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With the impetus to accelerate worldwide market adoption of electrical vehicles and afford consumer

electronics with better user experience, advancing fast-charging technology is an inevitable trend.

However, current high-energy lithium-ion batteries are unable to support ultrafast power input without

any adverse consequences, with the capacity fade and safety concerns of the mainstream graphite-based

anodes being the key technological barrier. The aim of this review is to summarise the fundamentals,

challenges, and solutions to enable graphite anodes that are capable of high-rate charging. First, we

explore the complicated yet intriguing graphite–electrolyte interface during intercalation based on existing

theories. Second, we analyse the key dilemmas facing fast-charging graphite anodes. Finally, some

promising strategies proposed during the past few years are highlighted so as to outline current trends and

future perspectives in this field.

1. Introduction

The imminent depletion of fossil fuels and global climate
change press for a cleaner energy structure.1–3 As a result, power

generation is shifting to more renewable and decentralized
energy sources such as wind and solar.4,5 Since transportation
has long been one of the largest polluters in modern society,
electrifying transportation using clean power provides us with
an important opportunity to reduce greenhouse emissions and
enhance energy security.6 According to the 2015 Paris Agreement,
100 million electric vehicles (EVs) should be added to our roads
by 2030 to keep global warming below 1.5 degrees, which means
a more than 10-fold increase compared to now.7,8 It is also
anticipated that by 2030, 25% of all vehicles sold will be either
fully electric or hybrid.9 However, despite the fact that EV
technology has advanced rapidly in terms of both range and
cost, there is still a lack of consumer acceptance and low
market penetration of current EVs.10 One important reason is
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that charging the lithium ion batteries (LIBs) in EVs takes
considerably longer than refuelling internal-combustion-
engine (ICE) cars. Raising the fast-charging capability of current
LIBs is the cornerstone to overcome range anxiety and propel
the mainstream adoption of EVs for a sustainable future.11–13

The ultimate goal of fast-charging, coined as extreme fast
charging (XFC) by the US Department of Energy, aims to provide
battery electric vehicles (BEVs) with a charging experience
similar to refuelling ICE cars which typically takes merely
3–5 minutes. As a sharp comparison, the great majority of BEVs
available on the market need 2 to 6 hours to fully charge, far
from offering a ‘filling the tank’ experience to their owners.9,14

The standards of XFC are therefore strongly needed to set the
goals for battery researchers and carmakers. The US Advanced
Battery Consortium (USABC) metrics for advanced high-performance
batteries for EV applications is 80% state of charge (SOC) acquired
within 15 minutes (B4C rate), with a usable energy of 45 kW h at the
system level and 1000 Dynamic Stress Test (DST) cycles.14 A charging
power of 144 kW is needed to fulfil this target. However, it is

important to note that this requirement is based on a 45 kW h
pack, which is only half the size of a battery pack to provide
sufficient range (4400 km) for modern BEVs. Therefore, at least
a 300 kW charging power is required to meet the XFC definition,
with the aim to provide 400 km range within 15 minutes.

To understand how far we are from achieving this ambitious
target, Fig. 1 outlines the development of various BEVs with
direct-current (DC) fast charging capabilities on the market,
focusing on three key parameters including pack size, maximum
DC charging power and range obtained within 30 minutes.15

Following the commercialization of LIBs in 1991,16 the first LIB-
based EV, Nissan PRAIRIE JOY, was born in 1996. 2010–2012
appeared to be an important period for development of BEVs, as
several iconic models such as Nissan LEAF, Mitsubishi i-MiEV
and Chevy Volt were launched. The last decade has witnessed the
burgeoning of BEVs as numerous car manufacturers have followed
suit, and the fast-charging capability has quickly evolved. Two of the
finest BEV models launched in 2019, Audi e-tron and Tesla Model S,
are both equipped with a B100 kW h battery pack and B150 kW
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maximum charging power, meaning that 300–400 km range can be
obtained within 30 minutes. However, by calculation, an average
320 kW power is required to charge a 100 kW h Tesla Model S in
order to meet the XFC standards. Currently, the 145 kW maximum
power of supercharger exclusive to Tesla only provides less than half
of this target, although it is already among the highest charging rate
of all EVs available on the market.17

To bridge the gap between current technologies and future
goals, one must understand the science limiting the fast-
charging of LIBs, the battery system that has powered our
digital era almost exclusively. Despite the invention of a large
variety of cathode materials and ever-increasing energy density
in the past 30 years, the anode material of choice—graphite—
has remained unchanged since the birth of LIBs in 1991.18–21

High Li+ storage capacity (372 mA h g�1), low-cost and excellent
reversibility of the intercalation chemistry have made graphite
and Li+ the perfect match.22,23 However, the graphite anode is
widely believed to be exactly the main culprit that hinders high-
rate charging of commercial LIBs. This is because the operating
potential (B0.1 V vs. Li/Li+) of graphite is so close to that of
lithium (Li) metal (0 V vs. Li/Li+) that Li plating can easily occur
while charging at high rates or sub-zero temperatures.24,25 Due
to their reactive nature and dendritic morphology, Li metal
deposits are notoriously unstable and can cause active Li loss
and internal micro-shorts, resulting in rapid capacity fade and
severe safety issues.26 Ahmed et al. investigated the influence of
charging rate and areal loading on the cycling performance of
graphite|LiNi0.6Mn0.2Co0.2O2 (NMC622) pouch cells (Fig. 2a).17

Fig. 1 The history of LIB-based battery electric vehicles and the corresponding charging capabilities. For each car model, the battery pack size,
maximum DC charging rate and maximum range acquired per 30 minutes are listed for comparison.15

Fig. 2 Identifying the technical barrier and limiting electrode for the fast-charging of LIB. (a) Capacity fade for a series of graphite/NMC622 pouch cells
of increasing areal capacity as a function of charge rate. Discharge rate was held constant at C/3. Adapted with permission from ref. 17, Copyright 2017,
Elsevier. (b) Areal capacity of the NMC811 cathode and graphite anode at each rate and the resulting authentic N/P ratio. Adapted with permission from
ref. 27, Copyright 2018, Elsevier.
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They discovered that increasing the charging rate over 1C causes
severe capacity decay and aggravated Li plating on graphite
electrodes especially for cells with high areal loadings. However,
batteries should be capable of 4C charging without significantly
compromising cycle life to meet the XFC standards. To differentiate
the limiting factor in LIBs during fast-charging, Mao et al. employed
a Li metal reference electrode in both cathode/cathode and anode/
anode symmetrical cells and cycled them within voltage windows
comparable to that in actual full cells.27 Such a design enables
accurate measurements of electrode capacity under various rates
without the interference from the Li metal counter electrode. They
discovered that high charging rates exceeding 1C induce rapid
capacity fade of the graphite anode, causing the negative/positive
(N/P) ratio to drop to 1.0 at 3C and 0.5 at 4C (Fig. 2b). This can be
attributed to the increased anode polarization under high charging
rates, which cause the anode potential to prematurely reach 0 V
vs. Li/Li+, the boundary which graphite anodes must operate
above to prevent Li deposition. It is conspicuous that the
present-day LIBs are still far from offering satisfactory fast-
charging performance and charging the graphite anode appears
to be the main obstacle.27

To enable high-rate charging of graphite electrodes, it is
essential to accelerate the kinetics of Li+ intercalation and reduce
the overpotential so as to keep the anode potential away from
unwanted Li plating. This poses a great challenge to the research
community because there is only a minor difference between the
Li+ intercalation and Li plating potential, leaving an extremely
narrow margin for anode polarization. In light of the significance
and challenges towards fast-charging graphite anodes, this
review firstly summarizes existing theories on solid electrolyte
interphase (SEI), Li+ desolvation, and solvent co-intercalation to
offer a deep understanding of the interfacial chemistry of graphite.
Since solid-state LIBs (SSLIBs) represent the ultimate solution for
safe and high energy batteries, the interfacial chemistry of graphite
with solid electrolytes (SEs) is also reviewed here. Based on these
fundamental understandings, several key challenges and issues
towards the fast-charging of graphite anodes are discussed. This
review finally highlights a series of promising strategies to enable
XFC and recommends several research directions towards more
rational fast-charging graphite anode designs.

2. Understanding the interfacial
chemistry of graphite
2.1. LIBs based on liquid electrolytes

Long before any extensive research on Li batteries, graphite was
known to host a variety of guest intercalants within its galleries
and LiCx (x Z 6) was prepared by directly reacting graphite with
elemental Li. However, the lithiation of graphite in an electro-
chemical manner was never realized through efforts starting
from the 1950s to the 1980s. It was not until the 1990s that
people gradually realized that the right choice of electrolyte
solvent, namely ethylene carbonate (EC), can form a unique SEI
and support the successful Li+ intercalation in graphite almost
exclusively while propylene carbonate (PC) induces severe irreversible

graphite exfoliation.21,28,29 Earlier efforts of choosing PC over
EC simply based on melting point and the imagination that one
methyl group could make no difference possibly postponed the
birth of LIBs by nearly 30 years. This serves as the best example
for illustrating how interfacial chemistry dictates the electro-
chemical performance of graphite. Furthermore, the interface
between graphite and electrolyte is the position where ion and
electron transfer occurs across multiple phase boundaries, the
kinetics of which should be sufficiently fast to sustain high-rate
charging. However, the interfacial chemistry of graphite is poorly
understood regarding the nature of the SEI and the mechanism of
charge transfer. This section is dedicated to understand the inter-
facial chemistry of graphite based on existing theories, which serves
as the prerequisite to build fast charging graphite anodes.

2.1.1. Charging graphite at an atomic scale. It is generally
acknowledged that the charging process of graphite anodes can
be divided into 4 consecutive steps at an atomic scale (Fig. 3a):30

(a) Diffusion of solvated Li+ in the bulk electrolyte, especially
through tortuous channels and micro pores in graphite electrodes.

(b) Once the solvated Li+ reaches the surface of graphite,
charge transfer cannot immediately occur due to the existence
of an electron-insulating SEI. The solvation sheath of Li+ must
be stripped off to facilitate subsequent Li+ transport in the SEI,
which is termed as the ‘desolvation’ process.

(c) Naked Li+ diffuses through the SEI and enters the interior
of graphite.

(d) The diffusion of Li+ within graphite galleries, accompanied
by electron transfer and rearrangement of the graphite lattice
(from AB stacking to AA stacking).

Limiting factors of fast-charging can be generally categorized
into the following two types: (1) mass transport. This mainly
includes the diffusion of Li+ in both electrolytes and electrode
materials, which is (a) and (d) in this case. (2) Charge transfer.
Since interfaces and interphases are ubiquitous in LIBs, the
transport of Li+ across them can form a major kinetic barrier,
which consists of (b) and (c) for graphite anodes. Therefore,
decoupling the influence of mass transport and charge transfer

Fig. 3 Charging graphite at an atomic scale. (a) The charging process of
graphite in working LIBs, including Li+ bulk diffusion, desolvation, crossing
the SEI and migration in graphite and (b) the corresponding energy diagram.
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is of critical importance to identify the rate-determining
step (RDS).

From the energy viewpoint, desolvation has the highest
energy barrier (50–70 kJ mol�1), whose kinetics is therefore
most sensitive to temperature. The solid diffusion of Li+ in the
graphite lattice has an energy barrier of 20–40 kJ mol�1, which is
shown to increase with the lithiation degree. The liquid diffusion
of the Li+–solvent complex exhibits a negligible energy barrier
(Fig. 3b). Interestingly, although the SEI is probably the most
extensively studied component of LIBs, quantifying the energy
barrier for Li+ to cross the SEI has been somewhat neglected and
therefore no generally acceptable value can be agreed on. This is
probably because the properties of the SEI change drastically with
the composition of electrolytes, particularly with a wide spectrum
of solvents, lithium salts and film-forming additives.31,32 Xu et al.
once pointed out that the energy barrier for the SEI is around
20 kJ mol�1, but no subsequent studies have confirmed this
conclusion.30

Whether mass transport or charge transfer dominates the
overall charging process is still an open topic. To understand
this controversy, two points must be clarified. First, the RDS
during graphite charging is a function of certain variables
including charging rate, temperature, electrode material, and
electrode thickness. For instance, mass transport may dominate the
overall reaction kinetics for ultrathick electrodes or at extremely
large current densities,33–35 whereas charge transfer could possibly
become the RDS when charging thin electrodes especially at
sub-zero temperatures due to its large activation energy.36,37

Therefore, it is unreasonable to declare the RDS without specifying
cycling conditions. Second, it is no doubt that the desolvation
process is the most ‘energy-consuming’ step, but not necessarily
the ‘rate-determining’ step. The indiscrimination of these two
terms is common in the early pioneering works that drew the link
between charge transfer resistance and desolvation process, and
that obtained a universal value of 50–70 kJ mol�1 for the
desolvation energy barrier. This is because the rate constant,
rather than the energy barrier, is the one to dictate the chemical
reaction rate. According to the Arrhenius equation, the rate
constant is not only a function of activation energy, but also the
pre-exponential factor.38 The latter is an intrinsic parameter of a
certain reaction/kinetically controlled process, and may exert a
significant impact on the rate constant. Generally, our viewpoint
can be summarized as follows. First, the RDS is a function
of various cell parameters (electrode material, areal loading,
temperature, and so on). Each specific charging condition may
give a different RDS. When the contribution of each process is
similar, the RDS may not even exist and the charging process
can be controlled simultaneously by more than one sub-processes.
Secondly, future research should concentrate on methods to
explore the relation between cell parameters and RDS by combin-
ing theoretical and experimental tools. If such a methodology is
able to predict the RDS theoretically or experimentally for a given
battery system, it will be much more efficient to design strategies
to enable fast-charging.

It is interesting to note that none of the 4 steps mentioned
above can solely account for the difference of rate performances

between graphite and cathode: (a) and (b) obviously exist in
both electrodes, and the desolvation energy barrier of Li+ in the
carbonate environment is found to be similar for graphite and
various cathode materials (50–70 kJ mol�1);39–41 (c) exists in
high-voltage cathodes and is termed as cathode–electrolyte
interphase (CEI);42 for (d), the Li+ diffusion coefficient in the
graphite (10�11–10�8 cm2 s�1) lattice resembles or even exceeds
that of most cathode materials (10�16–10�8 cm2 s�1 depending
on the cathode type).43–49 Consequently, it can be deduced that
the poor rate capability of graphite originates from its potential
proximity to Li plating, the undesirable competing reaction.
Therefore, efforts to accelerate all 4 steps are crucial to reduce
anode polarization and enhance the rate performance of graphite
charging. Strategies to improve (a) and (d) will be discussed in
Section 4, while in this section we concentrate on (b) and (c), the
interfacial reaction which is unique to graphite anodes during
charging.

2.1.2. SEI: formation, composition, structure and evolution.
The term SEI originally refers to the surface passivation film on
metallic Li immersed in non-aqueous electrolytes.50 It was then
realized that an SEI is the heart of LIBs, because it not only serves
as a Li+ conductor and an electron insulator to block further
reduction or co-intercalation of electrolytes while allowing Li+

diffusion, but also acts as a glue to keep the integrity of graphite
sheets under volume fluctuation.50–53 One important implication
of the SEI for fast-charging is that its thickness may increase
under high rates due to the continuous electrolyte consumption,
resulting in elevated cell resistance and active lithium loss.54,55 In
view of the paramount importance of the SEI in dictating the
intercalation behaviour and cycle life of graphite anodes, the
fundamentals of the SEI must be further investigated, and any
efforts in tailoring an interface for fast-charging purposes must
guarantee a desirable SEI. In order to give a comprehensive
overview of the SEI, we try to approach this topic from the
following aspects: SEI formation, composition, structure and
evolution.

The inevitability of SEI formation is explained by the fact
that no electrolyte component is thermodynamically stable at
the extreme potentials where LIBs must operate.20,56,57 Fig. 4a
gives the computed reduction potential for several common
solvents, additives and lithium salts in their authentic existence
form (e.g., ion–solvent complex or ion–ion pair). It is clear that
all the species in the electrolyte show higher reduction potential
than the lithiated graphite (B0.1 V vs. Li/Li+), making them
all susceptible to reduction and precipitation on the graphite
surface to participate in SEI formation.

The initial SEI formation, which usually occurs during the
first few lithiation steps of graphite, dictates whether graphite
can be cycled reversibly and set the foundation for SEI evolution
during extended cycles. Nevertheless, the simultaneous reduction
of solvent, additives and salts greatly complicates such an inter-
facial process whose in-depth detail was never unveiled until
some recent breakthroughs. Using electrochemical quartz crystal
microbalance (EQCM) combined with in situ atomic force micro-
scopy (AFM), Liu et al. pictured the formation process of the SEI
at the nanoscale during the first lithiation of highly oriented
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pyrolytic graphite (HOPG).58 It was proposed that 4 distinct steps
constitute the formation of the initial SEI in a chronological order
(Fig. 4b):

(1) LiF formation at 1.5 V, which can occur in either a
chemical or an electrochemical way.

(2) Li–solvent co-intercalation at 0.88 V. This coincides with
the existing belief that the SEI forms through a 3D rather than
a 2D process, where a transient Li–solvent co-intercalation
precedes the reduction of solvent and the SEI grows along the
depth direction between 2 graphene sheets.59

(3) Further EC reduction from 0.74 V down to 0 V, forming
a well-developed SEI mainly consisting of lithium ethylene
di-carbonate (LEDC).

(4) Re-oxidation of lithium alkyl carbonates in a nascent SEI
during anodic scan above 0.3 V.

Numerous studies have confirmed that the major product in
the initial SEI is LEDC and LiF, which is surprisingly simple.54,60–64

However, the nature of the SEI has always been referred to as
‘extremely complicated’. This is because during repeated cycling,
the initial SEI can evolve into an extremely intricate mixture of
compounds. Such intricacy originates mainly from the following 2
reasons. The first reason is the chemical and structural instability
of the initial SEI. For example, LEDC is prone to re-oxidation,
further reduction, hydrolysis and thermal decomposition.54

Secondly, the SEI is chemically sensitive to various destroyers
in its surroundings. For example, the dissolution of cathode
metal ions, carbon dioxide generated from solvent oxidation,
and PF5 attack could all alter the structure and composition
of the SEI.54,64–66 These side reactions produce a series of
compounds such as Li2CO3, Li2O, lithium fluorophosphates,

Fig. 4 The formation, composition, structure, and evolution of the SEI. (a) Computed reduction potential for three key ingredients in the electrolyte,
including Li+-coordinated solvents, additives and lithium salts. Adapted with permission from ref. 56. Copyright 2018, Nature Publisher. (b) The formation
mechanism of the SEI on graphite during the very first lithiation step. Adapted with permission from ref. 58. Copyright 2018, Nature. (c) Schematic of the
polyhetero microphase SEI structure. Adapted with permission from ref. 67. Copyright 2019, American Chemical Society. (d) Schematic of the two-layer
model of the SEI, where Li+ experiences pore diffusion in the porous organic layer of the SEI and knock-off diffusion in the dense inorganic layer of the
SEI. Adapted with permission from ref. 71, Copyright 2014, American Chemical Society. (e) Two different pathways of SEI revolution on carbonaceous
anodes captured by cryo-TEM. The first scenario is the formation of a thin, compact SEI consisting primarily of inorganic compounds with effective
passivation. The second scenario involves a porous, organic-rich SEI with poor passivation spanning hundreds of nanometers. Adapted with permission
from ref. 55, Copyright 2018, American Chemical Society.
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lithium alkoxides, lithium carboxylates, polyethylene oxides,
and so on (Fig. 4c).67

Winter once referred to the SEI as ‘the most important and
the least understood solid electrolyte in rechargeable Li batteries’
in 2009.68 Interestingly, such conclusion seems to hold true even
now. The identification of LEDC as the primary SEI ingredient
originating from the single-electron reduction of EC is probably
the most unquestionable consensus that the community has
agreed on for the last 20 years.54,60,69 However, this consensus
is no longer beyond dispute. In a recent subversive work
conducted by Wang’s group, it was proved that lithium ethylene
mono-carbonate (LEMC), instead of LEDC, is likely to be the
main SEI component and all LEDC synthesized and characterized
previously was in fact LEMC.70 LEMC is shown to exhibit adequate
ionic conductivity while LEDC is an ionic insulator. This affords
fresh insight into the chemical nature of the SEI but the formation
mechanism and the complex interconversion between LEMC and
other lithium carbonates still need to be unveiled.

The next question will be how these complex ingredients
arrange in the SEI, and more importantly, how Li+ migrates
through to reflect the solid electrolyte nature of the SEI.
A generally accepted structural model is the mosaic model
(Fig. 4c), where various components inlay the SEI to form polyhetero
microphases.50,53 This model indicates that an SEI is highly hetero-
geneous, probably originating from the simultaneous reduction of a
variety of electrolyte components. A closer examination of such a
model reveals that the inner layer (close to graphite) of the SEI
consists of inorganic compounds that are chemically stable against
lithiated graphite, while the outer layer consists primarily of organic
components that are still prone to reduction. This leads to the
bilayer treatment of the SEI (Fig. 4d), which is also plausible because
Li+ undergoes completely different transport paths in the two
layers.71 The porous organic outer layer is penetrable to the electro-
lyte, in which Li+ migrates through the pore diffusion mechanism
following the classic Fick’s law.72 In the inner inorganic layer, Li+ is
evidenced to diffuse by interstitial knock-offs, via vacancies or across
phase boundaries. Nevertheless, how SEI components affect its
ionic conductivity and which Li+ transport mechanism dominates
are still open questions.

The structure and composition of the SEI are dynamic and
undergo ceaseless evolution. A newly formed SEI during initial
cycles is typically 10–50 nm thick and supports rapid Li+

diffusion.20,57 During repeated cycling, the volume change of
graphite induces internal stress and rupture of the SEI that
exposes fresh graphite surface, leading to continuous SEI
growth. Various aging reactions result in the increase of SEI
thickness and active lithium loss.54,55,73 It may also largely increase
the Li+ diffusion resistance and hinder the fast-charging of LIBs.
To understand such a phenomenon, Huang et al. characterized the
SEI on carbon electrodes using cryogenic transmission electron
microscopy (cryo-TEM) and tracked its evolution during cycling.55

They discovered that 2 typical SEI evolution patterns appear in the
same electrode (Fig. 4e): one is the compact SEI embedded with
abundant inorganic species, and the other is the extended SEI
consisting of organic alkyl carbonates that spans hundreds of
nanometers. Such distinction highlights the importance of

inorganic crystallites to prevent SEI growth which may increase
the danger of Li plating during cycling. More details of SEI
evolution will be carefully discussed in Section 3.

The complexity of the SEI is reflected by its elusive manner
of formation, extremely sensitive chemical nature and lack of in situ
characterization tools.68 Its formation mechanism, chemical nature,
structure and morphology upon evolution are not fully understood
up to now. Nevertheless, with the advances in fundamental electro-
chemistry and high-end characterization techniques, the next ten
years is likely to see more systematic and deepened understanding
of the SEI.

2.1.3. Li+ desolvation and co-intercalation. Li+ in electrolytes
does not appear to be an isolated ion, but rather is solvated by
polar organic solvents, which is the reason that lithium salts can
be dissolved as their lattice energy is overcome by the binding
energy between Li+ and solvents. When charging current is
applied in LIBs, the solvated Li+ approaches the surface of
graphite, where two scenarios branch out (Fig. 5a).30 The first
scenario, which is the fundamental rationale behind the stable
operation of LIBs, involves the formation of a stable SEI derived
from the decomposed solvation sheath and a binary LiCx

compound. After SEI formation, further lithiation of graphite
involves an additional desolvation process. The second scenario
is that the Li+–solvent complex co-intercalates into the interior
of graphite, to form a ternary graphite intercalation compound
(GIC). Such a ternary GIC may or may not be stable depending
on whether the Li+–solvent complex decomposes among graphite
galleries and releases gases, in which case graphite is irreversibly
exfoliated and no discharge capacity can be obtained. These two
scenarios lead to completely different interfacial chemistries and
will be discussed in sequence.

Scenario 1: SEI formation and Li+ desolvation. The solvation
sheath of Li+ in non-aqueous solvents, seemingly a property of
the electrolyte bulk, has actually a profound influence on the
interfacial chemistry of graphite anodes due to the following
two reasons.74–76 Firstly, Li+ solvation dictates the formation of
an SEI because during the charging process, solvated Li+ tends
to guide the decomposition of solvents within its solvation
sheath through a transient co-intercalation process.30,77–79 This
indicates that any preferential solvation behaviour can create a
SEI dominated by the reduction of one particular solvent with
the strongest interaction with Li+, which, in most cases, is the
irreplaceable EC. The preferential solvation of EC over various
linear carbonates has been unequivocally proved by a combination
of methods including electrochemical impedance spectroscopy
(EIS), nuclear magnetic resonance (NMR), electron ionization-
mass spectroscopy (EI-MS) and theoretical computation, and the
solvation-reduction mechanism is widely accepted so far.36,80–82

Secondly, the stripping of the Li+ solvation sheath, known as the
desolvation process, is the most energy-consuming step when Li+

transports through the electrolyte/electrode interface.83–86

A universal value of the activation energy of Li+ desolvation in
routine carbonate electrolytes is within the range of 50–70 kJ mol�1,
regardless of the electrode material or the presence of interphases
(Fig. 5b).87 For graphite anodes, this energy barrier is believed to be
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a major limiting factor for fast-charging especially at sub-zero
temperatures.30 Interestingly, the desolvation energy barrier first
increases with the content of EC in the electrolyte and then
stabilizes at a point when the EC/Li+ ratio is around 4, which
happens to be the average solvation number of Li+ in non-aqueous
media.88 This ‘coincidence’ further indicates that the preferential
solvation of EC is closely linked to the charge transfer kinetics at
the graphite/electrolyte interface. It is also important to note
that the values of these activation energies are obtained through
phenomenological EIS measurements, based on the assumption
that each semicircle in an EIS curve strictly corresponds to one
particular interfacial process. Therefore, novel methods to probe
the interfacial kinetics of Li+ intercalation in graphite are desired
to quantify these kinetic parameters more precisely.

The indispensable role of EC in forming a stable SEI and the
high desolvation barrier of the Li+–(EC)x complex constitute a
contradiction for building high-rate graphite anodes with desirable
cycle performance. Regulating Li+ solvation/desolvation affords
emerging opportunities to tackle this issue. One example is the
superconcentrated electrolyte (SCE) developed in recent years. The
scarcity of solvent molecules and the abundance of ion–ion pairs

in SCEs lead to stable SEI formation induced by the sacrificial
reduction of anions, allowing successful operation of graphite
anodes in a variety of EC-free electrolytes with exceptional rate
performance in some cases.89 However, the better rate capability
afforded by SCEs is probably due to the enhanced ion-transport
properties or unique SEI compositions and structures rather than
the lower desolvation barrier, as the cleavage of ion–ion pairs in
SCEs was shown to exhibit even higher activation energy.90 To
overcome the high activation energy of desolvation, it is advisable
to replace commercial carbonate electrolytes with weakly solvating
solvents, or endow the graphite interphase with active sites that
catalyse the breaking up of the Li+ solvation sheath. These
underexplored fields could give birth to a number of promising
strategies for fast-charging graphite anodes.

Scenario 2: Li+–solvent co-intercalation. The ‘‘EC–PC Dispar-
ity’’ in the history of Li-ion chemistry still remains an unsolved
mystery up to this day. Numerous theories have tried but failed
to fully explain whether a particular solvent would cause
Li+–solvent co-intercalation and exfoliation of graphite, let alone to
predict.91 Besides PC, co-intercalation is typically found in various

Fig. 5 Li+ desolvation and co-intercalation. (a) The dependence of surface chemistry on the Li+ solvation sheath. Upon charging, the solvation sheath of
Li+ may serve as either a guest intercalant or a chemical source of the SEI. Adapted with permission from ref. 30. Copyright 2007, American Chemical
Society. (b) Charge transfer activation energy of intercalation as a function of electrolyte composition and anode type. Adapted with permission from
ref. 87. Copyright 2010, American Chemical Society. (c) Typical charge transfer activation energies of solvent co-intercalation compared to Li+

desolvation. Data acquired from ref. 83 and 37. (d) Different scenarios of Li+–solvent co-intercalation demonstrated by PC and DEGDME. Adapted with
permission from ref. 95. Copyright 2017, Wiley-VCH.
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ether-based electrolytes.92 Abe et al. discovered that the co-inter-
calation of Li+–ether complexes exhibits only half the energy barrier
compared to intercalation (Fig. 5c, typically 20–30 kJ mol�1),
probably due to the absence of a desolvation step.83 Such chemistry
with fast kinetics is naturally favourable for a fast-charging graphite
anode, if co-intercalation could maintain the structural integrity and
achieve high reversibility.

Historically the failure of PC reinforced the perception that
the co-intercalation phenomenon would irreversibly destroy the
graphite lattice during charging and is therefore detrimental to
LIBs. However, recent progress suggests that co-intercalation
not only possesses satisfactory reversibility, but also exhibits
great potential for fast-charging purposes. Pioneered by Jache
and Adelhelm, the intercalation of ether-solvated Na+ ions into
graphite was found to be a surprisingly reversible process with
exceptional high-power capability and has attracted great attention
in recent years.93 When one would expect that the same pattern
should apply to Li+, Kang and co-workers demonstrated that Li+

ether co-intercalation, despite its superb rate capability, exhibits a
rapid capacity decay and could barely give a decent cycle life.94 The
same group further investigated the origin of this poor reversibility
and realized that it only originates from the instability of the
counter-electrode, namely Li metal, in a half-cell configuration.95

Unlike the case of Li+–PC co-intercalation where the decom-
position of PC molecules and gas evolution undermine the
graphite structure, the graphite maintains its structural integrity
during Li+–ether co-intercalation despite the huge volume
change (Fig. 5d). Consequently, a graphite–LiFePO4 full cell
adopting co-intercalation reaction delivers 200 cycles of stable
operation. The Li+–solvent co-intercalation, as was proved feasible
for practical applications, is a suitable candidate for future power-
intense LIBs due to the following reasons: (1) co-intercalation
reaction shifts the anode potential away from dangerous Li
plating, usually in the range of 0.5–1.2 V. (2) Li+–solvent
co-intercalation proceeds in the absence of both desolvation
process and SEI, and therefore it exhibits fast charge-transfer
kinetics and a pseudocapacitive nature.95,96 However, the safe and
high-power-density characteristics of Li+–solvent co-intercalation
can only be achieved at the expense of energy density, due
to the elevated anode potential and limited specific capacity
(100–120 mA h g�1) compared to naked Li+ intercalation. Future
endeavours should fully exploit Li+–solvent co-intercalation reac-
tion by striking a balance among these parameters.

2.2. LIBs based on solid electrolytes

The potential safety concerns during fast-charging have inspired
the research of solid-state batteries. The emerging SSLIB has
drawn extensive attention due to its intrinsic safety and high
energy density.97–101 Although the mechanism of ionic transport
in solid electrolytes is not fully understood up to now, the
emergence of numerous SEs with superb ionic conductivity
(10�4–10�2 S cm�1) and with an activation energy of 0.15–
0.4 eV make SSLIBs promising for safe fast-charging.102–105 For
example, the bcc-type Li9.54Si1.74P1.44S11.7Cl0.3 electrolyte within
3D conduction pathways delivers the highest ionic conductivity of
2.5 � 10�2 S cm�1 at room temperature,106 which is even higher

than that of organic electrolytes (B1 � 10�3 S cm�1). Although
current research on the negative electrode of SSLIBs mostly
focuses on solving the compatibility between lithium metal
and solid electrolytes, lithium dendrite growth and the safety
concerns of metallic lithium in large-scale manufacture remain
problematic. Nevertheless, even coupled with electrodes in
conventional LIBs (graphite anode and transition metal oxide
cathode), SSLIBs still offer great advantages in device robustness,
packaging compactness and safety.107–109 At present, the develop-
ment of SSLIBs is still in its infancy. Therefore, developing SSLIBs
containing graphite anodes is still a competitive route towards safe
fast-charging.

The interfacial chemistry of graphite in SSLIBs is also
important and ultimately determines the fast-charging perfor-
mance. Compared with the traditional organic electrolytes, there
is no solvated Li+ in SSLIBs and consequently no desolvation step.
An interphase between graphite and solid electrolyte is sometimes
even absent. In SSLIBs, the charging process of graphite anodes can
be divided into 3 consecutive steps:

(a) Hopping of Li+ in bulk SEs along neighboring sites.
(b) After reaching the surface of the electrode, Li+ crosses the

SEI or directly enters the interior of graphite.
(c) The diffusion of Li+ within graphite galleries.
Numerous studies have shown that step (b) serves as the

RDS and ultimately dominates the fast-charging performance
in SSLIBs,13,110–112 because the poor solid–solid contact and the
formation of an additional passivation layer between graphite
and solid electrolytes both result in poor interfacial ion trans-
port kinetics.99,110 Only interphase formation between graphite
and SEs is discussed here, which is dictated by the interfacial
chemistry. The poor solid–solid contact will be discussed in
Section 3.

An interphase forms typically due to the narrow electrochemical
window of solid electrolytes, leading to chemical113,114 or electro-
chemical115 instability at the electrode/electrolyte interface.
According to the stability of the SE applied and the properties
of the interphase, three interfacial chemistries are expected
(Fig. 6).116 (a) If the SE is thermodynamically stable, the inter-
face between graphite and SE is interphase-free, allowing direct
Li+ transport. (b) If the interphase is conductive to both Li+ and
electrons, the SE will continuously decompose on top of the
interphase and increase the interfacial resistance upon cycling.

Fig. 6 Schematic illustration of the interface between solid state electro-
lyte and lithiated graphite. Three possible scenarios are discussed, including
(a) the interphase-free scenario, (b) the mixed conducting, unstable inter-
phase and (c) the self-limiting, kinetically stable interphase.
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(c) If the interphase forms in such a manner that it is only
Li+-conducting and electron-insulating, then the interphase will
cease to thicken at a point when electron tunneling is prohibited.
Such a self-limiting interphase therefore fits the definition of an
SEI. While the first scenario is ideal, it is practically impossible to
achieve; in the second scenario, impedance tends to build up,
and therefore it is not desired for fast-charging or long-term
cycling. The third scenario, with an SEI similar to liquid LIBs, is
the major direction of research.

3. Challenges and issues

Compared with normal charging conditions, fast-charging
aggravates a number of issues due to the large overpotential,
drastic structural fluctuation and interfacial evolution of gra-
phite anodes. When charging at high rates, numerous side
effects including Li plating, SEI instability, Joule heating and so
on will result in the deterioration of cycling performance and
safety accidents. These challenges are discussed in this section.

3.1. Battery with liquid electrolytes

3.1.1. Li plating. Li plating is the main culprit of fast-
charging in LIBs and can occur at local potential below 0 V vs.
Li/Li+ (Fig. 7a). The Li+ intercalation potential (B0.1 V vs. Li/Li+) is
located above this value, and therefore it precedes Li plating during
the charging of graphite in terms of thermodynamics.117–119

However, the Nernst equation cannot predict the authentic
potential of graphite anodes when a charging current is
applied,120 because various polarizations including ohmic drop,
concentration overpotential, and charge transfer overpotential
are unavoidable especially at high rates, which jointly drive the
anode potential down to the threshold of metallic Li plating.
The true potential of working graphite anodes can be measured
by employing a reference electrode as the probe, but it is
difficult to isolate different polarizations experimentally.121,122

The high anisotropy of graphite allows Li+ to intercalate only
through its edge plane rather than the basal plane, producing
limited active intercalation sites.45 If the charging current is higher
than the maximum Li+ intercalation current, the accumulation
of Li+ triggers the onset of Li plating. To sum up, Li plating on
graphite electrodes is a kinetically controlled process.

At the microscopic level, Li plating (amount y) and Li+

intercalation (amount x) co-exist during charging, as described
by the following equations:120

xLi+ + LidC6 + xe� - Lid+xC6 (1)

yLi+ + ye� - yLi (2)

where d (0 o x o 1) represents the SOC of graphite. Hence, the
charging current can be divided into Li+ intercalation current
and plating current (Fig. 7a). Under fast-charging conditions,
due to the quick consumption of Li+ in the electrolyte, slow
charge-transfer kinetics and limited solid-state Li+ transport in
graphite, Li+ tends to accumulate on the surface of graphite to
increase the plating current. Common external factors that may
trigger lithium plating include large charging current, inadequate
negative/positive (N/P) ratio, high SOC, and low temperature.

Besides, lithium plating can also be triggered by the inhomo-
geneous distribution of temperature and current density, which
is induced by local defects and inappropriate cell designs, such
as cell mismatch, locally deformed separators, non-uniform
compression/mechanical stress, etc.123 Even in a coin cell, a
locally deformed separator was demonstrated to cause lithium
plating. After producing a closed pore at the center of the separator
on purpose, the assembled coin cell exhibits apparent lithium
plating around the pore region of the separator even under normal
charging conditions.124 Heterogeneous compression is also found
to induce lithium plating. For the cylindrical stainless steel case,
the positive and negative tab may deform the jelly roll and create
compression variations which hinder the diffusion of Li+, resulting
in visible lithium plating especially near the edges of the imper-
fections. What is worse, lithium plating appears to spread out to
cover the whole graphite surface from the initial areas, leading to
rapid cell degradation.125

When lithium atoms deposit on the graphite surface during
fast charging, it may cause two effects (Fig. 7b). On the one
hand, the deposited Li can reinsert into the graphite during
relaxation driven by the potential difference between graphite
and deposited Li, which does not result in any capacity loss and
is thus termed reversibly plated lithium.122 On the other hand,
the plated lithium can react spontaneously with the nearby
electrolyte to form a passivation layer, giving rise to irreversible
capacity loss and poor coulombic efficiency, which is termed
irreversibly plated lithium.126,127 When metallic Li is wrapped
with a layer of an electron-insulating SEI, it may lose contact
with the electron-conducting skeleton and form a thick, porous
layer composed of isolated Li islands (referred to as dead Li) on
the surface of the anode during the following cycles which is hard
to re-utilize.128 This process will not only result in irreversible loss
of active lithium but also increase the internal resistance of the
battery and subsequently induce further Li plating, as the Li+ ion

Fig. 7 Schematics of lithium plating and its consequences. (a) Lithium
plating at both the macroscopic and the microscopic level. (b) Reversibly
and irreversibly plated lithium on the surface of graphite.
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has to diffuse through the porous dead Li layer to reach the
surface of graphite. Moreover, the electrolyte will dry out due to
its continuous consumption and anode swelling, resulting in a
further increase of the internal resistance. Therefore, Li plating
can be regarded as a self-accelerating process.129,130 As Li plating
prevails, the anode could partially evolve into a Li metal anode,
which is notoriously unstable in commercial carbonate electro-
lytes for LIBs and would cause rapid battery failure.123,131,132

3.1.2. SEI instability. An SEI exists on the surface of both
graphite and deposited Li to protect the electrode and enable
long-term cycling. An ideal SEI should be thin, compact, and
mechanically strong, enabling only Li+ to transport through the
layer and into the graphite electrode and physically eradicate
electron tunneling to inhibit the continuous reduction of the
electrolyte. Since the SEI is typically a 10–50 nm thick solid
electrolyte layer, the most straightforward implication of the
SEI for fast-charging is that Li+ conductivity should be high
enough to support high Li+ flux. However, the major ingredi-
ents of the SEI in the state-of-the-art LIBs possess poor ionic
conductivity.133 Therefore, Li+ transport through the SEI is
hindered under higher current, resulting in dramatically increased
interfacial resistance and Li plating. This happens especially when
the SEI considerably thickens upon cycling.

Previous investigations indicate that an SEI consists of an
inner layer dominated by inorganic species and an outer layer
dominated by organic species, primarily composed of LiF
and LEDC, respectively, at the initial stage. However, the decom-
position of the unstable LEDC results in a very complicated
mixture of compounds as shown in Fig. 8a. Some of the organic

compounds are soluble in the electrolyte, gradually creating a
porous SEI structure. Whereupon, the electrolyte can infiltrate
into the porous SEI and participate in further decomposition to
generate more LiF and LEDC, forming the new outer SEI layer.
Because of the repeated dissolution and decomposition, the SEI
thickens, along with the increased impedance and loss of capacity
(Fig. 8a).54 In addition, the heterogeneous shear modulus of most
practical SEIs is too low to suppress lithium dendrites and SEI can
easily be broken when subjected to high strain.134–136 Fast-charging
easily results in SEI cracks, leading to subsequent electrolyte
penetration and reduction. After continuous SEI rupturing
and rebuilding, dead Li accumulates and cycling performance
deteriorates.137 Furthermore, the SEI components are temperature-
sensitive. Fast charging gives rise to higher cell internal temperature
compared to charging at normal rates, leading to accelerated
electrolyte decomposition and an appreciable increase of the
SEI thickness.

The generation of an SEI also induces first-cycle active lithium
loss to lower the cell energy density, since all lithium in the SEI
originates from the cathode materials. Although it is generally
acknowledged that smaller particle size of graphite would
decrease the Li+ diffusion length and benefit the high-power
performance of graphite anodes, more severe active lithium loss
with lower coulombic efficiency was reported for nanostructured
graphite anodes due to the increased specific surface area.123

The influence of the cathode should also be considered. The
main effect of cathode materials on the graphite anode is
transition metal dissolution (Fig. 8b)66 For example, lithium
cobalt oxide (LiCoO2)/graphite batteries which dominate the

Fig. 8 Different scenarios of SEI instability. (a) SEI thickening through aging reactions. Adapted with permission from ref. 54. Copyright 2019, Elsevier.
(b) The influence of transition metal ion attack and dissolution of the SEI.
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mobile electronics market still undergo Co ion dissolution. The
dissolved Co ions migrate to the graphite anode and are
electrochemically reduced to metal particles on the graphite
surface, which could serve as catalytic sites to accelerate further
decomposition of electrolytes and increase interfacial impedance.138

The high-voltage LiNi0.5Mn1.5O4 cathode also undergoes transition
metal ion dissolution by releasing Ni2+ and Mn2+ to precipitate into
the SEI in ionic state or reduced metallic state, leading to the
thickening of the SEI and accelerated capacity loss.73,139

3.1.3. Safety issues. Although LIBs are ubiquitous in
present-day society, their safety issues remain an intractable
challenge as numerous accidents of LIB-powered mobile
phones or EVs are reported worldwide, of which the majority
occurred in the course of charging. Under high charging rates,
rapid Li+ depletion at the graphite surface leads to the for-
mation of Li dendrites, which is very similar to that of the Li
metal electrode and displays the same detrimental effects.140–142

As the Li dendrites grow, they may penetrate through the
separator and cause battery short circuit, leading to thermal
runaway and even cell explosion.26,126,143 On the other hand, the
reactions between plated Li and electrolyte are exothermic,
which would produce excessive heat in a self-accelerating manner,
as verified by the pouch cell tests under different C-rates.144 High-
rate charging also intensifies Joule heating. Therefore, the increase
of the cell internal temperature could further give rise to fire or
explosion even when no internal short-circuits are developed.145,146

Furthermore, high temperatures would accelerate the malfunction
of other cell components, such as thermal decomposition of
the bulk electrolyte, melting of the separator and cathode
oxygen release, to name a few.57,147

3.1.4. Other challenges. There are some other troublesome
challenges with fast charging graphite anodes in addition to the
ones mentioned above. The exfoliation of graphite is one of
them. Graphite has a laminated structure with an interlayer
spacing of 0.335 nm,148 held together only by weak van der Waals
forces (16.7 kJ mol�1) which is susceptible to volume expansion
and exfoliation usually resulting from the co-intercalation of
solvent molecules. Besides, fast intercalation of Li+ results in a
large lithium concentration gradient and inhomogeneous stress
distribution among graphite particles, leading to cracks within
the electrode, electrical isolation of graphite particles and even
separation between the electrode and current collector. Although

the volume change of graphite during the lithium intercalation/
deintercalation process is considered to be subtle (around 10%),
the rearrangement of the graphite lattice (e.g., from AB stacking
to AA stacking during lithium intercalation) could cause mechanical
stress on C–C bonds and defects, which might generate cracks or
related structural damage.73 All these consequences may give rise to
severe SOC inhomogeneity and further mechanical degradation of
graphite electrodes.149,150

Another important issue during fast charging is the spatially
non-uniform temperature distribution inside graphite electrodes,
which can be ascribed to the high volumetric heat generation and
non-uniform external cooling. High temperature accelerates
chemical reactions according to the Arrhenius equation, which
indicates that local hot spots promote cell aging (e.g. electrolyte
decomposition and SEI growth) and in turn generate more heat
to increase the temperature.151 This electrochemical–thermal
positive feedback could also result in spatial inhomogeneity of
the SOC of graphite.

In order to achieve high-energy-density batteries with fast-
charging capability, increasing the loading and ratio of electro-
chemically active graphite material and reducing the weight of
the current collector are both effective. However, these strategies
may raise cell resistance and reduce thermal conductivity to
hinder heat extraction.151

3.2. Battery with solid electrolytes

3.2.1. Poor solid–solid contact. The poor solid–solid contact
between graphite and rigid SEs induces uneven distribution of
ion channels, which results in high local current density and
lithium dendrite growth in working batteries, especially under
fast-charging conditions which involve high Li+ flux (Fig. 9a).152

For graphite anodes, the accumulation of plated lithium can
quickly pierce the solid electrolytes along cracks and grain
boundaries, resulting in short circuit of batteries. In addition,
the volume change during the charging process leads to contact
loss and further increases the current inhomogeneity,110 leading
to endless cell polarization increase and power fade.153

3.2.2. Narrow electrochemical windows. The electrochemical
window of the SEs was once believed to be wide enough to work in
practical batteries. However, this belief no longer holds true due to
the evolution of experimental methods and the application of
density functional theory (DFT) calculation in SSLIBs (Fig. 9b).154

Fig. 9 Challenges of fast-charging in solid-state LIBs. (a) Poor solid–solid contact results in high local current density and Li dendrite growth. Adapted
with permission from ref. 152. Copyright 2018, American Chemical Society. (b) Electrochemical windows of typical solid-state electrolytes. Adapted with
permission from ref. 155. Copyright 2015, American Chemical Society.
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For example, sulfide SEs have high ionic conductivity, but most of
the star electrolytes such as Li7P3S11, Li10GeP2S12, and Li6PS5Cl only
exhibit electrochemical stability within 1.7–2.1 V.155 Interphases
with low ionic conductivity form and gradually accumulate on the
electrode surface and are detrimental to cell operation.115,156–159 For
example, recent research suggests that the oxidation products of
sulfide SEs including S and P2S5 formed during the charging
process contribute to high interfacial impedance, which is a
main obstacle to fast-charging.160–162

3.2.3. Thick electrolytes. Thinning the solid electrolyte is
an effective way to reduce the polarization of the battery and
reduce the threshold of ionic conductivity required for fast-
charging. In thin-film SSLIBs, even when an electrolyte with an
ionic conductivity of 1 � 10�6 S cm�1 is used, fast-charging still
can be achieved if electrolyte thickness is limited to several
micrometers. At present, the thickness of solid inorganic electro-
lytes is difficult to be made less than 30 mm as the mechanical
strength of the thin solid electrolyte significantly reduces. While
thin solid polymer electrolytes of several micrometers have been
reported,151 they are more easily penetrated by lithium dendrites.

4. Promising strategies

From a theoretical point of view, there are essentially two ways
to boost fast-charging: to enhance diffusion (including internal
diffusion, which is Li+ diffusion within graphite particles, and

external diffusion, which is Li+ diffusion within electrodes) and
to enhance interfacial reactions (including Li+ desolvation and
crossing the SEI). Therefore, in this section we list several
promising strategies to improve the fast charging capability
of graphite anodes based on these two principles, such as
regulating the Li+ solvation structure, introducing advanced
SEI films, modifying graphite-based materials, optimizing charging
protocols, and so on. Strategies to improve the fast-charging
capability of SSLIBs are also discussed.

4.1. Regulating Li+ solvation

Before solvated Li+ intercalates into graphite, its solvation
sheath has to be stripped off. This process is challenged by a
high kinetic energy barrier of 50–70 kJ mol�1, impeding the fast
charging of graphite anodes especially at sub-zero temperatures.87

Consequently, reducing the kinetic energy barrier to accelerate the
desolvation process at the graphite/electrolyte interface plays an
important role in fast-charging. The nature of the solvation effect
is the coordination between Lewis acid (Li+) and Lewis base
(organic solvents), hence the selection of solvents is a critical
factor influencing the desolvation kinetics.163 Okoshi et al. calcu-
lated the desolvation energies of Li+, Na+, and Mg2+ in 27 different
solvents and compared them with those of K+ to obtain linear
correlations (Fig. 10a).164 These calculations reveal that the order
of desolvation energies is Mg2+ 4 Li+ 4 Na+ 4 K+, following the
same trend as the Lewis acidity of the cations which is a function

Fig. 10 Regulating the Li+ solvation structure. (a) Desolvation energies of Li, Na, and Mg ions compared to those of K ions. Adapted with permission from
ref. 164. Copyright 2017, Electrochemical Society. (b) The dependence of desolvation energy between solvents and Li ion on solvent type. Adapted with
permission from ref. 165. Copyright 2013, Electrochemical Society. (c) Schematic of adding metal cation additives to regulate the solvation structure to
inhibit the co-intercalation of solvent molecules. Adapted with permission from ref. 135. Copyright 2015, American Chemical Society.
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of positive charge number and ionic radius. For Li ions, a
systematic trend with the principal group of solvents was obtained
by the same research group, and is in the order of nitro o ether o
ethylene sulfite o (mono-)nitrile o carbonate o gamma-valero
lactone o sulfolane o dimethyl sulfoxide o amide o trimethyl
phosphate o di-nitrile (Fig. 10b).165 This result provides a useful
guideline for the selection of solvent with fast desolvation kinetics
for fast-charging.

Besides organic solvents, the choice of lithium salts, namely
anions, can also influence the intercalation kinetics. LiFSI
(Li[N(SO2F)2]) is characterized by the weak interaction between
FSI� anion and Li+ cation, resulting from its smaller polariz-
ability and electrostatic energy.166,167 Among the various
lithium salts with the concentration of 1.0 M in EC/ethyl methyl
carbonate (EMC) solution, the LiFSI-containing electrolyte dis-
plays the highest conductivity in the order of LiFSI 4 LiPF6 4
LiTFSI (Li[N(SO2CF3)2]) 4 LiClO4 4 LiBF4. Because of its high
ionic conductivity and lower fluorine content, the LiFSI-containing
electrolyte is regarded as an alternative to the classical LiPF6-based
electrolyte. Consequently, batteries with LiFSI deliver improved
fast-charging performance and alleviated Li plating compared to
the conventional LiPF6 counterpart.168 At the same time, blends
of lithium salts may also be an alternative for improving the
rate performance of graphite anodes due to their synergistic
effects.169,170 For example, adding a certain amount of LiBOB
into the routine LiPF6 based electrolyte is proved to deliver
improved capacity retention and satisfactory power capability at
55 1C, due to the robust SEI derived from LiBOB.170,171 Similarly,
the addition of 0.2 M LiFSI and 0.2 M LiBOB in a 1.0 M LiPF6/
EC/EMC electrolyte can effectively elevate the rate performance
of graphite anodes while inhibiting aluminum corrosion in
graphite|LiFePO4 full cells, by simultaneously enhancing the
ionic conductivity of the electrolyte and passivating the aluminum
current collector.169

Employing different metal cations as additives, including
Mn2+, Cu2+, Ni2+, Ag+, Na+, etc., can also improve the electro-
chemical performance of graphite.172 Most of these cation
additives alter the solvation structure of Li+ and consequently
regulate the graphite/electrolyte interface. For instance, adding
three different kinds of potassium salts into LiClO4/EC–1,2-
diethyl carbonate electrolyte solution reduces the initial irreversible
capacity and improves the rate capability. The presence of
potassium cations in the electrolyte can impair the solvation of
Li+ by EC molecules and mitigate electrolyte decomposition.173 In
another example, adding 0.05 M CsPF6 into a 1.0 M LiPF6/EC–
PC–EMC electrolyte can effectively inhibit the co-intercalation of
PC solvent (Fig. 10c). Theoretical calculation reveals that Cs+ is
preferentially solvated by EC to form Cs+–(EC)m (1 r m r 2)
solvate, which forms a stable SEI prior to the co-intercalation of
PC that inhibits the exfoliation of graphite.135 Such a small
amount of CsPF6 is still effective even when the content of PC
exceeds 20%.174 Similarly, Wu et al. reported that the addition of
silver hexafluorophosphate in an electrolyte containing 60% PC
forms a metallic interphase below 2.15 V, and therefore it
prevents PC co-intercalation and enables satisfactory reversible
capacity for graphite anodes.175

Other functional electrolyte additives are also explored
to inhibit the exfoliation of graphite, which is ascribed to
either the changed solvation structure or the formation of a
co-intercalation-proof SEI. These additives are employed mainly
to enable the use of PC-majority electrolytes, since PC exhibits
exceptional low-temperature performance compared to EC. For
example, ethylene sulfite (ES) as an electrolyte additive with a
content of 5% allows successful cycling of the graphite anode in
a PC-based electrolyte. The underlying mechanism is that Li+

tends to be preferentially solvated by ES over PC to form Li+(ES)y

rather than Li+(PC)y. Consequently, ES forms an effective pro-
tective SEI through electrochemical reduction at B2 V vs. Li/Li+,
which is high above the potential of PC co-intercalation, guar-
anteeing continuous intercalation and de-intercalation of Li+

into/from graphite.176 Similarly, Matsuo et al. investigated a
series of butyrolactone derivatives with different side chains as
electrolyte additives in a PC-based electrolyte for LIBs with
graphite anodes.177 When adding 0.3 M 2-acetyloxy-4,4-dimethy-
4-butanolide (AcBL1) into a 1 M LiClO4–PC electrolyte, the number
of PC molecules bonded to lithium ions decreases while more
lithium ions are solvated by AcBL1. As a result of the higher
reduction potential of AcBL1 compared to that of PC, a protective
SEI was constructed on the surface of graphite. Consequently, Li+

intercalation/de-intercalation into/from graphite proceeds success-
fully by suppressing the co-intercalation of PC, leading to better
cycling performance.

In recent years it was discovered that graphite electrodes
exhibit surprisingly different intercalation behavior in salt-
superconcentrated organic solutions (e.g., salt concentration
43.0 M). For instance, organic solvents, such as PC, dimethyl
carbonate (DMC), glymes, acetonitrile, tetrahydrofuran, 1,2-
dimethoxyethane, and sulfolane, combined with various high
concentration Li salts, such as LiPF6, LiTFSI, LiFSI, and LiClO4,
can support the reversible Li intercalation into graphite in
the absence of EC and exhibit extraordinary fast-charging
capabilities.165,178 These solvents with normal salt concentration
(typically 1.0 M) are usually unable to form an effective SEI and
were once ruled out when formulating electrolytes in LIBs. The
successful operation of graphite anodes in SCEs seems universal
to various solvents, which is possibly due to the reduced solvation
number of Li+ by solvent molecules and the preferential
reduction of anions to form an SEI dominated by inorganic
components (Fig. 11).179–181 However, the underlying mechanism
for the superb fast-charging performance of SCEs is unclear.
One hypothesis is that SCEs possess superior bulk transport
properties. For example, the superconcentrated 4.5 mol L�1

LiFSI/AN electrolyte shows low viscosity (23.8 mPa s) and high
ionic conductivity (9.7 mS cm�1), superior than the commercial
EC-based electrolytes.166 Another possibility involves the altered
desolvation mechanism in SCEs. When salt concentration shifts
from dilute to superconcentrated, the Li solvation structure is
partially replaced by contact ion pairs (CIGs) and aggregates
(AGGs) where the ion–ion interaction emerges in the solvation
sheath due to the abundance of anions. Therefore, the kinetics
of Li+ desolvation in SCEs would be strongly influenced by the
cleavage of ion–ion pairs, whose kinetics, to the best of our
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knowledge, has not been well understood. The high intercalation
rate in SCEs is also attributable to the unique inorganic-rich SEI
and the high Li+ interfacial concentration. To the best of our
knowledge, these fields are relatively underexplored, and future
efforts to reveal the interfacial kinetics of graphite in SCEs may
offer new fundamental insights for achieving more demanding
charging rates.

However, the high viscosity and cost of SCEs are the major
concerns in the consideration of industrial applications. Diluting
concentrated electrolytes by introducing an inert solvent (diluent)
is a rather clever and effective solution (Fig. 11).182 The essence of
such an approach is thinning the concentrated electrolytes
with a non-coordinating, electrochemically inert diluent, which
can retain the local coordination environment of the pristine
concentrated electrolyte. As a result, without changing the
interfacial chemistry of graphite, the apparent salt concen-
tration and electrolyte viscosity are significantly reduced. From
a practical perspective, the introduced diluent should comply
with the following stringent requirements: (a) non-flammability
and low volatility; (b) low cost; (c) low viscosity; (d) electro-
chemical inertness in the operating potential range of LIBs;
(e) low coordination ability and permittivity.182 Watanabe’s
group applied hydrofluoroether (HFE), which is the most
promising candidate to meet the above requirements, to dilute
the LiTFSI/triglyme (G3) electrolyte and enable the reversible
Li+ intercalation/deintercalation in the graphite electrode. It
was found that Li+ is preferentially solvated by equimolar G3
and forms a [Li(G3)]+ complex cation, while the HFE diluent
scarcely participates in the solvation sheath due to its low
permittivity and low donor ability. As the molar ratio of G3
decreased, the dissociativity of Li[TFSI] decreased and the
activity of G3 in the electrolyte diminished, which could enhance
the oxidative stability of the electrolyte, suppress the corrosion of
the Al current collector, and ensure the desolvation of Li+ at the
interface of graphite by inhibiting co-intercalation of the [Li(G3)]+

complex.163 In a similar example, another frequently adopted
fluorinated ether bis(2,2,2-trifluoroethyl)ether (BTFE) was
blended with 1,3-dioxolane (DOL) to enable remarkable cyclability
of graphite anodes by forming a stable SEI.183 As the research on
diluted concentrated electrolytes is based mostly on lithium metal
anodes and relatively scarce on graphite anodes,184–189 we call for

more attention on this concept in the LIB community as it
represents, for the time being, the most promising route to see
the commercialization of concentrated electrolytes.

4.2. Building advanced SEIs

The physical properties and chemical constitution of the SEI
exert significant effects on various aspects of the performance
of graphite anodes, such as cycle life, power delivery, capacity
retention and safety. Thus, plenty of research studies have
focused on fabricating advanced SEIs on the graphite surface
to enable fast-charging of graphite anodes.

Preconditioning the surface of graphite with coatings is a
commonly adopted approach, which can be regarded as con-
structing an artificial SEI.190 The coating materials can be
categorized into inorganic compounds, polymers, or a mixture
of the two. The essential functions of the introduced artificial
SEI are physically separating the electrolyte and graphite to
protect the electrode and providing desirable Li-ion conduction.
Among all the methods, carbon coating is the most applied and
effective one, which can increase the electrode conductivity
(Fig. 12a), protect graphite from direct contact with the electro-
lyte, improve the surface chemistry of graphite, and provide fast
Li+ diffusion channels.191,192 Chemical vapor decomposition
(CVD) and thermal vapor decomposition (TVD) are widely used
methods to coat graphite with a homogeneous layer of carbon
and construct a core–shell structured composite. Compared to
the pristine graphite, the SEI after carbon coating is more
compact and thinner and results in high Coulombic efficiency.

In another contribution, a uniform amorphous silicon nano-
layer on the surface of edge-site-activated graphite was prepared
through nickel-catalyzed hydrogenation and CVD (Fig. 12b).
Such material exhibits a superior initial Coulombic efficiency
(93.8%) and fast-charging capabilities even under industrial
electrode conditions. This hybrid anode reveals more exposed
edge sites for Li+ intercalation and improves mass transfer
kinetics. The remaining Ni nanoparticles on the surface of
graphite can act as a conductor to improve the electric con-
ductivity of the hybrid anode. Moreover, the coated amorphous
silicon nanolayer could shorten the Li+ diffusion length, allow
fast Li+ diffusion and increase the energy density of the anode
due to its high specific capacity.128 Analogously, amorphous

Fig. 11 Structures and properties of concentrated electrolyte systems. (a) Schematics of solution structures of the conventional electrolyte,
concentrated electrolyte and diluted concentrated electrolyte. (b) Comparison of the properties and performances of the three electrolytes. (a and b)
are adapted with permission from ref. 182. Copyright 2019, Nature Publisher.
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Al2O3 coating on graphite also improves the fast-charging
performance of graphite, exhibiting a capacity retention of 97.2%
even at a high rate of 4 A g�1 compared to that of 0.1 A g�1. The
improvement is attributed to the increased electrolyte wettability on
the graphite surface confirmed by wettability tests and electro-
chemical impedance spectroscopy analysis (Fig. 12c).193

A multifunctional polyether, such as polyethylene glycol tert-
octyl-phenyl ether (PEGPE; C14H22O(C2H4O)n, n = 9–10), can also
be used as an artificial SEI. The polyether layer could coordinate
with Li+ ions by the lone-pair electrons of oxygen atoms from the
ether groups in the polymer chains (Fig. 12d).194 The aromatic
ring of the polymer establishes a firm contact with the graphite
surface by p–p interactions. Therefore, this artificial SEI can
provide Li+ with stepwise moderate transition from a ‘‘wet’’
coordinated state to a ‘‘dry’’ coordinated state and finally to a
non-coordinated state, achieving fast Li+ transport across the
electrolyte/graphite interface. As a result, the introduced poly-
mer artificial SEI considerably improves the cycling stability and
rate performance.

Electrolyte additives have been extensively investigated for
their ability to form in situ advanced SEIs. A desirable SEI for fast-
charging should be thin, compact, with high ionic conductivity
and chemically stable. Most of the film-forming additives in
electrolytes are organic molecules.195 For example, fluorosulfonyl
isocyanate (FI) with low LUMO (lowest unoccupied molecular
orbital) could be reduced at 2.8 V vs. Li/Li+ prior to the conventional
carbonate based electrolytes, yielding a conductive SEI consisting of
a thick highly conducting inorganic inner layer that inhibits the

growth of the outer organic layer. Consequently, the interfacial
resistance of the graphite electrode is remarkably decreased and
exceptional rate performance is obtained at both room temperature
(20 1C) and lower temperature (0 1C and �20 1C).196

A closer inspection of the molecular structures of the additives
reported reveals that those with a vinylene group exhibit better
film-forming capability than those without. According to this
‘‘vinylene group’’ effect, effective electrolyte additives such as
prop-1-ene-1,3-sultone (PES), vinylene carbonate (VC), vinyl
ethylene carbonate (VEC), 3-sulfolene (3SF), etc., are all highly
reductive and able to generate a uniform and thin SEI on the
graphite surface (Fig. 13b).197

Apart from organic compounds, inorganic salts can also
serve as film-forming additives. Compared to the SEI resulting
from the decomposition of organic molecules, an inorganic-salt-
derived SEI has higher Li+ conductivity due to the ionic nature of
the SEI. For example, additives such as lithium difluorobis(oxalato)
phosphate can build interface films simultaneously on the
graphite anode and NCM523 cathode surface due to the pre-
ferential reduction or oxidation of the salt anion over bulk
electrolyte components (Fig. 13c). The resulting interface films
can suppress the decomposition of the electrolyte and effec-
tively bring down interface impedance on both electrodes
especially on the graphite anode, which benefits the rate
performance.195 Cations in inorganic salts, on the other hand,
can also benefit a better SEI. For example, the addition of
sodium ions in electrolytes can increase the capacity of the
graphite anode. Ex situ XRD and EIS measurements indicate

Fig. 12 Precoating advanced SEIs on graphite. (a) Carbon coated graphite with improved electron and ion conduction. Adapted with permission from
ref. 191. Copyright 2018, Elsevier. (b) Schematic of the amorphous silicon nanolayer coating on graphite with activated edge sites. Adapted with
permission from ref. 128. Copyright 2017, Nature Publisher. (c) Surface modification of graphite by amorphous Al2O3. Adapted with permission from
ref. 193. Copyright 2019, Elsevier. (d) A polymeric SEI facilitating Li ion transport between the electrolyte and the graphite anode. Adapted with permission
from ref. 194. Copyright 2017, Wiley-VCH.
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that the additional sodium does not change the electrolyte
or electrode bulk properties, but rather significantly reduce
interfacial resistance by enhancing the kinetics rate of the SEI,
though the underlying mechanism is unclear.172

Similar to electrolyte additives, incorporating additives in
the preparation process of the graphite electrode is also an
effective method for the in situ deposition of the SEI. Such
electrode additives are mainly inorganic compounds. LiNO3

has long been the ‘star additive’ in the field of Li–S batteries for
its ability to form a highly conductive passivation layer on the Li
metal anode while inhibiting the shuttle effect of polysulfides.
However, LiNO3 is rarely utilized in LIBs due to its poor
solubility in carbonate-based electrolytes.198 To this end, Qi
et al. innovatively put forward that adding a small amount of
LiNO3 into the graphite slurry enables its slow release during
cycling. LiNO3 is electrochemically reduced during the first
cycle, forming a protective film containing Li3N and LiNxOy

on the surface of graphite to promote fast Li+ diffusion and
limit the further decomposition of the electrolyte (Fig. 14a).199

The LiNO3 additive results in an extraordinary capacity reten-
tion of 82.4% at 680 mA g�1 for graphite electrodes, compared
with that of 22.4% for electrodes without the additive, which
provides a low-cost, highly applicable method for practical
high-rate LIBs. In another work, elemental sulfur was added
into the graphite electrode and electrochemically reduced
to lithium polysulfides in the first lithiation process. The
as-formed Li polysulfides are soluble and capable of reacting

with carbonate-based electrolytes to generate organic thio-
carbonates. The organic thiocarbonates are then electrochemically
converted to a sulfur-enriched SEI, which accelerates the charge
transfer process at low temperature. Therefore, the low-temperature
performance of the graphite electrode is improved.200 For the final
example, electrode additives are introduced by pre-treating the
graphite anode in aqueous solution containing Li2CO3 particles.
The pre-deposited Li2CO3 particles can act as heterogeneous
nucleation sites to generate a Li2CO3-dominated SEI film, which
serves to reduce the decomposition of the electrolyte and
decrease electrode degradation caused by the fracture and
removal of graphite particles. In addition, certain crystallographic
planes of Li2CO3 may provide favorable pathways for rapid Li+

diffusion, enabling fast-charging and long-term cycling (Fig. 14b).201

4.3. Modification of graphite

While regulating Li+ solvation and constructing advanced SEIs
aim at accelerating the interfacial reaction, modifying graphite
materials is an effective way to increase the intrinsic fast-
charging capability of graphite anodes by enhancing ion diffusion.
The diffusion coefficient of Li+ in the through-plane direction of
graphite sheets is much lower than that in the edge-plane
direction, leading to the preferential Li+ intercalation from the
edges of graphite layers.202 Such high anisotropy of graphite
indicates that the legitimate sites for ion and electron transfer
are limited and sometimes Li+ has to diffuse through a lengthy
path to reach the edge of graphite. Therefore, decreasing the

Fig. 13 In situ SEI formation by electrolyte additives. (a) HOMO and LUMO orbitals of DMC, EC and FI molecules. Adapted with permission from ref. 196.
Copyright 2019, Elsevier. (b) Influence of ‘vinylene group’ on the film-forming capability of the reported additives. Adapted with permission from ref. 197.
Copyright 2018, Elsevier. (c) SEI formation by the LiDFBOP additive. Adapted with permission from ref. 195. Copyright 2018, Wiley-VCH.
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length of the diffusion paths and improving the diffusion
coefficient are both beneficial for accelerating ion transfer and
increasing charge/discharge rate capability.

One facile way for shortening the lithium diffusion path is to
create pores in graphite materials. Etching graphite by using
KOH at 800 1C produces abundant nanosized pores to construct
a multi-channel structure, which can not only greatly improve
the number of entrances for Li+ intercalation but also reduce
the ion diffusion distance within the interior of graphite during
charging (Fig. 15a). As a result, excellent fast-charging performance
was achieved with a capacity retention of 74% even at a high rate of
6C, which is much higher than that of pristine graphite.203 Different
from etching by high-temperature annealing, Shim et al. prepared
etched graphite by using KOH under mild conditions (80 1C)

without annealing, making it suitable for an industrial process.
This etched graphite shows nano-sized pores penetrating to a depth
of about 40 nm from the surface, providing more entrances for fast
transportation of lithium ions. By etching under mild conditions,
the size of the created pores can be limited to the nanometer scale,
which is important for fast-charging batteries without significantly
increasing the irreversible capacity.204 In another example, a multi-
channel structured graphite anode was fabricated by a simple air
oxidation method, which increases the number of lithium inter-
calation sites and the accessibility to the interior of graphite. This
strategy affords an outstanding electrochemical performance with
85% capacity retention after 3000 cycles at 6C rate, which is much
better than that of pristine graphite material. This multi-channel
graphite material with extraordinary electrochemical performance is

Fig. 14 SEI formation by implanting electrode additives as chemical sources. (a) A thin, in situ solid electrolyte layer with high Li+ conductivity
constructed via introducing the LiNO3 additive. Adapted with permission from ref. 199. Copyright 2019, Elsevier. (b) Li2CO3 pre-treated graphite surface
assists in Li+ diffusion and improves capacity retention. Adapted with permission from ref. 201. Copyright 2014, Elsevier.

Fig. 15 Modification of graphite material to boost fast-charging performance. (a) KOH etched graphite creates extra pores for fast Li+ diffusion. Adapted
with permission from ref. 203. Copyright 2016, Elsevier. (b) Schematic illustration of Li+ insertion in CNT separated porous graphite nanosheets. Adapted
with permission from ref. 206. Copyright 2019, Elsevier. (c) Schematic showing magnetically aligned graphite particles to shorten the Li+ diffusion path.
Adapted with permission from ref. 208. Copyright 2016, Nature Publisher.
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suitable for application in fast-charging batteries in electric vehicles
and plug-in hybrid vehicles.205

Enlarging the interlayer spacing of graphite to improve the
Li+ diffusion coefficient is another effective way to improve the
rate capability. Xu et al. reported the fabrication of graphite
electrodes consisting of thin graphite sheets with through-
holes and carbon nanotubes (CNTs). By introducing CNTs,
the holey graphite nanosheets are physically separated and
restrained from restacking, which is favorable for in-plane Li+

transport and high-rate cycling of graphite anodes (Fig. 15b).
Combined with a low desolvation energy electrolyte that accelerates
interfacial charge transfer, the assembled battery exhibits not only
superior rate performance up to 8C at room temperature but also
improved low-temperature performance.206 Without using CNTs as
building blocks, expanding the d-spacing of graphite from
0.3359 nm to 0.3390 nm was achieved by oxidizing pristine graphite
in a mild condition, and this expanded graphite is abundant with
functional groups in the basal plane or at the edges of graphite.
The enlargement of d-spacing can improve the kinetic diffusion
of Li+ within the expanded graphite by providing more ion
transport space. Furthermore, because the increased functional
groups at the surface of expanded graphite form hydrogen
bonds with solvent molecules, the activation energy of Li+

intercalation is reduced. As a result, excellent rate performances
of LIBs are obtained.207

While regulating the graphite material structure improves
internal ion diffusion, electrode architecture engineering is
aimed at enhancing external ion diffusion. Typically, the orien-
tation of graphite particles has an appreciable impact on ion
diffusion. Billaud et al. developed an imaginative method to
reduce the tortuosity of graphite electrodes, where magnetically
aligned graphite particles with basal planes perpendicular to
the current collector were prepared by applying a low external
magnetic field during fabrication (Fig. 15c). Owing to the
shortened diffusion paths and more exposed Li+ insertion/
extraction sites, a remarkable rate performance was obtained
for highly loaded (10 mg cm�2) graphite electrodes, and this
strategy can easily be extended to other types of anode and
cathode materials.208 It is well known that natural graphite is
highly anisotropic with wider dimensions in the basal-plane
direction but thinner dimensions in the edge-plane direction,
which is unfavorable for fast-charging since Li+ only inter-
calates via edge-plane surfaces. To tackle this issue, Yoshio
et al. first rolled the raw graphite flakes into spheres by impact
milling and then coated them with carbon by TVD. These
treatments improve the electrochemical performance in terms
of high Coulombic efficiency, low irreversible capacity, and
high rate capacity.209

Apart from the above-mentioned physical treatments, chemical
modification is also a useful strategy. For instance, certain
functional groups generated on the surface of graphite through
oxidation, such as –OH, –COOH, etc., are beneficial for stable
SEI formation and may account for the excellent fast-charging
capability and capacity retention of graphite as reported by
Cheng and Zhang.205 Besides, doped graphite also shows
improved rate capability. By simply ball milling graphite with

boric acid followed by heat treatment at 1000 1C, Yeo et al.
introduced B–O functional groups at the surface of graphite,
which was found to reduce the resistance and capacitance of the
SEI to promote Li+ migration and charge transfer. This enables a
remarkable rate capability even at 5C rate.210 Similarly, treating
graphite with ammonium hexafluorophosphate (NH4PF6) success-
fully introduces phosphorus on the surface of natural graphite,
which stabilizes the SEI and leads to improved electrochemical
properties of graphite.211 Composite anodes prepared by mixing
graphite with other anode materials, such as Ni/NiO and Li4Ti5O12,
can also ameliorate the fast charging ability of graphite by
decreasing charge transfer resistance.212,213

4.4. Optimizing charging protocols

Apart from modifying the electrode active material and electrolyte,
extensive efforts have been devoted to optimizing the charging
protocols, including multistage constant current charging, boost
charging, dynamic pulse charging, and decay charging.214–216 Such
strategies afford an effective, cost-efficient way to minimize the
charging time for a given battery system. However, the pursuit of
fast-charging is premised on the sacrifice of battery cycle life.217

Therefore, novel charging protocols should strike a balance
between charging time and battery lifespan.

The most applied charging method to alleviate unwanted
lithium plating is constant current–constant voltage (CC–CV)
charging (Fig. 16a). Specifically, the battery is firstly charged until
its voltage reaches the upper cut-off (typically 4.2 V for LIBs) at a
constant current, followed by a constant voltage charging till the
current decreases to a given value.218,219 However, with the
increase of charging current during the CC–CV protocol, Zhang
found that lithium plating still occurs near the end of the CC
charging step, accompanied by the loss of finite Li+ ions, SEI
growth, and the increase of interface polarization which can all
impair the cycling stability.214 Furthermore, the CC–CV protocol
with higher CC charging rates can greatly prolong the time of CV
charging, hence the total charging time cannot be shortened
significantly. To conclude, the CC–CV charging method can work
only at mild charging rates with the compromise of cycle life,
which is not practical enough to support the more demanding
charging conditions.

The slow lithium ion diffusion, especially with high active
material loading, is one of the RDSs for fast-charging, which
brings the battery voltage quickly to the pre-set upper voltage
limit or drops the current during CC charging rapidly to the
lower current limit. Hence, the active electrode material is not
fully utilized. In order to solve this problem, pulse charging is
proposed based on successive changes in the current rate by
introducing a shorter rest period which may increase the speed
of relaxation (Fig. 16a).218 Application of such pulse charging
could bring various effects. Pulsing the potential of the electrode
could decrease the concentration polarization to achieve higher
utilization of active material in a shorter charging time and
increase cell lifetime according to Li et al. However, some others
argue that pulses can only affect the superficial regions of
graphite, but there is no potential benefit for the inherent ion
transportation, which is the true limit of fast-charging.220
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It is widely acknowledged that temperature determines the
intrinsic kinetics of electrochemical reactions, and therefore it
strongly influences the maximum possible rate of charging.221

Yang et al. reported that the maximum charging rate without
lithium plating for a 9.5 A h graphite|NMC622 pouch cell drops
from 4C at 25 1C to 1.5C at 10 1C and C/1.5 at 0 1C.222 Based on
this finding, they innovatively present a controllable cell structure
to enable lithium-plating-free fast-charging by inserting thin nickel
foils inside a cell which can create immense and uniform heating
(Fig. 16b). If the cell temperature (Tcell) is lower than the tempera-
ture which can inhibit lithium plating (TLPF), the switch is closed to
guide all current to Ni foils, which generates immense internal
heating so as to raise the cell temperature. Once Tcell exceeds TLPF,
the switch is turned on to transit all current into the graphite
electrode for fast-charging without Li plating. As a result, they
demonstrate that a 9.5 A h 170 W h kg�1 pouch cell can be charged
to 80% SOC within 15 minutes even in �50 1C (Fig. 8b)
surroundings and also sustains 4500 cycles of 3.5C charging at
0 1C with o20% capacity loss, which is equivalent to 412 years
and 4280 000 miles of EV lifetime. Based on a similar cell
structure, they further presented an asymmetric temperature
modulation method by charging a LIB at 60 1C to clear off
lithium plating. By limiting the exposure time at this elevated
temperature to only B10 minutes per cycle to prevent SEI
growth, cells are able to achieve enhanced kinetics and a long
lifespan during extreme fast-charging (Fig. 16c).223 For example,
the 9.5 A h pouch cell under 6C charge to 80% SOC can sustain
1700 cycles with only 20% capacity loss, and a BEV cell with
209 W h kg�1 retained 91.7% even after 2500 cycles. Therefore,
an appropriate charging protocol is vital for LIBs to achieve fast-
charging with a long cycle life.

4.5. Other strategies in liquid electrolyte systems

In addition to the above-mentioned strategies, some other unclassi-
fied strategies also show great potential for fast-charging graphite

materials. Enhancing the transport ability of Li+ in electrolytes is
one of them. For example, introducing an organic ester (methyl
formate) as a co-solvent into conventional carbonate-based
electrolytes (1.2 M LiPF6 EC/EMC/DMC) could increase the ionic
conductivity and cell lifetime.224 The Li+ transference number
also plays an important part. According to the classical Newman
model, electrolytes with modestly higher Li+ transference numbers
(e.g., B0.7) compared with that of conventional carbonate based
electrolytes (typically 0.3–0.4) would enable fast charging (e.g.,
42C), even though their conductivity is substantially lower.225,226

Employing Li salts with bulky anions is an effective way to achieve
high Li+ transference numbers.227 Introducing anion-receptors to
selectively coordinate with the anion of lithium salt can also
increase the transference number of Li+. The anion-receptors are
mostly abundant with electron-deficient functional groups, which
mainly include boranes, borates, etc. Among these compounds,
tris(pentafluorophenyl)borane (TPFPB) has been most extensively
studied, which is capable of improving the dissolving capacity of
even LiF. Consequently, the Li+ transference number in LiF-based
electrolytes achieves 0.7 and the room-temperature conductivity
reaches 2 � 10�3 S cm�1.228

Optimizing the cell configuration can also enhance the charging
performance. The geometric structure of the cell separator, for
instance, may impede Li+ transport and reduce the effective Li+

diffusion coefficient in the separator pores to 16% compared to that
in the bulk electrolyte. Therefore, engineering separators may
also be important to enhance fast-charging.229,230 For example,
coating PVDF on a PE separator (1.1 � 10�3 S cm�1) contributes
to a higher ionic conductivity than that of the bare PE
membrane (8.9 � 10�4 S cm�1), which is ascribed to the higher
liquid electrolyte uptake.231 The effect of an anode binder is also
nonnegligible, in which certain functional groups such as
–COOH and –OH in PVA, PMA, PAA, etc., can react with the
solvated Li+ to form stable SEI films for reversible lithium
intercalation.232 Besides, optimization of cell design parameters

Fig. 16 Optimization of fast-charging protocols. (a) Voltage and current profiles of CC–CV and pulse charging. Adapted with permission from ref. 218.
Copyright 2016, Elsevier. (b) A controllable cell structure for lithium-plating-free fast-charging, corresponding voltage curves at different ambient
temperatures and a summary of heating time and total time. Adapted with permission from ref. 222. Copyright 2018, National Academy of Sciences.
(c) A LIB cell under an asymmetric temperature modulation method is rapidly pre-heated to and charged at 60 1C. Adapted with permission from ref. 223.
Copyright 2019, Elsevier.
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can also improve anode charging performance. For example, the
location and number of positive and negative tabs were found to
influence the current distribution of large-format lithium-ion
cells.233,234 Future efforts on diagnosing and improving uniform
current distribution would enable uniform utilization of active
materials, increase cell energy density and restrain cell degradation.

4.6. Strategies for SSLIBs

4.6.1. Improving the solid–solid contact. The poor solid–
solid contact is a major contributor to the interfacial resistance in
SSLIBs. The main strategies to optimize the solid–solid contact
includes designing an intimate solid–solid structure and filling
the voids with ionic conductive materials. Drop-casting and
coating235–237 are both operable methods to increase the solid–
solid contact. Infiltrating the liquefied Li6PS5Cl into the porous
graphite electrode and solidifying could realize a high reversible
capacity of 364 mA h g�1 at 0.14 mA cm�2 (0.1C) at 30 1C
(Fig. 17a).235 In situ coating Li3PS4 on the electrode surface
achieves 1C charging in SSLIBs.236 Filling the pores with soft
materials such as ceramics-in-polymer and polymer-in-ceramics
composite electrolytes also delivers excellent fast-charging per-
formance.238,239 In addition, constructing a 3D mixed electron–
ion conducting framework host opens up a new way for fast
charging.240 However, it still remains a challenge to construct a
conformal intimate solid–solid interface.

4.6.2. Increasing the electrochemical stability of SEs.
Widening the electrochemical stability window of highly conductive
solid electrolytes, such as sulfide SEs, is the key to enable fast-
charging SSLIBs since the formation of an extra interphase may
increase Li+ transport resistance. For example, a core–shell structure
was designed to widen the stability window of the sulfide solid
electrolyte to 0.7–3.1 V.241 In addition, reducing the proportion of
the conductive agent in composite electrodes can also reduce the
unwanted redox behavior of solid electrolytes. Janek and co-workers
suggest a significant interfacial resistance increase upon the
incorporation of carbon in the composite electrode.160 Subsequent
X-ray photoelectron spectroscopy shows that carbon expedites
electrochemical decomposition of the solid electrolyte at the
electrode/solid electrolyte interface. However, the electronic
transport ability of composite electrodes also decreases with
the reduction of carbon content, and therefore an effective

strategy to further increase the electrochemical window of solid
electrolytes needs to be developed. For example, building artificial
SEIs could be a novel way to tame the interface instability.

4.6.3. Reducing the thickness of SEs. The key to fabricate
thin SEs is the balance of mechanical strength and ionic
conductivity. In order to reduce the thickness of the electrolyte
and maintain good mechanical strength, a binder or skeleton is
often introduced. Nam et al. reported a bendable and thin
sulfide solid electrolyte film with a thickness of 70 mm,242 which
is reinforced with a nonwoven poly(paraphenyleneterephthalamide)
scaffold. The thickness of the electrolyte can reach 25 mm by slurry
casting. Cui and co-workers reported a nanoporous polyimide–
polyethylene oxide/lithium bis(trifluoromethanesulfonyl)imide poly-
mer–polymer solid-state electrolyte membrane with a thickness of
merely 8.6 mm (Fig. 17b).151 This thin composite electrolyte not only
shows satisfactory ionic conductivity (2.3 � 10�4 S cm�1 at 30 1C),
but also withstands abuse tests such as bending, cutting and
nail penetration. In addition, an evaporation-induced self-
assembly (EISA) technique was reported to realize ultrathin
membranes of lithium thiophosphate solid electrolytes with
controllable thickness from 8 to 50 mm.243 Although solid-
state electrolyte membranes of several micrometers have been
prepared, higher requirements have been put forward regarding
their mechanical strength to suppress lithium dendrite growth
and achieve safe fast-charging.

5. Conclusion and perspective

Fast-charging is a key enabler of the mass adoption of EVs and
PHEVs, with the goal to provide a similar charging time compared
to refueling traditional ICE cars. The fundamental principles to
realize fast-charging of graphite anodes are achieving fast charge
transport in bulk phases and across interfaces, and inhibited
parasitic reactions in the entire cell to slow down cell aging. To
this end, much improvements have been achieved (Table 1) by
optimizing electrolyte formulation, introducing advanced SEIs,
modifying the structure of graphite, and optimizing charging
protocols based on a deep understanding of the fundamentals.
In addition, with the development of solid electrolytes, graphite-
based SSLIBs show great promise for future fast-charging tech-
nologies with intrinsic safety. Although there is still a long way to

Fig. 17 Key strategies to enable fast-charging in solid-state LIBs. (a) Infiltrating solution-processable solid electrolytes to improve the solid–solid
contact for LIB electrodes. Adapted with permission from ref. 235. Copyright 2017, American Chemical Society. (b) An ultrathin, robust solid polymer
electrolyte layer with aligned nanopores enables fast Li+ transport and withstands various abuse tests. Adapted with permission from ref. 151. Copyright
2018, Nature Publisher.
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go for the commercialization of next-generation fast-charging
technologies, current investigations have set several important
guidelines to improve the fast-charging of graphite anodes,
which include but are not limited to the following aspects
(Fig. 18):

(1) Advanced characterization should be applied to deepen
the understanding of interfacial behaviors of graphite anodes.
Firstly, in routine two-electrode battery set-ups, precisely analysing
the electrochemical behaviors of the graphite electrode without the
complication of the counter electrode is still a universal challenge.
Such a set-up may result in the misinterpretation of electro-
chemical signals. Therefore, three-electrode set-ups should be
more widely exploited to obtain accurate interfacial information,
such as separating various polarizations and determine the
activation energy for crossing the SEI. Secondly, the SEI has been
poorly understood in the last 40 years due to its elusive manner of
formation and extremely sensitive chemical nature. Developing
advanced characterization techniques, such as Cyro-EM, neutron
diffraction, and synchrotron X-ray analytical techniques, may
shed fresh light on the SEI and other interfacial issues of graphite
anodes. In all, deepening the understanding of electrochemical
behaviors and interfacial chemistry of graphite electrodes is vital
to guide the materials design for fast-charging, in which precise
characterization constitutes the foundation.

(2) It is essential to gain more fundamental insights into
the interfacial processes during fast-charging, including Li+

desolvation, Li+ diffusion through the SEI and Li+ migration
in the graphite bulk. Solvation/desolvation of Li+ ions is con-
sidered to be important to the interfacial chemistry of graphite
electrodes, because it influences the properties of the SEI and
thus the lifespan of the battery. More in situ techniques,
including in situ Raman spectroscopy, in situ nuclear magnetic
resonance (NMR) spectroscopy, in situ X-ray photoelectron
spectroscopy (XPS), and in situ secondary ion mass spectro-
scopy (SIMS), can be employed to study the solvation sheath
and desolvation process in different electrolyte systems, as well

as the formation and chemical nature of the SEI. Moreover,
theoretical calculations will likely serve to reveal the mechanism
of Li+ transport through the SEI. Although there is no general
conclusion on which step constitutes the RDS when charging
practical graphite electrodes, we believe that the combination of
more elaborately designed experiments and powerful theoretical
computation tools may open a new avenue to shed light on
this issue.

(3) The design of advanced materials and novel cell structures is
the most practical way to realize fast-charging. Novel electrolytes
with high ionic conductivity, high transference number and
wide temperature range by employing functional additives or
developing new lithium salts and solvents are critical, since the
electrolyte dictates the ion transport and interfaces for a given
battery chemistry. Artificial surface coating could also be
employed to construct advanced SEIs with high ionic conductivity
and stability, enabling long lifespan for fast-charging graphite-
based LIBs. Furthermore, modifying graphite-based materials
for multi-channel Li+ diffusion, rapid Li+ intercalation and
short diffusion distance would also be appealing to realize
fast-charging. Towards SSLIBs, exploiting stable solid electrolytes
with high ionic conductivity and designing a conformal solid–solid
interface are the key steps for practical fast-charging. Finally, when
all improvements have been made within a cell, an ingeniously
designed charging protocol can boost the fast-charging capability
with alleviated lithium plating and prolonged lifespan.

(4) The commercialization of fast-charging technologies
requires a collection of considerations. A new fast-charging
technology can only be achieved when the requirements of high
power, great safety, low cost, long lifespan and environmental
benignancy are simultaneously met. For instance, supercon-
centrated electrolytes with extremely high cost are unsuitable
for large-scale applications, despite their various advantages.
Diluted highly concentrated electrolytes could overcome their
drawbacks such as high viscosity and price while maintaining
nearly all the advantages, showing great potential to replace

Table 1 Comparison of the reported fast-charging battery based on the graphite anode

Electrode mass
loading Modification Performance (lithiation of graphite) Ref.

10.5 mg cm�2

(3.5 mA h cm�2)
Edge-plane activated graphite coated by an amorphous Si nanolayer 100 mA h g�1 at 1 A g�1;

B200 mA h g�1 at 0.67 A g�1
128

E5 mg cm�2 The electrolyte consists of 1.0 M lithium trifluoromethanesulfonate
(LiTF) in DEGDME

B100 mA h g�1 at 1 A g�1 95

0.60–0.70 mg cm�2 The electrolyte consists of a superconcentrated 4.5 M LiFSA/AN solution B278 mA h g�1 at 1.86 A g�1 166
2.88 mg cm�2 LTO coated graphite B143 mA h g�1 at 2.14 A g�1 213
4.0 mg cm�2 PEGPE coated natural graphite 298 mA h g�1 at 0.186 A g�1 194
5 mg cm�2 Graphite particles oriented perpendicularly to the current collector 83 mA h g�1 at 0.74 A g�1 208
B9.5 mg cm�2 Silicon-nanolayer-embedded graphite/carbon composite B260 mA h g�1 at 1.86 A g�1 244
1.0 mg cm�2 Zirconia film coated graphite B370 mA h g�1 at 1.12 A g�1 245
0.7–2 mg cm�2 Superconcentrated (1 : 1.1) LiFSA/DMC electrolytes B243 mA h g�1 at 1.86 A g�1 246
0.7–1.0 mg cm�2 The electrolyte consists of 3.6 M LiFSA in DME B108 mA h g�1 at 1.86 A g�1;

B250 mA h g�1 at 0.74 A g�1
165

8.1 mg cm�2 Using a combination of lithium difluorophosphate (LiDFP) and vinylene
carbonate (VC) as electrolyte additives

250 mA h g�1 at 1.8 A g�1 247

6.78 mg cm�2 Amorphous carbon coating on the graphite surface 263 mA h g�1 at 1.86 A g�1 248
7.5 mg cm�2 Adding LiNO3 into the graphite electrode 291.7 mA h g�1 at 0.68 A g�1 199
1.85 mA h cm�2 A rapid cell internal heating step 80% SOC acquired in 15 min

even at �50 1C
222

1.85 mA h cm�2 An asymmetric temperature modulation method 6C charge to 80% SOC 162
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conventional electrolytes. More importantly, one should consider
the scale-up effect when developing practical technologies. For
example, while most laboratory tests aiming to reveal certain
mechanisms or demonstrate electrochemical performances
are based on coin cells with mA h-level capacities, a practical
technology must be verified in large scale cell types such as
pouch cells or cylindrical cells with A h-level capacities. Similarly,
the feasibility of mass production of novel battery materials
should also be considered.

Raising the fast-charging capability of graphite anodes
based on Li-chemistry is an effective way to simultaneously
achieve high energy density and high power density in energy
storage devices. Although there are still many challenges
remaining to be tackled, it can be anticipated that the burgeon-
ing of nanotechnology, advanced materials and high-end char-
acterization tools may witness some major breakthroughs of
fast-charging in the foreseeable future.
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