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ABSTRACT 
The development of rechargeable lithium-ion batteries (LIBs) is being driven by the ever-increasing demand for high energy 
density and excellent rate performance. Charge transfer kinetics and polarization theory, considered as basic principles for charge 
regulation in the LIBs, indicate that the rapid transfer of both electrons and ions is vital to the electrochemical reaction process. 
Graphene, a promising candidate for charge regulation in high-performance LIBs, has received extensive investigations due to its 
excellent carrier mobility, large specific surface area and structure tunability, etc. Recent progresses on the structural design and 
interfacial modification of graphene to regulate the charge transport in LIBs have been summarized. Besides, the structure- 
performance relationships between the structure of the graphene and its dedicated applications for LIBs have also been clarified in 
detail. Taking graphene as a typical example to explore the mechanism of charge regulation will outline ways to further understand 
and improve carbon-based nanomaterials towards the next generation of electrochemical energy storage devices. 
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1 Introduction 
The rapid development of electric devices has triggered the 
dramatically increasing demands for high energy density and 
excellent rate capability for lithium-ion batteries (LIBs) [1]. 
Considering that the performance of LIBs is mainly based on the 
electrochemical reaction in the electrode, designing advanced 
electrode materials as well as electrodes with optimized com-
positions and structures have become two crucial strategies to 
break through the energy density and fast charge limitation for 
commercial LIBs [2, 3]. 

Carbon-based nanocomposites have been regarded as the 
versatile platform for building superior LIBs with a higher energy 
density and rate capability due to their intriguing properties 
[4‒8]. In particular, graphene, a typical two-dimensional (2D) 
carbon material consisting of one layer of honeycomb structured 
sp2 carbon atoms, has received extensive investigations and wide 
application potentials in LIBs owing to extremely high carrier 
mobility, excellent electrical conductivity and high theoretical 
specific surface area [9, 10]. Although graphene can also be 
used as an active lithium storage material [11], in most cases, it 
is more like a regulator serving to manipulate the lithium storage 
behavior of a specific active material. Therefore, comprehensive 
understanding of the regulation principles of graphene would 
make for the realization of its killer applications in high- 
performance LIBs in the future. 

It is well known that graphene plays an important role in 
regulating the charge transport including electron and ion  

transfer at the electrode interface of LIBs. Nevertheless, when 
adopting graphene as a regulator into the battery system to 
promote the battery performance, there still exist a lot of issues 
which hinder the full demonstration of the intrinsic conductivity 
of graphene. To realize the optimal use of graphene in LIBs, great 
efforts are needed for the rational design and modification 
of the structure and chemistry of graphene materials. The 
introduction of defects including intrinsic and extrinsic defects 
makes it possible to tailor the local properties of graphene for 
the purpose of simultaneous regulation of electron and ion 
transfer, as shown in Fig. 1. In addition, when developing 
graphene to boost the electrochemical property of the battery   

 
Figure 1 Charge regulation roles of modified graphene via defect 
engineering in LIBs. 
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system, the size matching between graphene and active particles 
needs to be taken into consideration due to the mutual effect 
of electron and ion transfer. Constructing graphene-based 
macrostructures, which consist of graphene sheets assembled 
according to a certain structure and orientation, can not only 
maintain excellent physicochemical properties of graphene, but 
also possess controllable micro-nano structures to widen the 
application range of graphene in LIBs. 

At present, the regulation principles of graphene for the 
charge transport including the electron and ion transfer from 
the perspective of design and modification from the atomic 
level to macro level, have not been systematically explained and 
summarized. Herein, we begin with a brief introduction to the 
working principle of LIBs, focusing on the kinetic process in the 
electrode and related critical concepts including charge transfer, 
polarization and charge transport. Then we systematically discuss 
the design and modification strategies of graphene to regulate 
and facilitate the charge transport at the electrode interface from 
three aspects: 1) size modulation; 2) introduction of intrinsic 
or extrinsic defects in graphene; 3) design and construction 
of graphene-based macroscopic architectures. The relevant 
regulation principle has also been clarified in detail. Finally, 
various applications of graphene in LIBs, such as graphene- 
based composites, current collectors, and conductive agents, 
which further demonstrate the regulation role of graphene in 
battery performance, together with challenges of graphene-based 
materials have also been summarized. This review is specifically 
aimed at providing new perspectives on the rational structural 
design and modification of graphene for its optimal use in LIBs. 

2 Principles and critical factors in electrode 
process of LIBs 

2.1 Principles 

LIBs consisting of an anode, a cathode, and a membrane which 
all immersed in the electrolyte [12], depend on the Li+ to 
travel back and forth between the two electrodes for operation. 
To get further understanding about the working principle of LIBs 
during charge/discharge process, herein, the typical LiFePO4/ 
graphite battery is taken as an example, and the related electrode 
reactions are listed as Eqs. (1) and (2) [13] 

(1 ) 4 4Li  Li FePO e LiFePOxx x+ -
-+ +          (1) 

6 6Li Li exC x C x+ -+ +               (2) 
When discharging (as illustrated in Fig. 2), electrons liberated 

from the graphite anode flow to the current collector via the 
external circuit, and then arrive at the interface of the LiFePO4 
(LFP) cathode through conductive agents, to provide the 
necessary electrons for the insertion half-reaction. During   

 
Figure 2 Schematic illustration of the kinetic process in the LiFePO4 
electrode. 

the electron liberation, the graphite is oxidized along with the 
de-intercalation of Li+. The de-intercalated Li+ subsequently 
diffuses across the bulk of electrolyte, via conductive agents, 
and reaches the interface of LiFePO4 cathode to diffuse and 
intercalate into the bulk of LiFePO4 materials. While in the 
charge process, a voltage is applied to drive the half reactions in 
the backward direction, where Li+ derived from the LiFePO4 
cathode diffuses across the electrolyte, and finally inserts into 
the graphite anode [14]. 

As described above, the kinetic process in the LiFePO4 
electrode involves (1) the diffusion of electrons and Li+ through 
the corresponding electron- and ion-conducting phases, (2) the 
diffusion of Li+ through the electrode/electrolyte interface,  
(3) charge transfer at the electrode interface, and (4) the diffusion 
of Li+ in the bulk of the cathode material. In particular, the 
charge transfer process (i.e., the electrochemical reaction occurring 
at the electrode interface), as highlighted in the red box in  
Fig. 2, plays an essential role in determining the performance 
of LIBs. To make a further clarification, the electrochemical 
reaction equation and the polarization theory are introduced, 
and for convenience, the reaction equation is simplified as  
Eq. (3) [15] 

O ne R-+                  (3) 
Since the current is proportional to the reaction rate, the 

reaction rate could be expressed by the current and thus a 
dynamic formula can be obtained as Eq. (4) [15] 

f b f O e b R( ) [ (0, ) (0, ) (0, )ni nFA v v nFA k C t C t k C t= - = -  (4) 

Where i denotes net current value, F is Faraday constant, A 
refers to the reaction area, kf and kb are forward and backward 
reaction rate constants, respectively. CO, Ce, CR are the instant 
concentrations of oxide O, electrons and reductant R near 
reaction interfaces. Of note, kf, kb, CO, Ce, and CR are the key 
variables that affect the reaction rate. For the electrode reactions, 
CO, Ce, and CR, the dynamic values over time, are influenced 
by the rate of charge transport and charge transfer itself, while 
rate constants kf and kb are often affected by applied potentials. 
According to Butler-Volmer theory [16], Eq. (4) could be 
converted to Eq. (5) 

0 00 ( ) (1 ) ( )
e R[ (0, ) (0, ) e (0, )e ]n αf E E α f E E

Oi FAk C t C t C t- - - --=  (5) 

Where k0 means standard rate constant, α  denotes the 
transfer coefficient, E 0 and E refer to the operating voltage and 
standard cell voltage, respectively, (E–E0) denotes the applied 
potential. In fact, the operating voltage E is always lower than 
the standard cell voltage E 0 due to the polarization phenomenon, 
which could be stated mathematically as Eq. (6) [17] 

0 ct ct c c a c c[( )  ( ) ] [( )  ( ) ]a iE E η η η η iR= + +- - -    (6) 

Where ct a( )η  and ct c( )η  represent electrochemical active 
polarization at the anode and cathode, respectively, while c a( )η  
and c c( )η  denote concentration polarization at the anode and 
cathode, respectively, and iiR  represents ohmic polarization. The 
electrochemical activation ctη  and concentration polarizations 

cη  are related to the kinetics of charge transfer and mass 
transfer [18‒20], respectively, while the ohmic polarization 

iiR  is influenced by the intrinsic conductivities of various 
components. Such polarizations would slow the whole intercalation 
and de-intercalation kinetics of Li+ and degrade the battery 
performance including capacity, rate performance, and cycling 
stability. Strategies to alleviate the polarization effect can be 
developed according to the above three polarization types: (1) the 
electrochemical activation polarization ctη , (2) the concentration 
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polarization cη , (3) the internal resistance iR . The three 
polarizations share a common affecting factor, namely the 
charge transport (i.e., ionic and electronic transfer). Therefore, 
achieving fast charge transport might be a feasible approach  
to reducing the polarization effect and thus improving the 
battery performance. 

2.2 Critical factors for achieving fast charge transport 

in LIBs 

As discussed above, the fast charge transport in LIBs could 
promote the charge transfer reaction and mitigate the polarization 
effect at the electrode interface, thus leading to an improved 
battery performance. In order to provide a systematic understanding 
of charge transport to guide the relevant regulation strategies 
for high-performance LIBs, in this section, we will summarize 
the critical factors with respect to electrical and ionic transfer 
in the primary components in LIBs including cathodes, anodes, 
electrolytes and current collectors. 

2.2.1 Electronic conduction 

Electronic conduction is an important factor that affects the 
efficiency of charge transport. Internal electronic resistance in 
electrodes is determined by the electron transfer of material and 
the interfaces between various components. The electronic 
conduction can be divided into two parts, that is, the intrinsic 
conductivity of components and contact resistance between 
components [21]. 

Intrinsic conductivity of components 

The intrinsic conductivities of different materials are determined 
by their own band structure [22‒24]. For example, conductors 
have partially filled valence bands (metal) or small overlap 
between valence and conduction bands (semimetal), while 
insulators and semiconductors have fully filled valence bands 
and empty conduction bands with larger band gaps between  
the two bands. The electrical conductivities and band gaps of 
commonly used materials for LIBs are listed in Table 1. 

Noted that most of the active materials (LFP, Si, LCO, etc.) 
are semiconductors with poor conductivity. Therefore, it is 
essential to incorporate conductive agents, such as carbon black, 
graphene, and carbon nanotubes, into the system to improve 
the overall conductivity of electrodes. 

Table 1 Electrical conductivities and band gaps of various materials 
[25–31] 

Material Component Band gap 
(eV) 

Electrical 
conductivity 

(S·cm–1) 
Ref. 

Copper foil Current 
collector 

0 5.8×105 [25] 

Aluminum foil Current 
collector 

0 3.4×105 [25] 

Graphite Anode 0 (2–1) × 103 [26] 
Si Anode 1.1‒1.3 < 10–5 [27] 

LiCoO2 Cathode 0.5‒2.7 ~ 10–4 [28] 
LiMn2O4 Cathode 0.28‒2.2 ~ 10–6 [29] 
LiFePO4 Cathode 0.3‒1 ~ 10–9 [30] 

S Cathode Insulator 5 × 10–30 [31] 

Contact resistance between components 

Contact resistance generally refers to the impedance phenomenon 
caused by the poor contact between two components [32]. 
When two conductors are in contact with each other under a 
certain force, they seem to connect closely from a macroscopic 

perspective. However, due to the surface roughness and 
unevenness, contact between the two materials only distributed 
on a few discrete points in a microscopic view. In fact, the actual 
contact area at the interface usually accounts for less than 2% 
of apparent contact area [33]. When a current is generated by 
the applied potential, current will gather at the interface and 
pass through the discrete microcontact points. This process 
reduces the volume of conductor used for conduction, resulting 
in electrical contact resistance. Contact resistance widely exists 
in batteries, like contact between active material and current 
collector and contact between active particles. To alleviate the 
negative effect of contact resistance on the performance of LIBs, 
introduction of conductive agents like graphene and CNT 
can be useful as they possess large specific surface area, good 
flexibility, and excellent conductivity to enhance the contact 
area and to reduce the contact resistance [34]. 

2.2.2 Ionic conduction 

Ionic conduction refers to ion directional diffusion in a specific 
electric field. In regards to the lithium-ion batteries, the 
movement of Li+ can be divided into two categories: conduction 
in electrolytes and diffusion in the bulk of active materials [21]. 

Li-ion conduction in the electrolytes 

There are three mechanisms for the conduction of Li+ in the 
electrolytes: diffusion, electro-migration and convection. When 
there is reactions taking place, there will be a concentration 
gradient of a reactant in the solution. Diffusion is driven by the 
concentration gradients and its rate is determined by Fick’s 
first law [35, 36]. The electromigration is the phenomenon that 
various ions in solution move in a certain direction under the 
electric field. The convection occurs when electrode reaction 
causes local concentration, changes in temperature as well as 
density differences in solution [15]. 

During the charging/discharging process, the three mechanisms 
mentioned above exist simultaneously. In areas far away from 
electrode surfaces, convection mechanism plays a major role. 
However, when approaching the surface of the electrode, the 
rate of convection is rather smaller than that of diffusion and 
electromigration and thus the latter become the vital factors. 
Also, when diving further into gaps of active components, Li+ 
can be easily hindered by conductive components, like graphene 
and carbon nanotubes, which makes it difficult to transfer   
in the form of convection [15]. Therefore, rational design and 
modification scheme of graphene could be essential. 

Li-ion diffusion in active particles 

In fact, Li+ diffusing in bulks, like that in electrolytes, belongs 
to diffusion mechanism in condensed matter field, which 
follows Fick’s law as well. Noted that the mobility of Li+ in 
active materials can be affected by crystal structures of active 
materials. For example, LiFePO4 materials have one-dimensional 
(1D) transmission channels for Li+, LiCoO2 and graphite possess 
two-dimensional (2D) layered structures, and LiMn2O4 materials 
have three-dimensional (3D) tunnel arrays. The difference in 
transmission channel naturally affects the diffusion of Li+, 
which endows the 2D layered LiCoO2 with the highest ionic 
conductivity (10–10–10–8 cm2·S–1) and LiFePO4 with the lowest 
ionic conductivity (10–14–10–15 cm2·S–1) [21, 30, 31, 37]. 

3 Regulating charge transport in LIBs through 
design and modification of graphene 
To meet the growing demands for high energy density and  
fast charge capability for LIBs, one key is to accelerate the 
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electrochemical reaction of LIBs by promoting the charge 
transport, which depends critically on the rate of electron and 
ion transfer in the electrode interface, as mentioned in the 
previous chapter. Graphene, a typical 2D carbon material, by 
virtue of intrinsically superior electrical conductivity, high surface 
area, and structural flexibility, has been intensely studied for 
improving the performance of LIBs [38]. It is recognized that 
graphene plays an important role in regulating the electrochemical 
process at the reaction interface of LIBs. For instance, graphene 
can accelerate the electronic transmission at the interface among 
the poorly conductive active materials. In addition, it also reduces 
the contact resistance by guaranteeing good contact between 
the active materials and current collectors as well as contact 
between the active materials and the electrolyte, effectively 
decreasing polarization. Nevertheless, when incorporating 
graphene to boost the battery performance, the properties of 
graphene together with the practical restrictions of the batteries 
need to be considered simultaneously. Only focusing on the 
intrinsic properties of graphene does not conduce to its practical 
application. This could be explained by the fact that the graphene 
naturally tends to agglomerate and its six-ring planar structure 
would block the transport of Li+ in the cases like LiFePO4 [39], 
which will result in the inferior rate capability. Therefore, 
judicious choice of design and modification scheme of graphene 
for specific application system could be vital. In the following 
sub-sections, we will discuss the design and modification 
strategies of graphene (shown in Fig. 3) to regulate and facilitate 
the charge transport at the electrode interface in LIBs. The 
relevant regulation principle will also be clarified in detail. 

 
Figure 3 Schematic illustration of design and modification strategies of 
graphene. 

3.1 Size modulation of graphene 

From the perspective of the percolation theory [40], graphene 
with a larger size when used as conductive agent is easier to 
construct long-range conducting networks (as shown by the 
green arrows in Fig. 4(a) with less amount. However, graphene 
inherently tends to agglomerate owing to the strong π-π 
interaction between graphene layers [41], which hinders the 
full demonstration of its intrinsic conductivity and impairs  
the usage efficiency. In contrast, the small-sized graphene as 
conductive agent shows better dispersity and could provide 
more electric contact between graphene and active particles 
(Fig. 4(b)), though its electric conductivity is inferior than the 
one with large size. Therefore, in view of the two-sided nature of 
graphene with different sizes, a well-designed ratio of graphene 

 
Figure 4 Effect of (a) graphene with large size and (b) graphene with 
small size on the transport of electrons and lithium ions in LIBs.  

in two different sizes might be better for its real application as 
conductive agents. For example, Qi Li et al. prepared flexible 
paper with different sizes of graphene flakes [42]. They found 
that the flexible paper fabricated with a combination of large- 
and small-sized graphene showed dramatically improved 
electrical and thermal conductivities compared with the one 
prepared with single sized graphene. And they owed this result 
to the synergistic effect from the combination of large- and 
small-sized graphene, wherein, large sized graphene flakes play 
the role of a backbone structure, whereas small sized graphene 
flakes fill the voids in the paper.  

In addition, it is worthwhile to mention that the planar 
structure of graphene could exert a steric hindrance effect  
for Li+ diffusion (as indicated by the orange arrows in Fig. 4(a). 
For instance, Jianfei Wu et al. reported that the use of graphene 
in the LiFePO4 would hinder the diffusion of Li+ due to the 
prolonged transport paths [39]. Nevertheless, in another work, 
Quanhong Yang’s group. demonstrated that no obvious blocking 
effect was found in the micro-sized LiCoO2 even at high rate 
discharge, which was in contrary to the case of LiFePO4 [43]. 
This phenomenon could be explained by the fact that the size 
ratio of graphene to active particles will influence the tortuosity 
of transport path, thus affecting the diffusion of Li+. Given 
that the particle size of LiCoO2 is one magnitude larger than 
LiFePO4, the size ratio of graphene to the LiFePO4 is quite 
larger than that of LiCoO2, which causes prolonged transport 
path for Li+ in LiFePO4 electrode. Therefore, it is essential to 
select proper size of graphene according to the specific electrode 
system, and comprehensively consider the balance of electron 
and ion transfer when developing graphene for the use of 
regulating charge transport process in LIBs. 

3.2 Introduction of defects in graphene 

Perfect-structured graphene has shown an extremely high carrier 
mobility (200,000 cm2·V–1·s–1), excellent electrical conductivity 
(106 S·cm–1) and high theoretical surface area (2,630 m2·g–1), 
which makes it a promising candidate for various applications, 
such as energy storage materials and nanoelectronics [44‒48]. 
Defects including intrinsic (e.g., vacancies, deformations, etc.) 
and extrinsic defects (e.g., O and H-containing groups, heteroatom 
like N, S, P, and B), which are inevitable to be introduced into the 
material during growth or treatment process, may deteriorate 
the actual performance of graphene in different applications. 
However, deviations from perfection, in some cases, can be 
favorable, as they make it possible to tailor the local properties 
of graphene for dedicated applications. For the purpose of 
promoting the charge transport process in LIBs, herein, we focus 
on three typical modification methods (Fig. 5) of graphene: 
engineering of intrinsic defects and pore structure, introduction 
of oxygen functional groups, and heteroatoms doping, which 
are classified according to the defect types as mentioned above. 
Thus, in the following sub-sections, we will discuss these 
modification schemes for graphene and elaborate their influences 
on the charge transport process in LIBs.  
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3.2.1 Engineering of intrinsic defects and pore structure 

Intrinsic defects include vacancies [49, 50], edges [51], and 
deformations [52], which could be deliberately introduced 
into graphene by irradiation or chemical treatment [53‒58]. 
Engineering of intrinsic defects in graphene could be utilized 
to regulate its local electronic structure, thus leading to an 
enhanced lithium storage performance [59, 60]. For instance, 
Vivek B. Shenoy et al. confirmed that the presence of defects 
in graphene could enhance Li adsorption due to the increased 
charge transfer between adatom and defective graphene 
through density functional theory (DFT) calculation [49]. More 
importantly, since defect-free graphene cannot allow the diffusion 
of Li+ through its basal plane, engineering of defects with pore 
structure like vacancy defects could ensure high electrolyte 
accessibility and provides fast diffusion channels for Li+ for an 
enhanced rate capability (shown in Fig. 5(b)) [61, 62]. 

The vacancy defects which are formed by the removal of 
carbon atoms could be readily introduced into the basal plane 
of graphene by ion or electron irradiation and chemical etching 
to facilitate the diffusion of Li+ throughout the whole electrode. 
For example, Alex W. Robertson et al. developed an electron 
beam irradiation strategy to spatially control the vacancy defect 
formation in graphene [56]. Bin Ren et al. employed Ar+ 
irradiation method to precisely introduce vacancy defects in 
graphene to quantitatively investigate the correlation between 
defect density and heterogeneous electron transfer (HET) rate 
[57]. An optimal HET rate constant was achieved at a defect 
density of (7.39 ± 0.58)×1012 cm–2 by balancing the defect induced 
increase of DOS and decrease of conductivity of single layer 
graphene. In addition, Wei Huang et al. reported a facile and 
mild strategy to fabricate defect-enriched graphene mesh (GM) 
with in-plane pore sizes of 60‒200 nm by Fe2O3 nanoparticles- 
assisted etching process [58]. They found that only the GMs 
electrodes with defect-induced pores can exhibit better Li 
storage performance in contrast to graphene aerogels, which 
revealed that both defect sites and porous structure are vital 
for the Li storage properties. Nevertheless, a high porosity and 
high conductivity often display a tradeoff relationship owing 
to the fact that excessive defect pore sizes and densities in 

graphene would otherwise damage the integrity of graphene 
sheet and give rise to poor electron transport resulted from the 
scattering effect [63‒65]. Therefore, in order to gain an optimal 
balance between electrical conductivity and ionic transport, it 
is desirable to rationally control the pore sizes and densities of 
defects in graphene to finely tune the electrochemical properties 
of graphene for optimal use in LIBs. 

3.2.2 Introduction of oxygen functional groups 

Introduction of oxygen functional groups (such as epoxy, 
hydroxyl, carboxyl, and carbonyl groups) onto the basal plane 
and edge of graphene can be exploited to overcome the structural 
disadvantages of graphene such as low dispersibility and poor 
wettability between graphene and the electrolyte, thus leading 
to more efficient charge transport process in LIBs [66, 67]. The 
oxygen functional groups on the graphene surface guarantee 
the stable suspension of graphene on a variety of solvents and 
proffer sheet repulsion to prevent aggregation between layers. 
More importantly, the oxygen functional groups also function 
as an immobilizer in keeping good electrical contact between 
the active materials and the graphene matrix via covalent (e.g., 
–COO–) or non-covalent interactions (e.g., electrostatic and 
inductive interactions) to realize efficient electron transfer 
(Fig. 5(c)) for enhanced rate capability and cycling stability 
[68, 69]. For example, Yun Jung Lee et al. employed the negatively 
charged graphene oxide (GO) as starting templates via 
electrostatic interactions and subsequent in-situ polymerization 
reaction to obtain nanostructured LiFePO4-reduced graphene 
oxide (rGO) hybrids (Figs. 6(a)‒6(c)). The resulting hybrid 
cathodes showed superior rate capability and cyclability, in 
which the fast electron transport was enabled by the well- 
dispersed conducting networks of rGO and intimate contact 
between LiFePO4 and conducting networks of rGO [70]. 
Xiangfeng Liu et al. proposed a subtle syn-graphenization 
strategy to fabricate ZnFe2O4-rGO hybrids (Figs. 6(d)‒6(f)), 
where the highly conductive rGO allowed more electrons 
and Li+ to diffuse into the electrode materials and the tight 
binding between ZnFe2O4 and rGO reduced the aggregation of 
ZnFe2O4 particles and lowered the contact resistance during 
the charge/discharge process, contributing to the excellent 

 
Figure 5 Pristine graphene and three typical modification strategies of graphene via the introduction of defects for use in promoting the charge
transport in LIBs. (a) Schematic structure of a perfect-structured graphene matrix. (b) Introduction of defects and pores in graphene lattices to accelerate 
the penetration of electrolytes and the diffusion of Li+. (c) Oxidative functionalization of graphene to generate anchor sites for the intimate contact
between active materials and graphene oxide (or reduced graphene oxide) for efficient electron and ion transfer. (d) Doping with heteroatoms (N, S, B, P)
in graphene lattices to tune the local electronic structure of graphene for fast electron transfer.  
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cyclability and rate capability [71]. 
However, the electronic conductivity of graphene mainly stems 

from the long-range π-conjugated structures in the carbon 
network, and oxidative functionalization which is inevitably along 
with the formation of defects will disrupt the π-conjugated 
electronic structure and affect the electrical transport, degrading 
the electrical conductivity of graphene [72]. In consequence, 
as-formed GO sheets are generally insulating [73]. Therefore, 
the poorly conductive GO, in practical application, is usually 
reduced to remove partial functional groups in order to yield 
highly conductive rGO for fast charge transport. Nevertheless, 
the conventional thermal annealing [74], or chemical reduction 
methods, for instance, the widely applied hydrazine [75], 
inevitably leads to the resulting rGO incorporating both lattice 
defects and residual oxidezed groups. The lattice defects originating 
from the leaving or substitution of oxygen functional groups 
and residual oxidized groups that are difficult to remove make 
it difficult to obtain highly conductive rGO. As a consequence, 
various approaches have been developed to recover the long- 
range conjugated structure in graphene lattice. Kwang-Bum 
Kim et al. proposed an efficient and scalable method involving 
microwave irradiation and heat treatment under NH3 gas to 
successfully restore the π-conjugated structure of GO to obtain 
the nitrogen-doped rGO with high electrical conductivity 
(1,532 S·m–1), and low oxygen content (1.5 wt.%) [76]. In 
another work, Lopez et al. developed a CVD strategy to repair 
GO using ethylene as a carbon source, and the reduced GO 
exhibited a more than 50-fold increase in electrical conductivity 
compared with the GO reduced by conventional methods [77]. 
Zhongfan Liu et al. reported a real-time repair strategy to heal 
the newborn vacancies with carbon radicals produced by the 
thermal decomposition of precursors and the sheet conductivity 

of the monolayer graphene was raised more than six-fold to 
350‒410 S·cm–1 [78]. 

3.2.3 Doping with heteroatoms (N, S, B, P) 

Extensive investigations reported that heteroatom doping with 
N, B, S, or P (Fig. 5(d)) is an effective strategy to tailor the 
electronic property of graphene by manipulating its local 
electronic structure, which could be instrumental to improve the 
electronic conductivity and wettability of graphene, thereby 
enhancing the transport of electrons and ions [79‒81]. Huiming 
Cheng’s group demonstrated a graphene-based anode material 
(Fig. 7) with an extremely high rate and a large capacity    
(> 1,040 mAh·g–1 at 50 mA·g–1) via heteroatom (N, B) doping 
strategy [81]. They confirmed that N or B doping could increase 
the electrical conductivity by the electrochemical impedance 
spectroscopy (EIS) test, wherein the N or B-doped graphene 
electrodes showed much lower electrolyte resistances and charge 
transfer resistances than those of un-doped graphene. Moreover, 
they also evaluated the wettability of the pristine and doped 
graphene by the contact angle test. The result showed that N 
or B-doped graphene exhibited increased electrode/electrolyte 
wettability than that of the pristine graphene, which facilitated 
ion diffusion at the interface between the electrode and 
electrolyte and the interior of bulk electrode. Following their 
research, Xi Wang et al. reported an atomistic insight of the 
N-doped graphene to elucidate its ultrafast lithium storage 
property [82]. They combined in situ high-resolution TEM 
together with theoretical calculations to prove that the ultrafast 
energy storage of N-doped graphene was due to the enhanced 
electrical conductivity and the improved surface capacitive effects 
resulted from enlarged edge {0002} spacings and surface hole 
defects after N-doping. Moreover, they also investigated the  

 
Figure 6  (a) Schematic illustration of the preparation of the LFP/C-rGO hybrid. (b) Capacity retention and coulombic efficiency and (c) rate capability
comparison between LFP, LFP/C, LFP/C-rGO composite and LFP/C-rGO hybrid. Reproduced with permission from Ref. [70], © Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim 2015. (d) Schematic representation of the preparation of ZnFe2O4-RGO hybrid via syn-graphenization strategy. (e) Cycling
stability and (f) rate capacity of bulk ZnFe2O4, ZnFe2O4-RGO1 and ZnFe2O4-RGO. Reproduced with permission from Ref. [71], © The Royal Society of
Chemistry 2016. 



Nano Res.  

www.theNanoResearch.com∣www.Springer.com/journal/12274 | Nano Research 

7 

 
Figure 7 (a) Schematic structure of the binding conditions of N and B in 
a graphene lattice, highlighted by magenta dotted rings. Galvanostatic 
charge-discharge curves of (b) N-doped and (c) B-doped graphene electrodes 
at various current rates. Rate capabilities and cycle performance of (d) 
N-doped and (e) B-doped graphene electrodes at current densities from 
0.5 to 25 A·g–1. Reproduced with permission from Ref. [81], © American 
Chemical Society 2011. 

charge transfer states for different N-existing forms and revealed 
that pyrrolic N sites showed higher efficiency for charge transfer, 
which caused the ultrafast lithium storage. Recently, Jianhua 
Tian et al. proposed a one-step facile calcination and activation 
process by using LiOH as Li source and activating agent to 
fabricate Li4Ti5O12/N, S co-doped porous graphene composites 
[83]. Through DFT calculation, they elaborated that the N, S 
co-doped graphene exhibited a higher adsorption energy and 
lower diffusion activation energy of Li+, facilitating the storage 
and transfer of Li+ and thus the high rate capability.  

3.3 Design and construction of graphene-based 

macroscopic architectures 

In general, graphene usually tends to be in a random aggregation 
due to the π-π interaction and van der Waals force between 
layers. For applications in the lithium-ion batteries, such 
agglomeration will affect the demonstration of intrinsic properties 
of graphene, such as the high specific surface area and remarkable 
conductivities. Graphene macrostructures are macroscopic 
forms composed of graphene sheets assembled according to  
a certain structure and orientation, which not only tackle  
the random aggregation of graphene lamellae while maintain 
excellent physicochemical properties of graphene, but also 
possess controllable micro-nano structures. According to the 
structural forms, graphene macrostructures can be divided 
into three categories: 1D macrostructures, such as fibres and 
cables, 2D macrostructures, such as films and paper, and 3D  

macrostructures, such as hydrogel, foams and honeycomb-like 
structures, as indicated in Fig. 8 [84‒90]. Due to the macroscopic 
morphology obtained by assembly, many properties can be 
obtained and utilized to enhance the efficiency of charge 
transport in LIBs, which can be summarized as the following 
advantages: 1) The large specific surface area of graphene-based 
macrostructures provide abundant electrochemical reaction 
interfaces for Li+ storage; 2) The interconnected graphene 
lamellae within graphene-based macrostructures can construct 
efficient and continuous electronic conductive networks to 
collect/transport electrons from/to the active particles during 
the charge and discharge processes; 3) the rich pore structures 
formed from the interlinked graphene nanosheets allow for 
the penetration of electrolyte and provide short diffusion distances 
and multi-channels for ion transfer, effectively facilitating the 
diffusion of Li+. For instance, Qian Cheng et al. reported a 
honeycomb-like porous graphene sponge additive prepared 
from chemically derived graphene sheets for both anode and 
cathode materials [91]. The charge capacity retention and 
cyclability at high rate improved greatly with the addition of 
porous graphene sponge additives, which was attributed to  
the excellent electric conductivity, high specific surface area, 
and high ability of electrolyte absorption of graphene sponge 
additives. Huiming Cheng et al. presented a template-directed 
CVD technique to synthesize 3D graphene foams which 
demonstrated outstanding electrical conductivity superior to 
that of macroscopic graphene from chemically derived graphene 
sheets due to the high quality of as-formed graphene sheets 
and their perfect connection in the 3D macrostructures [92]. 

The design and precise control of the pore structure in 
graphene-based macrostructures can be used for the optimization 
of charge transport to deliver high-rate energy storage at practical 

 
Figure 8  Schematic diagram of graphene-based macroscopic architectures 
in different dimensions. (a) and (b) Graphene-based 1D macroscopic 
forms. (a) Reproduced with permission from Ref. [84], © Zhen, X. et al. 2011. 
(b) Reproduced with permission from Ref. [85], © Elsevier Ltd. 2020. 
(c)‒(e) Graphene-based 2D macroscopic forms. (c) and (d) Reproduced 
with permission from Ref. [86], © American Chemical Society 2008.  
(e) Reproduced with permission from Ref. [87], © WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim, 2009. (f)‒(h) Graphene-based 3D macroscopic 
forms. (f) Reproduced with permission from Ref. [88], © Institute of Coal 
Chemistry, Chinese Academy of Sciences. Published by Elsevier Limited. 
2011. (g) Reproduced with permission from Ref. [89], © American Chemical 
Society 2013. (h) Reproduced with permission from Ref. [90], © Macmillan 
Publishers Limited. 2012. 
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levels of mass loading. As reported by Xiangfeng Duan et al.,  
a 3D holey-graphene/niobia (Nb2O5) composite electrode with 
optimized porosity was obtain by oxidative-etching process, 
which achieved an optimized charge transport to deliver high 
areal capacity and high-rate capability at high mass loading 
(>10 mg·cm–2). Such an ultrahigh-rate energy storage was due 
to the well-designed architecture with highly interconnected 
networks and hierarchical pores that produces interpenetrating 
electron transport and ion transport paths [93]. In spite of 
great progress achieved by porous graphene macrostructures 
to enhance the efficiency of charge transport in LIBs, they 
were normally loosely packed, which lead to the low utilization 
efficiency of pores and consequently a relatively low volumetric 
capacity. For this reason, Liangti Qu’s group developed a one-pot 
hydrothermal process with subsequent vacuum drying and 
annealing treatment to prepare N-doped holey-graphene monolith 
(NHGM) with a dense microstructure and high density (Fig. 9) 
[94]. The highly compact but porous architecture of NHGM 
together with N doping gave rise to remarkable volumetric 
capacity and cycling stability at high mass loading which have 
rarely been reported yet. 

 
Figure 9 (a) Schematic illustration of the fabrication of NHGM. (b) Cycling 
performance of the NHGM electrode with different areal mass loadings.  
(c) Volumetric capacity versus cycle number for the NHGM electrode in 
comparison with other reported Si-based and carbon/sulfur hybrid electrodes. 
Reproduced with permission from Ref. [94], © WILEY-VCH Verlag GmbH 
& Co. KGaA, Weinheim 2016. 

4 Application of graphene in regulating charge 
transport in LIBs 

4.1 Graphene-based composites 

Achieving high specific capacity at high rate (i.e., rate capability) 
is significantly important for practical application of LIBs, 
which promotes power performance [95, 96]. However, with 
inferior conductivity, the rate capability of various active materials 
could hardly meet the rapidly increasing market demands [97]. 
Assembling electroactive materials with a continuous and 
percolating electron- and ion-transport facilitator is essential 
to achieve high utilization at high rate, especially for those 
with intrinsically poor electronic and ionic conductivities [11]. 
Graphene, with high ionic mobility on the plane and ballistic 
electron transport [98, 99], tends to form a bi-continuous  

conductive network. Electroactive materials, either anchored, 
wrapped or encapsulated by graphene (Fig. 10) have been 
reported to exhibit superior rate ability [9, 100–107]. 

4.1.1 Composites as cathode materials 

LiFePO4, which has a high theoretical specific capacity of  
170 mAh·g−1 and especially a superior safety performance but 
inherently poor conductivity, is a typical example. Studies show 
that LiFePO4/graphene nanocomposite cathodes deliver highly 
improved electrochemical performance due to the effective 
electron transport promoted by graphene [108‒110]. For instance, 
Ju-Won Jeon et al. constructed LiFePO4/graphene hybrid 
cathodes for LIBs via facile water-processable and sprayable 
electrode fabrication methods which exhibited superior rate 
(37 mAh·g−1 at 2,040 mA·g−1) and cycling performance (88% 
capacity retention after 1,000 cycles at 3,400 mA·g–1) than 
conventional LiFePO4-based electrodes [108]. Moreover, Gaixia 
Zhang et al. investigated graphene with different sizes and 
morphologies and proposed an optimized graphene content 
(1%) via tuning size and morphology of graphene [109]. 

Considering limited ion diffusion through the basal plane 
of perfect graphene [111], porous graphene with 3D network/ 
aerogel structures were developed to afford rapid electron/ion 
transport to achieve higher rate capability, and excellent cycle 
stability in LiFePO4, cathodes, especially at high loading [112]. 
For instance, Yingke Zhou’s group synthesized a three- 
dimensional graphene aerogel supporting LiFePO4 nanoparticles 
(LFP/GA) which demonstrated a high capacity of 167 mAh·g–1 
at the rate of 0.1 C, and a remarkable rate capacity of ~ 120 mAh·g–1 
at 10 C, superior to that of the graphene nanosheets supporting 
LFP due to the well-developed conductive network and aerogel 
structures which offer plenty of interconnected open pores for 
ion diffusion [112]. Heteroatom (N and B)-doped 3D porous 
graphene also attract much attention as heteroatoms promote 
both electron and ion transport for organic electrolyte-based 
LIBs [81, 113, 114]. As reported by Dianlong Wang et al., the 
LiFePO4, in combination with N-doped graphene aerogels, 
displayed high rate capabilities (78 mAh·g–1 at 100 C) and 
excellent cycle stability, while the commercial LFP/C was almost 
un-rechargeable at relevant current rates [114]. In addition, 
homologous performance results are also observed in other 
active materials, such as LiMn0.75Fe0.25PO4 [115], Li3V2(PO4)3 
[116], LiMn2O4 [117], etc., the specific examples are listed in 
Table 2. 

4.1.2 Composites as anode materials 

Titanium oxides [118, 119] (Li4Ti5O12 and TiO2) based on 
insertion/de-insertion reaction, metal oxides/phoshides/sulfides/ 
nitrides (M = Mn, Fe, Co, Ni, Cu, etc.) based on conversion 
reaction, and semimetals/oxides (Si, Ge, SiOx, etc.) based on 
alloy/de-alloying reaction, the most promising anode materials 
for high energy density LIBs, also suffer sluggish charge transfer 
kinetics. It has been proved that combination with graphene is 
an effective way to improve electrochemical performance of these 
anode materials [83, 100, 105, 120‒126]. Recently, Dongdong 
Wang et al. reported Li4Ti5O12/nitrogen, sulfur co-doped porous 
graphene composites (LTO/N, S-PG). DFT calculations revealed 
that co-doped N and S atoms not only significantly facilitate 
Li+ adsorption, but also ameliorate Li+ diffusion in graphene. 
Furthermore, the synergistic effects of nanosized LTO and 
porous graphene endowed the composites with efficient Li+ 
diffusion channels and electron-conductive networks. As a result, 
the LTO/N, S-PG delivered extraordinarily high rate capability 
(e.g., 130 mAh·g–1 at 80 C and 123 mAh·g–1 at 100 C), and 
excellent cycling stability (83.1% capacity retention after  
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4,000 cycles at 20 C). In addition, their superior electrochemical 
performance was also demonstrated in the full cells with 
LiNi0.5Mn1.5O4 cathode, which displayed 89.5% capacity retention 
after 500 cycles at 5 C [83]. Li Li et al. successfully constructed 
3D graphene-encapsulated Fe3O4 (3D Fe3O4@rGO) composite. 
The composite showed satisfactory cycling stability and a high 
capacity (665 mAh·g–1) after 200 cycles even at 1,000 mAh·g–1 
which was mainly ascribed to the flexible 3D rGO nanosheets 
that promoted both electron and Li+ transport [126]. Impressively, 
Yi Cui’s group encapsulated Si microparticles (1–3 m) in con-
formally synthesized cages consisting of multilayered graphene 
(SiMP@Gr). The intrinsically high electronic conductivity and 
ionic permeability through defects of graphene cage guaranteed 
persistent electrochemical activity of SiMPs and the resulting 
fractured particles. As a result, cycle performance (over 85% 
capacity retention after 300 cycles) of SiMP@Gr at high rate far 
surpassed that of amorphous-carbon-coated SiMP [100]. Besides 
the above studies, some results with encouraging performance 
are described in Table 2 [83, 100, 102–108, 112, 114–117, 
121–131]. 

Research shows that mass ratio of the graphene component 
in the composite is normally distributed in the range of > 10 wt.%, 
however, further optimization of the structural configuration 
and mass ratio distribution between graphene and the other 
active components are still critical issues that should be addressed 
to achieve better electrochemical performance in term of 
reversible capacity, rate performance, cycling life, etc.  

4.2 Current collector 

Current collectors (CC) are essential components to mechanically 
bridge the electrode materials and external circuit, which would 
substantially influence the overall performance of LIBs. However, 
commercial current collectors (Al foil and Cu foil for cathode 
and anode, respectively) have the following drawbacks: (1) high 

mass fraction (9 wt.%‒10 wt.% of the total mass of the cell), 
which would severely reduce the energy densities of LIBs [132]; 
(2) large interfacial electric resistance resulting from the poor 
contact and weak adhesion between current collectors and 
electrode materials (Fig. 11(a)), which hampers the rate capability 
especially for flexible LIBs [133]. With high electrical con-
ductivity, low mass density, and structural tunability, graphene 
has been widely reported as the free-standing CC or the conductive 
coating on the traditional CC for LIBs to achieve better wetting, 
stronger adhesion, greater mechanical durability, and lower 
contact resistance (Figs. 11(b)–11(e)).  

4.2.1 Free-standing current collector  

Graphene assembly structures have been reported as free- 
standing current collectors to replace metal foils [89, 93, 134, 
136‒139]. Recently, Zhongfan Liu’s group demonstrated that the 
graphene film as the flexible current provided a satisfactory 
electrochemical performance in flexible LIBs based on the 
sufficient conductivity, strong adhesion, and strong mechanical 
flexibility. With LiCoO2 and Li4Ti5O12 serving as the cathode and 
the anode, respectively, the flexible graphene battery exhibited 
a good rate capability (143.0 mAh·g–1 at 1 C), stable cycle 
performance (no observed capacity loss after 100 thousand 
cycles of mechanical bending) and good safety. Besides, the 
mass energy density and power density are both 1.4 times higher 
than a standard electrode using metal foils as current collectors 
[136]. Owing to the well-developed electron/ion conductive 
networks, 3D graphene, as freestanding current collectors, 
contributed to the high rate capability even at high loading. 
Huiying Yang et al. developed a facile and general approach to 
obtain 3D interconnected porous nitrogen-doped graphene 
foam (NGF) with encapsulated Ge quantum dot/nitrogen-doped 
graphene yolk-shell nano architecture for high-performance 
LIBs (Fig. 11(c)), in which the NGF-based current collector 

 
Figure 10 Structural models of graphene-based composites. Reproduced with permission from Ref. [6], © Elsevier Ltd. 2017. Encapsulated: Single 
active-material particles are encapsulated by graphene. Reproduced with permission from Ref. [100], © Macmillan Publishers Limited. 2016. Mixed: 
Graphene and active materials are synthesized separately and mixed mechanically during the electrode preparation. Reproduced with permission from 
Ref. [103], © Elsevier B.V. 2011. Wrapped: The active-material particles are wrapped by multiple graphene sheets. Reproduced with permission from Ref. 
[104], © American Chemical Society 2019. Anchored: This is the most common structure for graphene composites, in which electroactive nanoparticles
are anchored to the graphene surface. Reproduced with permission from Ref. [105], © Elsevier B.V. 2019. Sandwich-like model: Graphene is used as a 
template to generate active material/graphene sandwich structures. Reproduced with permission from Ref. [106], © WILEY-VCH Verlag GmbH & Co. 
KGaA, Weinheim 2016. Layered model: Active-material nanoparticles are alternated with graphene sheets to form a composite layered structure.
Reproduced with permission from Ref. [107], © The Electrochemical Society 2013.  
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with a continuous porous network is conducive to offer better 
electrical and electrolyte contact. As a result, the electrode 
delivered high specific reversible capacity (1,220 mAh·g–1), 
long cycling capability (over 96% reversible capacity retention 
from the second to 1,000 cycles) and ultra-high rate performance 
(over 800 mAh·g–1 at 40 C) [134]. Considering the ion diffusion 
limitations in thicker electrodes, Xiangfeng Duan’s group 
designed 3D holey-graphene backbone with tailored porosity 
to further promote ion transport. With optimized charge 
transport, 3D holey-graphene/Nb2O5 composite delivered high 
areal capacity (139 mAh·g–1) at high-rate capability (10 C) and 
high mass loading (> 11 mg·cm–2) [93].  

4.2.2 Coating on current collector 

Interface design between current collector and electroactive 
materials plays a key role in the charge transport for lithium- 
ion batteries. Graphene-coated metal foils as current collectors 
benefit rate capability as the graphene coating could effectively 
reduce interfacial electric resistance [133, 135, 140‒142]. Recently, 
Hailin Peng et al. proved interfacial electric resistance dominates, 
i.e., ~ 2 orders of magnitude higher than that of electrode 

materials, through systematic quantitative studies of the interfacial 
properties. At the same time, the group decreased interfacial 
resistance greatly by fabricating graphene-coated Al foil as  
the current collector using plasma-enhanced chemical vapor 
deposition (Fig. 11(d)), wherein the graphene coating con-
structed a powerful electronic network between the current 
collector and electrode materials. The LFP electrodes on the 
graphene-coated Al current collector delivered a power density 
output of ~ 5,300 W·kg–1 at an energy density of ~ 220 Wh·kg–1, 
whereas the LFP electrode on the Al current collector could 
deliver only ~ 3,700 W·kg−1 at ~ 21 Wh·kg−1 [133]. To achieve 
ultrafast cycling performances, Hyo-Jin Ahn’s group emphasized 
the importance of high electrical conductivity of the coating 
layer on Al current collectors and successfully fabricated an 
N- and F-doped graphene interfacial layer on micropatterned 
Al foil using roll pressing and dip coating processes (Fig. 11(e)). 
With the doped N and F atoms in grapheme, the electrical 
conductivity, charge accessibility, and ion diffusion rate of the 
graphene were further improved. The cathode electrode fabricated 
with the resultant current collector exhibited ultrafast cycling 
stability at extremely high rate and long-term cycling performance 

Table 2 Emerging performance of graphene-based composites for Li-ion batteries [83, 100, 102‒108, 112, 114‒117, 121‒131] 

Material type Electrode  
type 

Graphene 
amount Performance Ref. 

LiFePO4/graphene Cathode 20 wt.% 37 mAh·g–1 at 2.04 A·g–1; 26 mAh·g–1 (88% capacity retention) after 
1,000th cycle at 3.4 A·g–1 [108]

LFP@GA Cathode 9.7 wt.% ~ 120 mAh·g–1 at 10 C; 88.5% capacity retention after 800th cycle at 1 C [112]

LFP@N-GA Cathode 15.36 wt.% 78 mAh·g–1 at 100 C; 86 mAh·g–1 (80% capacity retention) after  
1,000th cycle at 10 C [114]

LiMn0.75Fe0.25PO4/rmGO Cathode 20 wt.% 107 mAh·g–1 at 50 C; 98.1% capacity retention from the 11th to the 100th 
cycle at 0.5 C [115]

Li3V2(PO4)3@NPCM@rGO Cathode NAa ~90 mAh·g–1 at 50 C; 88 mAh·g–1 after 1,000th cycle at 50 C [116]
Spinel LiMn2O4/RGO Cathode 27 wt.% 101 mAh·g–1 at 100 C; 96% capacity retention after 100th cycle at 50 C [117]

LTO/N, S-PG Anode 5.8 wt.% 130 mAh·g–1 at 80 C; 83.1% capacity retention after 4,000 cycles at 20 C [83] 

Li4Ti5O12/holey-graphene Anode 50 wt.% 98 mAh·cm–3 at 17.5 A·g–1 ;100.8 mAh·cm–3 (84% capacity retention) after 
1,000th cycle at 7 A·g–1 [127]

Li4Ti5O12/graphene Anode 5 wt.% 122 mAh·g–1 at 30 C; 124 mAh·g–1 (94.8% capacity retention) after 300th 
cycle at 20 C [103]

R-TiO2/rGO Anode 7.4 wt.% 55 mAh·g–1 at 30 C; 96 mAh·g–1 after 1,000th cycle at 20 C [105]
SA- TiO2/RGO Anode 10.7 wt.% 135 mAh·g–1 at 10 A·g–1; 98 mAh·g–1 after 2,000th cycle at 5 A·g–1 [128]

Co3O4/graphene Anode 5.8 wt.% 509.3 mAh·g–1 at 5.62 C; 851.5 mAh·g–1 (92.1% capacity retention)  
after 2,000th cycle at 2.25 C [122] 

Graphene anchored with Co3O4 Anode ~ 24.6 wt.% 484 mAh·g–1 at 0.5 A·g–1; 935 mAh·g–1 after 30 cycles at a specific  
current of 0.05 A·g–1 [123] 

Co3O4-graphene nanoflowers Anode NA 233 mAh·g–1 at 10 A·g–1; 1,120.8 mAh·g–1 after 250 cycles at a  
specific current of 1 A·g–1 [124] 

FLG-anchored Fe3O4 Anode 26.6 wt.% 1,413 mAh·g–1 after 100 cycles at a specific current of 1 A·g–1; [125] 

3D Fe3O4@rGO Anode NA 712 mAh·g–1 at 3.2 A·g–1; 1,139 mAh·g–1 (85% capacity retention)  
after 100th cycle at 0.4 A·g–1 [126]

Silica-modified SnO2-graphene “slime” Anode NA 802 mAh·g–1 at 2 A·g–1; 1,950 mAh·g–1 after 1,000 cycles at a  
specific current of 0.5 A·g–1 [121]

Graphene-MnO2-GNRs Anode 68 wt.% ~ 300 mAh·g–1 at 1 A·g–1; 612 mAh·g–1 after 250th cycle at 0.4 A·g–1 [129]

SiMP@Gr Anode 9 wt.% 500 mAh·g–1 at 4 C; 1,400 mAh·g–1 (85% capacity retention)  
after 300th cycle at 0.5 C [100]

Graphene bubble film/silicon composite Anode 42 wt.% 900 mAh·g–1 at 3 A·g–1; 1,325 mAh·g–1 after 100 cycles at 0.5 A·g–1 [104]

Si@C-rGO Anode NA 767 mAh·g–1 at 3 A·g–1; 600 mAh·g–1 after 100 cycles at a specific  
current of 1.5 A·g–1 [106]

GrSiNPs Anode ~ 47 wt.% 623 mAh·g–1 at 4 A·g–1; 1,613 mAh·g–1 after 800th cycle at 0.4 A·g–1 [130] 

MoS2@graphene Anode 4.7 wt.% 570 mAh·g–1 at 1 A·g–1; 894.1 mAh·g–1 after 100th cycle at 0.1 A·g–1 [131] 

MoS2@rGO Anode ~ 10.4 wt.% 935 mAh·g–1 at 5 A·g–1; 1,345 mAh·g–1 after 400th cycle at 0.5 A·g–1 [102] 

MoS2-graphene nanocomposites Anode ~ 77.9 wt.% 500 mAh·g–1 at 2 A·g–1; ~ 600 mAh·g–1 after 100th cycle at 0.5 A·g–1 [107] 

a(NA): not found from the article. 
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(specific capacity of 87.1 mAh·g–1 with capacity retention of 
82.3% at 20 C after 1,000 cycles) [135]. Besides, Xiaofei Liu et al. 
replaced amorphous carbon with vertical graphene nanowalls 
as coating on Cu foil. As a result, it exhibited a good rate 
performance with ~ 190 mAh·g–1 at 3 C, in contrast with the 
commercial carbon-coated copper (~ 160 mAh·g–1) and the 
traditional bare copper (~ 90 mAh·g–1) [141].  

4.3 Conductive agent 

Conductive agents, constructing electron networks inside 
electrodes, play an important role in achieving high utilization 
of active materials. Compared with the “point-to-point” contact 

mode of carbon black (CB) and “line-to point” contact mode 
of CNTs, the “plane-to-point” contact mode of graphene is more  
advantageous for effective conductive network (Fig. 12(a)) 
[143‒147]. Xufang Wei et al. reported improvement on the rate 
performance of LiFePO4 cathodes using graphene as conductive 
agents (LFP/C-G). Compared with the conventional LFP/C-CB 
cathodes, LFP/C-G cathodes displayed better rate performance 
( 39 mAh·g–1, 27 mAh·g–1 at 30 C for LFP/C-G, LFP/C-CB 
respectively) [144]. In addition, Dianlong Wang’s group showed 
that graphene in comparison with CNTs and acetylene black 
(AB), as conductive agent (Fig. 12(b)) exhibited better rate 
performance in LiFePO4 cathode [145]. Jang-Kyo Kim’s group 

 
Figure 11  (a) Schematic illustration of interfacial electric resistance existing at the interface between current collectors and electrode materials due to the
poor contacts and weak adhesions. (b) Schematic illustration of efficient electron transfer between graphene modified current collectors and electrode
materials. Schematic structures and electrochemical characterizations of (c) 3D interconnected porous nitrogen-doped graphene foam as a current 
collector for flexible rechargeable LIB. Reproduced with permission from Ref. [134], © Mo, R. et al. 2017. (d) Graphene-coated Al foil as the current 
collector using plasma-enhanced chemical vapor deposition for LFP cathodes. Reproduced with permission from Ref. [133], © American Chemical 
Society 2020, and (e) N- and F-doped graphene interfacial layer on micropatterned Al foil using roll pressing and dip coating processes for NCA cathodes.
Reproduced with permission from Ref. [135], © American Chemical Society 2020. 

Figure 12 (a) Competition and cooperation of graphene with other conductive agents. Reproduced with permission from Ref. [149], © China Science 
Publishing & Media LTD 2020. Morphology and electrochemical characterizations of (b) LFP electrode with graphene conductive agent. Reproduced with 
permission from Ref. [145], © The Royal Society of Chemistry 2014. (c) Nb2O5 electrode with Super-P and graphene compound conductive agents. 
Reproduced with permission from Ref. [150], © Elsevier B.V. 2018, and (d) spinel LiMn2O4 electrode with acetylene black and graphene compound 
conductive agents. Reproduced with permission from Ref. [151], © The Royal Society of Chemistry 2013. 
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pointed out that both the size and thickness of graphene played 
an important role in determining the percolation threshold  
through a parametric study. Under this guidance, a percolation 
threshold of 1.8 wt.% of the graphene (a size of 46 μm and a 
thickness of 4.5 nm) was obtained for the Li4Ti5O12 anodes, 
much lower than that of CB [148]. Studies also showed that the 
combination of graphene with other conductive agent generates 
synergistic effects and further improves the electronic conductivity 
and Li+ transport throughout the entire electrode (Fig. 12(a)) 
[149‒152]. Hongwen Chen et al. showed enhanced performance 
of Nb2O5 cathode with Super-P and graphene compounds as 
the conductive agents (Fig. 12(c)). The specific capacity of the 
battery with 4 wt.% graphene added rise up to 180 mAh·g‒1 at 
the current rate of 0.5 C, as compared with the battery only 
using Super-P as conductive agent [150]. In addition, Houyi 
Ma’s group observed that the specific capacity and cycling 
performance of LiMn2O4 (LMO) were enhanced significantly 
when graphene co-existed with AB at an appropriate weight 
ratio in the LMO-based electrode (Fig. 12(d)). The unusual 
phenomenon was attributed to the synergy effect between the 
“plane-to-point” conducting mode of graphene and the “filling” 
mode of AB, which greatly decreased the charge-transfer 
resistance of the LMO-based electrode [151]. Besides, there 
are reports involved in CNTs and graphene compounds as the 
binary conductive agents [153], even the ternary conductive 
agents consisting of CNTs, SP and graphene [154], which all 
exhibited superior performance than the individual conductive 
agents. 

5  Summary and outlook 
In this review, the recent progress on the structural design and 
interfacial modification strategies of graphene to regulate the 
charge transport in LIBs have been summarized. Besides, the 
structure-performance relationships between the structure of 
the graphene and its dedicated applications for LIBs have also 
been clarified in detail. Despite significant improvements made 
towards achieving fast charge transport to boost the battery 
performance, there still remain several issues to be addressed 
for the optimal use of graphene in LIBs. 

First, considering that the electrochemical reaction of LIBs 
is influenced by both ion and electron transport, therefore, 
constructing highly efficient ionic and electronic conducting 
network is highly desirable, which requires further optimization 
of the structural configuration and mass ratio of graphene to 
active particles or to other conductive carbon components 
under the specific application system. However, systematic 
research on the synergistic effects between graphene and other 
components is still lacking which impedes the realization of 
both high electron and ion transfer. 

Second, since the electronic conductivity of graphene mainly 
stems from its long-range π-conjugated structures, the oxygen 
functional groups on the plane play a major role in its 
conductivity, while functional groups attached to the edge exert 
less influence. Therefore, the precise control of the density and 
spatial distribution of oxygen functional groups in the graphene 
matrix are in favor of demonstrating the advantages of oxygen 
functional groups, like good wettability, while maintaining 
excellent conductivity. Nevertheless, such an accurate spatial 
control at atomic scale still remains a great challenge.  

Third, modification by doping with N, S, B, and P to tailor 
the electronic property of graphene to enhance its storage 
capacity has also been attempted. Nevertheless, control over the 
doping type, level and configuration still remain great concerns, 
and advanced in situ characterization techniques are required 

to provide direct experimental evidence and fundamental 
understanding of the relevant effect on the properties of 
graphene.  

Fourth, the abundant pore structure of graphene-based 3D 
macrostructures offers large specific surface area for lithium 
storage and multi-channels for ion transfer, resulting in a high 
gravimetric energy density. However, such porosity usually 
leads to a low packing density, and thus a low volumetric energy 
density. Although plenty of works have been dedicated   
to realizing the densification of porous graphene-based 3D 
macrostructures, the battery performance is still beyond 
satisfactory. Therefore, further optimization of the pore structure 
of graphene-based 3D macrostructures and realization of a 
tradeoff between the densification and porosity is desirable for 
achieving both high gravimetric and volumetric energy density 
for its commercial application in LIBs. 

In summary, the excellent intrinsic properties, atomic structure 
tunability, and macrostructural constructability of graphene, 
make it a promising candidate for charge regulation in high- 
performance LIBs. Despite the intriguing battery performances 
achieved by graphene, the full demonstration of its potential 
in LIBs has not been realized yet. More efforts are required to 
address the issues with respect to the optimization of structural 
configuration and mass ratio of graphene to other materials, 
precise regulation of the distribution of oxygen functional 
groups, control over the doping type, level and configuration 
together with the tradeoff between the densification and porosity 
of graphene-based 3D macrostructures. Research on graphene 
in lithium batteries is expected to continue, with the promise 
of uncovering the mechanism of carbon-based nanomaterials 
in LIBs to revolutionizing lithium battery technology for 
practical applications. 
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