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Challenges and opportunities towards fast-charging
battery materials
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Extreme fast charging, with a goal of 15 minutes recharge time, is poised to accelerate mass market adoption of electric vehi-
cles, curb greenhouse gas emissions and, in turn, provide nations with greater energy security. However, the realization of
such a goal requires research and development across multiple levels, with battery technology being a key technical barrier.
The present-day high-energy lithium-ion batteries with graphite anodes and transition metal oxide cathodes in liquid electrolytes
are unable to achieve the fast-charging goal without negatively affecting electrochemical performance and safety. Here we dis-
cuss the challenges and future research directions towards fast charging at the level of battery materials from mass transport,

charge transfer and thermal management perspectives. Moreover, we highlight advanced characterization techniques to
fundamentally understand the failure mechanisms of batteries during fast charging, which in turn would inform more rational

battery designs.

ited driving range and long charging time of electric and plug-

in hybrid vehicles (EVs and PHEVs) cause ‘range anxiety’
among existing owners while posing barriers to market adoption
by potential new owners. Current EVs and PHEVSs rely primarily on
residential and workplace charging (levels 1 and 2, respectively) with
recharge time on the order of tens of hours (Fig. 1a)'. The Society of
Automotive Engineers in the United States defines (standard J1772)
level 1 charging as 120 V alternating current (a.c.) with a maximum
charging power of 1.9kW (16 A maximum current), and level 2 charg-
ing as 208 to 240 V a.c. with a maximum charging power of 19.2 kW
(80 A maximum current)?. Burgeoning direct current (d.c.) charging
stations with a maximum power of approximately 50 kW deployed
to date can extend the flexibility of EVs by adding 60-80 miles
of driving range per 20 minutes of charging (J1772 defines d.c.
charging as 200-450 V with current up to 80 A and 200 A for d.c.
levels 1 and 2, respectively)”. Superchargers exclusive to Tesla vehi-
cles offer the fastest recharge rate of 120 kW (480 V d.c., these char-
gers can technically support up to 145 kW charging), shortening
the refuelling time for 200 miles down to approximately 30 minutes.
Nevertheless, the state-of-the-art charging capabilities are still far
from offering consumers the same refuelling experience as conven-
tional vehicles. As a result, the US Department of Energy has identi-
fied extreme fast charging (XFC) as a critical challenge to ensure
mass adoption of EVs and PHEVSs, curb greenhouse gas emissions
and, in turn, provide nations with greater energy security”’.

The US Advanced Battery Consortium goals for low-cost/fast-
charge EV batteries by 2023 is 15 minutes charging for 80% of the
pack capacity, along with other key metrics (US$75kWh!, 550 Wh1™!
and 275 Wh kg™ at the cell level). Figure 1b shows a theoretical plot
of recharge time and the corresponding charging rate as a function
of charging power®. Ata specific power, a larger battery pack requires
a longer charging time. Therefore, chargers should be scaled based
on the pack size. If the pack size is large (for example, >90 kWh), a
charging power of at least 300 kW is needed to meet the 15-minute
recharge goal. Bigger packs, however, will offer longer driving range
for the same state of charge (SoC) increment.

C ompared with internal combustion engine vehicles, the lim-

The successful realization of XFC requires extensive research
and development across multiple levels, spanning from charging
infrastructure to vehicle designs and down to individual batteries*~’.
Prominent challenges include balancing the load on the electric
grid during unscheduled XFC events’, developing viable business
models for the implementation of charging stations’, upgrading
vehicles’ electronic and thermal management systems with mini-
mal cost™ and so on. In all cases, lithium (Li)-ion battery technolo-
gies present a major technical barrier to fast charging®. The current
high-energy cells with graphite anodes and metal oxide cathodes
in liquid electrolytes are unable to achieve the XFC goal without
adversely impacting battery performance and safety. When batteries
are charged at high rates, various polarizations (ohmic, concentra-
tion and electrochemical) inside the battery will result in limited
utilization of active materials, increased propensity for Li plating,
excessive heat generation and so on®.

To help effectively address these challenges, this Review sur-
veys the main limitations of current battery materials towards XFC
from mass transport and charge transfer perspectives. Battery ther-
mal challenges under fast-charging conditions are also discussed.
Moreover, as increased charging rates will probably introduce new
degradation mechanisms, this Review also highlights advanced
characterization techniques that can deepen our fundamental
understanding of the impacts of XFC and inform more rational
material designs.

Challenges for electrolyte mass transport

The electrolyte transport properties play a decisive role in deter-
mining how fast a cell can be charged. The ohmic voltage drop
across the electrolyte, particularly at low temperatures, can result
in limited deployable capacity due to an early hitting of the cut-
off voltage’. More importantly, the non-unity Li* transference
number (t*, defined as the fraction of ionic current contributed
by Li* movement) of liquid electrolytes will inevitably establish a
concentration gradient during battery operation, which becomes
more pronounced at higher currents (Fig. 2a)'*'". Under sustained
fast charging, Li ions can be depleted at a certain depth within the
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Fig. 1| Overview of the technical requirements for EV battery fast charging. a, Comparison of currently available charging methods with XFC. Levels 1and
2 are based on the maximum charging power defined by The Society of Automotive Engineers standard J1772 and d.c. fast charger is based on a maximum
power of approximately 50 kW deployed to date'?. Tesla Supercharger is based on the current 120 kW maximum rate of Supercharging V2 stations'.

XFC with a charging power of 350 kW is used for calculation. The vehicle energy consumption is assumed to be 285 Wh per mile and charging efficiency
is not considered”. b, Theoretical plot of recharge time up to 80% capacity (solid lines) and the corresponding charging rate (dashed lines) as a function

of charging power for three battery pack sizes. The shaded area corresponds to charging powers that meet the US Advanced Battery Consortium goals for
low-cost/fast-charge EV batteries (15 minutes charging for 80% of the pack capacity).

anode, beyond which the active materials can no longer be utilized.
At a certain C-rate, the concentration polarization increases appre-
ciably with electrode thickness due to increased current density;
therefore, low-areal-capacity electrodes are preferred for XFC pur-
poses''. Unfortunately, this is contradictory to the current design
principles of EV batteries, where increasing active material load-
ing is a primary means to improve pack-level energy density for
extended driving range, while simultaneously lowering the cost.
To resolve this dilemma, major research thrusts have focused on
engineering electrolytes and improving electrode architectures.

Improving the electrolyte ionic conductivity. Pioneering work
has improved the low-temperature ionic conductivity of carbonate-
based electrolytes with aliphatic ester co-solvents, which have low
viscosity and freezing point'>"’. In one case, the addition of 20 wt%
methyl acetate led to an approximately 50% increase in ionic con-
ductivity compared with baseline electrolyte, and the corresponding
Li[Ni, sMn, ;Co,,]O, (NMC532)/graphite cells showed improved
cycling performance up to 2C (ref. '?). Nonetheless, short-chain
esters typically show inferior oxidation stability than baseline elec-
trolytes and the resulting solid electrolyte interphase (SEI) is less
favourable'*. Therefore, judicious selection of additional film-form-
ing additives is needed for ester-rich electrolytes. Given the exces-
sive heat generated during XFC, the relatively low boiling point of
the studied esters may be a concern, which requires further investi-
gation. Moreover, large local variations in salt concentrations can be
expected at high charging rates; therefore, versatile electrolyte for-
mulations are desired to maintain a high ionic conductivity across a
wide concentration window.

While significant improvement in the ionic conductivity of lig-
uid electrolytes may be difficult, engineering separators seems more
attainable to enhance the overall ion transport, as standard separa-
tors often reduce the electrolyte ionic conductivity in the pore space
by an order of magnitude'. Inquiring minds may refer to a recent
review for a comprehensive survey of various separator chemistries
and surface modifications'®.

Improving the electrolyte Li* transference number. The classical
Newman model emphasized the importance of transference num-
ber, showing that a near unity ¢* can offer significantly improved rate

performance over systems with ¢* ~ 0.2 due to alleviated concentra-
tion overpotential, even if the conductivity is decreased by an order
of magnitude'’. Figure 2b shows the attainable SoC before reaching
the cut-off voltage as a function of charge rate for cells with different t*.
Although little difference is observed at low current densities, the
advantages of high t* can be clearly observed at rates above 2C (ref. 7).
However, current liquid electrolytes usually have t* below 0.5, due
to the bulky solvation sheath around Li* compared with that of typi-
cal anions'®. Therefore, for near-term applications, it is critical to
improve the t* of the existing liquid electrolytes. One approach to
achieve this goal is to use Li salts with bulky anions'**". In an early
demonstration with lithium bis(perfluoropinacolato)borate (giant
anion with 24 fluorine atoms), the Li* diffusivity was measured to
be greater than that of the anion'. Further along this line, anions
were shown to be tethered together to create Li-neutralized poly-
anions dissolved in polar aprotic solvents (Fig. 2c)*'. Using a model
short-chain polyether with pendent lithium sulfonate moieties, the
obtained polyelectrolyte solutions exhibited a maximum ¢ of 0.98
and ionic conductivity on the order of 1 mS cm™. Nevertheless, a
strong Lewis basic solvent (dimethyl sulfoxide) was needed to maxi-
mize the solubility and dissociation of the ionic species. Therefore,
opportunities exist to tune the backbone and anion chemistry of
polyelectrolytes to be compatible with battery-relevant solvents.
Other examples include anchoring anions on nanoparticles” and
utilizing the emerging concept of ‘solvent-in-salt, where a high ¢
value of 0.73 was achieved with concentrated ether-based elec-
trolytes due to an incomplete Li* solvation®. As the viscosity of
electrolytes increases appreciably with polymer/salt concentra-
tion, an exquisite balance needs to be struck between conductivity,
transference number and viscosity in these systems. Nevertheless,
improving the * of liquid electrolytes represents an important yet
under-researched approach, and readers are referred to a more
exhaustive review on this topic’’.

Solid electrolytes have potential benefits in energy density, oper-
able temperature range, dendrite resistance and safety compared
with liquid counterparts™. Inorganic solid electrolytes have unity ¢*
to eliminate concentration gradient, and some possess high ionic
conductivity on par with liquids®*. Unfortunately, they are limited
by their brittle nature when configured in a thin form factor and
high interfacial impedance, which usually requires special structural

NATURE ENERGY | www.nature.com/natureenergy


http://www.nature.com/natureenergy

MRS REVIEW ARTICLE
a b
Cathode Anode

s o ! 3

5 = o g

s | g { ) S

€ (2R % y 5

Q | Q

e ‘ ; | 8

8 } ‘ ]

5 | : Graphite/LCO
| | Transport affected by 02-  10mScm
| ; porosity and tortuosity cut-off 4.2V
1 ¥ 0 ‘ ‘ }
Distance 0 2 4 6

C-rate
< d

Rotating
magnetic
field

Liquid
solvent

1 collector

curren

Fig. 2 | Electrolyte mass transport limitations during fast charging and possible mitigation strategies. a, Schematic of the electrolyte mass transport
limitations during XFC. Slow diffusion of Li* through the electrolyte and the porous electrodes as well as the non-unity Li* transference number can result
in significant ohmic and concentration polarization, leading to incomplete utilization of active materials. The black and red curves schematically illustrate
the spatial distribution of Li* concentration in the case of thin and thick electrodes, respectively. Concentration polarization is more pronounced for thick
electrodes and electrodes with low porosity and/or high tortuosity. b, Finite element analysis of attainable SoC versus charge rate for electrolyte with an
ionic conductivity of 10 mS cm™ and variable t* (ref. /). The model was based on graphite anode (thickness = 91.8 pm, porosity = 0.25), LCO cathode
(thickness =100 pm, porosity = 0.20) and a separator in between (thickness = 25 pm, porosity = 0.39). Detailed information on the modelling can be
found in ref. . ¢, The Li* transference number of liquid electrolytes can be improved using Li-neutralized polyanions dissolved in polar aprotic solvents.

For example, poly(allyl glycidyl ether-lithium sulfonate) (short-chain polyethers with pendent lithium sulfonate moieties) dissolved in dimethyl sulfoxide
exhibited a maximum t+ of 0.98 and ionic conductivity on the order of TmS cm™ (ref. ?). d, Schematic showing that a low-tortuosity anode can be obtained
by aligning graphite flakes decorated with superparamagnetic nanoparticles using a magnetic field during the electrode drying step, and the corresponding
schematic depicting the shortened Li* diffusion path®'. Panels adapted from: b, ref. 7, American Chemical Society; ¢, ref. ?', American Chemical Society;

d, ref. 3, Springer Nature Ltd.

design to realize high-current-density cycling’®”. In contrast, dry
polymer electrolytes exhibit better flexibility and interfacial adhesion.
Many polymeric single-ion conductors have been reported by cova-
lently linking anions to the polymer backbone, the progress of which
has been well summarized recently*. However, the ionic conductiv-
ity of these polymer electrolytes at room temperature (<10 S cm™)
remains at least two orders of magnitude lower than that of standard
liquid electrolytes'”.

As solid electrolytes have densities considerably higher than lig-
uid electrolytes, they must be fabricated adequately thin for practical
devices (<25 pm, at least comparable to the thickness of commercial
separators). However, most solid electrolytes are studied as thick
films (often >100 pm), and there are limited methods described in
open literature to fabricate thin solid electrolytes in a scalable, low-
cost manner”, other than ref. 7. In this regard, one solution might
be composites consisting of single-layer inorganic solid electrolyte
particles embedded in a polymeric matrix, which have been shown
to achieve high ionic conductivity through the inorganic phase
along with decent flexibility and reduced thickness”. A porous,
robust polymeric scaffold, not necessarily ionically conducting,
can also accommodate solid polymer electrolytes to enhance their
mechanical strength at reduced thickness. Solvent-swollen ionomer
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is another promising alternative, where porous anionic polymer
membranes are filled with liquid solvents to enhance Li* mobility in
the liquid phase’**'. Though not technically classified as ‘solid elec-
trolyte’ and some desirable mechanical and safety features might be
compromised, solvent-filled ionomers can simultaneously achieve
near-unity ¢+ and high ionic conductivity.

Reducing the electrode tortuosity. Reducing the ion-path tor-
tuosity is an important direction to accelerate diffusive Li* trans-
port in the electrolyte phase across the porous electrode, which
is particularly crucial for thick electrodes>*. A recent study suc-
cessfully aligned graphite flakes coated with superparamagnetic
nanoparticles perpendicularly to the current collector by applying
a magnetic field during electrode fabrication (Fig. 2d)**. The out-
of-plane tortuosity of the aligned anode was reduced by a factor of
nearly four, allowing it to be cycled at rates up to 2C with a specific
capacity three times higher than a randomly oriented electrode.
A similar microstructure alignment concept has also been applied
to cathodes. For example, lithium cobalt oxide (LCO) electrodes
with porous channels preferentially oriented in the transport direc-
tion have been fabricated by co-extrusion with sacrificial pore
formers®, directional freezing of aqueous suspensions™, or magnetic


http://www.nature.com/natureenergy

REVIEW ARTICLE

NATURE ENERGY

alignment of sacrificial magnetic microrods or ferrofluid droplets™.
Nevertheless, the cycling rates demonstrated in these studies cannot
meet the requirement for XFC yet, implying significant room for
improvement, and more economical methods are to be explored for
large-scale fabrication.

The laminated structure of conventional batteries limits the ion
transport between electrodes to be only one-dimensional in nature.
Correspondingly, the concept of extending battery architecture
into three dimensions has been proposed for more than a decade™.
The ideal electrode structure consists of three-dimensional (3D)
interpenetrating electron and ion pathways with short transport
distance. Nevertheless, the complexity of fabrication confines the
current 3D devices to very small sizes (usually microbatteries) and
limited choices of electrode materials*. More reliable, large-scale
fabrication approaches need to be explored to enable 3D batteries
for XFC applications. Another opportunity to facilitate mass trans-
port is to introduce convection inside the battery by, for example,
circulating electrolyte through the electrodes. This concept could
potentially mitigate the concentration gradient and render diffusion
necessary only at the local scale, though it has not been demon-
strated and may require a major overhaul of battery architectures.
Utilizing electrokinetics phenomena in porous media under an
electric field, a recent study applied a 3D cross-linked polyethyleni-
mine sponge to enrich Li* concentration on the electrode surface®.

Light-weighting the battery design. An effective way to resolve the
electrode thickness versus rate performance dilemma is by light-
weighting the battery, such that thinner electrodes can be employed for
XFC without severely compromising the energy density. This idea is
straightforward yet largely overlooked by the battery community. For
example, a copper current collector accounts for approximately 10%
of the total cell weight*'. Compared with copper (8.96 g cm™), poly-
mers have much lower densities (~1 g cm™). Therefore, by replacing
the majority of the current collector volume with a robust, ultra-
thin polymeric backbone on which a copper thin film is deposited,
appreciable parasitic weight reduction can be achieved.

Challenges for electrode charge transfer

Li plating on graphite is a main culprit of fast-charging problems
and occurs when the charging rate exceeds the intercalation rate
into the graphite crystal structure. The charge-transfer overpoten-
tial, along with ohmic and concentration polarizations, drive the
anode potential below the Li*/Li’ equilibrium potential. Metallic
Li can cause electrolyte decomposition, Li inventory loss and inter-
nal micro-shorts®. In the best scenario, plated Li can be removed
through a very slow discharge process. However, it is not necessar-
ily feasible as the discharge of EV batteries is dictated by users and
traffic conditions, and not all Li deposits are electrically connected
to the anode'".

Charge transfer at the graphite anode, defined as the process
during which Li ions meet electrons, can be divided into the follow-
ing steps (Fig. 3a): Li* desolvation at the SEl/electrolyte interface;
diffusion of naked Li* through the SEI; electron reception at the
anode/SEI interface and solid-state Li diffusion in carbon galleries*.
While it is still debatable whether Li desolvation or diffusion is the
limiting step®*, all three steps are important in controlling the rate
performance and will be discussed individually.

Accelerating Li* desolvation. A large body of literature argues that
Li* desolvation dictates the charge-transfer kinetics**‘. Given its
small ionic radius, Li* exerts strong Coulombic attractions towards
solvent molecules, hindering the desolvation process (activation
energy 50-60 kJ mol™). The desolvation energy of Li* has been
shown to be halved in ionic liquids, probably due to the disrup-
tion of the tight solvation sheath in the presence of large organic
cations”'. The desolvation kinetics of different electrolyte systems

remains largely unexplored, which can be evaluated by, for example,
measuring the exchange current of the Li*/Li’ couple using a
microelectrode®. We suggest the introduction of charge-delo-
calized species in the form of electrolyte additive, or more effec-
tively, anode surface coating, to reduce the energy barrier for Li*
desolvation. For example, polymeric binders with carboxylic acid
functional groups have been shown to participate in the competi-
tive solvation of Li* at the graphite surface, assisting Li* dissocia-
tion from solvent molecules”’; special anions may also weaken the
Li*-solvent interaction®.

Low-resistance SEI. Electrolyte additives have always been a cen-
trepiece in tuning SEI properties, as thoroughly discussed in classi-
cal reviews'*. An ideal SEI for XFC should be thin, compact and
rich in ionically conductive domains. For more rational selection of
additives, it is important to correlate the physiochemical properties
of the SEI with its ionic conductivity. The emerging cryogenic elec-
tron microscopy (cryo-EM), capable of interrogating pristine SEI at
the nano- and atomic scales, can be a powerful complement to the
conventional electrochemical and surface-sensitive characteriza-
tions for such studies™*%.

An alternative to promote Li* transport through the SEI is to pre-
condition the graphite surface with an artificial SEI. In one exam-
ple, a liquid polyether (polyethylene glycol tert-octylphenyl ether,
PEGPE) was blended with polyallyl amine to form a multifunctional
coating, where the solid-state complexation of Li* by PEGPE pro-
vided more transport pathways, and its aromatic ring enabled n-=
interaction with graphite for strong adhesion, substantially enhanc-
ing the charging capacity™. In another example, the rate capability
of graphite can be improved by an amorphous carbon coating, the
isotropic nature of which allows 3D Li* transport*.

Increasing density of active sites. Graphite, being a layered mate-
rial, shows highly anisotropic solid-state Li diffusivity (D). Though
diffusion is reported to be relatively fast parallel to the carbon lay-
ers, the rate can be four to five orders of magnitude slower across
the basal planes, limiting the overall intercalation kinetics™. As the
characteristic time (z) for diffusion is proportional to the square of
diffusion length (L, = = L*/D), shortening L by increasing the acces-
sible reaction sites can be favourable for XFC.

As Li ions intercalate from the edges of graphite layers, the
example of magnetic-field-aligned graphite flakes described earlier
to reduce electrode tortuosity can also provide Li ions with easier
access to graphite edges®. In another study, a multichannel struc-
ture was proposed to increase intercalation sites by etching holes
on the graphite surface with KOH*. Recently, a hybrid anode was
fabricated for fast charging by coating amorphous silicon (a-Si) on
edge-plane activated graphite (SEAG; Fig. 3b)”. The activated edges
doubled the reactive surface area, while the a-Si coating increased
the energy density and allowed for fast Li* transport. The high-
areal-capacity SEAG electrode (3.5 mAh cm™) exhibited an excep-
tional initial Coulombic efficiency (93.8%) and retained >20%
capacity when lithiated galvanostatically at 3C (Fig. 3c). Moreover,
the SEAG/LCO full cell (3.4 mAh cm™2) demonstrated no trace of Li
plating after 50 cycles under a harsh charging current (7.7 mA cm™
Fig. 3d). For all these chemical modifications, it is important to
activate graphite without significantly increasing the surface area,
which can otherwise compromise the Coulombic efficiency. Finally,
as the structure, particle size and morphology of graphite signifi-
cantly impact its charge acceptance, attention needs to be given to
evaluating different graphite materials.

Dendrite suppression and early detection. Apart from facilitating
the three steps of charge transfer to prevent Li plating during XFC,
it is also necessary to incorporate additional measures to ensure bat-
tery safety in the event of dendrite formation. Inspirations can be

NATURE ENERGY | www.nature.com/natureenergy


http://www.nature.com/natureenergy

a SEI Graphite b
@ - . — —> Activated edge site
Desolvation Transport Solid-state
through SEI diffusion
c f
100 Seeded graphite Operando sensing
g 80
%‘ Sensing +
& 60 layer {,___Separator___|
°
[}
N 40+
= —
£ Preferential
§ 20 Li nucleation
0
0 5 10 f 15 20 g 15,000 2.0
Number of cycles 1 [ Specific capacity L
_‘A.g 12,000 ] Volumetric capacity 15 _
< @ \Voltage | =X
< E a
g | ] L ]
== 9,000 1.0 2
£E | | S
iz
SRS 05 g
L L2 [y
g i =
»3 -——1 |=-===- o =
¢ S |
Graphite
P 1l g5
Graphite Si P LTO

Fig. 3 | Electrode charge-transfer limitations during fast charging and some possible mitigation strategies. a, Schematic showing the three steps

of charge transfer at a graphite anode. b, Schematic showing the detailed structural characteristics of SEAG. To synthesize the structure, nickel
nanoparticles were deposited on mesocarbon microbeads, which were then calcined in a hydrogen atmosphere to activate the graphite edges via catalytic
hydrogenation. Subsequently, a graphitic carbon shell and an a-Si nanolayer were homogeneously coated on the graphite particles via consecutive
chemical vapour deposition®. ¢, Galvanostatic charging capacities of SEAG and graphite at different rates™. d, Photographs of SEAG and graphite electrode
after 50 cycles at 7.7 mA cm (ref. /). e, The adverse effects of Li plating can be alleviated by directing the plating events into the porous space of graphite
particles rather than on the outer surface of the electrode. This can be achieved, for example, by seeding graphite with nanoparticles for preferential
metallic Li nucleation. f, Early detection of Li plating is of paramount importance for battery safety, which can be realized with sensing layers incorporated
into battery separators. g, The specific capacity, volumetric capacity and lithiation potential of some alternative anode materials®’. Panels b-d adapted

from ref. */, Springer Nature Ltd.

drawn from the revitalization of Li-metal-anode research in recent
years, where dendrite suppression and early detection is a major
research theme™. It has been shown that the Li-plating overpoten-
tial is substrate dependent with little nucleation barrier on metals
with a definite Li solubility (for example, Au, Ag and Zn)*. On this
basis, a seeded anode design can be envisioned, where nanoparticles
favourable for Li nucleation are embedded inside the porous space
of graphite particles (Fig. 3¢). As a result, if Li plating were to occur,
it could be confined inside the anode with reduced risk of reacting
with electrolyte and incurring internal short circuit®.

For non-destructive detection of Li plating, methods employed
so far usually involve specialized instrumentation, such as high-
precision coulometry and microcalorimetry, which are more suit-
able for fundamental studies than real applications®"*>. However, the
battery separator can be a powerful platform to be integrated with
versatile operando sensing functionalities (Fig. 3f). Voltage sensing
for early failure detection has been demonstrated using separators
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with a polymer-metal-polymer configuration, where a sudden
voltage drop between the anode and the metal layer can be indica-
tive of dendrite penetration into the separator®. Other possibilities
of ‘smart separators’ include the introduction of a reference elec-
trode for monitoring the exact anode potential, measuring internal
battery temperature, the incorporation of thermally triggered flame
retardant® and so on.

As the propensity for Li plating becomes higher at higher SoC
due to both the lower lithiation potential and the reduced diffusion
coefficient at high in-plane Li concentration®, the conventional
constant-current/constant-voltage charging is non-ideal for XFC.
Alternative charging protocols, such as step-wise charging with
lower rate at high SoC, should be explored to avoid accelerated per-
formance decay and safety concerns. However, complex charging
protocols naturally encompass a huge parameter space such that
the optimization process can become extremely time consuming.
Therefore, enabling rapid screening of charging protocols with
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advanced computational modelling and machine learning is worth-
while exploring.

Alternative anode materials. The close proximity of the graphite
potential to that of Li*/Li’ makes the material particularly suscep-
tible to Li plating. Therefore, anode chemistries with safer work-
ing voltages are attractive for XFC batteries (Fig. 3g)*’. To this end,
lithium titanium oxide (Li,Ti;0,,, LTO) has been extensively evalu-
ated with sufficient data supporting its reliability when charged at
high rates (>10C)%, and has been already employed in commer-
cial fast-charging batteries (for example, Toshiba SCiB, designed
to offer 90% charge capacity in 10 minutes). However, the energy
density of the corresponding cells can be severely limited by the low
capacity (175 mAh g™') and high potential (approximately 1.55 V
versus Li*/Li°) of LTO, which is unsuitable for EVs with long driv-
ing ranges. Recently, Toshiba demonstrated carbon-coated niobium
titanium oxide (TiNb,O,, TNO) as an alternative to LTO, which has
a theoretical capacity comparable to graphite (388 mAh g™') operat-
ing on the Ti**/Ti* and Nb*/Nb** redox couples®®”. The 49 Ah
TNO/NMC622 cells demonstrated fast-charging from 0% to 90%
SoC in less than 6 minutes and 86% capacity retention after 7,000
cycles at 1C.

Besides working potential, specific capacity is another crucial
parameter to consider. High-capacity anodes can reduce the elec-
trode thickness and the charge carrier transport distance, both of
which are highly desirable for fast charging. Silicon offers advan-
tageously high theoretical capacity (4,200 mAh g™ based on the
weight of Si) with lithiation voltage slightly above that of graphite.
Despite the rapid maturation of Si technology, fast charging of Si
electrodes at commercial-level mass loading is not widely described
in literature®”'. Nevertheless, battery companies have disclosed fast-
charging capabilities using Si-dominant anodes. Phosphorous (P)
is another promising candidate due to the combined advantages of
high capacity (2,595 mAh g based on the weight of P) and rela-
tively low yet safe lithiation potential (approximately 0.7 V versus
Li*/Li°%), which therefore deserves more research efforts’>”*, Besides
choosing the right materials, structural design towards high elec-
tronic conductivity and space-efficient packing is also essential for
achieving XFC capability, the common strategies of which have
been summarized elsewhere™.

Li metal has been garnering great research interest recently as
the ultimate anode with the highest theoretical capacity. Despite
notable progress, Li metal is still plagued by unsolved fundamental
issues, such as low Coulombic efficiency and uncontrolled deposi-
tion morphology, which tend to exacerbate at high currents®. These
challenges require painstaking research on electrode architec-
tures”, surface protections and electrolyte formulations’, which
preclude the deployment of a Li metal anode for XFC batteries
in the near term.

Mass transport versus charge transfer. For future research, it is
particularly important to decouple the effects of mass transport and
charge transfer at both electrodes'. Recently, a study investigated the
power performance of graphite and NMC separately with symmet-
ric cells and found that graphite showed much more rapid capacity
fade at high rates, making it the limiting electrode””. However, the
charge-transfer impedance of graphite was measured to be lower
than that of NMC, indicating that mass transport might be more
critical. Nevertheless, given the numerous electrode materials avail-
able and the many parameters (areal loading, porosity, electrolyte
and so on), the limiting factor may vary and it thus remains an open
topic of research.

Battery thermal considerations during fast charging
Temperature is another critical barrier to XFC besides electrolyte
ion transport and electrode charge transfer. The performance and

safety of Li-ion batteries are strongly impacted by temperature.
Battery kinetics is sluggish at low temperature, while aging acceler-
ates at high temperature and extreme temperature conditions can
trigger thermal runaway. Enabling XFC requires detailed under-
standing of temperature effects on batteries and the development of
weather-independent thermal management solutions.

The main concern of XFC at low temperatures is the risk of Li
plating”®”. Kinetic processes affect Li plating, as ionic conduc-
tion in electrolyte and reactions at graphite surfaces all slow down
substantially with decreasing temperature following the Arrhenius
relation. Therefore, most of today’s EVs do not support fast charg-
ing at low temperatures unless auxiliary pre-heating is enabled.
For example, Nissan Leaf can be charged to 80% SoC in 30 min-
utes at room temperature, but requires >90 minutes at lower tem-
peratures®. Simulation of the Li-deposition potential showed that a
9.5 Ah PHEYV cell capable of charging at 4C without Li plating at 25 °C
can only allow 1.5C charging at 10 °C and C/1.5 charging at 0 °C to
avoid Li plating”.

To enhance the cold-climate charging ability, a common prac-
tice is to pre-heat the batteries. For XFC, external heaters may not
be sufficient due to the relatively slow thermal conduction from
cell surface to centre. Therefore, battery internal heating for rapid,
uniform warming has been proposed”®'. For example, pre-heat-
ing a 9.5 Ah pouch cell from —50 °C to room temperature within
1 minute was demonstrated by embedding a multilayer nickel foil
as both the heater and the temperature sensor into the battery, such
that the battery can reach 80% SoC within 15 minutes in a —50 °C
environment, with good 3.5C charging cycling performance at 0 °C
(ref. 7). Alternative approaches have focused on improving battery
components (electrodes, electrolytes and additives) to be suitable
over a wider temperature range, as summarized in a recent review®.
Nonetheless, many of the methods are only beneficial at either low
or high temperatures.

High temperatures, which accelerate side reactions and electrode
degradations, also present significant challenges for XFC®. Nissan
Leaf had encountered problems with battery capacity fading in the
hot Arizona climate. Importantly, the excessive heat generation from
joule heating and electrode reaction during XFC can further elevate
the temperature’. Figure 4a shows that the surface temperature of
pouch cells increases pronouncedly with C-rate under natural con-
vection conditions®. Thus, if the thermal management system is not
designed properly, battery temperature during fast charging could
reach abuse conditions and trigger thermal runaway (uncontrol-
lable release of heat due to exothermic reactions), leading to cata-
strophic safety hazards®>*°. A simulation study suggested that with
poor thermal management, the average temperature of a pouch cell
can reach 350 °C in 750 s with 350 kW XFC°, which is far beyond
the onset of thermal runaway and the melting temperature of the
commonly used separators®’. Apparently, enabling XFC will require
research efforts ranging from understanding of heat generation and
the development of advanced temperature-sensing techniques, to
designing cell- to pack-level thermal management systems. A few
specific issues are briefly discussed here with possible mitigation
measures proposed.

One issue is that the high volumetric heat generation rate dur-
ing XFC can lead to spatially non-uniform temperature distribution
inside a battery, besides the overall increase in temperature (Fig. 4b).
Temperature heterogeneity can arise from factors including aniso-
tropic heat-spreading resistance within the cell, a non-uniform
cooling environment as in the cooling design of some of today’s
EVs, contact resistance at tabs and manufacturing defects, all of
which exacerbate as the C-rate increases®. More importantly, elec-
trochemical reactions are positively affected by temperature follow-
ing the Arrhenius law, such that local high temperature increases
local current, which in turn releases more heat that raises the tem-
perature (Fig. 4c). This electrochemical-thermal positive feedback
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Fig. 4 | Battery thermal considerations during fast charging. a, External surface temperature of a laminated stack plate pouch cell at different charging
rates under natural convection conditions®*. b, Schematic of elevated, non-uniform temperature (T) inside a battery during fast charging due to high
current and heat accumulation. ¢, Positive feedback between temperature and current. Local high temperature promotes transport and reaction and
therefore increases local current, which in turn releases more heat that further elevates temperature. d-g, Thermal management systems of EV batteries
using air cooling (d), liquid cooling to transport heat from batteries to the ambient air (e), liquid cooling interfaced with a refrigerant cycle to further lower
the liquid coolant temperature (f) and two-phase refrigerant cooling with greatly enhanced heat transfer coefficient (g). Detailed components, including
pumps, compressors and heat exchangers, are not shown. Panel a adapted from ref. #*, Elsevier.

may cause spatial inhomogeneity of the SoC. To comprehensively
analyse this effect, advanced non-invasive sensing techniques that
can probe battery internal temperature with high spatial resolution
need to be developed, which can be further compared with local
electrochemical characterizations. Such sensing capabilities may
also be employed as part of the EV battery management system, and
potentially aid the early detection of thermal runaway. Temperature
non-uniformity can be suppressed by improving the thermal con-
ductivity of battery components such as the separator®, utilizing the
heat path along the high-thermal-conductivity metal current collec-
tors”, and ensuring uniform thermal contact between the batteries
and the active thermal management system.

Another issue is the potential trade-off between energy density
and thermal performance of batteries. Common design strategies
to meet the high-energy-density goal alongside XFC, including
increasing the electrode thickness, light-weighting the current col-
lector and decreasing electrochemically inactive materials, could
raise the cell resistance causing increased joule heating (normally
up to 50% of total heat generation)®. These designs may also reduce
the effective thermal conductivity, hindering efficient heat extrac-
tion. Therefore, when designing new high-energy-density batteries
with XFC capability, it is essential to also evaluate and balance their
impact on the batteries’ thermal performance.

With increased charging rates, more aggressive thermal manage-
ment is needed. Air cooling by forced convection (Fig. 4d) in some
of today’s EVs will not meet the requirement for XFC due to the
low heat transfer coefficient (up to ~100 W m~' K™'). Liquid cool-
ing (typically with ethylene glycol as the coolant) that circulates to
transport heat from battery packs to ambient air through a radiator
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(Fig. 4e) may not be sufficient either, especially in hot climates.
Some EVs utilize a separate vapour compression refrigerant (VCR)
system (two-phase cooling) to extract heat from the coolant loop
(Fig. 4f)”". This design is advantageous because the VCR system
can lower the coolant temperature below ambient. However, higher
pumping power consumption may be expected to increase the cool-
ant flow rate to enhance the convective heat transfer coefficient.
Moving forward, direct integration of a scaled-up two-phase cool-
ing system (such as a VCR cycle) with the battery pack (Fig. 4g)
will greatly enhance the heat-removing ability and heat-transfer
efficiency. Such a system requires complex design, potentially with
a higher cost, but is worth investigating for its cooling potential.

Temperature control may also be implemented at XFC stations
where a microclimate zone is created surrounding the batteries
through localized air-conditioning or other means, making XFC
independent of the actual weather’. Owing to the drastically dif-
ferent battery heat-generation rates under XFC and normal charge/
discharge mode, adaptive battery thermal management system to
satisfy the varying cooling load through advanced passive or active
control” and machine learning will be desired.

Characterization tools for fundamental insight

Advanced characterization tools, especially with high spatial and/or
temporal resolution, can critically inform materials design and may
reveal new failure modes during XFC. As the dynamic processes
within batteries span multiple length and time scales, a combination
of different techniques is often needed. Herein, we highlight X-ray-
based techniques and cryo-EM, which are deemed powerful in
answering some of the most pressing fundamental questions during
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XFC. Interested readers are referred to recent reviews for exhaustive
summaries on the state-of-the-art characterization techniques for
batteries™”".

The good penetration depth and high brilliance of synchrotron
radiation render X-ray-based techniques attractive for non-destruc-
tive characterizations of batteries during operation, particularly at
the microscale (electrode and particle levels). Though most of the
reported in situ or operando X-ray studies on batteries have focused
on relatively slow kinetics and short cycling history (a few cycles)”,
with the advancement of fast data collection techniques and cell
design, vast opportunities exist for XFC research to interrogate the
structural and compositional evolution of prototypical full cells over
repeated cycling (Fig. 5a).

The effects of high-rate charging on cathodes are rarely discussed
in the literature, which necessitates more systematic studies. A few
reports show that the cracking of secondary particles, caused by
anisotropic structural changes and SoC heterogeneities, exacerbates
at high currents®”. In this respect, X-ray computed tomography
can be used to enable high-resolution visualization of such mor-
phological degradation processes”. At the crystal structure level,
the presence of high overpotential during XFC may drive the elec-
trochemical reaction away from thermodynamic equilibrium. For
example, using operando time-resolved X-ray diffraction (XRD)
with ultrafast spectrum acquisition (4 s), Liu et al. observed that the
delithiation of LiFePO, (LFP) at high rates (>5C) proceeded via a
continuous structural change rather than a distinct two-phase reac-
tion”. With the same technique, Zhou et al. observed the formation
of an intermediate phase in NMC111 when charged at high C-rates
(>10C), which was hypothesized to serve as a buffer to local stress™.
While XRD provides structural information during cycling, spec-
troscopy techniques (for example, X-ray absorption spectroscopy)
can identify the kinetic contributions from different metal centres
to inform cathode design with better rate performance™. Besides

understanding the ensemble behaviour, special attention needs to
be given to the heterogeneity within and between particles across
the three dimensions of the electrode during XFC. Non-uniform
charging locally concentrates the current, which can be directly
correlated to other electrochemical, mechanical and thermal deg-
radations. For example, employing operando scanning transmis-
sion X-ray microscopy and a microfluidic electrochemical cell,
Lim etal. investigated the SoC distribution within individual LFP par-
ticles during cycling by tracking the Fe oxidation state with a 50 nm
probe. Delithiation was found to be substantially less uniform
than lithiation, and, surprisingly, compositionally non-uniform
solid solution domains were observed for all the C-rates studied
(up to 2C; Fig. 5b)”.

For anodes, techniques such as X-ray computed tomography and
spatially resolved XRD'" can be useful when probing local parasitic
Li depositions in pouch cells. Questions that might be answered
include how and where does metallic Li plate during fast charging,
what is the correlation between electrode structure and Li plating,
how does the plated Li evolve during repeated cycling, and so on.

In addition to X-ray-based studies during battery operation,
ex situ high-resolution imaging can provide critical complemen-
tary information at the nano- and atomic scales. Cryo-EM has very
recently been adapted to study reactive and sensitive battery materials
(Fig. 5¢)°**2. In the first demonstration, the atomic column of metal-
lic Li and the nanostructure of the SEI were observed (Fig. 5d,e)*".
Later, the Kourkoutis group coupled cryogenic scanning transmis-
sion electron microscopy with cryogenic focused ion beam (cryo-
FIB) to image the solid/liquid interface within batteries*”. Rich
chemical information can also be obtained when combining cryo-
imaging with techniques such as electron energy loss spectroscopy
and energy dispersive spectroscopy. Such initial success of cryo-EM
showcases the exciting opportunities for scientific discovery within
the battery community.
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In the future, cycled full cells and large electrode particles can be
thinned with cryogenic sectioning techniques, such as cryo-FIB and
cryo-ultramicrotomy, to make them suitable for cryo-EM imaging.
Several important directions can be pursued for XFC research. First,
the SEI nanostructure on graphite is dependent on factors such as
electrolyte composition and formation conditions, and different
SEIs can in turn afford different charge-transfer kinetics. Therefore,
elucidating the correlation between these terms is extremely valu-
able to realize more informed battery development. Second, taking
advantage of the high resolution of cyro-EM, the initial nucleation
of metallic Li on graphite can be captured, which is difficult to
resolve with other techniques. Moreover, the intermediate phases of
cathodes during cycling may have very short lifetimes, making them
elusive to ex situ studies”*”. However, by freezing the battery dur-
ing its operation, it is possible to quench these metastable states and
observe them with cryo-EM, due to significantly reduced relaxation
kinetics at cryogenic temperature. Last but not the least, by obtain-
ing slices of an entire battery, cross-talks between battery compo-
nents can be studied (the effect of cathode dissolution on the anode
and Li plating, and so on) to uncover degradation mechanisms.

Outlook

In light of the abovementioned developmental needs at the battery
level towards fast charging, each individual component of today’s
Li-ion batteries needs to be optimized in future research. Important
directions include, but are not confined to, enhancing the transport
properties of electrolytes, shortening the ion-diffusion distance by
electrode architectural design, reducing Li-plating propensity with
more sophisticated charging protocols, incorporating sensing func-
tionalities inside batteries, developing advanced thermal manage-
ment systems capable of efficiently and uniformly extract heat from
batteries, and so on. As a battery is a delicate system and improve-
ment of one parameter might negatively impact other battery met-
rics, step changes in Li-ion battery technologies call for a holistic
approach. Furthermore, special research attention is required to find
economical means to translate many of the proof-of-concept battery
designs to scalable productions. Importantly, the successful realiza-
tion of XFC also hinges on in-depth understanding of the degrada-
tion mechanisms under fast-charging conditions at both materials
and cell levels, such that advanced characterization tools need to be
critically employed for fundamental studies. In the long term, we
believe disruptive battery technologies such as novel battery chem-
istries and 3D battery architectures are to be pursued to ultimately
enable fast charging and widespread EV adoption. Given that XFC
is a complicated topic, in addition to the materials challenges and
solutions presented in this Review, system-level concerns and solu-
tions being pursued in the industry are also extremely important.
We thus call for industry experts to share their knowledge in the
scientific literature to bridge the gap between the two communities
for concerted efforts towards the fast-charging goal.
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