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Abstract: To meet the growing demand in energy, great efforts have been devoted to improving the
performances of energy—storages. Graphene, a remarkable two-dimensional (2D) material, holds
immense potential for improving energy-storage performance owing to its exceptional properties,
such as a large-specific surface area, remarkable thermal conductivity, excellent mechanical strength,
and high-electronic mobility. This review provides a comprehensive summary of recent research
advancements in the application of graphene for energy-storage. Initially, the fundamental properties
of graphene are introduced. Subsequently, the latest developments in graphene-based energy-storage,
encompassing lithium-ion batteries, sodium-ion batteries, supercapacitors, potassium-ion batteries
and aluminume-ion batteries, are summarized. Finally, the challenges associated with graphene-based
energy-storage applications are discussed, and the development prospects for this field are outlined.
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1. Introduction

Exploring and utilizing renewable energy sources have become imperative in address-
ing the challenges of global warming and energy depletion [1]. To achieve the widespread
adoption of clean and renewable energy, the development of high-performance energy—
storage devices is crucial. These devices must not only effectively store energy from
intermittent renewable sources but also provide a stable power supply as needed. Among
various energy-storage technologies [2], graphene-based composites have gained consid-
erable significance, despite certain limitations when compared to other carbon allotropes,
such as amorphous/activated carbon and carbon nanotubes (CNT).

Graphene-based composites offer several advantages that make them attractive for
energy-storage applications [3]. Graphene, a 2D material with a honeycomb-lattice struc-
ture, exhibits high-electrical conductivity, superior thermal conductivity, and a large specific
surface area [4]. These properties enable efficient charge transport, effective heat dissipa-
tion, and enhanced electrochemical performance. However, it is essential to acknowledge
the downsides of graphene-based composites. For instance, pristine graphene sheets
tend to aggregate or restack, reducing the accessible surface area and impeding ion diffu-
sion [5]. Overcoming this challenge involves fabricating graphene composites with suitable
nanostructures or functionalizing graphene sheets to prevent restacking.

Beyond graphene, several advanced 2D materials hold promise for energy—storage
devices [6]. Phosphorene [7], a monolayer of black phosphorus, offers high-charge carrier
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mobility and a tunable bandgap, making it suitable for applications in lithium-ion bat-
teries (LIBs) and supercapacitors [8,9]. Transition metal dichalcogenides (TMDs), such as
molybdenum disulfide (MoS;) [10] and tungsten diselenide (WSe;) [11], exhibit unique
electrochemical properties, including high capacitance and fast ion diffusion, which make
them attractive for energy—storage applications. Additionally, materials like molybdenum
dioxide (MoO») [12] demonstrate a high-specific capacity and stability, positioning them as
potential candidates for LIBs.

Despite the prospects offered by these advanced 2D materials, graphene retains several
advantages for energy—storage systems [13]. Its high-electrical conductivity enables rapid
charge and discharge rates, making it suitable for high-power applications. The superior
thermal conductivity of graphene assists in dissipating heat generated during energy—
storage processes, contributing to enhanced safety and longevity. Furthermore, graphene’s
large specific surface area facilitates efficient ion transport, leading to improved energy
density and power density [14]. Its mechanical strength and flexibility also ensure stability
and durability during charge and discharge cycles.

This review focuses on the significance of graphene-based composites in electrochem-
ical energy-storage (EES) systems. It covers the properties and preparation methods of
graphene, summarizes recent research progress on graphene-based composites for EES,
discusses specific applications in electrochemical capacitors and LIBs, explores graphene-
based anodes and cathodes, examines graphene-based composites for sodium-ion batteries
(SIBs) and supercapacitors, and discusses graphene derivatives for EES. The review also
highlights the current research trends and prospects for further improvements in the field
of graphene-based composites.

2. The Properties and Preparation Methods of Graphene
2.1. Properties of Graphe

Graphene, a monolayer carbon sheet composed of sp2-hybridized carbon atoms, has
garnered extensive attention since its first isolation from graphite in 2004 [15-17]. It pos-
sesses exceptional properties due to its unique electronic structure (Figure 1). With in-plane
0C-C bonds being one of the strongest in materials, graphene exhibits ultrahigh-electrical
conductivity and carrier mobility of up to 15,000 cm?/(V s) at room temperature [18]. This
high-electrical conductivity makes graphene an excellent candidate for improving the
conductivity of graphene-based composites in energy—storage devices.
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Figure 1. The basic properties of graphene.

The incorporation of graphene into various composites has shown remarkable im-
provements in energy—storage performance. For example, the combination of graphene with
MoSSe, a promising anode material for LIBs, resulted in the formation of MoSSe/ graphene
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heterostructures [19]. The introduction of graphene significantly enhanced the electrical
conductivity of MoSSe, enabling a high theoretical capacity of 560.59 mAh/g. Similarly,
the addition of graphene sheets to SnO, and metal organic framework (MOF) compos-
ites improved the electronic conductivity and demonstrated enhanced lithium storage
performance [20].

It is important to note that the electrical conductivity of graphene is influenced by
factors, such as stacking orders, the number of graphene layers, and the presence of
defects [21]. Strategies, such as high-temperature treatment and doping with foreign
atoms similar to N or B, have been employed to reduce defects and enhance electrical
conductivity. Furthermore, graphene exhibits remarkable optical properties, with an
opacity of approximately 2.3% across a wide wavelength range and a transparency of about
97% in the visible range [22]. These optical characteristics make graphene suitable for the
development of transparent energy—storage devices.

In addition to its electrical and optical properties, graphene possesses exceptional
thermal conductivity of up to 5300 W m~! K~ [23,24]. The incorporation of graphene
into composite materials has been shown to enhance thermal conductivity, addressing the
issue of uneven heat dissipation during high-current loads. For example, the addition of
graphene to paraffin wax resulted in a highly thermally conductive phase change composite,
exhibiting significantly increased longitudinal and transverse thermal conductivity [25].

Graphene also demonstrates excellent mechanical performance, with a greater Young'’s
modulus (~1 TPa) and strong fracture strength [26]. These mechanical properties position
graphene as a viable material for flexible and wearable energy—storage devices. Addi-
tionally, graphene’s chemical inertness allows for physical adsorption interactions, such
as 7-7t stacking with other materials. Introducing defects, other atoms, and functional
groups into graphene enables the fabrication of graphene with diverse properties. Further-
more, graphene’s large surface area of approximately 2630 m? g~! plays a crucial role in
energy-storage applications [27].

2.2. Mechanism of Energy—Storage and Degradation for Graphene

Graphene-based electrodes have garnered significant attention in the development
of LIBs due to their unique properties and potential for improved performance [28]. The
working principle of graphene-based electrodes in LIBs can be summarized as follows:

First, graphene, a 2D-carbon material with excellent electrical conductivity, allows effi-
cient electron transport within the electrode [29]. This facilitates rapid electron movement
during charging and discharging processes. Additionally, graphene’s large surface area
provides ample space for the attachment and intercalation of lithium ions, increasing the
electrode’s capacity and enabling faster ion diffusion for improved charge and discharge
rates [30].

Second, graphene exhibits exceptional mechanical strength and flexibility, which en-
sures the stability and durability of LIBs electrodes [31]. It can withstand the volume
expansion and contraction that occurs during lithium-ion intercalation and deintercala-
tion cycles without significant structural degradation [32]. This property helps maintain
electrode integrity and prolongs the battery’s lifespan (Figure 2a).

However, similar to other materials, graphene is susceptible to degradation processes
that occur over time. The degradation mechanisms affecting graphene include oxidation,
mechanical stress, and environmental factors. In the context of LIBs, particularly those
employing graphene-based electrodes, degradation refers to the gradual deterioration in
performance observed over time. This degradation manifests in various ways, including
reduced capacity, decreased charging and discharging efficiency, increased internal resis-
tance, and a shortened overall battery lifespan [33]. The factors contributing to degradation
in graphene-based electrodes encompass multiple aspects, such as structural changes,
interactions between the electrode and electrolyte [34], the occurrence of undesirable side
reactions or byproducts, and the accumulation of undesired substances, such as solid—
electrolyte interphase (SEI) layers (Figure 2b). Gaining a comprehensive understanding
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of these degradation processes in Li-ion batteries and implementing effective mitigation
strategies are crucial to enhance their overall performance, durability, and safety in practical
applications [35].
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Figure 2. (a) Schematic of the working principle of graphene-based electrodes for LIBs. (Reproduced
with permission from ref. [32]. Copyright 2022 The American Association for the Advancement
of Science.) The anode is composed of graphene flakes, while the cathode comprises a hybrid
graphene-Li compound, such as LiCoO, or LiFePOy. (b) The degradation mechanisms observed in
LIBs. (Reproduced with permission from ref. [35]. Copyright 2022 Elsevier).

To mitigate degradation and ensure the long-term durability of graphene-based
energy-storage devices, protective measures such as encapsulation and the application
of protective coatings can be implemented [36]. Operating under controlled environmen-
tal conditions is also crucial. Furthermore, the development of graphene composites or
hybrid materials can enhance the stability and longevity of graphene in energy-storage
applications. These strategies contribute to the preservation of graphene’s properties and
the optimization of graphene-based electrodes in Li-ion batteries, promoting their reliable
performance and extended lifespan [37].

2.3. Preparation Methods of Graphene

Graphene, a monolayer of carbon atoms arranged in a 2D honeycomb lattice, can
be synthesized and fabricated using exfoliation methods [38]. Two common techniques
employed are mechanical exfoliation and liquid-phase exfoliation.

Mechanical exfoliation, also known as the “Scotch tape” method, involves repeat-
edly cleaving bulk graphite with adhesive tape to gradually reduce the thickness until
individual graphene layers are obtained [39]. This method offers the advantages of pro-
ducing high-quality graphene with excellent electronic properties, allowing control over
layer thickness, and being relatively low cost. However, it suffers from limitations, such
as limited scalability, low yield of high-quality graphene, and lack of uniformity in the
obtained flakes.

Liquid-phase exfoliation, on the other hand, disperses bulk graphite in a suitable
solvent and applies mechanical forces, such as sonication, to break it down into graphene
layers. This method is scalable for mass production, offers a higher yield compared to me-
chanical exfoliation, and allows for potential functionalization of the graphene surface [40].
However, the quality of graphene obtained through liquid-phase exfoliation is generally
lower, with a higher presence of defects and impurities. Control over layer thickness is also
more challenging, and additional post-processing steps may be required for purification.

In summary, mechanical exfoliation produces high-quality graphene with precise con-
trol over layer thickness but has limitations in scalability and yield [41]. Liquid-phase exfo-
liation allows for scalability and higher yield but compromises on the quality and control
over layer thickness. Researchers continue to explore and refine these methods to overcome
their limitations and unlock the full potential of graphene for various applications.
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3. Graphene-Based Energy—Storage Systems
3.1. Graphene-Based LIBs
3.1.1. Mechanisms of Graphene-Based LIBs

Graphene-based electrodes have garnered significant interest in the realm of LIBs due
to their unique properties, offering several advantages and presenting a potential solution
for improving battery performance [42]. These advantages stem from the underlying
mechanisms associated with graphene-based electrodes in LIBs [43].

One of the key mechanisms is the high-surface area of graphene. Graphene’s 2D
structure provides an extensive surface area, allowing for a larger number of active sites for
lithium-ion adsorption and desorption during battery cycling [44]. This results in enhanced
energy—storage capacity as more lithium ions can be accommodated, leading to higher
battery performance.

Furthermore, the exceptional electrical conductivity of graphene facilitates rapid
electron transport within the electrode material [45]. This fast electron transport enables
efficient charge and discharge rates, improving the rate capability of the battery. The quick
movement of electrons ensures efficient energy—storage and release, making graphene-
based electrodes ideal for high-power applications.

Another mechanism is the mechanical stability of graphene [46]. Its robust structure
and exceptional mechanical properties contribute to the overall stability of the electrode
material. This stability helps to maintain the structural integrity of the electrode, reducing
degradation and enabling a longer cycle life for the battery. Graphene’s mechanical stability
is crucial for achieving prolonged battery performance and durability.

By leveraging these advantages, graphene-based electrodes have the potential to sig-
nificantly enhance the energy-storage capabilities, rate capability, and cycle life of LIBs [47].
However, it is important to address challenges, such as limited lithium-ion diffusion, ag-
gregation, restacking, scalability and cost, to fully exploit the potential of graphene-based
electrodes in practical LIBs applications. Ongoing research and development efforts aim
to overcome these challenges and pave the way for the widespread implementation of
graphene-based electrodes in next-generation LIBs.

3.1.2. Graphene-Based Anodes

Graphene-based composites have emerged as promising candidates for high-performance
LIBs due to their exceptional structures and properties. Graphene serves dual roles in LIBs,
acting as both a host for Li* ions and an active material in anode composites. In 2008, Yoo
et al. reported an increased lithium storage capacity by using graphene with a capacity of
540 mAh/g, compared to graphite’s 372 mAh/g [48]. Incorporation of CNTs or fullerenes
(Cep) to graphene nanosheets further enhanced the specific capacity of LIBs, reaching up to
730 mAh/g and 784 mAh/g, respectively [49]. This highlights the importance of designing
proper graphene-based composites to expand the interlayer spacing, prevent restacking,
and provide additional Li* accommodation sites to improve LIBs performance.

Various graphene-based composites have been developed by combining graphene
with metal oxides, alloys, and electrochemically active nanostructures [50-52]. These com-
posites exhibit an enhanced resistance to agglomeration during electrode preparation and
cycling. The highly conductive carbon matrix formed by graphene not only improves elec-
troconductivity but also mitigates volume changes during charge and discharge processes.

Recent research has demonstrated the potential of specific graphene-based compos-
ites in LIBs anodes. For example, SiO@graphene composites exhibited a high-reversible
capacity of 1127 mAh/g at 0.2 A/g with 87% capacity retention after 200 cycles [53]. SnS-
Mo-graphene nanosheets composites showed a high-reversible capacity of 1128.1 mAh/g
at 0.2 A/g and a capacity retention of 830 mAh/g over 600 cycles at 1.0 A/g [54]. N-
doped graphene-encapsulated MoS; nanosphere composites exhibited a reversible capacity
of 9759 mAh/g at 0.1 A/g after 100 cycles (Figure 3a—c), demonstrating excellent rate
performance [55]. Additionally, tGO derivatives showed promise. An FeS;/rGO com-
posite exhibited a higher rate capability of 410 mAh/g at 5 C and better cyclability of
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826 mAh/g after 150 cycles at 0.2 C, when compared to pure FeS,-based LIBs, as shown
in Figure 3d—f [56]. A GO/black arsenic phosphorus/CNT composite exhibited stable
capacities of 1286 and 339 mAh/g at current densities of 0.1 and 1 A/g, respectively, with a
capacity of 693 mAh/g after 50 cycles [57]. Table 1 presents a comparison of the electro-
chemical properties of various representative graphene-based and derivative composites
as anode electrodes in LIBs.

() (c),,

® =] —o——a— MoS,@NG discharge and charge
- @f Hydrothermal < & —a— MoS, discharge and charge 0.2
| — e
. (3 P Lot i Current density: Ag” v E 2:4
@ Aot @ s 7 pyp MoS,i GO ,%. g, V-2 0.2 = 50
£38% N © - % s
oo (.‘;lrlmnizntinnl g 800 £ 04
oo © . 3 7 —1st
200 -~ £ 400 h O w247 —2nd
i e S s \
o i5, Lot g by 3 =
BtaoaUs L, ]
{28 T i —_— 0.4
e B :“\‘S i 20 20 0 80 00 05 10 1. 20 25 3.0
= . Cycle number Potential (V vs. Li/Li")
; —.— Cha:l‘ge ~3.01 0.2C
[ & ] {(DFSG ' pischarge | FSG
(i) : (i) Fesy —e—Charge | 4~ 2.57 —1st
N9 o: 1 :—s—Dischargeg -
= ol : : . 2.0 ~ —2nd
s 2 > Charge ___ 5th
: = 215 - Discharge___ 4041
: P2 =
= 1.01 —50th
Los —100th
o
150th
R ; ’ . : o 0.0
0 10 20 30 40 0 300 600 900 1200 1500
Cycle number (n) Capacity(mAh g"]

Figure 3. (a) The synthesis process of MoS,@NG. (b) Comparison of the rate performance between
MoS,; and MoS,@NG. (c) CV curves obtained at a scan rate of 0.1 mV s~ L. (Reproduced with permis-
sion from ref. [55]. Copyright 2022 IOP Publishing Ltd.) (d) Schematic representation of the crystal
structure conversion during the charge—discharge process of the first cycle. (e) Charge—discharge
curves of FeS;-graphene composite. (f) Comparison of the charge—discharge performances between
FFeS;-graphene composite and FeS, at different current rates. (Reproduced with permission from
ref. [56]. Copyright 2022 American Chemical Society.).

Table 1. Graphene-based composite as anodes for LIBs.

Specific Current Capacity
Composites Capacities Densities Retention Structure References
(mAh/g) (Alg) (%)
P-doped graphene . .
framework@porous Fe;O3 1106 0.1 88.2 hierarchical [58]
structure
nanoframework
Epitaxial graphene@SiC 964.1 0.1 / [59]
Si/SiO,@graphene 1180 2.0 91 51/5i0,@graphene [60]
superstructure
Amorphous Fe2Q3 /1GO/carbon 811 01 / hierarchical [61]
nanofibers structure
NiCo,S,@graphene sheets 813 0.2 85.2 mesoporous [62]

structure
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Table 1. Cont.

Specific Current Capacity
Composites Capacities Densities Retention Structure References
(mAh/g) (Alg) (%)
5i0, /N-doped graphene aerogel 1000 0.1 / C;I;I:C)?jie [63]
silicon/carbon
Si/C particles/graphene sheet 1910.5 0.3579 / particles on [64]
graphene sheets
Carbon-coated
stable Si /graphene/ CNT/ 1946 01 80.0 composite [65]
carbonized poly-dopamine structure
carbon layer
Magnetite carbon nanofiber mesoporous
(rGO/Fe304 CNF) 1514 01 / structure [66]
vertical graphene sheets 105.4 5C / / [67]
D-Si0@G 774 5 / / [68]
2D/2D SnSe; /graphene 490.9 01C / / [53]

The advantages of graphene-based composites in LIBs stem from their unique prop-
erties and synergistic effects. Graphene’s large surface area, high-electrical conductivity,
and mechanical strength contribute to the improved Li* ion storage capacity and cycling
stability [69]. Furthermore, graphene’s ability to prevent restacking and enhance electron
transfer promotes better charge/discharge kinetics and overall battery performance. How-
ever, challenges such as scalable and cost-effective fabrication methods, as well as potential
agglomeration or degradation of graphene during cycling, need to be addressed to fully
exploit the benefits of graphene-based composites [70]. The rational design of these com-
posites, coupled with their unique properties and synergistic effects, allows for improved
energy-storage capacity, enhanced cycling stability, and better rate performance. Further
research efforts should focus on optimizing the structural configurations of graphene-based
composites and exploring additional hybrid systems to advance LIB technology.

3.1.3. Graphene-Based Cathodes

By incorporating graphene into cathode materials, several benefits can be achieved,
including improved electronic conductivity, enhanced specific capacities, and reduced
particle agglomeration.

One example is the use of graphene in FeF; cathode materials. FeFs; possesses a
high-theoretical specific capacity but suffers from poor electrical conductivity and sluggish
kinetics. To overcome these limitations, He et al. introduced a reduced graphene oxide
(rGO) into FeFs3 and fabricated a flexible free-standing FeF3 /chitosan pyrolytic carbon/rGO
(FeF3/C/rGO) film. The incorporation of rGO not only improved the electronic conductiv-
ity but also provided a confined structure for FeF3 nanoparticles, reducing the diffusion
pathway for Li* ions and preventing interlayer reactions. As a result, the FeF3;/C/rGO film
exhibited a remarkable capacity of 220 mAh/g over 200 cycles at 100 mA /g, as shown in
Figure 4a—e.

In the case of organic electrode materials, the dissolution and poor electronic conduc-
tivity pose challenges for their application in LIBs. Yang et al. addressed these issues by
developing a cathode nanocomposite composed of anthraquinone carboxylate lithium salt
(LiAQC) and graphene (nr-LiAQC/G) [71]. The introduction of graphene improved the
electronic conductivity of the composite, while the nanorod structure of LiAQC shortened
the transport distance between Li* ions and electrons. Moreover, the hydrophilic -CO,Li
groups on the LiIAQC surface reduced its dissolution in the electrolyte. These synergistic
effects resulted in a high-initial discharge capacity of 187 mAh/g at 0.1 C, good cycling
stability with a reversible capacity of approximately 165 mAh/g after 200 cycles at 0.1 C,
and excellent rate capability (Figure 4f-h).
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The modification of cathode materials using graphene can also be seen in V¢O13
and V,05 systems. Wu et al. employed rGO to modify V4Os3, leading to an improved
electrical conductivity and stability [72]. The resulting V4O13@rGO composite exhibited
enhanced electrical performance, compared to pristine V¢O;3. Similarly, Chen et al. blended
graphene with V,0O5 to enhance its electronic conductivity [73]. The V,05@G composite
demonstrated a high-discharge capacity of 313.65 mAh/g at 150 mA /g, excellent cycling
stability, and good rate capability. Some other graphene-based composites, as cathodes for
LIBs, have been summarized in Table 2.
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Figure 4. (a) Schematic illustration depicting the synthetic procedure of the FeF3/C/RGO film.
(b) CV curves obtained from the FeF5;/C/RGO film. (c) Charge/discharge profiles observed for the
FeF3/C/RGO film. (d) Cycling performance analysis of the FeF3/C/RGO film. (e) Rate performance
evaluation of the FeF3/C/RGO film and FeF3/C powder at a current density of 100 mA g~!. (Repro-
duced with permission from ref. [74]. Copyright 2022 Elsevier B.V.). (f) Schematic representation of
the lithium ion insertion process in nr-LiAQC/G. (g) Cycling performance comparison among LiAQC,
nr-LiAQC, and nr-LiAQC/G. (h) Rate capabilities analysis of LIAQC, nr-LiAQC, and nr-LiAQC/G.
(Reproduced with permission from ref. [71]. Copyright 2022 American Chemical Society).
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Table 2. Graphene-based composite as cathodes for LIBs.
. Specific Capacities Current
Composites (mAh/g) Densities References
Cellulose nanofiber derived
carbon and rGO co-supported 168.9 0.1C [75]
LiFePO4 nanocomposite
VO,(B)/rGO 226.0 0.05A/g [76]
LiFePOy/graphene 153.0 01C [77]
nanoplatelets
FePO,4-GO 145.0 05C [78]
Core double-shell Ti-doped
LiMnPO,@NaTi,(PO4);@C/3D 164.8 0.05C [79]
graphene
Li1.2Mng,Nig 20-N-doped 286.4 02C [80]
graphene carbon matrix
3D holey graphene enwrapped
LizV,(POy4)3/N-doped carbon 780 150 ¢ [81]
MoS, /rGO 900.0 5C [82]
spheres of graphene and 547 5 3]
carbon nanotubes
dual-porous COF, USTB-6 188 10C [84]
VO,(B)/rGO 226 50 m [73]
LiNio_5Mn1'504 132.4 01C [85]
V,05-nH,O/reduced 19 1 [36]

graphene oxide

While graphene integration offers several advantages, it is important to consider some
limitations as well. One potential drawback is the cost associated with the large-scale
production of high-quality graphene. Additionally, the dispersibility of graphene in the
cathode matrix and its interaction with other components needs careful optimization to
achieve optimal performance. The incorporation of graphene into cathode materials for
LIBs provides numerous benefits, including improved electronic conductivity, enhanced
specific capacities, and reduced particle agglomeration. By addressing the limitations
of conventional cathode materials, graphene-based composites have shown impressive
electrochemical performances. However, further research is required to optimize the
graphene-cathode interface, overcome scalability challenges, and explore the full potential
of graphene-based cathode materials in LIBs.

3.2. Graphene-Based SIBs

SIBs have garnered widespread attention as a low-cost alternative to LIBs. This is
primarily due to the abundance and cost-effectiveness of sodium, as well as its redox
potential, which is only 0.3 V higher than that of lithium [87]. The working mechanism of
SIBs involves the migration of Na* ions in the electrolyte between the anode and cathode,
while the electrons are transmitted through the outer circuit, similar to LIBs.

Numerous studies have focused on the development of high-performance SIBs, with a
key focus on exploring suitable electrode materials. Graphene has emerged as a promising
material for SIBs fabrication due to its unique structure and surface-mediated ion storage
process. For instance, Liu et al. employed a pore-forming technique to create nanopores in
graphene, facilitating the in situ growth of Co3Se4 nanoparticles on defective graphene [88].
The nanopores broke through the physical barrier of graphene nanosheets, enabling rapid
longitudinal diffusion of electrolyte ions. The resulting Co3Se4 /holey graphene composite,
used as an anode material for SIBs, exhibited remarkable rate performance of 519.5 mAh/g
at 5.0 A/g and satisfactory cycle stability. These excellent properties can be attributed to
the high conductivity and fast ion transport facilitated by the ingenious structure.

Another notable material for SIBs anodes is the Sb/rGO (antimony/reduced graphene
oxide) composite. Amardeep et al. prepared this composite through a simple route, as
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shown in Figure 5a—c [89]. The Sb/rGO composite demonstrated a high-reversible Na-
storage capacity of approximately 550 mAh/g (at 0.2 A/g) and a first-cycle Coulombic
efficiency of nearly 79% as an SIBs anode. This excellent reversibility was attributed to the
coarse particle size of Sb and the encapsulation of rGO within the Sb particles. Furthermore,
the Sb/rGO-based electrode exhibited good cyclic stability with negligible capacity fade
after 150 cycles (approximately 97% capacity retention). It also demonstrated high-rate
capability with over 86% capacity achieved when the current density was increased from
0.1to 2 A/g, resulting in a capability of nearly 4990 mAh/gevenat2 A/g.
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Figure 5. (a) Schematic illustration depicting the synthetic procedure of Sb/rGO composite. (b) Vari-
ations in reversible Na-storage capacities with current densities during continuous galvanostatic
cycling runs. (c) Variations in specific Na-storage capacities and Coulombic efficiencies of the de-
veloped Sb/rGO composite at a current density of 0.2 A/g in Na “half” cells. (Reproduced with
permission from ref. [89]. Copyright 2022 American Chemical Society). (d) Schematic illustra-
tion illustrating the preparation process of MoS,@CNFs@rGO. (e) Cycling performance analysis
at a current density of 100 mA g~!. (f) Rate capability analysis with different current densities
(0.1A g_1~20 A g_l). (Reproduced with permission from ref. [90]. Copyright 2022 Multidisciplinary
Digital Publishing Institute).
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MoS;, with its 2D layered structure suitable for stable insertion of sodium ions, is
another promising material for SIBs anodes. However, its practical application is lim-
ited by intrinsic issues, such as low electronic conductivity and loss of sulfur (S) ele-
ments during conversion reactions. To address these challenges, Cho et al. prepared
interlayer-enlarged MoS, nanoflakes doubly covered with carbon nanofibers (CNFs) and
rGO (MoS,@CNFs@rGO) [90]. The addition of CNFs and rGO improved the electronic
conductivity of the composite and prevented the loss of S during repetitive conversion
reactions (Figure 5d—f). The synergistic effect of these three components enabled the
MoS,@CNFs@rGO-based anode to exhibit a high capacity of 345.8 mAh/g at a current
density of 100 mA /g for 90 cycles.

In addition to its use in anode materials, graphene also holds great potential for en-
hancing the performance of traditional cathode materials in SIBs. For example, Na,MnP,0O7,
a non-toxic, low-cost, and high-potential cathode candidate, shows promise for advanced
SIBs. However, its practical application is hindered by a poor high-rate performance, low-
initial Coulombic efficiency, and unsatisfactory cycling ability, mainly due to low-electronic
conductivity and manganese dissolution.

To overcome these challenges, Li et al. utilized graphene to modify NayMnP,07
through a facile high-energy vibrating activation process, resulting in NMP@GL [91]. The
obtained NMP@GL cathode exhibited an ultrahigh-initial Coulombic efficiency of 90%
and a high-energy density exceeding 300 Wh/kg. Additionally, the rate performance
and cycling stability were significantly improved with a capacity retention of 83% after
600 cycles at 2 C. These improvements can be attributed to the addition of graphene, which
accelerated electron transport and suppressed manganese dissolution.

It is worth noting that further research and optimization are still required to address
the challenges associated with SIBs, including electrode material selection, scalability, and
long-term stability [5]. Nonetheless, the progress achieved so far underscores the potential
of SIBs as a viable alternative in the field of energy—storage.

3.3. Graphene-Based Supercapacitors

As an important energy—storage device, supercapacitors have garnered significant
attention due to their ability to store electrochemical energy through mechanisms such
as electric double layer capacitance (EDLC) and pseudocapacitance [91]. EDLC stores
energy by reversible electrostatic adsorption of electrolyte ions on the active material,
and achieving high capacitance relies on electrodes with large specific surface areas and
high conductivity [92]. Graphene and its derivatives have been extensively studied for
their excellent electrical properties, large specific surface area, and unique mechanical
properties [93]. The intrinsic capacitance of monolayer graphene has been reported to
be approximately 21 mF/cm?, yielding a theoretical capacitance of nearly 550 F/g when
utilizing the entire graphene surface area.

However, the practical capacitance values obtained thus far are significantly lower
than the theoretical values, primarily due to the strong 7— interactions between individual
graphene sheets leading to aggregation. This aggregation phenomenon reduces the pristine
specific surface area of graphene and consequently lowers its capacitance. To mitigate
aggregation, various strategies have been explored, including the introduction of other
species such as CNTs, carbon spheres, and non-carbon nanoparticles. For instance, Wang
et al. employed a simple, green, hydrothermal route to introduce CNTs into graphene [94].
This approach regulated the stacking of graphene sheets and maintained spacing between
adjacent sheets, thereby enhancing the effective surface area and supercapacitor perfor-
mance of the composite. The resulting supercapacitor exhibited a high-specific capacitance
of 318 F/g and an energy density of 11.1 (W h) /kg.

Apart from the introduction of other species, the surface chemistry of graphene
also plays a crucial role in determining its capacitive performance. Sun et al. utilized
p-phenylenediamine and ammonia as reduction and doping agents, respectively, to prepare
nitrogen-doped porous 3D graphene via a mild one-pot hydrothermal process [95]. By
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varying the doping content, they achieved different nitrogen concentrations (6.52-7.81%)
in the 3D graphene samples, which regulated the capacitive behavior. The highest specific
capacitance in their study reached 788 F/g at a current density of 0.5 A/g, with 296 F/g at
10 A/g, as shown in Figure 6a—c. Arvas et al. reported a novel method, known as Yucel’s
method, for fabricating nitrogen-based graphene electrodes with high-performance superca-
pacitors [96]. By controlling the applied potential range, different functional groups formed
on the graphene, and the specific capacitance ranged from 178 mF/cm? to 2034 mF/cm? at
a current density of 10 mA/ cm?.

Despite the significant improvements achieved through the aforementioned methods,
the energy density and cyclic stability of graphene-based supercapacitors still fall short of
practical requirements [97]. Therefore, it is necessary to incorporate additional materials,
such as pseudocapacitive materials, to enhance the energy density. He et al. developed
a 3D porous phosphotungstic acid /rGO composite through a one-pot hydrothermal pro-
cess [98]. Phosphotungstic acid molecules were uniformly anchored on the surface of rGO
sheets via electrostatic interactions, preventing aggregation of rGO. Additionally, phos-
photungstic acid exhibited fast reversible multi-electron redox reactions, contributing to
pseudocapacitance [99]. The resulting phosphotungstic acid /rGO composite demonstrated
a high-specific capacitance of 456.7 F/g at 5 mV /s and 363.8 F/g at 0.5 A/g, surpassing
the capacitance values obtained from rGO alone (162.4 F/g at 5 mV/s and 190.6 F/g at
0.5 A/g) (Figure 6d—f). Moreover, the phosphotungstic acid/rGO composite exhibited
good cyclic stability, retaining 82.9% of its initial capacitance after 1000 charge—discharge
cycles. Table 3 provides a summary and comparison of the electrochemical performances
of various supercapacitors based on graphene-based composites. Strategies, such as dop-
ing with other atoms, chemical modification, and hybridization of graphene with other
active materials, have significantly improved the practical capacitance of graphene-based
supercapacitors. However, further efforts are required to achieve higher capacitance and
broaden the practical applications of graphene-based supercapacitors.

Table 3. Comparison of electrochemical performances of graphene-based composite electrodes for

supercapacitor.
Composites Capacities Condition References
(F/g)
Al-doped CogSg@N-doped Aqueous KOH
graphene 134.00 electrolyte, 1 A/g [100]
rGO/KCuySy 815.83 6M PVA/KOH, 05A/g [101]
Anthraquinone-based
covalent organic 1 M H,S0O4 aqueous
frameworks/ 378.0 electrolyte, 1 A/g [60]
graphene composite aerogel
. AlCl3 aqueous
Wi50y9 nanowires-rGO 365.5 clectrolyte, 1 A/g [102]
. Aqueous KOH
(Ni, Mo)S, / graphene 2379.0 clectrolyte, 1 A/g [23]
COWO4-COM1’1204 /N— Aqueous KOH
doped 4133.3 electrolyte, 2 A/ [103]
graphene yie &
Graphene/VOy 1110.0 LiCl electrolyte [104]
. . 1 M H,S04
Ti3CyTx/graphene/Ni 542.0 electrolyte, 5 mV /s [105]
Perovskite material
(Lao'gsro.zMno'5C00.503-5. 55.0 5 mV/s [106]
LSMCO)
rGO/Cu-MOF@PANI 5 276.0A/g [107]
Ag/RGO/CF 350+ 9 5mV/s [108]
Single- and Multi-Layer 450 1mv/s [109]

Graphene/Mn30y
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Figure 6. (a) CV curves, (b) charge/discharge curves and (c) specific capacitances obtained from
the supercapacitor performances of the as—prepared samples. (Reproduced with permission from
ref. [95]. Copyright 2018 Springer Nature). (d) Capacitance retentions comparison between rGO
and PTA@rGO electrodes. (e) Charge/discharge curves of PTA@rGO at various current densities.
(f) Specific capacitances of the PTA@rGO electrode as a function of current densities, along with a
comparison to other reported references. (Reproduced with permission from ref. [99]. Copyright
2018 John Wiley and Sons).

3.4. Graphene-Based Composites for EES beyond LIBs, SIBs and Supercapacitors
3.4.1. Potassium-Ion Batteries

Graphene-based, potassium-ion batteries (PIBs) have emerged as a highly promising
energy-storage solution, attracting significant interest in recent years [44]. This section
provides a comprehensive overview of PIBs, encompassing their working mechanism,
advantages and disadvantages, and the latest research advancements.

In PIBs, graphene-based materials serve as crucial electrode materials. During the
charging process, potassium ions (K*) undergo intercalation into the graphene structure,
accompanied by the insertion or adsorption of counter ions (e.g., PFs ) from the electrolyte.
This mechanism is commonly referred to as the intercalation or adsorption mechanism.
The intercalation/adsorption of K* ions within the graphene layers induces changes in the
electronic structure of graphene, enabling the storage and release of electrical energy [110].

Considerable progress has been achieved in the development of graphene-based
PIBs, driven by extensive research efforts. Researchers have explored various strategies
to enhance the electrochemical performance of PIBs [111]. Notably, the incorporation of
graphene with other active materials, such as metal oxides, metal sulfides, and carbon-
based materials, has demonstrated promising outcomes. These composite electrodes exhibit
improved specific capacity, enhanced rate capability, and exceptional cycling stability.

Furthermore, significant attention has been devoted to surface functionalization and
interfacial engineering techniques for tailoring the properties of graphene-based electrodes.
The introduction of heteroatoms into graphene structures has been explored as a means to
modify the charge storage mechanisms and enhance the overall performance of PIBs [18].
Additionally, substantial efforts have been made to deepen the understanding of the
fundamental electrochemical processes and mechanisms underlying PIBs, facilitating the
rational design of graphene-based electrode materials.
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3.4.2. Aluminum-Ion Batteries

Graphene-based aluminum-ion batteries (AIBs) have emerged as a promising energy—
storage technology, offering potential advantages in terms of high-energy density, fast
charging capability, and improved safety [112]. In AIBs, graphene-based materials are
utilized as electrode materials. During the charging process, aluminum ions (Al**) are
intercalated into the graphene structure, accompanied by the reversible extraction and
insertion of anions (e.g., C1~, SO4%™) from the electrolyte. This intercalation/deintercalation
process occurs through the migration of AI>* ions between the cathode and anode, resulting
in the storage and release of electrical energy [113]. The structural properties of graphene,
including its large surface area, high-electrical conductivity, and mechanical flexibility,
facilitate the intercalation/deintercalation process.

Recent research efforts have been focused on addressing the challenges associated
with graphene-based AIBs and exploring new avenues for improvement [114]. Strategies,
such as nanostructuring the graphene materials, designing advanced electrolyte systems,
and incorporating nanoscale additives, have been investigated to enhance the electrochemi-
cal performance of AIBs. By nanostructuring the graphene materials, researchers aim to
increase the surface area and expose more active sites for efficient ion intercalation. The
design of advanced electrolyte systems plays a crucial role in optimizing the ionic conduc-
tivity and stability of AIBs [115]. Additionally, the incorporation of nanoscale additives can
improve the structural stability and enhance the overall performance of AlBs.

Furthermore, the development of advanced characterization techniques and theoreti-
cal modeling approaches has provided valuable insights into the fundamental processes
and mechanisms governing AIBs [116]. These insights have contributed to the rational
design of graphene-based electrode materials with improved electrochemical properties.
Researchers have used advanced characterization techniques, such as in situ spectroscopy
and microscopy, to study the structural and electrochemical behavior of AIBs during opera-
tion. Theoretical modeling approaches, including density functional theory calculations
and molecular dynamics simulations, have been employed to gain a deeper understanding
of the intercalation/deintercalation process and guide the design of electrode materials
with enhanced performance.

4. Conclusions and Perspective

In this review, we have provided an overview of the recent advancements in graphene-
based, energy—storage devices, focusing on their applications in LIBs, SIBs, supercapacitors,
PIBs and AlIBs. The remarkable properties of graphene, such as its ultrahigh-electronic
conductivity and large surface area, make it highly suitable for the fabrication of high-
performance electrode materials. The incorporation of graphene and its derivatives into
traditional energy-storage materials has resulted in significant improvements in device
performance, attributed to the synergistic effects achieved.

While graphene-based composites demonstrate great potential for energy—storage
devices, several challenges need to be addressed before their practical application in vari-
ous fields. Firstly, it is crucial to explore more efficient strategies for the mass production
of high-quality graphene and its derivatives, as this is essential for expanding the ap-
plications of graphene in energy-storage devices. Secondly, despite numerous reports
on graphene-based composites with improved electrochemical performances, the precise
working mechanisms and molecular interactions between each component remain un-
clear. Further investigations are necessary to elucidate these aspects. Thirdly, optimization
of the graphene-to-other active material ratios and the development of multifunctional
morphologies are necessary to further enhance the performance of energy—storage devices.

In conclusion, graphene-based composites have undeniably facilitated the develop-
ment of high-performance energy—storage devices. To achieve practical applications of
graphene-based, energy—storage devices, more efforts need to be dedicated to address-
ing the existing challenges through theoretical calculations and experimental research. It



Crystals 2023, 13,912

15 of 20

References

is anticipated that significant breakthroughs will be made in the coming years, further
advancing the practical implementation of graphene-based, energy—storage devices.

Looking forward, there are several areas that hold promise for further improvement
and advancement of graphene-based composite materials in the field of energy—storage.

Firstly, exploring novel synthesis methods that enable the production of graphene-
based composites with enhanced structural and morphological control will be crucial. This
includes investigating techniques for fabricating hierarchical structures, tailored porosity,
and controlled interfacial properties. Such advancements would allow for the precise
tuning of material properties, leading to improved energy-storage performance.

Secondly, gaining a deeper understanding of the fundamental mechanisms and molec-
ular interactions within graphene-based composites is essential for their continued improve-
ment. Future research should focus on comprehensive characterizations and theoretical
investigations to unravel the underlying working principles and optimize the design of
graphene-based, energy-storage devices.

Thirdly, the integration of graphene with other emerging materials, such as metal ox-
ides, metal sulfides, and carbon-based nanomaterials, presents exciting opportunities. The
combination of these materials can potentially enhance the electrochemical performance,
stability, and energy—storage capabilities of graphene-based composites. Exploring new
hybrid architectures and exploring synergistic effects between different materials will be
key in unlocking their full potential.

Additionally, the development of scalable and cost-effective manufacturing processes
for graphene-based composites is of the utmost importance. Mass production techniques
that maintain the quality and integrity of graphene while achieving large-scale production
will be instrumental in realizing the practical applications of these materials in energy—
storage devices.

In summary, the prospects for further improving and advancing graphene-based com-
posite materials in the field of energy—storage are promising. Through continued research
and development efforts, addressing key challenges and exploring new opportunities,
graphene-based composites have the potential to revolutionize energy—storage technolo-
gies and enable the practical implementation of high-performance energy—storage devices
in various applications.
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