Copyright
2015 Nature.

Graphene/Silicon Composites as Anode for LIBs

Si nanoparticles have been widely investigated as anode in LIBs for their most ele-
vated known hypothetical charge limit (4200 mAh g') and poor release potential (~0.5 V
versus Li/Li*) [85] [86]. Similarly, its powerful application in LIB cannot be executed in
light of its gigantic volumetric extension (~270%) from electrochemical responses [87].
Subsequently, hardly any more works have been investigated to reveal graphene fuse as
framework stage along with the nanoparticles based on Si to beat these inadequacies
[87,88]. For instance, Lee et al. [47] reported the synthesis of Si nanoparticles incorporated
graphene sheet (5i/GS) by sandwiching the 3D graphite network with well-dispersed Si
nanoparticles inside the graphene layers. The fabricated anode material is capable of ex-
hibiting a greater capacity limit of ~2200 mAh g after 50 cycles with a capacity retention
of ~1500 mAh g1 even after 200 cycles. The cross-section of the electrode before and after
200 cycles has been given in Figure 19. The expansion of the electrode is visible from the
given images. Modification of Si/GS structure was reported by Kim et al. They have used
the strategy of covering the gel by ex situ carbon and carbonization to form thermally
decreased 2D planer Si/GS structure and settled three-dimensional Si/graphene sheet/car-
bon (5i/GS/C) nanocomposite having enough inner void space [86]. The gathering dis-
closed a prevalent explicit limit ~1350 mAh g and good cyclic security (~600 mAh g
after 200 cycles) as compared with Si/GS in the premise of extended cycle exhibitions.
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Figure 19. Morphological analysis of a cross-section of Si/graphene sheet/carbon (Si/GS/C)-S@Gr
before and after cycling; (a) before and (b) after cycling for 200 cycles. Adapted and reproduced
with permission from ref [86]. Copyright 2016 authors.

In 2017, Yi et al. [89] displayed a compelling plan and blend of SiC/G nanocomposite
where nanoparticles of SiC are homogeneously implanted in GNS. They proposed a sim-
pler SiC/graphene anode combination with improved electrochemistry through Li* ion
dispersion. The report estimated a reversible limit of 1044 mAh g™ at a current density of
100 mA g and an extraordinary electrochemical stability of 230 mAh g even after 1000
cycles at 1 Ag (Figure 20). Another recent work was proposed by Shi et al. [90]. They
have explored CVD method to synthesize vertical graphene-epitomized SiO microparti-
cles (d-SiO@vG) (Figure 20). The interconnected vertical graphene-SiO anodes showed
good cycle stability of 1600 mAh g with about 93% of retention in capacity even after 100
cycles. Nanostructure correction of Si/graphene nanocomposite by surficial carbon cover-
ing additionally gained a lot of consideration from researchers. Li et al. [91] revealed in
2013 a carbon-covered Si nanoparticle/ graphene composite (Si@C/G) thermal annealing
of the freeze-dried mixture of Si nanoparticles, sucrose, and GO. Here, the carbon-covered
Sinanoparticles disperse simultaneously with GO, which delivers cycling stability of 1410
mAh g at a current density of 500 mA g-after 100 cycles. Ma et al. [92] revealed in 2017
an upgrade which resulted in carbon nanofibers interlaced graphene/silicon (G/Si@CFs)
structure. Graphene oxide (GO) was synthesized by Hummer’s method followed by spray
drying. GO powder was then calcined at a high temperature of 1000 °C under nitrogen
atmosphere protection to form micron-sized spherical particles with curved and loose-
packed graphene sheets (GS). Si nanoparticles were then deposited onto the surface of GS
to form a G/Si composite by a chemical vapor deposition (CVD) at 550 °C [92]. Silane was
used as Si precursor and hydrogen was used as the carrying gas. Synthesized G/Si parti-
cles were followed by mechanical mixing in DMF solution of polyacrylonitrile (PAN), the
resultant medium was subjected to electrospinning process, PAN compounded G/Si par-
ticles and PAN nanofibers composite film was prepared. The annealing at 800 °C in Ar
gas caused the carbonization of PAN to form a composite film of a high conductive carbon
nanofibers network and the carbon-coated G/Si particles. A schematic illustration of the
same has been depicted in Figure 20A [92]. In this investigation, at first, pre-arranged
Si/graphene composite was covered by exceptionally conductive carbon nanofibers net-
works is evident from the SEM and transmission electron microscopic (TEM) images as
given in Figure 20 [87]. The resulting electrochemical highlights of this structure are a
beginning release limit of 1792.1 mAh g, 86.5% limit maintenance after 200 cycles, and
high rate execution esteemed 543 mAh g limit at the pace of 1000 mA g'. Subsequently,
successful Si/graphene-based nanocomposite configuration may be those constructions



Electrochem 2022, 3, 143-183 168

where graphene stays as a non-stop conductive organization to convey familiar sections
of Li-ions to dynamic materials and support the volume change of Si-based materials.
Thus, Si-based nanoparticles disseminated homogeneously with high surface regions
ought to be filled in as host destinations of lithiation and delithiation. It has been, as of the
time of writing, accepted that the nanosized metallic oxides, sulfides, and carbides are
better than their mass partners [93].

Particles PAN

N/

Figure 20. (A) Schematic illustration on the synthesis of process of the G/Si@CFs composites (a) SEM image of G/Si parti-
cles, (b,c) HRTEM image of G/Si particles, (d) low magnification SEM image of G/Si@CFs, and (e) high magnification SEM
image of G/Si@CFs. Adapted and reproduced with permission from ref [92]. Copyright 2017 Nature.

4.2. Graphene as Cathodes for LIBs

Different types of graphene-based composites have been reported as cathodes in
LIBs. Due to its 2D versatility, graphene can easily connect dynamically to metal oxide
surfaces. Pristine graphene, doped graphene, graphene composites such as
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graphene/metal phosphates, graphene/metal silicates, graphene/metal chalcogenides,
etc., are some of the most commonly reported graphene composite cathodes for LIBs.
Among them, olivine phosphate (Li2MPOs) and silicate (Li2MSiO4) (M = Fe, Mn, and Co)
have the benefits of minimal expense, good electrochemical performance, high stability,

and so forth, explored widely as cathode materials in LIBs [94,95].

4.2.1. Pristine Graphene as Cathodes for LIBs

Graphene as an anode was widely explored in LIBs, but the same as a potential can-
didate for cathode was less investigated. The carbon-based electrodes are capable of the
formation of oxocarbon salt (Li2CéOs) reversibly enabling the development of new gener-
ation sustainable as well as eco-friendly energy storage devices [96-98]. In 2013, Sung et
al. [99] reported the development of reduced graphene oxide which serves as free-stand-
ing cathodes for LIBs. The GO synthesized by modified Hummer’s method was subse-
quently thermally reduced to rGO under Ar/H: atmosphere. Thus, prepared rGO was
then mixed with CTAB (cetyltrimethylammonium bromide) by stirring and sonication
technique. The mixture was centrifuged to collect the supernatant liquid followed by fil-
tration in the AAO membrane to prepare free-standing rGO films [99]. The electrochemi-
cal studies of the membrane were conducted by assembling coin cells with rGO, lithium
metal and Celgard 2600 as the working electrode, counter electrode, and separator, re-
spectively. The electrolyte medium employed was the 1 M solution of LiPFs in ethylene
carbonate/dimethyl carbonate (EC/DMC (1:1) v/v). rGO 15 (the sample with carbon to ox-
ygen ratio 15) reveals an initial discharge capacity of ~125 mAh g, and within five cycles,
it is stabilized at 110-115 mAh g (Figure 21). Xiong et al. [100] reported enhancement in
the electrochemical properties of the rGO on an increase in oxygen-containing functional
groups. The rGO was synthesized from GO by thermal reduction procedure at different
annealing temperatures and times. The cell studies were conducted by fabricating the
electrode in the active material, conductive carbon, and PVdF (binder) in NMP in the ratio
of 80:10:10 and coin cells were fabricated similar to that of the previous procedure. The
sample, annealed for 1 min at 950 °C, revealed an initial discharge capacity of 163 mAh
g, enhanced up to 220 mAh g at 50 mA g [100].
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Figure 21. The performances of rGO15 films at 0.137 A g™ for 30 cycles; (a) charge—discharge curves,

(b) cyclability of rGO15, and (c) schematic illustration of the synthesis of rGO electrode. Adapted
and reproduced with permission from ref [99]. Copyright 2013 American Chemical Society.
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4.2.2. Doped Graphene as Cathodes for LIBs

The performance of graphene-based cathodes in LIBs can be enriched by the addition
of atoms. Even though sulfur, nitrogen, and boron have been reported as a dopant in gra-
phene-based anodes, in the case of cathodes, nitrogen was chosen to be the most appro-
priate electron donor which facilitates the insertion of lithium ions. Nitrogen-doped GNS
was synthesized by the hydrothermal method, mixing the GO with urea in the ratio 1:0,
1:20, and 1:300 at 180 °C for 2 h labeled as GNS, NGNS I, and NGNS II [101]. The
electrochemical performance of nitrogen-doped GNS was compared with the HGNS
electrode as depicted in Figure 22. The cyclic voltammetry studies conducted in the range
of 1.5-4.5 V vs. Li/Li* at 0.1 mV s revealed similar behavior with a slight change in the
current displayed by HNGNS II attributed to the enhanced surface defects. The charge—
discharge profiles depicted in Figure 22b in the same voltage range at 50 mA g displayed
an enhancement in the reversible performance of NGNS-II having a capacity of 330 mAh
g, whereas undoped samples showed lower capacity (195 mAh g™). The cycle
performances of the GNS, NGNS-I, and NGNS-II at the same condition are depicted in
Figure 22c, where NGNS II samples showed the highest reversible capacity of 345 mAh
g even at 200 cycles. The rate capabilities of GNS, NGNS-I, and NGNS-II displayed in
Figure 22d at different C rates also displayed enhanced performance of NGNS-II electrode
which exhibits an average capacity of 315, 327, 290, and 254 mAh g at 0.05, 0.1, 0.2, and
04 A g7, respectively. The electrochemical performance of NGNS II is attributed to
increased N doping and an increase in urea concentration during the synthesis [101].
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Figure 22. (a) Cyclic voltammogram of GNS, NGNS-I, and NGNS-II electrodes in the second cycle
at a scan rate of 0.1 mV s7; (b) Galvanostatic charge—discharge profiles, and (c) cycle performance
of GNS, NGNS-I, and NGNS-II electrodes at a current density of 0.05 A g™; (d) Rate performance of
GNS, NGNS-I, and NGNS-II electrodes at various current densities in the range of 0.05-0.4 A g*;
and (e) Cycle performance of NGNS-I and NGNS-II electrodes (up to 1000 cycles) and the
Coulombic efficiency of NGNS-II at a high current density of 1 A g. All experiments were in a
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voltage range of 1.5-4.5 V vs. Li/Li*. Adapted and reproduced with permission from ref [101]. Cop-
yright 2017 American Chemical Society.

4.2.3. Graphene/Metal Chalcogenide Composites as Cathodes for LIBs

Conventional LIBs are confined with graphite and lithium metal oxide as anode and
cathode, respectively. The safety issues and reduced cycling stability have paved a way
for researchers to explore newer materials as components for lithium-ion batteries.
Among chalcogenides, sulfur compounds have a potential role as a cathode that possesses
an elevated energy density of 2600 Wh kg1. The property of sulfide compounds to form
polysulfide compounds with lithium has been investigated in lithium-sulfur batteries
[102]. The lack of cyclability of such cells has diminished the performance of such batteries
[103]. Recently, Chang et al. [103] reported the molybdenum sulfide composited rGO as
cathode for lithium-ion batteries. The electrode fabrication is being conducted by electro-
chemical pulverization of MoSs from bulk. The presence of an oxygenated functional
group on the rGO surface adheres to the nano MoSs particles on its surface, ensuring the
synergistic effect of both components. The electrochemical analysis of half-cell delivered
voltage stability in the range of 0.5-3 V vs. Li/Li* and full cell study with lithiated Si/C
anode displayed an initial discharge performance of 2062 mAh g at 0.5 A g! that are
reduced spontaneously to 431 mAh g on prolonged cycling up to 24 cycles (Figure 23a).
Gradually the capacity was raised to 1126 mAh g on cycling above 110 cycles which
retained the performance up to 400 cycles. The cycling stability of the cell conducted at 5C
displayed lower capacity initially (700 mAh g™) which increased to 1200 mAh g on cy-
cling above 1000 cycles followed by a diminishing performance to ~900 mAh g above
1500 cycles, which retained the capacity up to 2500 cycles (Figure 23c) [103].
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Figure 23. Cycling performance of a MoSs/r-GO half-cell with electrolyte additive (FEC); (a) the half-
cell test for the MoSs/r-GO for the cathode with electrolyte additive (FEC) is carried out between
0.05 and 3.0 V at 25 °C. (b) The cyclability and CE of the full-cell measured at 0.25 A g™ for 150
cycles. (c) The half-cell test for the MoSs/r-GO for the cathode with FEC is carried out between 0.05
and 3.0 V, respectively, at 25 °C. The cyclability and Coulombic efficiency (CE) of the MoSs/r-GO
half-cell is measured at 5.0 A g! (5C based on average reversible capacity (~1000 mAh g) over 2500
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cycles. The specific capacity is calculated based on the MoSs/r-GO cathode. Adapted and repro-
duced with permission from ref [103]. Copyright 2019 American Chemical Society.

4.2.4. Graphene/Silicate Composites as Cathodes for LIBs

Graphene silicate composites are one of the rarely explored composites as cathode
for LIBs. Among graphene silicate composites, the most widely are is Li2FeSiO4[95,104],
Li2MnSiO4[105], and Li2VSi2Os [106], etc. Li2FeSiOs is also abbreviated as LFS and is widely
explored among silicate cathodes owing to its theoretical capacity of 332 mAh g which
accommodates two lithium ions in the lattice [95]. Even though the LFS possess better
theoretical capacity, the performance is less due to the reduced electrical conductivity,
hence to enhance the performance of cathode LFS is composited with rGO. Zhang et al.
[95] reported rGO modified LFS/C composite cathode synthesized by citrate-nitrate gel
combustion (sol-gel) method with citric acid as a chelating agent. A control sample with-
out rGO was also synthesized to compare the electrochemical performance of the material.
The electrochemical studies revealed LES/(C + rGO) electrode displayed an enhanced ini-
tial discharge capacity of 188.7 mAh g' compared with LFS/C which delivered an initial
discharge capacity of 162.1 mAh g at 0.1 C. The electronic conductivity of the LFS/(C +
rGO) cathode showed considerable enhancement of 1.5 x 103 S cm™ due to incorporation
of rGO compared with that of the LFS/C cathode which displayed an electronic conduc-
tivity of 7.1 x 104 S cm™. Similarly, Zhu et al. [105] reported LizMnSiOs C/graphene cath-
ode for LIBs. The electrochemical studies revealed that LMS/C/G composite displayed in-
itial charge/discharge capacities of 336.5 and 270.7mAh g, respectively, gradually de-
creasing the discharge capacity to 252.7mAh g in the 5th cycle. The author, Reddy, re-
ported the synthesis and electrochemical performance of Li2VSi2Os/G cathode for LIBs
synthesized by single-step solid-state reaction at 900 °C in Ar atmosphere. The half cell
test displayed a discharge capacity of 108 mAh g at a current density of 20 mA g (0.15
C)over a potential window of 1.5-4.5 V Li/Li* at room temperature [106].

4.2.5. Graphene/Phosphate Composites as Cathodes for Lithium-Ion Batteries

Phosphate-based cathodes belong to the most accepted cathode material owing to
enhanced safety, cycling stability, and low cost of the material. Among phosphates, lith-
ium iron phosphate is the most widely explored cathode in LIBs. Lithium Ferro phos-
phate, otherwise known as lithium iron phosphate and abbreviated as LFP, is one of the
most widely investigated cathode materials for LIBs. Even though the energy density and
voltage stability window of LFP is lower than that of LCO, considering the risk factors
associated with LCO makes LFP a prominent alternative cathode material. The energy
density of LEP is around 90-160 Wh kg with a nominal cell voltage of 3.2 V, whereas in
LCO the energy density ranges from 150 to 200 Wh kg~ with a nominal cell voltage of 3.6
V. In 2014, Zhu et al. [107] reported LFP/rGO composite cathode with high performance.
GO was synthesized by modified Hummer’s method followed by composition by in situ
synthesis of LFP from Fe(NOs)s, NHsH2POs, and urea, followed by refluxing at 90 °C for
1.5 h. The resultant product was then annealed at inert atmosphere for about 8 h to ensure
complete conversion to obtain phase pure composite. The tGO/LFP composite with 15
wt.% of GO delivered an initial charge/discharge capacity of 160.2 and 172 mAh g-'. On
prolonged cycling up to 50 cycles, the hybrid cell displayed a specific capacity of 168 mAh
g ' with a capacity retention of 97.5%.

Zhou et al. [108] reported graphene-modified LiFePOs cathode for LIBs. Contradic-
tory to the previous method, herein LFP and GO were synthesized separately followed by
mixing both the systems LFP/GO (10:1 v/v) by ultra-sonication followed by spray drying
the composite. The resultant composite of LFP/GO was then annealed at 600 °C for 5 h at
Ar atmosphere for converting GO to rGO. A schematic representation of the same has
been depicted in Figure 24. The morphological analysis of the composites have been dis-
played in Figure 25a reveals that the LFP/G forms secondary quasi-spherical particles in
the micrometer regime (2-5 pm). On increased magnification (Figure 25b) the aggregation
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LiFePO4

of the LFP nanoparticles entrapped in graphene sheets is displayed. The elemental map-
ping of LFP nanoparticles (red) and graphene (green) supports the inference of the SEM
analysis (Figure 25¢,d). Figure 25e and f further confirm the entrapment of LFP in gra-
phene sheets. On comparison of the electrochemical performance of the samples, LFP/G
displayed better performance with an initial discharge capacity of 148 mAh g whereas
LFP/C/G displayed performance of ~150 mAh g at 0.1C. The studies revealed that the
LFP/C/G is a more efficient cathode than LFP/G owing to the incorporation of activated
carbon. Kim et al. [109] reported catalyst assistant self-assembly of graphene on LFP. The
electrochemical study of the samples was compared with carbon-coated LFP samples re-
vealing that both the cathodes discharge capacities of ~150 mAh g at 1 C. After 100 cy-
cles, the G/LFP delivered a discharge capacity of 135 mAh g with retention of 95.0% of
its initial discharge capacity, C/LFP displayed a discharge capacity of 121 mAh g with a
capacity retention of 86.7%.
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Figure 24. Schematic illustration of the synthesis of rGO modified LiFePOs. Adapted and repro-
duced with permission from ref [108]. Copyright 2011 Royal Society of Chemistry.
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Figure 25. Illustration of the preparation process and the microscale structure of LFP/graphene com-
posite. (a,b) SEM images show an overview of the LFP/G particles, (c) TEM image of the LFP/G
particles, (d) corresponding elemental map using EELS of the same area showing graphene-sheets
wrapping on LFP nanoparticles, where red represents the LFP nanoparticles, obtained from the P
L-edge, and the green represents graphene sheets, obtained from C K-edge, (e) TEM image on the
edge of individual microspheres. The inset is a high-resolution TEM image illustrating the 3-5 mon-
olayer thickness of the graphene sheets on the surface of an individual LFP nanoparticle, and (f)
TEM image showing a 3D graphene network obtained by removing LFP nanoparticles with an HCI
solution. Adapted and reproduced with permission from ref. [108]. Copyright 2011 Royal Society of
Chemistry.

Yang et al. [110] reported a 3D porous hybrid graphene/LFP cathode. The synthesis
of the composite electrode was achieved by template free sol-gel method. GNS was syn-
thesized from graphite oxide followed by mixing with lithium dihydrogen phosphate and
iron (III) citrate to form a gel which was combusted at 700 °C for 10 h at Ar atmosphere.
A control sample was prepared by omitting the GNS to form porous LFP structures. A
schematic illustration of the synthesis of porous graphene LFP composite (p-G/LFP) and
porous LEP (p-LFP) has been depicted in Figure 26. The electrochemical analysis of the P-
LFP and p-G/LFP showed a considerable difference of ~100 and ~130 mAh g at a current
density of 17 mA g1[110].
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Figure 26. Schematic representation of the formation of 3D porous networks (a) LFP/graphene and
(b) LFP. Adapted and reproduced with permission from ref. [110]. Copyright 2012 Elsevier.

4.2.6. Graphene Polymer Composites as Cathodes for Lithium-Ion Batteries

Several polymers are explored as a composite material with graphene as cathode for
LIBs. Polyimides are the most prominent polymer in this category [111,112]. Unless, like
inorganic cathodes, organic cathodes are more flexible and stable, which is capable to en-
hance the cycle stability of the batteries. The diminished conductivity of organic electro-
lyte retards its efficiency; hence, to elevate the conductivity of these materials, graphene
compounds are incorporated as composites. In 2016, Ahmad et al. [112] reported graphene
polyimide cathodes for LIBs. In the proposed synthesis, exfoliated graphene was mixed
with pyromellitic dianhydride (PMDA) monomer and ethylenediamine (EDA) (1:1 ratio)
in N-methyl pyrrolidone (NMP) solvent followed by refluxation at 150 °C under inert at-
mosphere for 9 h. The synthesized composite was washed in ethanol followed by drying
at an inert atmosphere (300 °C for 7 h). The resultant product was dissolved in acetone
and extracted with the Soxhlet apparatus. The electrochemical performance of the mate-
rial was investigated in a half cell with an electrode fabricated with active material/ con-
ductive carbon and PTFE binder in the ratio 65:30:5. The role of the polymer was analyzed
by varying the concentration of the monomer PMDA from 0.01 to 0.15 mmol mL. At a
lower concentration the electrode delivers the capacity of 177 mAh g at 0.1 C, on increase
in concentration to 0.05 mmol mL, the capacity declined to 167 mAh g. On further in-
crease in the concentration of PDMS to 0.15 mmol mL-, the discharge capacity further
decreased to 90 mAh g[112]. On the other hand, Huang et al. [111] reported a 3D polyi-
mide graphene composite synthesized by the one-pot method by mixing 1,4,5,8-naphtha-
lene tetracarboxylic dianhydride (NTCDA) in GO and 1-methyl-2-pyrrolidinone (NMP)
mixture, which is ultrasonicated by adding ethylenediamine followed by solvothermal
treatment to obtain 3D GNS/PI composite (Figure 27). Electrochemical study of the com-
posite delivered a discharge capacity of 240 mAh g at 40 mA g compared with that of
carbon/PI composite which delivered 153 mAh g at the same current density [111].
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Figure 27. (a) Low- and (b) high-magnification SEM images and (c) TEM image of GF-PI; (d) low-
and (e) high-magnification SEM images of pure PI; (f-i) elemental mapping images of GF-PI (by
SEM): carbon (g), N (h), and O (i) distribution in the selected area. Adapted and reproduced with
permission from ref. [111]. Copyright 2017 Royal Society of Chemistry.

4.3. Graphene as Filler in Electrolyte for Lithium-Ion Battery

Electrolytes are an important part of battery technology. Recent research works give
more attention to electrolytes, which mainly focuses to satisfy the increasing demand for
portable electronic devices and electronic vehicles, with the aim of better energy densities
and a long shelf life with a satisfying level of safety at a reasonable price [113]. For the last
few decades, the main focus of battery research has been dedicated to electrolytes. Even
though liquid electrolytes belong to the primary electrolytes, which have huge benefits
such as high ionic conductivity with a good wetting ability which enables wetting of elec-
trode surfaces. The most prominent disadvantages of liquid electrolytes include negligible
vapor pressure, low thermal and electrochemical stability, poor ion selectivity, and safety
issues [113,114]. The replacement of liquid electrolytes with more stable ionic liquids is
one of the alternatives for liquid electrolytes. Ionic liquids are molten salts that exist as a
liquid under 100 °C [114]. The first generation LIBs were commercialized by Sony in 1990
with polycarbonate electrolytes [115]. However, the concentration of the electrolyte dis-
rupted the graphitic anodes. The mostly employed lithium salts for electrolytes are LiPFs,
LiClOq, LiBFs, LiAsFs, etc. Among these salts, LiPFs are thermally unstable and LiClOs is
highly explosive when it comes to contact with organics; LiBF4 possess better stability as
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compared with the above stated, but it interferes at the anode; LiAsFs is lethal; solutions
of LiSOsCFs possess low conductivities; and LiN(SO2CFs)2 and LiC(SO2CFs)s corrode of the
electrode. LiPFs(C2Fs)s (LiFAP), LIN(SO2CFs)2, (LiTFSI), and LiBC4Os (LiBOB) are the other
salts used in lithium-ion batteries [116]. These drawbacks lead to the development of non-
flammable, low-cost electrolytes for LIBs. Polymer electrolytes and solid-state electrolytes
are the common categories of electrolytes under study. Solid-state electrolytes for LIBs are
mainly categorized into three types, inorganic solid electrolytes, solid polymer electro-
lytes, and hybrid solid polymer electrolytes. The first class contains solid electrolytes of
oxides (garnet, perovskite, anti-perovskite, and LiPON13) and sulfides. The polymer elec-
trolytes are poly(ethylene oxide) (PEO) based systems, polycarbonate-based systems, and
polysiloxane-based systems are the main systems [117]. Polymer electrolyte membranes
mainly act as a separator in LIBs, and they should need some specifications such as chem-
ical stability, high proton conductivity, low fuel crossover, low electronic conductivity,
high permselectivity, low cost, and appropriate thickness with high thermal and mechan-
ical stability [118,119]

Yuan et.al [120] developed a solid polyethylene oxide/lithium salt electrolyte with
high surface area and good mechanical strength by adding 1 wt.% GO nanosheet. The
tensile strength was enhanced up to 260% compared with that of pristine PEO. The ionic
conductivity of the composite polymer electrolyte was 5.6x10% S cm™ ensuring the appli-
cation of the same in LIBs. Later, Shim et.al, [121] modified the electrolytic system by in-
corporating poly(ethylene glycol)-grafted graphene oxide (PGO) as filler in an organic/in-
organic hybrid copolymer electrolyte. The organic/inorganic hybrid copolymer electrolyte
employed was branched-graft copolymer (BCP) based on poly(ethylene glycol) methyl
ether methacrylate (PEGMA) and 3-(3,57,9,11,13,15-hepta isobutyl pentacyclo-
[9.5.1.13,9.15,15.17,13]octasiloxane-1-yl)propyl methacrylate (MA-POSS) was used as pol-
ymer matrix. The addition of 0.2 wt.% PGO showed considerable enhancement in the ionic
conductivity of 2.1 x 10 S cm™ whereas pristine co-polymer delivered an ionic conduc-
tivity of 1.1 x 10 S cm™. The linear sweep voltammetry of the samples revealed a stability
window extending up to 5.3 V at 60°C. The cell performance of the cells was analyzed in
Li/SPE/V20:s cells. The composite BCP/PGO electrolyte delivered an initial discharge ca-
pacity of 287 mAh gat 0.1 C rate (60°C) which was considerably higher than that of pris-
tine BCP (~185 mAh gat 0.1 C rate).

Recently, sulfide-based electrolytes are widely used due to their unique properties
such as high ionic conductivity and wide electrochemical windows. However, in a lith-
ium-ion battery, it might be due to severe issues such as obstructing the lithium-ion flow
during the cycling process and increased interfacial resistance. To control these problems,
Li et al. [122] produced GO-coated solid electrolyte LizPsS11 (LPS) through the solution
synthesis method. This electrolyte particularly addresses the concerns of interfacial stabil-
ity between the sulfide solid electrolyte and shows improved performance and excellent
cycling stability with the 1% GO/LPS. The other solid electrolyte was reported by Wen et
al. [117]. In that report, (GO) is employed to improve the electrochemical performance,
thermal stability, and mechanical strength of the poly (ethylene oxide) (PEO) based elec-
trolyte. They represent the electrolyte as LiFePOs//GO-PEO//Li, showing the discharge ca-
pacity of 142 mAh g at 0.5 C, and 91% capacity retention after 100 cycles are the high-
lights. It can also complete a stable cycle charging and discharging process.

5. Conclusions

The present review summarizes the use of graphene and its composites as compo-
nents in lithium-ion batteries. Exploring the relevant as well as new studies, it has been
shown how graphene enhances the rate capability and performances, and how it reduces
the shutter effects in lithium-ion batteries. From the information available, one could con-
clude that without graphene, the energy storage devices could not produce better perfor-
mances. The structure and the specific characteristics are the highlights of graphene. Op-
timistically, the day is not far away when the effective application of graphene-based
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anode in rechargeable batteries will be treated as an innovation in battery performance.
For practical applications of bare graphene, further reduction in discharge and charge
voltages is needed.
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