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SUMMARY

Extreme fast charge (10 min to reach 80% state of charge) is one of
the key limiting parameters preventing the widespread adoption of
battery-based electric vehicles into the transportation sector. Many
recent simulations and experimental-based studies have been
recently published in this area with a specific focus on why extreme
fast charge is challenging. These studies identified that cathode par-
ticle cracking and electrolyte transport limitation are the key bar-
riers that have caused the well-known safety and stability problems.
Interestingly, there have been very few studies that have demon-
strated significant improvements toward a 10-min charge under
high energy density conditions. Several strategies pertaining to
electrolyte modifications (concentrated electrolyte and low viscos-
ity additives) along with adaptive fast charging are highlighted
and suggested.

INTRODUCTION

Fully battery powered electric vehicles (EVs) have become one of the most popular

class of ‘‘green’’ vehicle.1 Among all the factors against the widespread adoption of

EVs, the relatively long charging time is arguably one of themost difficult parameters

for consumers to accept and for researchers to meet. Compared to the short refuel-

ing time of internal combustion engine vehicles, the current quickest recharging

time can take up to 30 min for an 80% state of charge (SOC). Achieving fast charge

has been deemed as one of the most important directions for the progression of EVs

in the market and, subsequently, in the field of battery science. The rate of charge of

a battery is usually indicated in a unit known as C-rate. C-rate normalizes the abso-

lute current with the capacity of the active material, resulting in a set time interval, of

which the cell is expected to be a full charge or discharge. 1 C is defined as a

charging time of 1 h. Previously, fast charge has been coined for charging rates of

about 4 C (i.e., a theoretical 15-min charge) but less than 6 C (i.e., a theoretical

10-min charge). In practice, the complete charging protocol of EVs are never a con-

stant current but usually switches to a constant voltage protocol nearing full charge

to prevent side reactions. Therefore, a commercial EV undergoing fast charge will

undergo 4 C charging up to �80% SOC and then undergo a slower and milder con-

stant voltage charge to reach full charge. Recent efforts to reach what is now collo-

quially known throughout the field as extreme fast charge (XFC) mandates a

charging rate of about 6 C or greater.2 More important and practically relevant is

perhaps the obtained driving range per unit of charge time. Fast charge is up to

�320 km in 27min (�11.85 kmmin�1 at�135 kW) for the Tesla Supercharger station,

whereas the XFC goal is a charging rate of 32 km min�1 at 400 kW.3

The ability to charge at a high current (>5 C) with thin electrodes of low energy den-

sities is achievable, but high current charging of high energy density (thicker
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Figure 1. Problems Associated with Extreme Fast Charge

Root cause analysis of problems against extreme fast charge.
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electrodes) batteries4 and/or low temperature (<0�C)5 is very difficult. The disadvan-

tage of thin film battery charging is quickly realized when comparing the significantly

decreased energy density (180 Wh kg�1 versus 220 Wh kg�1) and associated cost

penalty ($196 kWh�1 versus $103 kWh�1) due to the increased ratio of cell dead-

weight material (does not contribute to charge storage) versus active material.6

There is currently a trade-off between energy density and cost with power density.

Fundamentally, all the challenges associated with XFC (at the EV level) can be suc-

cinctly reduced to a problem of mass transfer per unit area (more specifically,

mass flux) or reaction kinetics.

Recent articles have focused on the status of fast charge and XFC in terms of their

economics and infrastructure requirement3,7 and battery design.8,9 This perspective

will focus on the recent analysis and the conclusion provided by leading research

groups in the field. Emphasis will be placed on works that discuss key limiting phe-

nomenon in a lithium (Li)-ion battery (LIB) during fast charge and XFC. Discussion on

the Li-ion transference number will be provided along with adaptive fast charging

protocols.

Key Problems Associated with XFC

Illustrating the problems associated with XFC, Figure 1 shows a root cause analysis

gathered from our analysis of the literature. Overall, it appears that the insufficient

electrolyte transport properties, cracking of the cathode particles, and lack of infra-

structure are the key barriers against XFC. To begin, it is apparent that achieving the

infrastructure required for fast charging is nontrivial. Charging rates of up to 6–9 C is

taxing to the power grid. XFC or even a fast charge ports are rather rare and are

currently not likely for consumers to practically find and will require significant invest-

ment from industry and government to improve. For example, in the United States,

charging ports are rated as level 1, level 2, or direct current (DC) fast charging. Level

1 ports are rated for a 2- to 5-mile range per 1-h charge, level 2 stations are rated at a

10- to 20-mile range per 1 h of charge, and DC fast charging stations are rated for a

60- to 80-miles of range per 20 min of charge. As of 2019, 5% of public charging out-

lets are level 1, 80% are level 2, and only 15% are DC fast charging (including Tesla

superchargers; CHAdeMO for Nissan, Mitsubishi, and Toyota; and combined

charging system [CCS] for BMW and Chevrolet).10 Furthermore, the current load
2 Cell Reports Physical Science 1, 100212, October 21, 2020
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required from the charging facility becomes nontrivial at XFC or even at fast charge

conditions and can easily disturb local power grids (voltage deviations and thermal

loading)11,12 and stress the grid13 to the point of overloading the feeder (transmis-

sion lines from grid to charging facility).3,7 Therefore, any breakthrough in XFC

battery research much be accompanied with government support in the form of in-

vestment into enhancing the grid.

Currently, the technical problems of fast charge residing inside the battery include

the following: (1) cathode particle cracking, (2) low active material utilization, (3)

electrolyte-electrode side reactions, (4) Li plating at the anode. These problems

are all further amplified by (5) electrode variability and are nearly all a function of

insufficient mass transport properties of the cell. Below are brief descriptions of

each of these problems.

Cracking of Cathode Material

Cathode materials of LIB are typically composed of agglomerated primary particles

forming secondary particles. Even at relatively mild cycling currents, the secondary par-

ticles are known to crack. Specifically, intragranular cracks are formed to the nonisotropic

lattice strains, as the primary particles are not arranged in any particular order in the sec-

ondary particles.14,15 At higher Li insertion rates, the volume changes experienced by

the cathode particles are further amplified, increasing heterogeneity compared to that

of slower rates, and createmore stress throughout the battery material.2 This is because

the Li-ion diffusion-induced stress is amplified at higher currents, such as in XFC condi-

tions.16,17 Surface cathode primary particles tend to have a higher SOC than the inner

primary particles.18 Cracking of the cathodematerial might reduce accessible Li storage

sites in addition to generating more surface area for electrolyte decomposition.

Low Active Material Utilization

Fundamentally, the observed increases in cell voltages at higher charging rates is

due to both thermodynamic and kinetics changes in the system. These changes

stem from concentration and Li-ion transport. Due to mass transfer limitations, the

concentration gradient generated in the cell at both the cathode and anode are

very high. If the electrolyte Li-ion transport is the limiting step, at a higher current,

the number of Li-ions generated and, as such, the Li-ion concentration at the cath-

ode’s surface will be relatively higher than the low current charging. Conversely,

Li-ion concentration at the surface of the graphite will be also lower. From the

mass-transfer-inclusive Butler-Volmer equation, at a given current density, the over-

potential is inversely proportional to the concentration of the reduction reaction re-

actants. In this case, the rate of the reduction reaction of the Li-ion intercalation into

the graphite anode is reduced due to the lowered Li-ion concentration, increasing

the overpotential. At the same time, the different increased/decreased concentra-

tions of Li-ion at the cathode/anode, respectively, also have a thermodynamic effect.

The concentration of the Li-ion at the cathode will, on average, increase the oxida-

tion potential required to extract Li from cathode material. At the anode’s surface,

the lower Li-ion concentration will push the anode down to a more reductive poten-

tial. Among other sources of overpotential (ohmic resistance, charge neutrality, etc.),

the polarization experienced by both the anode and cathode increases the overall

cell voltage to prematurely reach its cut-off voltage.19 This results in the well-re-

ported low material utilization and poor energy efficiency.

Electrolyte-Electrode Side Reaction

Under ideal conditions, the cathode and anode are passivated by cathode electro-

lyte interfacial (CEI) and solid electrolyte interphase (SEI), respectively, to prevent
Cell Reports Physical Science 1, 100212, October 21, 2020 3
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continuous electrolyte/electrode side reactions.20–23 However, passivation layers

are imperfect and will have an area where side reactions can continue to occur. These

reactions on both the cathode and anode are known to be a major battery degrada-

tion mechanism.When subjected to low currents, the side reactions are manageable

due to the lower overpotentials experienced by the cathode and the anode, in addi-

tion to a likely lower operating temperature, which yields the accepted cycle life in

commercial LIBs. However, at a high current density (especially under XFC condi-

tions), the local current can be heterogeneous and might lead to significant Joule

heating in the battery system due to resistance in both electron and ion flow.24–26

The increase in temperature will increase the kinetics of side reactions (parasitic re-

actions) of electrolyte components with each of the electrodes.27 At the same time,

the overpotential experienced by each electrode will allow the potentials at the cath-

ode to bemore anodic and the potentials at the anode to bemore cathodic, creating

a larger thermodynamic driving force for these parasitic reactions. These parasitic re-

actions include the oxidation of electrolyte species on the cathode,28 potential

corrosion of the Al current collector,29 and reduction of species the anode,42 with

some side reactions resulting in the generation of gaseous compounds.27 It should

be noted that there has been work that demonstrated insignificant changes to the

cell temperature of a �2-mAh cm�2 single-layer NMC532/graphite pouch cell

charged at rates up to 9C.2 However, this was associated with a relatively small ab-

solute current, leading to a maximum heating rate of only 16 mW.

Li Plating

The purpose of using an N/P ratio of typically more than unity is to limit the proba-

bility of Li plating. A low N/P, that is, a high cathode-to-anode areal capacity ratio of

near unity, is dangerous because it risks locally saturating the graphite anode with Li-

ions and bringing the local potential past 0 versus Li+/Li, allowing for Li plating. It

should be noted that the heterogeneity in current distribution is amplified when

the current is increased. At high charge rates, the overpotential experienced by

the anode typically decreases the potential levels to where Li plating can occur,

effectively decreasing the N/P ratio of the battery below one.30 Li plating or the

reduction of Li-ions to Li metal is particularly dangerous, as it enables the formation

of Li dendrites. If the cathode and the anode were to be shorted by an internal Li

dendrite, the cell is prone to undergo thermal runaway. Furthermore, the formation

of metallic Li allows for the decomposition of the electrolyte. As the SEI on Li metal is

unstable, the continuously formed Li (with its highly reductive nature) will constantly

consume the electrolytes and generate gaseous species,31 degrading the cycle

retention of the cell if a short circuit does not occur first.

Furthermore, charging at low temperatures is well-known to cause Li plating due to

the sluggish Li-ion transport in the electrolyte, leading to large overpotential at mild

currents.32 Throughout literature, this can be most effectively overcome by heating

the battery from ambient to room temperature prior to any significant charging.5

Interestingly, high temperatures were also found to facilitate Li plating, due to in-

creases in Li-ion reduction kinetics.33 However, this correlation between Li plating

and temperature is only true if the potential experienced by the anode is low enough

to thermodynamically allow for Li plating. That is, if Li plating were to occur, a high

operating temperature will likely speed up the rate of dendrite growth.

High Susceptibility to Cell-to-Cell Variability

Overarching these problems is the amplification effect of any variability in the cell’s

physical characteristics.16 Any spatial heterogeneity in the electrode could serve as a

point of higher or lower current (depending on its local pressure), which could
4 Cell Reports Physical Science 1, 100212, October 21, 2020
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amplify the effective local current beyond even the highly demanding XFC condi-

tions. Furthermore, heterogeneity in the form of binder/carbon black and active ma-

terial aggregates has been suggested to have a significant impact under XFC con-

ditions. Aggregates tends to have more active material per volume but also lower

mass transfer rates, leading to a preferential lithiation/delithiation from a low to

high degree of aggregation.34 Together, they will increase damage to the cell

through either a decreased cycle life or complete cell failure. Therefore, the

manufacturing of XFC cells will demand an even higher design to prevent any slight

variability in the cells. It should be noted that so-called secondary pore networks that

are designed to providemore efficient Li-ion transport highways could have in-plane

columns of electrodes that could potentially and mistakenly serve as a point of

higher contact pressure and, as such, an undesirable higher local current.

Strategies and Problems with Strategies

Numerous strategies have been investigated to alleviate the limitation of fast charge

and XFC. They include heat management,5,35–39 electrode architecture design,40,41

material design,42–44 electrolyte formulation,45–47 and charging protocol.48–50 In

general, all of these techniques attempt to relieve the following mass transfer limita-

tions of LIBs: (1) to achieve high current and (2) to maintain cell reversibility over pro-

longed cycling. Heat management revolves around the concept of heating the cell to

ensure higher Li-ion conductivity, while ensuring the cell does not overheat by cool-

ing. This technique yielded dramatic improvement in charging under cold ambient

conditions. However, cycle life at elevated temperatures will inevitably lead to

higher side reaction between the electrode and electrolyte. Electrode architecture

design entails the reduction in the tortuosity of the cell. This includes using spherical

particles,24 larger particles, electrode pore templating, and even diffusion channel

milling with a laser. Electrolyte formulations have focused on achieving higher trans-

port properties in both ionic conductivity and Li-ion transference number by

decreasing the mobility of the anion.45,46,51 Finally, charging protocol is a technique

that is probably the least invasive and provides enormous options toward XFC.52 Ta-

ble 1 provides a brief overview of some of the highest performances from each of the

strategies, along with some comment on their disadvantages and future outlooks.

The possible problems of fast charge of XFC are easily listed and conceptually sim-

ple, reducing to ultimately a problem of mass transfer and reaction kinetics to certain

parts of the cell. However, like any rate-dependent process, the key rate-deter-

mining step is the most impactful to the overall cell overpotential. Although many

of the aforementioned mitigation strategies have looked into enhancing different

parts of the cells (all with interesting improvements in rate performance), only

recently have researchers begun to identify the components of total cell overpoten-

tial that are likely mostly responsible for the observed poor performancemetrics.30 A

collaborative and rather comprehensive work by National Renewable Energy Labo-

ratories (NREL), Argonne National Laboratories (ANL), and Idaho National Labora-

tories (INL) has identified that Li-ion transport in the electrolyte is the key culprit

against XFC.4,6 Experimental results revealed that XFC even up to 9 C did not sac-

rifice much energy density or promote Li plating for thin film electrodes in a pouch

cell. These cells were designed to be �1.5 mAh cm�2, with a thickness of 42 mm,

porosity of 33%, and total areal of 14.1 cm2 for the cathode, and �2 mAh cm�2,

with a thickness of 47 mm, porosity of 37%, and areal of 14.9 cm2 for the anode

(N/P = 1.13). At 8 C, the low loading cells were able to reach almost 70% SOC (Fig-

ure 2A). This suggests that the material itself is not that poorly suited for lithiation up

to 9 C. In contrast, higher areal loading cells of about 2.5 mAh cm�2 for cathode and

3 mAh cm�2 for anode achieved less than 20% SOC at 8 C (Figure 2B). This was well
Cell Reports Physical Science 1, 100212, October 21, 2020 5



Table 1. Overview of Strategies for Fast Charge

Areal active/
capacity loading

Capacity versus C-rate Testing conditions Method Disadvantage Outlook Reference

Cathode: 1.5
mAh cm�2

Single-layer pouch full cell: Anode: 47-mm thick
(37% porosity),
14.9 cm�2 graphite

Baseline (i.e., no
particular
modification)

Low energy density
and high cost

Limited application 6

Anode: 2 mAh
cm�2

1 C: 19 mAh Cathode: 42-mm
thick (33% porosity),
14.1 cm�2

6 C: 13.5 mAh NMC532

8 C:�12.9 mAh N/P = 1.13

Electrolyte:GEN 2

Temperature:30�C

Cathode: 2.5
mAh cm�2

Single-layer pouch full cell: Anode: 70-mm thick
(35% porosity)
graphite

Anode: 3 mAh
cm�2

1 C:32 mAh Cathode:71-mm
thick (35% porosity)

6 C:12.32 mAh NMC532

8 C:5.76 mAh N/P = 1.07

Electrolyte:GEN 2

Temperature:30�C

2.35 mAh cm�2 Single-layer pouch full cell:
CC to 4.2 V then CV at 4.2
until the theoretical charge
time dictated by C-rate

Anode: 8 mg cm�2

(30% porosity)
graphite

Substituting LiPF6
with LiFSI with
higher Li-ion
transference
number

Higher cost Require synthesis of
cheaper Li salt with
high Li transference
number

46

LiPF6: Cathode: 14.1 mg
cm�2 (30% porosity)

1 C: 170.8 mAh g�1 NMC811

5 C: 135.4 mAh g�1 N/P = 1.106

LiFSI: Electrolyte: 1.5
LiPF6 or LiFSI in
30:70 weight ratio
EC:EMC.

1 C: 173.8 mAh g�1 Temperature: 30�C

5 C: 153.2 mAh g�1

5 mg cm�1

(�1.86 mAh
cm�2)

Coin half cell: Working electrode:
200 mm (for 9.1 mg
cm�1) Graphite

Magnetic alignment
of graphite

Rate performance
not significantly
enhanced

Performance benefit
appears to be not
significant when
considering the
amount of change
to the
manufacturing
process that is
required

81

0.1 C:372 mAh g�1 Li metal reference
electrode

Pore structure
optimization

1 C:160 mAh g�1 Electrolyte: 1M
LiPF6 1:1 weight,
EC: DMC

9.1 mg cm�2 (3.6
mAh cm�2)

1 C:83 mAh g�1 Temperature: 25�C

2.5 mAh cm�2 Coin 0.1 C: 2.5 mAh cm�2 Anode: 64-mm thick
(35% porosity),
graphite

Laser milling Likely very
expensive to scale
up

Performance benefit
appears to be not
significant when
considering the
amount of change
to the
manufacturing
process that is
required

82

1 C: �2.35mAh cm�2 Cathode: 64-mm
thick (35% porosity),
NMC111

3 C: �1.75 mAh cm�2 N/p = 1.2

(Continued on next page)
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Table 1. Continued

Areal active/
capacity loading

Capacity versus C-rate Testing conditions Method Disadvantage Outlook Reference

5 C: 1 mAh cm�2 Electrolyte: 1M
LiPF6 +2% VC 3:7:
weight ratio
EC:EMC

Temperature =
20�C

2.5 mAh cm�2 All constant current at 6 C
then CV, with a total time of
10 min:

Anode: 70-mm thick
(35% porosity)
graphite

Temperature
elevation

Will likely expedite
electrolyte
degradation

Will likely require an
electrolyte with
higher resistance to
oxidation and
reduction at
elevated
temperatures

6

30�C:36%(CC)+43%(CV) =
79%SOC

Cathode: 71-mm
thick (35% porosity)

40�C:38%(CC)+43%(CV) =
81%SOC

NMC532

50�C:52%(CC)+35%(CV) =
87%SOC

N/P = 1.07

Electrolyte: GEN 2

Temperature: varies

6 mg cm�2

(�1,100 mAh g�1

@ 0.2 C)

2 C = �4 mAh cm�2 Anode versus
lithium metal half
cell

Graphene particles Scalability of
graphene-based
particles might be
low

Scalability is usually
overlooked in exotic
material design and
must be considered
carefully in future
studies, but
performance
appears promising

24

5 C = �3.25 mAh cm�2 Mesoporous
graphene particles

10 C = �2.85 mAh cm�2 Electrolyte: 4M
lithium
bis(fluorosulfonyl)
imide in 1,2-
dimethoxyethane

N/A 4.4 C/5.6 C/5.2 C/
4.252 C

Anode: 40 mm,
graphite

Machine learning-
optimized charging
protocol

Only a mitigation
and optimization
strategy and does
not introduce any
distinct change to
the system

If coupled correctly
with more input
based on operando
characterization
techniques, this
could be more
impactful

74

1 C = 1.1 A Cathode: 80 mm
LiFePO4

A123
APR18650M1A cells
rated for 1.1 Ah and
3.3 V
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reproduced by their mathematical model, which considered the lithiation state of

nickel-manganese-cobalt (NMC) and graphite particles and the tortuosity of the

cell. The simulated Li-ion concentration in the electrolyte was shown to increase

as one move from the anode to the cathode for low loading (Figure 2C) and high

loading cells (Figure 2D), which is reasonable, as the Li-ion comes from the cathode.

This variation in concentration was found to be exaggerated at higher currents for

both higher and lower loading cells. Specifically, the Li-ion concentration decreases

to near zero at the current collector of the anode, whereas the Li-ion increases to

over 3 M near the current collector of the cathode. It is worth noting that 2.5 mAh

cm�2 is still well below the standard for what is considered high energy density cells

(4–5 mAh cm�2). Furthermore, the SOC of the cathode and anode under thin (Fig-

ure 2E) and thick film (Figure 2F) conditions revealed a lack of lithiation (graphite)/

delithiation (NMC) as one move from the electrode portion closest to the separator

toward their respective current collectors during fast charge. This has been also

corroborated by operando X-ray diffraction studies with in-plane spatial resolution

where lithiation states at the end of charge were well below �40% for graphite

near the current collector.53 Taken together, this evidence suggests that the drastic
Cell Reports Physical Science 1, 100212, October 21, 2020 7



Figure 2. Simulated Cells under Extreme Fast Charge Conditions

Experimental and simulated voltage profile at various C-rates of thin (A) and thick (B) loading cells. Simulated concentration profiles as a function of cell

length at various C-rates of thin (C) and thick (D) loading cells. Simulated lithiation state as a function of cell length at various C-rates of thin (E) and thick

(F) loading cells. Reproduced with permission.6 Copyright Elsevier 2020.
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Figure 3. Projected Energy Density from NREL/ANL/INL Model under Various Hypothetical Cell

Conditions

Simulated at 3 (A) and 4 (B) mAh cm�2. Colored portions of the bars represent safe achievable

energy density by a constant current protocol, and the white bars represent remaining achievable

energy density but with a high likelihood of Li plating. Reproduced with permission.6 Copyright

Elsevier 2020.
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difference in performance was concluded to be mostly associated with a lack of Li-

ion transport in the electrolyte.

Perhaps the more interesting research was the hypothetical scenarios of enhanced

performance conditions studied by this work. By modeling the cells at various tortu-

osity, cell porosity, temperature, electrolyte transference number, and N/P ratio and

a combinations of these parameters, the authors were able to forecast the expected

point of SOC that will drop the potential at any spatial point in the electrode to allow

for Li plating, as shown in Figures 3A and 3B (at 3 and 4 mAh cm�2, respectively). Ac-

cording to their simulation, for the 3-mAh cm�2 cell, the decrease of cell tortuosity at

45�C has a large impact on delaying the Li plating SOC and matches the effect of

charging at 60�C. Increasing temperature appears to be a promising avenue for

XFC, but its effect on cycle stability is likely negative. Changes to the N/P ratio

was found to not have much of an effect on the performance. Cells simulated at

45�C did not have significant improvement in Li plating SOC when the N/P ratio

was increased. This is likely because Li plating is very much a localizedmass transport

phenomenon at high currents and not necessarily related to the overall average SOC

of the cell. N/P ratios only serve to ensure that the average equilibrium potential of
Cell Reports Physical Science 1, 100212, October 21, 2020 9
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the anode stays above Li plating, such that overpotentials at low current do not drop

the potential below 0 versus Li+/Li. The results presented here indicate that the over-

potential experienced by the anode at 4–6 C is probably much larger than the

average thermodynamic ‘‘buffer room’’ offered by the increasing N/P ratio. Interest-

ingly, when the simulated loading was increased to 4mAh cm�2 (typical level for high

energy density cells), many of the benefits of increasing tortuosity and temperature

were decreased, especially at 6 C. Specifically, the Li-metal-free plating at 6 C at

45�C was only slightly improved compared to the baseline. This is critical, as it indi-

cates that most of the possible techniques (which also come at the cost of different

performance metrics, i.e., stability) might taper off at high energy density loadings.

In contrast, there appears to be an enormous benefit of increasing the Li-ion transfer-

ence number (t+Li) and diffusivity in the electrolyte. Shown in Figures 3A and 3B the

‘‘Next Gen Electrolyte’’ represents a situation in which a hypothetical electrolyte has

increased transport properties (1.8 times the normal ionic conductivity = 18 mS cm�1,

3 times the normal diffusivity = 5 3 10�6 cm2 s�1, and 0.05 improvement in t+Li to

0.51 at 3 mAh cm�2). Even higher transport properties were used for the hypothetical

electrolyte in the simulation at 4 mAh cm�2 (2.3 times the ionic conductivity = 23 mS

cm�1, 4 times the diffusivity = 6.67 3 10�6 cm2 s�1, and 0.15 increase in t+Li to 0.65).

This indicates that the discovery of a cost-effective electrolyte with a high Li-ion transfer-

ence numbermight outperformall of and combinations of the other investigatedparam-

eters. The t+Li describes the portion that are carried by Li-ions and allows for one toquan-

tify the effective conductivity that is actually useful for a LIB (Li-ion transport). During

charge (an imposed electric field), Li-ions are transported from the cathode to the

anode, while anions are transported toward the cathode. Transference numbers far

below unity indicate that a significant portion of charge transport is carried by the anion,

which does not react appreciably (in comparison to Li-ions) with the electrodes. In fact,

themovement of anions leads to anion concentration build up at the cathode andwould

cause Li-ions to be attracted backward (due to charge neutrality) toward the cathode,

leading to the generation of unfavorable and significant concentration gradients. Ulti-

mately, this significantly deteriorates/lags Li-ion transport and has been identified to

expedite Li dendrite formation in Li metal batteries.54 The impact of t+Li can be easily

seen in Figure 4A, where a t+Li of 0.8 was simulated (based on the Newman model

with a porous LiCoO2 cathode and porous graphite anode) to be able to reach a SOC

of�50%at 4C. In contrast, a t+Li of 0.4 was projected toonly reach<30%. Thedifference

ismore apparentwhenmoving up to a t+Li of 1 and charging rate of 6 C (XFC). It is impor-

tant to note that conductivity must be maintained to be reasonably high to observe the

benefit of a high t+Li. The relationshipbetween t+Li, diffusivity (proportional to viscosity of

electrolyte), and ionic conductivity have been practically very close. Increasing one usu-

ally sacrifices another, and their relationships are not always clear experimentally due to

difficulty in measurement of their values. Perhaps more important instead is their actual

impact on the performance in reaching an appreciable SOC. Specifically, the trade-offs

and impact on the overall performance in terms of the achievability of a 75% SOC at 2 C

can be found in Figure 4B. At low t+Li, the diffusion coefficient (Do+) has a large influence

on the required overall conductivity to achieve 75% SOC. By decreasing Do+ from 2.53

10�6 to just 2.03 10�6 cm2 s�1 (20% decrease) at a t+Li of 0.6, the required conductivity

increase to compensate is from�6.8 to�9.2 mS cm�1. At a high t+Li (0.9), the compen-

sation in ionic conductivity is significantly reducedwith only a requirement of an increase

from �4.4 to 4.6 mS cm�1.

Research efforts has been currently funneled toward ways to limit the mobility of an-

ions. Currently, the popular methods include chemically tethering anions in poly-

electrolyte/ionomers55 and onto nanoparticles56 and the synthesis of large anions
10 Cell Reports Physical Science 1, 100212, October 21, 2020



Figure 4. Effect of Electrolyte Properties on Performance

State of charge (SOC) achievable as a function of C-rate and Li-ion transference number with an

electrolyte overall conductivity of 10 mS cm�1 (A), and contour plots of simulated cells reaching a 2

C charge rate reaching an overall 75% SOC as a function of Li-ion diffusivity D0+, overall

conductivity, and Li-ion transference number (B). Both studies were simulated using a 91.8-mm-

thick graphite anode and 100-mm-thick LiCoO2 cathode. Reproduced with permission.60 Copyright

American Chemical Society 2017.

ll
OPEN ACCESSPerspective
that have very poor mobility57 and concentrated electrolytes.58 However, the signif-

icant impact of the t+Li on high power and energy density batteries has been known

for decades.59 A literature survey by McCloskey et al.60 indicated that many of the

published single-ion conductor systems (near unity t+Li) usually suffer from very

poor overall conductivity (<0.03 mS cm�1 at 30�C). Currently, it appears that one

of the most promising directions for high t+Li is concentrated electrolytes with a

high t+Li of 0.73 and overall conductivity of �3.2 mS cm�1.58 Even with their

commonly significantly higher viscosities, currents of up to 10 mA cm�2 have been

demonstrated for these types of electrolyte systems, albeit for an Li metal anode

with unclear SOC.61 In addition to the significantly increased mass density of the

electrolyte, one of the key problems is the high cost penalty of using a concentrated

electrolyte with expensive salts, such as the popular LiTFSI.24,62,63 Of all the cell

components, the cost of the electrolyte amounts to about 6%–9.9% (�35 USD

kWh�1 at 22 USD L�1 with 1.6 Lelecrolyte kWh�1 in 2015) of the total cost

(�580 USD kWh�1 in 2015),64–66 which assumes a price of about �85 USD kg�1

(15.6 USD L�1
electrolyte) for LiPF6 if the other components (6.4 USD L�1

electrolyte for

combined EC and DEC) were assumed to be at �1.3 and 2.1 USD kg�1, respec-

tively.67 A recent study performed at ANL indicated that the cost of LiPF6 produced

at a plant of 10 kt year�1 capacity could be as low as 20 USD kg�1 (in 2019) if the

chemical process was optimized.67 This would yield a total LiPF6 cost of �3.7 USD

L�1
electrolyte, which would decrease the overall cost of electrolyte to be �10 USD

L�1
electrolyte, including all components. The cost of LiTFSI or LiFSI (commonly used

in concentrated systems23) are about 100 USD kg�1,68 forecasting a cost of 28.71

and 18.7 3 molarity of salt USD L�1
electrolyte, respectively. If the concentrations

were to even venture conservatively into the ‘‘concentrated-electrolyte’’ regime

(4.5 M), the cost would be �129 (LiTFSI) and �84 (LiFSI) USD L�1
electrolyte, respec-

tively, just for the salt. Assuming the required electrolyte proportions (�1.6 Lelectrolyte
kWh�1) in prospective fast charge LIBs were not increased, the total cost can be esti-

mated to be 206 and 135 USD kWh�1, respectively (without solvent).

Putting our brief analysis into perspective, when compared to the conservative

(dated) cost of GEN 2, LiPF6, and solvent-included electrolyte at 35 USD kWh�1

(2015), the cost increase is quite substantial and will probably at least double any

2020 estimates of total battery cost. Even in 2018, the cost of LIB for EVs have

been already drastically reduced from �580 USD kWh in 2015 to well below
Cell Reports Physical Science 1, 100212, October 21, 2020 11
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280 USD kWh�1 (2018).22 This suggests that if a 4.5 M LiTFSI solution was to be used

in substitution of typical GEN 2 (at most 35 USD kWh�1), it would already increase

the cost of LIBs by nearly two-thirds (from <280 to �451 USD kWh�1). With econo-

mies of scale and optimization, the cost of these electrolyte salts will without a doubt

decrease, but it is unclear to what level, as the cost of the high concentration of salt

entails a substitution for solvent. Enhancing the transport properties of the electro-

lyte with both a higher ionic conductivity and near unity Li-ion transference number is

difficult. Finding or synthesizing such a salt while achieving a similar or reduced price

compared to LiPF6 and, more importantly, the solvents (at higher concentrations)

will be an even more challenging task.

Tuning the viscosity of the electrolyte as a means of increasing the diffusivity of Li-

ions and, as such, the ionic conductivity appears to be more appealing.51,63 Logan

et al.69 indicated that a significant enhancement in conductivity can be achieved if

methyl acetate (low viscosity liquid �0.38 cP at 20�C) was mixed into the electrolyte

(viscosity of about 3.5 cP at 20�C). At 30% weight % in the solvent (30% EC, 40%

DMC), the conductivity increased from 11 mS cm�1 (3.5 cP) to �15.3 mS cm�1 (2.4

cP) at 20�C, which is nearing the Next Gen Electrolyte levels. In fact, the ionic con-

ductivity can be mostly estimated from the viscosity by the Walden rule in which vis-

cosity is inversely proportional to conductivity. However, the cycle stability of methyl

acetate and other low-viscosity lighter molecular weight solvents tend to be poor, as

they were often found to not form stable SEI layers.70

Looking beyond battery design, adaptive fast charging protocols in which currents

are precisely controlled as a function of measured cell characteristics can be a

very attractive methodology for achieving fast charge. Localized sensor design

can be used to accurately measure local electrode temperatures71 and SOC72 to

enable a more accurate and appropriate control of current. One of the most illustra-

tive plots of the different components of overpotential imparted onto the cell by in-

efficiencies is the Nyquist and Bode plots obtained from electrochemical impedance

spectroscopy (EIS).The different timescales of various mass and charge transport

phenomenon can be deconvoluted to a very high degree by using EIS. Potentio-

static EIS that is an AC oscillation about a null current used to investigate permanent

changes to the impedance is crucial to understand aging mechanism of XFCs. The

main downside of this technique is the fact that there is no net current through the

cell and the test is required to be performed at near-equilibrium conditions that is

usually achieved by resting the cells before taking the EIS spectrum. These two re-

quirements coupled together could allow the cell to relax the conditions that caused

the large overpotential during XFC. In contrast, dynamic EIS that is an alternating

current (AC) oscillation superimposed over a constant current can be used to inves-

tigate online impedance sources that might be useful to isolate mass transfer limita-

tions.73 Together, both of these techniques can be very useful as input data into a

learning model.

Currently, the use of a data-driven approach to optimize the battery charging proto-

col for reaching a total charge time that is considered XFC will likely begin to play an

enormous role in the field. One can imagine that a charging protocol with input pa-

rameters of voltage or current can be finely tuned based on the characteristic (tem-

perature, voltage, and SOC) readings to build a battery management system that

can efficiently maximize the achievable SOC (without damage to the cell) within a

set amount of time. Machine learning (ML)-based techniques have already shown

the battery community some surprising results in the charging protocols explored

by researchers.74 Many groups have demonstrated that decreasing the current
12 Cell Reports Physical Science 1, 100212, October 21, 2020



ll
OPEN ACCESSPerspective
with increasing SOC is an effective method toward limiting Li plating.75,76 However,

ML has demonstrated that the top three (ranked based on cycle stability) charging

protocols do not always follow this rule, with one particular protocol entailing a cur-

rent charging pattern of 4.4 C/5.6 C/5.2 C/4.252 C, yielding a very high cycle

life performance. Based on this information, the authors speculated that the parasitic

reactions caused by heat generation might be more important for enhancing cycle

life rather than Li plating. If more accurate and detailed onboard sensors could be

inserted into the cell, more localized parameters can be measured and their respec-

tive correlations with performance could be very impactful for designing a charge

protocol. Simultaneous variations in the charge protocol while also changing, for

example, tortuosity and porosity of the cells have not, to the best of our knowledge,

been explored and could lead to significant compounded performance

enhancements.

Conclusions and Perspectives

This perspective has briefly summarized some of the key problems and strategies for

fast charging LIBs. Furthermore, we have presented in more detail the limitations

and pitfalls of some of these proposed strategies. From recent works, it appears

that (besides the problem of cathode cracking) the key limiting factor associated

with XFC can be succinctly reduced to a problem of transporting Li-ion efficiently

through the electrolyte. Addressing this problem could mitigate/reduce many of

the subsequently associated problems (low material utilization, Li-plating, electro-

lyte/electrode side reactions, and higher susceptibility to inhomogeneous elec-

trode). Highly concentrated electrolytes could indeed increase the Li-ion transfer-

ence number but would come at the cost of viscosity, an increase in electrolyte

mass density, and an increase in cost. Conversely, the use of lighter and less viscous

electrolyte solvents might be able to increase the transport properties of the electro-

lyte, but they usually result in poor cycle stability. Furthermore, the cracking of the

cathode has been established as a key problem in achieving XFC with high cycle

life. Surprisingly, although there have been a few works18,23,24 that discuss the failure

mode of cathode particles, the amount of papers associated with achieving XFC

(reducing radial SOC gradients) for cathode particles has been low.

Among all the discussed techniques, it is relatively simple to sacrifice energy density

for power. A thinner electrode will naturally fair better under XFC conditions than a

thick electrode. Practically, this idea has been somewhat dismissed due to the

increased cost and reduced energy density associated with more deadweight mate-

rial in the battery pack. However, there has been recent commercial interest by Tesla

to switch to Li-iron-phosphate-based cathodes in some markets.77 In fact, if Li-iron

phosphate cathodes (safer and cheaper) are considered, the restrictions for space

optimization in regard to safety, cost, and range could potentially be relaxed and

the subsequent more compact battery packing system designs could be used to

compensate for thinner electrodes.

Finally, the goal of fast charge is fundamentally limited, in many aspects, by the

transport properties of the electrolyte, which are extremely challenging to enhance

and will require a significant breakthrough in electrolyte design and synthesis. This is

further complicated by the strict cost requirement of any newly synthesized electro-

lyte chemicals. Conversely, two main methods of achieving XFC are particularly

intriguing. First, the adaptive fast charging techniques, which consist of a feedback

loop of various onboard characterizations (e.g., temperature and SOC) coupled with

a variable current protocol, appear to be very interesting. This technique is still,

nevertheless, an optimization of the LIB system, and it is unclear if it can ever be
Cell Reports Physical Science 1, 100212, October 21, 2020 13
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significantly enhanced to XFC levels. The standardization of battery packs among

different manufacturers of EVs will significantly alter the possibly of a battery swap-

ping station. The logistics of the standardization might already be heavily consid-

ered by EV companies and government from both an environmental perspective

(especially with pushes toward increased volume of LIB recycling) and faster re-

fuel times by battery swapping stations. Battery swapping stations have been

already tested in Taiwan (albeit for electric scooters for which the size of the battery

is much smaller).78,79 These stations entail the standardization of battery packs along

with a stock of readily charged batteries available to consumers who drive up to the

station and swap out their battery pack.80
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