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The booming electric vehicle (EV) industry is laying the cornerstone for decarbonized road transport, a
sector responsible for one-sixth of global energy-related emissions. A critical barrier to the wider adop-
tion of EVs is their ability to fast charge on a timescale comparable to refueling gasoline cars. In 2017, the
US Department of Energy defined extreme fast charging (XFC), aiming to charge 80% battery capacity
within 10 minutes or at 400 kW. The aim of this review is to discuss current trends and provide principles
for fast charging battery research and development. We begin by comparing the charge time and power
of the fastest-charging electric vehicle models on the recent markets to identify the technological gap.
We then benchmark XFC battery performance in the literature based on three key parameters: charge
rate, energy density, and cycle life under fast charging conditions, in an effort to standardize XFC battery
data reporting. The crucial effects of electrode mass loading and cell format are highlighted. Next, a
thorough analysis is conducted regarding limiting electrodes (cathode vs. anode) and their respective
rate-limiting steps (mass transport vs. charge transfer) during XFC, which remains a long-standing contro-
versy in the field and requires timely clarification. On this basis, a comprehensive perspective is presented
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focusing on electrode/electrolyte materials and battery state monitoring techniques. We anticipate that
this review sharpens the focus of XFC research and serves as a guide for developing fast-charging energy
rsc.li/EESBatteries storage systems including LIBs and beyond.

Broader context

Electric vehicles (EVs) powered by lithium-ion batteries (LIBs) have experienced surging market penetration. While the cost
and range of current EVs are now at parity with internal combustion engine vehicles, the ability to charge as quickly as
refueling is a critical challenge. Therefore, to increase the EV’s ability to fast charge on a timescale comparable to refueling
gasoline cars, in 2017, the US Department of Energy defined extreme fast charging (XFC), aiming to charge 80% battery
capacity within 10 minutes or at 400 kW. Raising the charging speed of LIBs relies on materials chemistry innovations.
XFC necessitates ultrafast Li ion transport within transition metal oxide cathodes, graphite anodes, liquid electrolytes, and
across their interfaces in working LIBs. In this contribution, we begin by comparing the charge time and power of the
fastest-charging electric vehicle models on the recent markets. A performance benchmark system to facilitate the evalu-
ation or replication of XFC data is established across different cell chemistries and formats. An in-depth discussion on the
kinetic contribution of ion transport processes under diverse testing conditions is presented. The rapid evolution of XFC
technology is set to redefine multiple sectors beyond EVs, such as 3C portable electronics, electric Vertical Take-off and
Landing (eVTOL), and grid-scale energy storage.

1. Introduction

Electrifying the global transportation sector is crucial for
unlocking significant emission reductions in the coming
decades." Electric vehicles (EVs) powered by lithium-ion bat-
Chemical Engincering, Tsinghua University, Bejing 100084, China teries (LIBs) have experienced surging market penetration in

bAdvanced Research Institute of Multidisciplinary Science, School of Materials the past five years, comprising 18% of all cars sold in 2023, up
Science and Engineering, Beijing Institute of Technology, Beijing 100081, China from merely 2.6% in 2019. Projections indicate that EV sales
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Fig. 1 Charging times of 15 fastest-charging EV models available on the market. Data are from ref. 11.

must reach 65% by 2030 and 95% by 2035 to keep pace with
the Net Zero Emissions by 2050 Scenario (NZE), setting ambi-
tious targets for their competitiveness against internal com-
bustion engine vehicles (ICEVs).>* While the cost and range of
current EVs are now at parity with ICEVs, a critical challenge
to mainstream adoption remains: the ability to charge as
quickly as refueling, known as extreme fast charging (XFC).*”
According to a 2017 report by the US Department of Energy,
XFC aims to obtain 200 miles of driving range within
10 minutes or charge at 400 kW.® At the battery level, this
translates to charging a LIB to 80% state of charge (SOC)
within 10 minutes, with charge rates of up to 4-6C (where xC
means a full charge in 1/x hour). This definition is now widely
accepted in the battery community.”*°

To identify the technological gap between the current state
and future goals of XFC, we compared the charging times
from 10% to 80% capacity of 15 fastest-charging mass-pro-
duced EV models on the market (Fig. 1)."* These EV models
are categorized based on their battery pack voltage. EVs with
the traditional 400 V architecture can now achieve fast char-
ging within 30 minutes. Increasing the pack voltage to 800 V
reduces the current by half, thereby improving charging
efficiency and enabling fast charging in under 20 minutes. The
Hyundai IONIQ 6 is currently one of the fastest charging EVs
with a charge time of merely 16 minutes. The Lotus Emeya
boasts the highest charging power, with a peak power of up to
350 kW and an average power of 240 kW during charge. These
data suggest that we are now on the verge of accomplishing
the ultimate XFC goal.

Further raising the charging speed of LIBs relies on
materials chemistry innovations. For state-of-the-art LIB chem-
istry, XFC necessitates ultrafast Li ion transport within tran-
sition metal oxide cathodes, graphite anodes, liquid electro-
lytes, and across their interfaces. Insufficient ion transport
kinetics can result in low active material utilization, localized
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Joule heating, and anode Li plating, all of which accelerate cell
performance degradation and compromise safety.'">"® In
recent years, new mechanistic understandings and engineer-
ing strategies to enable XFC have proliferated in academia,
while the battery industry keeps refreshing new records for
charging speed. At this pivotal juncture, it is necessary to
address the most critical issues in the XFC battery field to
bridge the gap between lab-scale innovations and industrial
practicability and to refine the research focus in the near
future.

This contribution summarizes principles and trends in
designing XFC LIBs with a particular focus on the following
issues: (1) certain battery performance metrics are often over-
looked in laboratory research but are critical to practical appli-
cations."* Herein, we establish a performance benchmark
system to facilitate the evaluation or replication of XFC data
across different cell chemistries and formats. (2) The rate-limit-
ing factors during XFC have been a long-standing controversy,
with most studies on the topic remaining inconclusive."”® We
provide an in-depth discussion on the kinetic contribution of
ion transport processes under diverse testing conditions. (3)
Numerous strategies have been proposed in recent years to
enhance the XFC performance of LIBs, while their efficacy and
feasibility remain to be thoroughly examined. We offer a
balanced perspective on these strategies and suggest the
future lines of research.

2. Benchmarking the performance of
fast charging batteries

XFC battery data comprise a series of interdependent test para-
meters that should be considered comprehensively to evaluate

the electrochemical performance of XFC batteries. An allegedly
superior battery performance reported in the scientific litera-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ture can be validated and reproduced only with a full transpar-
ency of these parameters.

2.1. The trilemma of the charge rate, energy density, and
cycle life

The best example to illustrate the trade-off nature of batteries
is the trilemma of the charge rate, energy density, and cycle
life.'® Efforts to increase each of these three parameters will
inevitably sacrifice the other two, and the nature of battery
design is to strike a balance between them. A high energy
density necessitates high electrode mass loading or conver-
sion-type materials such as silicon or metallic Li anodes; the
former increases ion diffusion resistance at high charge rates
and the latter shortens the cycle life."”'® A high charge rate
increases the Li plating risk and accelerates material degra-
dation, also compromising the cycle life.””'**° Real vehicle
XFC batteries must maintain both the energy density and cycle
life under XFC conditions at an automotive-acceptable level.*"
Lacking any of the three parameters when reporting XFC
data is inadequate or even misleading. Fig. 2 displays the fast
charging performance across different battery chemistries
reported in all the scientific literature based on the three
parameters.>' > The dataset is compiled based on three strin-
gent criteria: (1) the battery chemistry should be commercia-
lized or awaiting imminent commercialization, leaving only Li-
ion batteries, Na-ion batteries, Li metal batteries, and hybrid
capacitors in the plot. (2) Only pouch and cylindrical cells with
a total capacity of > 0.5 A h, an areal capacity of > 2.0 mA h
em~2, and a cycle number of > 100 are considered. (3) The cell
energy density should be clearly reported or calculated based
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on the total mass of the test cell (including non-active
materials, with no extrapolation to larger cell formats).

An automotive target zone highlighted by the orange
shaded region in Fig. 2 is defined as a cell energy density of
>250 W h kg™" and a charge rate of >2C, with a cycle number
preferably of >1000 under fast charging conditions. Li metal
batteries featuring a metallic Li anode and a high-voltage
cathode are the most sought-after candidates for achieving an
ultra-high energy density of above 400 W h kg™'. Efforts need
to be continuously made to improve the charge rate (<0.5C)
and lifetime of Li metal batteries due to Li dendrite formation
at large current densities.’® Na-ion batteries promise excellent
fast charging capability and long cycle life but have an energy
density ceiling of 180 W h kg™ and therefore they could not
outcompete LiFePO, (LFP)-based LIBs in the EV market.****
Falling also in this category are supercapacitors or hybrid
capacitors with ultrahigh power density but low energy
density.*® Fabrication of Li-ion batteries with a graphite or
silicon/graphite (Si/C) anode and an Nirich cathode is the
most viable solution to XFC-capable EVs due to their all-round
performance. The most impressive XFC performance reported
to date is by Wang et al., who realized 12 (or 11)-minute fast
charging of a 228 W h kg™! LIB (3.4 mA h ecm™?) to 75% (or
70%) SOC for more than 2000 (or 900) cycles.”" It should be
noted that the authors adopted an asymmetric temperature
modulation method and battery charging in this work was
conducted at 60 °C with enhanced kinetics.

In XFC studies, one cannot overemphasize the importance
of electrode mass loading, or areal capacity, because it is
closely associated with the energy density and maximum
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charge rate of the LIB. Fig. 3a lists the energy densities and
areal capacities of fast charging LIBs reported in the
literature.?31:32:3436:3839 The energy densities of 4 reference
cell chemistries, including NCM811 | graphite, NCM811 |
Li;Ti5sO,, (LTO), NCM811 | Si, and NCM811 | Li, were esti-
mated as a function of areal capacity based on a 50 A h pouch
cell.>! For the NCM811 | graphite chemistry, its energy density
increased from 234 W h kg™" at 2.0 mA h em™ to 278 W h
kg™' at 4.0 mA h cm™>. Literature data points are located
slightly below the NCM811 | graphite line due to its smaller
cell capacity and lower cathode Ni content, but its energy
density follows the same trend as the areal capacity increases.
Numerical simulations by Gallagher et al. indicate that for an
LiNij §C0¢.15Al0,050, (NCA) | graphite cell with a fixed electrode
mass loading (thickness), a rate threshold exists, above which
the accessible areal capacity plunges (Fig. 3b).*® Such a rate
threshold declines as the electrode thickens due to ion trans-
port limitations.
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Fig. 3 Dependence of the energy density and charge rate on the areal
capacity of LIBs. (a) Energy densities and areal capacities of fast charging
LIBs reported in the literature with reference to the theoretical values of
4 different cell chemistries. Reproduced from ref. 21, copyright 2022
NPG. The bubble size reflects the cell capacity. The energy densities of
the solid lines were estimated in a 50 A h pouch cell. Data are from ref.
21, 31, 32, 34, 36, 38 and 39. (b) Areal capacities and charge rates of fast
charging LIBs reported in the literature. Data are from ref. 21, 31, 32, 34,
36, 38, 39 and 47-53. Solid lines are simulated areal capacities during
the rate capability test of an NCA | graphite cell with four different elec-
trode mass loadings. Reproduced from ref. 46, copyright 2015
Electrochemical Society.
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In the past few years, the community has achieved
significant results in the 2-3 mA h cm™> range and
promoted the fundamental understanding of XFC
technology,>'»?1:32:34:36:38:3947°53 hringing the research on XFC
to a new chapter. LIBs designed for EV applications typically
require an areal capacity of >3.0 mA h cm ™2 for LFP or >4.0 mA
h em ™2 for NCA and NCM, but charging such electrodes with a
rate of >4C is beyond current capabilities. Recently, our group
and Lee’s group have attempted fast charging of electrodes of
>4.0 mA h cm~>.***® However, in these two cases the charge
rate is limited to 2C, falling short of the XFC requirement.
Therefore, we call on the battery community to focus on fast
charging of thick electrodes as highlighted by the orange
shaded target zone in Fig. 3b, which constitutes the key techni-
cal bottleneck towards XFC. At the very least, we suggest that
an A h-level pouch cell should be employed with a single-sided
areal capacity higher than 3.0 mA h em™2, with a charge rate
not lower than 4C, while paying attention to the cycle life
when conducting research on XFC.

2.2. Cell formats

A major barrier in benchmarking the XFC performance of LIBs
across a large body of the literature is the variety of battery cell
formats used for electrochemical measurements. Early studies
often used Li | graphite half cells to assess the rate capability
of graphite electrodes. However, the large polarization of the
Li counter electrode at high discharge rates can drive the cell
voltage down to the Li plating threshold of 0 V prematurely,>*>°
leading researchers to grossly underestimate the capacity of
graphite electrodes.’” In addition, the failure of half cells over
long-term cycling is often induced by the failure of Li counter
electrodes rather than working electrodes.”® One way to mini-
mize the disruption of Li counter electrodes is to insert a
reference electrode during testing. However, the limited dura-
bility of reference electrodes and their adverse impact on ion
transport inside the cell induce additional problems for
obtaining the desired electrochemical performance.”® For
these reasons, three-electrode systems are more appropriate
for electroanalytical measurements such as impedance and
we highly recommend using full cells for evaluating XFC
performance.

Coin cells and pouch cells are the two most commonly
used cell formats (Fig. 4a). The former is mA h-level, hand-
made in a laboratory with minimum requirements of raw
materials and equipment, while the latter is A h-level, often
produced at the pilot scale and requires significant resources.
For XFC studies, the difference between the pouch and coin
cells lies not only in the scaled-up capacity, but also in their
electrochemical performance. Son et al demonstrated that
with identical electrode materials and loadings, coin cells
exhibit inferior rate capability compared with pouch cells due
to their larger contact resistance between the spacer, spring,
and casing (Fig. 4b).°° The larger voltage polarization in coin
cells further triggered Li plating and aggravated capacity fade
during cycling (Fig. 4c). Similar results were also obtained by
Zhang et al., who noticed that a slight change in the coin cell

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Differences in coin and pouch cells for assessing fast charging
performance. (a) Structures of a coin cell and a pouch cell. (b) Rate and
(c) cycling performances of ~4.4 mA h cm™2 NCA | graphite coin and
pouch cells. Reproduced from ref. 60, copyright 2023 Wiley-VCH.

configuration yields strikingly different fast charging
performances.®™®* In addition, coin cells conceal a myriad of
issues such as gas evolution, electrolyte dry-out, corrosion of
non-active components, electrode swelling, and so on.
Therefore, we strongly encourage researchers to adopt stacked
pouch cells in XFC-related studies for industrially relevant
results by seeking collaboration with cell manufacturers if
possible. For new electrode material assessment or fundamen-
tal research purposes, readers could also refer to a series of
manuals in fabricating highly reproducible Li-ion coin cells or
single-layered pouch cells.®*

3. ldentifying the rate-limiting factors
of fast charging

The nature of XFC lies in achieving ultrafast ion transport in
LIBs across multiple time and length scales, which requires a
comprehensive understanding of the rate-limiting factors to
design specific solutions effectively. However, opinions remain
divided on this topic, as various researchers have identified
different rate-limiting steps in their respective studies. Such
controversy mainly arises from two reasons: (1) the rate-limit-
ing step of a given system is contingent upon a combination of
factors including cell chemistry, electrode mass loading, and
charge rate. Discrepancies in test conditions have hindered
researchers from reaching a unified conclusion. (2) It is experi-
mentally challenging to decouple the kinetic contribution of
various ion transport processes during fast charging. In this
section, we attempt to settle this dispute by providing a
detailed analysis on the limiting electrodes (cathode vs. anode)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and their respective rate-limiting steps (mass transport vs.
charge transfer).

3.1. The limiting electrode

In most XFC studies, the graphite anode is identified as the
limiting electrode because of its low working potential
(65-200 mV vs. Li/Li") and the resulting high propensity of Li
plating at large charge rates.” Li plating leads to active
lithium loss and dendrite penetration, which constitute the
main reason for capacity fade and safety issues under XFC.
The layered cathode also undergoes gradual structural degra-
dation during XFC, but its adverse impacts are far less severe
compared with Li plating.®® However, the term “limiting”
herein is used in the context of the failure mechanism rather
than kinetics. In a three-electrode NCA | graphite coin cell,
Zhang et al. discovered that the impedance of the cathode is
significantly larger than the anode (Fig. 5a) and therefore the
cell polarization is dominated by the cathode during XFC
(Fig. 5b).°° This result can be partially attributed to the lower
Li* diffusivity in NCA (~107'° em? s7") than in graphite (1077~
107° cm? s7), whereas the origin of the difference in charge
transfer kinetics remains unclear.”” High cathode impedance
leads to an early reach of the upper cut-off voltage, causing a
transition from constant current (CC) charging to constant
voltage (CV) charging, thereby reducing the charge speed.
Therefore, Li* extraction from the cathode is the kinetics-limit-
ing process during XFC.

On the other hand, a high cathode-to-anode impedance
ratio is the key to inhibiting Li plating during fast charging.
Our group demonstrated this counterintuitive phenomenon by
conducting fast charging tests of NCA | graphite pouch cells
using two electrolytes: lithium hexafluorophosphate (LiPFs)
and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) dis-
solved in an ethylene carbonate (EC)/dimethyl carbonate
(DMC) mixture.?® The standard LiPF, cell has a high cathode-
to-anode impedance ratio, whereas adding LiTFSI significantly
reduces the cathode impedance by accelerating charge transfer
kinetics.”* During fast charging, the LiPF, cell exhibits large
polarization and low charge acceptance in the CC phase. The
early transition from CC to CV charging reduces the current
and therefore inhibits Li plating, as indicated by the high cou-
lombic efficiency (CE) during 4.0C charging (Fig. 5c). In sharp
contrast, the LiTFSI cell retains high capacity during CC char-
ging even at 4.0C due to the low cathode impedance. However,
the graphite anode is unable to accept persistently a high Li"
input under 4.0C and the cell undergoes severe Li plating, as
evidenced by the plunge in CE and capacity fade (Fig. 5d). In
this particular case, the graphite anode becomes the limiting
electrode and the kinetics of Li* intercalation must be expe-
dited to enable safe, fast charging without Li plating. In aged
LIBs, the thickening of the SEI also reduces the cathode-to-
anode impedance ratio and triggers Li plating.””> These
examples shed fresh light on how the kinetic interplay
between the cathode and anode dictates the fast charging per-
formance of LIBs. A low overall cell impedance with a high
cathode-to-anode impedance ratio is ideal for achieving Li-
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Identifying the limiting electrode during XFC. (a) AC impedance of a three-electrode NCA | graphite Li-ion coin cell at 50% SOC. (b)

Polarization potential of the NCA cathode and graphite anode during fast charging. Reproduced from ref. 69, copyright 2019 Wiley-VCH.
Electrochemical performances and voltage profiles of NCA | graphite pouch cells at different charging rates containing (c) the EC/DMC LiPFg elec-
trolyte and (d) the EC/DMC LiTFSI electrolyte. LiTFSI reduces the impedance of the NCA cathode markedly and causes severe Li plating at the graph-
ite anode under 4.0C charging. Reproduced from ref. 36, copyright 2023 Wiley-VCH.

plating-free XFC. This can be achieved in many ways in practi-
cal battery engineering. For instance, combining a high
cathode press density and a low anode press density can
achieve such an impedance configuration by regulating the
ion diffusion resistance in electrodes. More strategies of kine-
tics regulation are discussed in section 4.

3.2. The rate-limiting step

Identifying the rate-limiting step of a single electrode has been
a persistent challenge due to the complex and intertwined
kinetic processes involved during charge and discharge. These
kinetic processes include electron conduction and Li* trans-
port, and the latter processes are further classified into 4 steps
(Fig. 6a): (1) liquid-state Li" transport in the bulk electrolyte;
(2) charge transfer at the electrode/electrolyte interface,
accompanied by Li" (de)solvation; (3) Li" transport through the
SEI or cathode electrolyte interphase (CEI); and (4) solid-state
Li* diffusion in the active material.”® Steps (1) and (4) belong
to mass transport, while steps (2) and (3) are often closely
coupled and collectively referred to as charge transfer. A
common approach for evaluating the kinetics of these pro-
cesses is calculating their activation energy using temperature-
dependent electrochemical impedance spectroscopy (EIS).
Among the 4 steps mentioned above, charge transfer is widely
believed to have the highest energy barrier (50-70 kJ mol™).”*
However, it is important to note that while a high energy
barrier indicates high temperature sensitivity of a process, it
does not necessarily equate to being the rate-limiting step. The
most direct indicator is the overpotential contribution during
cell operation, but it is experimentally challenging to separate
the overpotential of individual processes. In light of this,

14 | EES Batteries, 2025, 1, 9-22

Xiong et al. proposed an ion-intercalation reaction model that
enables accurate decoupling of the complex kinetic processes
in electrodes. A “phase diagram” of rate-limiting steps is
obtained for a LiNijsMn, 3C0,,0, (NMC532) electrode as a
function of areal capacity and C-rate (Fig. 6b).”> Electrode kine-
tics is always controlled by solid-state Li" diffusion at low rates
(<1C); charge transfer becomes the rate-limiting step at
medium rates (or at high rates with low areal capacities, as
shown in Fig. 6¢), and the charge transfer-controlled region
rapidly contracts as the areal capacity increases; Li* transport
in liquid electrolytes is the dominant kinetic contributor at
high rates, especially at high areal capacities. The XFC region
(4-6C) highlighted in Fig. 6b suggests that Li" transport in
electrolytes is the rate-limiting step for an electrode areal
capacity of >2.0 mA h em™>. Fast charging LIBs reported in the
literature are mostly located in the electrolyte Li' transport
region and near the borderline of the charge transfer region,
highlighting the significance of expediting the kinetics of
these two processes. A closer examination on the decomposed
overpotential at high areal capacities (Fig. 6d and e) reveals a
rather significant contribution of Li" transport in separator
pores, which is often overlooked, given the relatively low thick-
ness of separators (~25 pm) compared with electrodes
(>100 pm).”® This is attributed to the sharp increase in Li* flux
at high rates, which causes intensified salt aggregation within
the separator, hence impeding ion transport. It is worth
noting that electron conduction accounts for only a small per-
centage of electrode polarization. Therefore, optimizing the
electronic conductivity of LIB electrodes can reduce the cell
internal resistance but will not bring substantial improvement
to the XFC performance.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Identifying the rate-limiting step during XFC. (a) Kinetic processes of a LIB electrode. Reproduced from ref. 73, copyright 2016

Electrochemical Society. (b) The rate-limiting step of an NMC532 electrode as a function of areal capacity and C-rate by model prediction. This
diagram also incorporates fast charging LIBs reported in the literature. Overpotential decomposition of an NMC532 | Li cell in the cases of (c) 1.0 mA
hcm™2, 20C, (d) 3.0 mA hcm™2, 8C, and (e) 4.6 mA h cm™2, 2C. Each colored area between the equilibrium potential (Eeq) and the cell voltage (Vcey)
represents the overpotential contribution of a certain kinetic process. Reproduced from ref. 75 and 76, copyright 2023 Elsevier.

Although the above analysis is based on an NMC cathode, the
rate-limiting step of a graphite anode generally follows the same
pattern. Nevertheless, graphite exhibits several distinct features
in terms of ion transport kinetics. First, because of the high
structural anisotropy of layered graphite, Li" entry is only allowed
through the edge plane but kinetically prohibited through the
basal plane, which significantly reduces the number of active
intercalation sites.”” Second, the SEI on graphite is a non-negli-
gible source of interfacial resistance.”” ®" Li* transport across the
SEI can be the rate-limiting step, especially with excess film-
forming electrolyte additives or upon cell aging.* The CEI on a
cathode, if it does exist, is often thinner and incomplete in cover-
age of the cathode surface and therefore less resistive than the
SEL® Third, the charge transfer resistance of the graphite anode
is ascribed to Li" desolvation, an inverse process to Li" solvation
at the cathode during charge. Finally, the working potential of
graphite is 65-200 mV vs. Li/Li", which indicates that the overpo-
tential of all the kinetic processes combined is confined within
this narrow range; otherwise Li plating becomes thermo-
dynamically favorable.* For these reasons, most XFC strategies
proposed in the literature are focused on the graphite anode.

4. Promising strategies to enable XFC

This section delves into recent advancements in XFC-enabling
strategies, specifically examining (1) electrolyte design, (2) elec-

© 2025 The Author(s). Published by the Royal Society of Chemistry

trode materials and architecture engineering, and (3) Li
plating detection and early safety warning. Rather than
offering a comprehensive overview of all existing XFC strat-
egies—a task already accomplished by several excellent review
articles®*®*—our goal is to highlight a select few with the
greatest application potential. We particularly focus on their
underlying mechanisms, design principles, and industrial
practicability.

4.1. Electrolytes

Electrolytes are probably the most important components
during XFC because they directly determine the kinetics of 4
processes: (1) Li" diffusion in electrode pores, (2) Li" diffusion
in separator pores, (3) Li" desolvation, and (4) Li" transport
across the SEI/CEI The basic requirements of XFC electrolytes
include high ionic conductivity (6) and Li" transference
number (¢,), fast interfacial ion transport kinetics, and high
interfacial stability.®” Meeting all these requirements simul-
taneously is extremely challenging due to their trade-off
nature. Since liquid-state Li* diffusion is the rate-limiting step
for highly loaded electrodes during XFC, improving bulk elec-
trolyte transport properties should be the top priority.*® Fig. 7a
shows ¢ and t, targets for enabling XFC based on model pre-
diction.®® Standard electrolytes based on EC and LiPFg nowa-
days typically have an ionic conductivity of 8-12 mS cm ™" and
a transference number below 0.4. However, cells with areal
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Reproduced from ref. 99, copyright 2023 NPG.

capacities of 3 and 4 mA h cm™ require NextGen 1 (6 = 18 mS
em™, t, = 0.51) and NextGen2 (6 = 23 mS ecm ™, ¢, = 0.61) elec-
trolytes, respectively, to ensure decent capacity retention
during CC charging of up to 6C. Such highly conducting elec-
trolytes can be achieved by employing low viscosity co-solvents
or using lithium bis(fluorosulfonyl)imide (LiFSI) salt. For
example, Dahn and co-workers showed that methyl acetate
(MA) with 2 mol kg™" LiPFg has an ionic conductivity of 25 mS
em™" at 20 °C and enables 4C fast charging of 29 mg cm™>
ultrathick NMC532 electrodes.’® Du et al. replaced LiPFg with
LiFSI in routine EC-based electrolytes, increasing the Li" trans-
ference number from 0.384 to 0.495.°* However, most low vis-
cosity co-solvents such as carboxylate esters and nitriles
cannot form a stable SEI on graphite and have an innate ten-
dency to co-intercalate, compromising the cell lifetime.®”>
LiFSI is highly corrosive against the Al current collector and
stainless-steel cell casing even at a low concentration.”® In
these circumstances, film-forming electrolyte additives are
almost indispensable in stabilizing electrode/electrolyte inter-
faces. Considering the continuous consumption of electrolyte
additives, interface instability and “rollover” failure may still
occur when the battery approaches end-of-life, posing serious
performance and safety concerns.”?

An important method to tailor stable interfaces for XFC is
by exploiting anion-derived interfacial chemistry (Fig. 7b).°* In

16 | EES Batteries, 2025, 1, 9-22

routine electrolytes, the primary solvation sheath of Li* con-
tains solvents with strong polarity such as EC. EC is not only
responsible for dissociating Li salts and providing sufficient
ionic conductivity but also for guaranteeing reversible Li* (de)
intercalation in graphite by forming a stable SEI. Since such
an SEI carries the chemical signature of solvents in the
primary solvation sheath, it is termed solvent-derived inter-
facial chemistry. Anion-derived interfacial chemistry refers to
the SEI originating from anion decomposition, which is first
discovered in highly concentrated electrolytes (HCEs) or loca-
lized highly concentrated electrolytes (LHCEs) with abundant
contact ion pairs (CIPs) and aggregates (AGGs) in their sol-
vation structures.”® Although superior XFC performances of
HCEs and LHCEs are frequently reported in the literature,
these results are often obtained at low areal capacities (<2 mA
h ¢cm™?) because HCEs and LHCEs have low ionic conduc-
tivities (<3 mS em™") due to the scarcity of charge carriers and
prevailing neutral ion pairs. In addition, Li" desolvation
becomes more energy-consuming in HCEs and LHCEs due to
the cleavage of ion pairs.”® The improved rate capabilities of
HCEs and LHCEs reported in the literature may result from
other factors such as a highly-conductive SEI or a high pre-
exponential factor of charge transfer. The prohibitively high
cost of concentrated salts in HCEs and fluorinated diluents in
LHCEs also hinders their commercialization. An alternative

© 2025 The Author(s). Published by the Royal Society of Chemistry
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path towards anion-derived interfacial chemistry is weakly sol-
vating electrolytes (WSEs) that have attracted extensive
research interest in recent years. Our group first proposed the
concept of WSEs by formulating electrolytes with 1,4-dioxane,
a practically non-polar solvent with a dielectric constant (¢ =
2.2) even lower than that of benzene (e = 2.3).°* The unique sol-
vation structure of WSEs, ie., loose solvent binding with Li"
and abundant ion pairs at low salt concentrations, affords
rapid Li" desolvation and an anion-derived inorganic-rich SEI
with high Li" conductivity. We also demonstrated excellent fast
charging capability and suppressed Li plating in pouch and
cylindrical LIBs with WSEs, showcasing their huge potential
for next-generation XFC electrolytes.

The key to designing practical WSEs lies in resolving the
dilemma between achieving high ionic conductivity and main-
taining weak Li"—solvent binding. There are basically two prin-
ciples in tackling this problem. (1) Building tiny solvation
sheaths. Fan and co-workers screened a wide range of solvents
in search of a promising combination of low solvation energy
and small solvation shell volume (Fig. 7c).”” They found that
dissolving 1.3 M LiFSI in fluoroacetonitrile (FAN) results in an
exceptionally high ionic conductivity of 40.3 mS em™" at 25 °C
and 11.9 mS cm ™" even at —70 °C. A ligand channel-facilitated
mechanism is believed to underpin such anomalously high
ion mobility (Fig. 7d). Solvents from the secondary solvation
sheath are able to interact with Li" due to the limited screen-
ing effect of small-sized, weakly solvating FAN molecules in
the primary sheath, which creates ligand channels between
neighboring Li* solvates, thus enhancing transport.”® The FAN
electrolyte also realizes fast desolvation and an anion-derived
SEI, exhibiting excellent XFC performance. The only concern
with small molecule electrolytes is their potentially poor high
temperature storage and cycling performance, which need to
be optimized through the use of functional additives or co-sol-
vents. (2) Searching for high dielectric constant, low donor
number (DN) solvents (Fig. 7e).”> A high & weakens ion-ion
interactions according to the Coulombic law, facilitating salt
dissociation and improves bulk Li* transport. A low DN
weakens ion-solvent interactions and ensures rapid Li" deso-
lvation at the anode during charging. We anticipate more sol-
vents to be discovered in the IV region in Fig. 7e for construct-
ing WSEs with satisfactory XFC performance.

4.2. Electrode materials and architecture

Promising strategies on designing XFC electrodes can be gen-
erally classified into 3 types: (1) hybrid electrode materials.
Hard carbon exhibits excellent fast charging capability com-
pared with graphite, but suffers from low energy density due
to the low initial CE and high average working potential.**
Chen et al overcame this tradeoff by fabricating a hard
carbon-graphite blend electrode (Fig. 8a), which achieves both
high energy density and 6C fast charging of >1.0 A h pouch
cells with an areal capacity of 3.0 mA h em 2% (2) Surface
modifications. Our group reported the microscopic mecha-
nism of the improved rate capability of graphite with turbostra-
tic carbon nanolayer coating (Fig. 8b).'°* With the carbon

© 2025 The Author(s). Published by the Royal Society of Chemistry
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coating, Li ions can diffuse across the basal plane before
entering through the edge plane of graphite, substantially
increasing the number of active sites for Li" intercalation. This
type of material has been widely applied in the battery indus-
try. An artificial SEI with high Li* conductivity also represents
a promising route towards fast-charging anode materials.*”'*?
(3) Electrode architecture engineering. The ion transport
ability of a porous structure can be quantified by the
Macmullin number Ny, which is defined as the ratio of the
conductivity of an electrolyte (k) and the effective conductivity

(xer) Of the porous structure, or electrode tortuosity (z) divided
103

by porosity (¢):

K T
M= e @

The key to improving ion diffusivity is to reduce Ny by
either reducing tortuosity or increasing porosity. In practical
cell design, this is usually achieved by simply reducing the
press density of electrodes or applying high-porosity separa-
tors. From a structural engineering perspective, this can be
achieved by a variety of approaches including laser pattern-
ing,*" magnetic alignment of electrode particles,'® pore struc-
turing,’® and gradient electrode design.'°® Among these
approaches, gradient electrode design offers the best prospects
in industrial applications. Lu et al. constructed a particle size-
porosity dual-gradient structure in the graphite anode, which
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leads to a prominent increase in active material utilization at
high charge rates (Fig. 8c)."%® This work identifies higher poro-
sity and smaller particle size at the top of the electrode than
the bottom as the optimum structure for gradient electrodes,
which can be realized by multi-layer coating during the elec-
trode manufacturing process.'®”

4.3. Li plating detection and early safety warnings

Even with an optimum LIB design for XFC applications, loca-
lized Li plating may still occur during fast charging, giving rise
to performance deterioration and thermal runaway.”” A non-
destructive method with high temporal resolution for detecting
Li plating is strongly needed for accurate battery state estimation
and early safety warnings. Our group developed an operando
quantified Li plating detection technique based on dynamic
capacitance measurement (DCM) in working LIBs (Fig. 9)."%®
During charging, a single-frequency alternating current (AC) is
superimposed on the direct current (DC) to calculate the value
of Cs, a capacitance reflecting the electrochemical active surface
area (ECSA) of the electrodes. The characteristic frequency of AC
perturbation is carefully chosen to mask the electrochemical
response from the cathode and enables direct monitoring of the
surface state of the graphite anode without the need for a refer-
ence electrode. When Li plating occurs, the dendritic mor-
phology causes a spike in the ECSA of graphite, which is in turn
reflected in the sharp increase of Cg due to their approximate
linear relationship. The DCM method can therefore capture the
onset of Li plating without requiring extra equipment or time-
consuming test procedures, offering great potential for incor-
poration into future battery management systems.

5. Summary and perspectives

Fast charging is one of the few research areas in the battery field
that attracts strong enthusiasm simultaneously from both acade-

18 | EES Batteries, 2025, 1, 9-22

mia and industry. Achieving the XFC target therefore hinges
upon academic researchers publishing their mechanistic under-
standings and industry experts sharing their hands-on knowl-
edge, thereby advancing XFC performance through concerted
efforts. This review discusses principles and trends in designing
next-generation fast charging LIBs from both academic and
industrial viewpoints. We first explored the intricate interdepen-
dence among the energy density, charge rate, cycle life, electrode
mass loading, and cell format to establish a performance bench-
mark for reporting XFC data. Following this, we elucidated the
rate-limiting factors in XFC, offering a crucial guide for battery
design. Lastly, we presented a balanced perspective on the prom-
ising strategies for enabling XFC, highlighting contributions
from both our lab and peer researchers. We recommend further
research be undertaken in the following areas:

(1) Temperature adaptability of XFC batteries. In studies on
XFC, batteries are typically tested at ambient or lower tempera-
tures, while high temperature storage and cycling—common
industry practices—are often overlooked in the scientific litera-
ture. For instance, electrolytes that enhance conductivity for
XFC also demonstrate satisfactory performance at
temperatures.*>°”°° However, they frequently result in severe
gas evolution or corrosion of cell casing at elevated tempera-
tures (45-60 °C). While these issues may not be readily appar-
ent in lab-made coin cells, they are critical to the functionality
and safety of commercial cells. For example, gas evolution can
lead to pouch cell swelling or activate current interruption
devices (CIDs) or venting in cylindrical cells due to pressure
buildup; the corrosion of cell casing can lead to metal depo-
sition and internal micro-shorts.

(2) Understanding the charge
Researchers commonly correlate charge transfer with the deso-
Ivation of Li* at the anode and use weakly solvating electrolytes
to expedite this process, which contrasts with Li* solvation at
the cathode during charging. The charge transfer resistance at
the cathode significantly contributes to the overall cell impe-

low

nature of transfer.
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dance, yet a universally accepted method to enhance its kine-
tics remains elusive. Wen et al. demonstrated that replacing
LiPFs with LiTFSI increases the cathode exchange current
density by two orders of magnitude.”* However, their expla-
nation focuses on the accelerated Li‘-TFSI~ dissociation
during discharging rather than charging. The understanding
of the interfacial ion transport mechanism, particularly the
asymmetry between desolvation and solvation, is constrained
by the lack of molecular-scale interface characterization tools
or suitable interface structure models. Integrating interfacial
molecular dynamics simulations with electrochemical analysis
could provide further insights into the charge transfer mecha-
nism and offer guidance for improving kinetics."%°

(3) Developing Si-containing anodes. Blending Si-based
materials (SiO, or Si-C composites) with graphite represents a
major technical route to further increase the energy density of
future Li-ion batteries due to the high gravimetric capacity of
Si. This is also a facile route to improve the fast-charging capa-
bility because it reduces the mass loading and thickness of the
anode, thus lowering the risk of Li plating. Future efforts
should focus on addressing the intrinsic problems associated
with high Si content (>5%) including cycling stability, volume
expansion, calendar life, safety, and cost-effectiveness.

(4) Machine learning-assisted materials innovation. Despite
more than 30 years since the invention of LIBs, commercial bat-
teries still rely on a remarkably limited range of materials and
molecules. For example, only a few hundreds of electrolyte mole-
cules have been explored, which constitute merely a fraction of
the vast array of small molecules, not to mention the almost infi-
nite number of organic compounds. Compared with traditional
time-consuming and costly experimental testing, machine learn-
ing (ML) enables high-throughput virtual screening of vast
chemical space and prioritizes promising XFC electrolyte mole-
cules based on predicted properties, significantly accelerating
the discovery process.''® We anticipate that ML-generated fast
charging electrolyte formulations will finally replace the long-
standing EC-based systems that have stagnated for decades.

In the field of energy chemistry, advancements in fast char-
ging can drive deeper research into the fundamental electro-
chemical processes, leading to a better understanding of ion
transport, electrode reactions, and degradation mechanisms.
These insights can also lend support to the R&D efforts of post-
LIB battery systems. From an industrial standpoint, the rapid
evolution of XFC technology is set to redefine multiple sectors
beyond EVs, such as 3C portable electronics, electric Vertical
Take-off and Landing (eVTOL), and grid-scale energy storage. We
anticipate the next 3-5 years to be a golden age for the major
expansion of XFC technologies across diverse applications, pro-
moting global energy decarbonization into the fast lane.
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