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Graphene composites have great potential in the field of lithium ion batteries due to their high specific
surface area, high specific capacity, excellent electrical conductivity and remarkable chemical stability.
In cathode materials, graphene can not only form a conductive network to improve the conductivity of
composite materials but also buffer the volume effect that occurs during charging and discharging
processes, improving the rate performance and cycle life of the material. In addition, it can theoretically
be used to design large capacity and high stability lithium-ion batteries. Therefore, the preparation of
graphene composites with different compositions and structures is a very important subject. Researchers
have prepared graphene composites with different compositions and structures by various methods in
recent years, and the results of these studies are summarized in this review.
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1. INTRODUCTION

As high-tech electronic devices, such as smart phones and smart wearing devices, and electric
vehicles, such as those manufactured by Tesla, have increased in popularity in recent years, higher
battery requirements are necessary to supply sufficient energy [1-3]. Traditional lead-acid batteries and
manganese-zinc batteries are neither suitable for lightweight devices nor high-power applications
because their capacity is limited and their cycle efficiency is low [4-7]. Lithium-ion batteries, which
were first introduced into the market by Sony in 1991, are the most widely used high-energy batteries in
the world. Researchers are still improving their capacity, energy density and cycle performance through
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continuous improvement to the materials and processes to achieve the long-term operation necessary for
electrical devices [8-10].

On the other hand, graphene materials, which were first reported in Science in 2004, have
developed rapidly in recent years. Tens of thousands of papers related to graphene materials have been
published each year, and graphene has shown outstanding potential for practical production and
application. Andre Gaim and Constantine Novosholov were awarded the 2010 Nobel Prize in Physics
for their discovery of graphene. Graphene is a two-dimensional molecule with a honeycomb-like planar
structure and sp? hybridized carbon atoms. Graphene has been widely used in energy collection and
storage applications due to its excellent physical and chemical properties [11-14], including high load
factor mobility, super high theoretical surface area and wide electrochemical window. Specifically,
graphene is widely used in solar cells, fuel cells, supercapacitors and lithium batteries [15-19].

A common structure of graphite-lithium cobalt oxide batteries is shown in Figure 1. The cathode
is a copper current collector with a graphite coating, which is separated from copper by a porous
insulating diaphragm material [20,21], and the anode is an aluminium current collector coated with
LiCoO». The anode, cathode and diaphragm are all simultaneously immersed in the electrolyte. During
the discharge process [22], the electrons in the external circuit of the battery migrate from the anode to
the cathode, while the lithium ions in the battery detach from the graphite layer that exists between the
negative electrodes and then penetrate the crystal structure of the anode material via the conduction of
the electrolyte through the diaphragm. The chemical reactions related to this process are as follows:

Li,C—xLi" —xe" =C
Li,CoO, + xLi—+xe = LiCo0,

The charging reaction is the inverse of the abovementioned reaction. A lithium ion is removed

from the LiCoO> cathode material and embedded in the graphite layer.
C+xLi” +xe =Li,C
LiCoO, —xLi~ —xe™ = Li_,Co0,

It can also be seen from the abovementioned reaction equation that the capacity and performance
of lithium batteries depend on the total amount and intercalation rate of lithium ions that are recycled
out of the anode and cathode materials [23].

Graphite

Figure 1. Schematic of the charge and discharge structure of a graphite-lithium cobalt oxide battery.
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Graphite is the main cathode material currently used for lithium batteries. Because lithium ions
are stored between the graphite sheets, the theoretical specific capacity of lithium batteries is 372 mAh/g,
which was calculated using the chemical formula of LiCe. To further improve the specific capacity of
cathode materials, researchers have started to develop a new generation of high-capacity cathode
materials, including metal lithium and lithium-silicon. Graphene is an ideal matrix material because of
its good chemical stability and excellent electrical conductivity.

Lithium metal can be used as a cathode material because it has a very high theoretical specific
capacity of 3860 mAh/g, but lithium dendrites are easily produced during the charging process. The
diaphragm is easily pierced, which results in a short circuit due to the contact of the cathode with the
anode; this can cause significant heating and even combustion of the battery, which may lead to safety
problems. On the other hand, during the charging and discharging cycles, lithium dendrites fall off easily,
leading to the loss of active substances and reduction of the battery cycle life. Therefore, determining
how to inhibit the formation of lithium dendrites is a key issue to improve the safety and recyclability of
lithium batteries. Researchers have found that the formation of lithium dendrites can be significantly
hindered by using three-dimensional nanostructured graphene sheets or nitrogen-doped graphene as
conductive substrates for lithium deposition.

In addition, because silicon can form an alloy with lithium, it has a high theoretical specific
capacity of 4200 mAh/g, which makes it a potential cathode material. However, during the intercalation
and removal of lithium, which occur during the charging and discharging of the battery, the volume of
intercalated lithium and removed lithium changes dramatically, which leads to brittleness and even
fracture of the materials. Therefore, batteries made from lithium metal can have serious safety issues due
to the intercalation and removal of lithium. Because graphene is chemically stable and compact and has
a high conductivity, a nano-material slurry composed of a graphene-coated lithium-silicon alloy was
prepared by a mixed solid-melting method, and a metal-free cathode material was obtained by coating
and rolling.

In this review, we focus on summarizing the preparation and specific applications of graphene
materials for their use in the cathodes of lithium batteries.

2. PREPARATION OF GRAPHENE

So far, graphene has been prepared by many different methods, including mechanical peeling,
epitaxial crystal growth, SiC thermal decomposition, chemical vapour deposition, graphite intercalation,
graphite oxide reduction, and, the latest, microwave and electrostatic deposition.

The mechanical stripping method is used to strip graphene from the surface of pyrolytic graphite
by mechanical forces [24-27]. First, ion etching is carried out on the surface of highly oriented pyrolytic
graphite by an ion beam. A microgroove is etched into the pyrolytic graphite surface, and then, a
photoresist is adhered and baked on the pyrolytic graphite surface. Excess highly oriented graphite is
removed by adhering transparent tape to the surface and repeatedly removing the tape. Then, the graphite
sheet was washed in an acetone solution, and finally, the graphite was dispersed in propanol for
ultrasonic treatment to obtain monolayer graphene. An advantage to using this method is that the
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obtained product has a perfect crystal structure with minimal defects. A disadvantage is the low
efficiency of the process.

Silicon carbide epitaxial growth is a method used to remove oxides from SiC wafers treated by
either oxidation or H etching by electron bombardment heating [28-32]. Graphene can be grown on the
surface of a SiC single crystal by evaporating Si atoms and reconstructing the remaining carbon atoms
on the surface layer at a high temperature. The sample was heated to 1250~1450 °C and then held at a
constant temperature for 1~20 min, resulting in a very thin layer of graphene. This method can be used
to obtain an ideal graphene material with a single or few layers. However, disadvantages of this process
are poor controllability and difficultly to control the formation of defects. It is difficult to prepare single
layers of graphene with large surface areas.

Chemical vapour deposition (CVD) is an effective and controlled method used to prepare
graphene [33-38]. Specifically, a planar substrate is placed in a high-temperature atmosphere with
decomposed precursors and then annealed at a high temperature to deposit carbon atoms on the substrate
surface, and this process results in the formation of a single graphene sheet. The greatest advantage to
using this method is that large surface areas of graphene can be prepared. However, it still has some
shortcomings. Some properties of the graphene prepared by this method are comparable to those of the
graphene prepared by mechanical stripping, but other graphene properties obtained by mechanical
stripping are not present in the graphene prepared by CVD. The electronic properties of the graphene
prepared by CVD are greatly affected by the substrate.

The thermal expansion and reduction of a graphite oxide are the most promising methods for the
large-scale preparation of graphene [39-42]. Graphite oxide was obtained from flake graphite by a series
of oxidation reactions, and graphene was obtained by the reduction of graphite oxide. Large quantities
of cheap graphene materials can be prepared by this method because graphite reacts with strong oxidants
to increase the spacing between the graphite layers, resulting in the formation of graphite oxide. This
method is simple and cost-effective and can produce a large amount of graphene. However, the
disadvantage to using this method is that graphite oxidized by a strong oxidizer cannot be completely
reduced, which causes a significant reduction in the conductivity.

Graphene prepared at a low temperature can be directly used as a cathode material for lithium
ion batteries. Its first discharge specific capacity can reach 650 mAh/g [43-45]. However, the first
charge-discharge efficiency and cycle efficiency are low, and thus, the graphene structure needs to be
modified. Multilayer graphene should have a better consolidation rate because of its lithium storage
capacity and the short diffusion path for lithium ions.

3. APPLICATION OF GRAPHENE IN CATHODE MATERIALS

The graphene materials used in some of the first lithium-ion batteries was prepared by a redox
method. Pan et al. [46] found that highly disordered graphite sheets have a higher reversible capacity
and more stable cycling characteristics, and this kind of material has great potential for applications as
the cathode materials used in lithium-ion batteries. The increase in the capacity of these materials is
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mainly attributed to an increase in the number of lithium ion binding sites in graphene materials, due to
their highly disordered structures [47].

Quantum capacitance is an important feature for graphene cathodes used in lithium ion
capacitors. However, the origin of quantum capacitance electrons in the graphene cathode will affect the
electrochemical reaction that occurs at the electrode/electrolyte interface. Su et al. used DFT calculations
to investigate the quality control problems experienced by various graphene cathodes [48]. This study
found that the source of the quality control issues mainly depends on the defects that occur in graphene
and the presence of foreign atoms. Graphene that has pentagon defects has fewer quality control issues
than the original graphene, due to the contribution of the electronic state of the carbon pentagon (Figure
2).

Figure 2. Geometric structure of pristine and defect-containing graphene. Copyright obtained from
MDPI [48].

Shanmugharaj et al. [49] reported that a graphite material with a layered structure was prepared
by the oxidation and rapid expansion of graphite by microwave heat treatment. The reversible discharge
capacity of the layered graphite structure was 580 mAh/g, and its specific capacity was 420 mAh/g after
50 cycles. This occurs because the charge transfer resistance of the composites decreases with an
increase in the cycle times. The graphene nanosheets prepared by microwave treatments have many
micropores and voids, which can be used as storage sites for lithium ions, thus increasing the storage
capacity of lithium ions and the cycle stability of batteries. Tong et al. [50] prepared graphene with
controllable layers by an oxidation process. The electrochemical test showed that the graphene prepared
with many layers can result in a cathode that has a low first irreversible specific capacity; the first specific
capacity decreased from 1175 mAh/g for a cathode containing single layer graphene to 845 mAh/g for
a cathode containing five layer graphene, which also lowered the cycle stability. However, a reduction
in the number of layers will lead to voltage lag, which is a topic requiring further exploration and
improvement in future work. GO was dispersed in a DMF solution and reduced by a solvothermal
method at 180 °C [51]. The reduced GO was used as a cathode material for lithium ion batteries. An
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electrochemical performance test showed that GO had a reversible capacity that reached 600 mAh/g for
the first time at a 0.1C current density and had a good cycling performance. This occurred because the
reduced graphene oxide prepared by this process has a better conductivity and better dispersibility in the
DMF solution. Moreover, a sulfur/activated carbon/graphene aerogel cathode structure was used to
prepare lithium/sulfur battery electrodes with a high specific capacity and good cycle durability [52].
The composites had clear interconnection conductive networks and were prepared by reduction-induced
self-assembly, and dense porous structures were obtained. In this process, reduced graphene oxide was
formed (Figure 3). Oxygen-containing functional groups existed on the surface of graphene oxide, which
not only improved the conductivity of the cathode but also effectively inhibited the dissolution and
shuttle of polysulfides. The introduction of activated carbon into the cathode results in the formation of
horizontal and vertical connections between the individual graphene plates, which results in the
formation of a stable three-dimensional interconnected graphene framework.

AC/GO dispersion ACIGA self-assembly hybrid i
\..n“v”,b’ss ;»»
Reduction "‘V\‘!% Sulfur melt
reaction v N §*‘ ‘ diffusion
My GO @ AC GA o s

Figure 3. Schematic of the fabrication of a sulfur/activated carbon/graphene aerogel cathode. Copyright
obtained from MDPI [52].

In general, doping with non-metallic elements can improve the storage capacity of graphene
electrode materials [53]. For example, phosphorus-doped graphene sandwich composites were
synthesized by Wang et al. [54]. The graphene composites exhibit excellent cycling performance, thus
making them promising cathode materials for lithium-ion batteries. The first charge capacity reaches
1876 mAh/g, and the reversible capacity remains at 990 mAh/g after 50 cycles.

The electrochemical properties of graphene are closely related to the structure of graphene. The
edges and defects present in the graphene layers provide enough space to store lithium ions. Graphene
has an excellent ability to store lithium and an excellent rate performance because of its good electrical
conductivity. Although graphene and its derivatives exhibit excellent electrochemical properties, we still
face enormous challenges. Currently, the cost to produce graphene is very high. In addition, graphene
has a large irreversible capacity, and voltage lag occurs in the first charge process. Additionally, the
morphology changes because agglomeration occurs easily in the cycle process, and the formation of an
SEI film will affect the electrochemical performance of the lithium ion batteries, thus limiting their
potential for application as electrode materials. Future research should focus on optimizing the properties
of graphene mainly by developing multi-component composites. Low-cost and large-scale production
technology also deserves attention.
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4. METAL SULFIDE-GRAPHENE HYBRID CATHODE MATERIALS

To obtain cathode materials for lithium-ion batteries with excellent performance and the ability
to satisfy consumer and industry demands, many studies have been carried out [55,56]. The results show
that metal sulfides have excellent electrochemical properties [57-62]. Metal sulfides have excellent
electrochemical properties, especially when they are used as cathode materials for lithium-ion batteries.
Metal sulfides have unique capacities and stabilities compared with other materials, but the volume
changes that occur during lithium deintercalation are comparable. Currently, the most effective
mitigation method is to combine transition metal sulfides with a graphene matrix. Graphene is considered
to be the most ideal matrix material because of its high mechanical strength, electrical conductivity, large
specific surface area and porosity.

Chang et al. [63-65] prepared a series of MoS2/graphene composites for use as lithium ion
cathode materials. The composite materials have high storage capacities. The storage capacity remains
between 1100 and 1290 mAh/g after repeated cycles at current densities from 0.1 A/g to 1 A/g. The
excellent electrochemical performance of the MoSz/graphene composites when used as cathode
materials for lithium ion batteries can be attributed to the synergy of their layered structures.

SnSa/graphene composites were synthesized by loading SnS. nanorods on the surface of the
graphene layer [66]. The reversible capacity of the SnSo/graphene composites was 504 mAh/g after 200
cycles ata 0.5C current density. The reversible capacity of cathodes containing pure SnS, measured after
200 cycles is only 168 mAh/g. Zhang et al. reported the preparation of hexagonal SnS;
nanoparticle/reduced graphene oxide nanosheet composites by a one-step hydrothermal method [67].
The electrochemical cycling performance was evaluated; the test showed that the storage capacity of the
SnS; nanoparticles was 1005 mAh/g after 200 cycles at a current density of 100 mA/g, and its reversible
capacity was still 612 mAh/g at a current density of 2000 mA/g. Similarly, Lin et al. reported the
preparation of a high energy density NiOOH/NizS2/3D graphene composite cathode [68]. Lyu et al.
demonstrated the use of a hybrid composed of CoS. nanoparticles and graphene for use as a cathode
[69]. The hybrid composed of CoS, nanoparticles and graphene has the largest discharge rates, which
proves that graphene can improve the rate capability of cathode materials [2,70,71]. The combination of
both graphene and carbon seems to provide the best results for cathodes composed of metal sulfides,
suggesting that less crystalline carbon species interrupt the stacking of the graphene layers [72-74].

The stability and capacity of lithium ion batteries have been significantly improved when
graphene sulfide composite materials are used as cathode materials, which can be attributed to the
synergistic effect between the materials. However, many problems must be solved in this field and
include the following: the environmental impact of sulfide electrode materials should be improved, the
lithium storage mechanism of composite materials needs to be further explored, the electrochemical
properties of composite materials with different structures need to be studied, and the synergistic
mechanism observed in composites of multiple metal sulfides and graphene needs to be explored.
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5. TRANSITION METAL OXIDE-GRAPHENE COMPOSITES CATHODE MATERIALS

Transition metal oxides have a high theoretical lithium storage, which is generally between 600
and 1100 mAh/g and is 2 to 3 times the theoretical lithium storage of graphite-carbon materials.
Transition metal oxides are promising cathode materials because of their low voltage and low cost, and
they are environmentally friendly and naturally abundant. The use of two-dimensional flake graphene
as buffer and conductive materials has attracted the attention of researchers. The results show that the
introduction of graphene into transition metal oxide materials solves the problems related to the volume
expansion and poor conductivity. The good elasticity between the graphene layers can buffer the volume
changes of the oxide materials, inhibit the agglomeration between the oxides and the powdered electrode
materials, and obviously improve the cycling performance of the electrode materials. The EIS results
suggest that graphene decreases the charge transfer resistance more effectively than conventional carbon
additives [75-77].

Based on a model, a series of composite materials were synthesized and found to have good
electrochemical properties, making them promising for use as lithium ion cathode materials. C0304
nanoparticles with uniform sizes were synthesized from cobalt salts [78]. Then, the nanoparticles were
evenly dispersed on the surface of graphene to form graphene/Coz04 composites. The initial reversible
lithium storage capacity was 722 mAh/g, and the capacity was maintained at 631 mAh/g after 50 cycles.
Yang et al. [79] prepared a GO-C0304-GO sandwich composite by using mesoporous silicon wafers as
templates. The electrochemical performance tests showed that the first discharge capacity of a lithium
ion battery composed of a GO-C0304-GO sandwich composite cathode was 915 mAh/g, and the
remaining capacity of the battery was 85% after 30 cycles. The results show that these composite
materials with unique structures remarkably improve the stability of electrode materials. These results
also indicate that these composite materials have excellent rate capability, thus challenging the use of
graphene additives as a method for improving the electrochemical properties of cathodes [5,80-83].

This improvement in the performance of metal oxide/graphene composites is mainly due to the
individual properties of each composite component and the peculiar synergies produced by the different
structures formed by each component. The unique structure of the composite material was found to
greatly improve the storage capacity of lithium ions and the cycle stability of the battery. However, due
to the complicated chemical reactions and interfacial interactions, the ability to optimize the composite
structures for use as cathode materials remains to be studied. Determining how to choose cost-effective
synthetic materials and simple synthesis methods to design and control metal oxides in graphene, how
to enhance the interface reaction to form a product with a controllable morphology and superior
performance, and how to further reveal the relationship between the structure and the performance are
all challenges that must still be overcome.

6. CONCLUSION AND OUTLOOK

The use of graphene and its composites as cathodes in lithium ion batteries in recent years is
summarized in this review. The electrochemical properties of graphene composites are closely related
to their structures. The edges and defects present in graphene layers provide enough space for storing
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lithium ions. The excellent conductivity of graphene provides its composites with excellent lithium
storage capacities and rate performances. The storage capacity, rate performance and cycling
performance of composite materials used as cathodes in lithium ion batteries are improved compared
with pure graphene and pure metal oxides and sulfides. The improved performance is mainly due to the
unique synergistic effect that occurs between components. The electrochemical properties of composites
are significantly improved by the presence of unique structures. However, the synergistic effects
occurring between the two materials and the different methods used to produce these composites have
not sufficiently been explored.

In future work, researchers should pay attention to the following issues:

Large-scale production of high-performance graphene materials;

Reduction of storage during the first charge-discharge process;

In-depth exploration of the lithium storage mechanism of graphene and its composites;

Investigation of the effects of the structure and morphology of graphene and its composites on
their electrochemical properties;

Investigation of the effects of graphene and its composites on their electrochemical properties;

Investigation of the synergy that occurs between the components of composite materials.
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