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a b s t r a c t

Fast-charging is considered to be a key factor in the successful expansion and use of electric vehicles.

Current lithium-ion batteries (LIBs) exhibit high energy density, enabling them to be used in electric

vehicles (EVs) over long distances, but they take too long to charge. In addition to modifying the elec-

trode and battery structure, the composition of the electrolyte also affects the fast-charging capability of

LIBs. This review provides a comprehensive and in-depth overview of the research progress, basic mech-

anism, scientific challenges and design strategies of the new fast-charging solution system, focusing on

the influences that the compositions of liquid and solid electrolytes have on the fast-charging perfor-

mance of LIBs. Finally, new insights, promising directions and potential solutions for the electrolytes of

fast-charging systems are proposed to stimulate further research on revolutionary next-generation fast-

charging LIB chemistry.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Since their initial development, lithium-ion batteries (LIBs)

have improved significantly in terms of their efficiency and energy

density, making them the go-to choice of the automotive industry

in the production of pure electric vehicles (EVs). However, the

charging time of EVs remains their main limitation. While the

fast-charging of EVs would boost sales and thus increase their

market share, it would also eliminate mileage anxiety (the fear of

being stranded in a location due to not being able to fuel/charge

a vehicle) for consumers who cannot use home or office charging

equipment as their main charging method [1,2]. The technical

limitations associated with extremely fast-charging, including

lithium electroplating, accelerated aging, thermal inefficiency and

electrolyte degradation, have been widely documented in recent

literature [3–10]. Colclasure et al. recently developed a continuum

model to rank the factors that limit the rapid charging perfor-

mance of the electrodes and found that the main limitations are

poor electrolyte transport that leads to salt depletion at the anode

and lithium plating on the graphite/diaphragm interface [1,11]. As

a conclusion of this study, reducing the bending inside the elec-
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trode and/or operating at high temperatures was recommended,

but it was also stated that the limitations of the electrolyte must

be overcome to achieve meaningful fast-charging of batteries.

LIBs currently used in EVs mainly comprise a graphite anode,

a lithium transition metal oxide cathode, and a LiPF6-carbonate-

based electrolyte. However, LIBs with this structure cannot be

charged quickly without affecting their performance and lifespan.

In many cases, fast-charging results in the structural degradation

of the graphite anode, lithium plating and cathode layered cathode

materials [12–19]. Carbonate solvents are thermodynamically

unstable with plated lithium metals and active oxygen interme-

diates are produced from degraded cathode materials in high

state-of-charges [20]. Parasitic reaction of the electrolyte with

electroplating lithium and release of oxygen not only results in

the electrolyte solvent being and in the recyclable lithium ions

being exhausted. Fast-charging also promotes the electrochemical

reduction of the electrolyte solvent on the graphite anode [21–24].

Additionally, the solid and gaseous by-products produced in these

reactions lead to increased battery impedance and volume expan-

sion [25], which reduce the Coulombic efficiency of the battery

and accelerate the degradation of its performance. Therefore, there

is an urgent need to develop advanced electrolytes to alleviate the

problems related to the rapid charging of LIBs.

In this review, an overview of the research progress on fast-

charging electrolytes for LIBs is presented, highlighting their design
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Fig. 1. Schematic diagram of lithium-ion transfer during (a) charge and (b) discharge.

principles. The chemical reaction mechanism of the electrode and

the electrolyte is discussed, as well as the relationship between the

electrochemical performance and the interface phase, focusing on

the influence that the compositions of liquid and solid electrolytes

have on the fast-charging performance of LIBs.

2. Effect of the electrolyte on the fast-charging of LIBs

LIBs should ideally have a long life, high energy and power den-

sity; be able to operate over a long period on a single charge;

and be quick to charge under any weather conditions. Unfortu-

nately, the physical properties of these requirements require var-

ious trade-offs [26]; for example, the thicker electrodes required

to meet the high energy density suffered more acutely from the

concentration and potential gradients resulting from fast charging

[12,27,28]. As shown in Fig. 1, when a LIB is charged, ions move

from the cathode to the anode via the electrolyte. The key mech-

anisms that affect this process are ion transport (1) via the solid

electrode, (2) via the electrode/electrolyte interface of the anode

and cathode, and (3) via the electrolyte, including Li+ ion solvation

and desolvation [12].

The process of passing through a solid electrode includes five

steps (Fig. 2): (1) the migration of solvated Li+ from the elec-

trolyte to the electrode, (2) desolvation of the solvated Li+ ions at

the electrolyte-solid electrolyte interphase (SEI) interface, (3) trans-

port of the desolvated Li+ ions across the SEI, (4) charge-transfer

of graphite at the SEI-graphite interface, and (5) the diffusion of

Li+ ions into the bulk of electrode intercalation compounds [25].

In this process, the electrolyte only affects the first three steps,

with the last two steps being mainly related to the electrode ma-

terials [25]. The diffusion coefficient of lithium ions in liquid elec-

trolytes is several orders of magnitude higher than that of solid

electrodes. The transport of Li+ ions in the electrolyte between

Fig. 2. Anode of a LIB including the kinetic processes and Li+ pathways.

and within the electrodes, namely the ionic conductivity of the

electrolyte, is unlikely to be the rate-limiting step in fast-charging

unless the electrode loadings, namely the thickness, are extremely

high and lengthen the Li+ ion diffusion path. The desolubilisation

of solvated Li+ ions at the electrolyte–SEI interface (and the solva-

tion of Li+ ions at the cathode), as well as the transport of desol-

ubilised Li+ ions in the SEI, is an important factor that determines

the rechargeability of LIBs.

From the above analysis, it can be seen that the electrolyte

characteristics have an important impact on the fast-charging per-

formance of LIBs. Thus far, strategies used to modify LIBs and im-

prove their fast-charging performance have included the applica-

tion of electrolyte additives, the development of new solvent com-

positions and the development of ultra-concentrated electrolytes.

Overall, an improvement in the fast-charging performance can be

mainly attributed to high electrolyte conductivity and enhanced in-

terface dynamics.

3. Electrolytes for fast charging LIBs

The electrolytes used in LIBs typically include a solution of

lithium salt dissolved in a solvent mixture, with small variations in

salt concentration, solvent ratio and electrolyte additive [25]. The

mixture of solvent and lithium salt components determines the ion

migration kinetics in the electrolyte and the electrode/electrolyte

interface layer [29,30]. The ionic conductivity of the electrolyte

does not play the main role in limiting the kinetics of lithium ion

diffusion. The SEI layer is composed mainly of electrolytes, mean-

ing that it has a significant effect on the fast-charging performance

of the electrolyte. Moreover, side reactions that occur as a result

of fast-charging can also lower the stability of the electrolyte. To

make matters worse, the generation of internal heat or the growth

of lithium dendrites will deteriorate the conductivity of the elec-

trolyte, triggering an exothermic reaction [31–33]. At a high cur-

rent density, a high Li-ion concentration gradient is established in

the electrolyte, which in extreme cases may limit the usable capac-

ity of the battery. Therefore, it is necessary to develop fast-charging

and safe electrolytes.

3.1. Liquid electrolytes

Among the different electrolyte systems that have been consid-

ered for LIBs to date, liquid solvent-based electrolytes offer the

best combination of cost and performance due to their safety,

greenness and low cost [9,34]. However, the energy density and

output voltage of these electrolytes are limited by their inconve-

nient potential window [35]. Moreover, the activity of free water

in an aqueous electrolyte affects its stable electrochemical win-

dow, which mainly determines the working potential and trans-

fer capacity of the electrode [35]. Overcoming the thermodynamic

limitations of aqueous electrolytes has always been a longstanding

scientific challenge.

3.1.1. Salts

Realizing the fast-charging capability of LIBs would further

expand their practical application. However, the consumption of

2
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Fig. 3. (a) Battery performances of different electrolytes in graphite||NMC811 coin cells of varying charge rates (xC) with the same discharge rate at C/5. (b) Battery perfor-

mances of different electrolytes in Graphite||NMC811 coin cells of low-temperature discharge performance at C/5 discharge rate. Reproduced with permission [37]. Copyright

2020, Wiley. (c) Rate capability for lithiation of graphite. (d) Cycling performance and Coulombic efficiency with different electrolytes at 4 C, Reproduced with permission

[38]. Copyright 2021, Wiley. (e) The full cell model charging and discharging curves at different rate. (f) The rate and long cycle performance of full cell at 3 C. Reproduced

with permission [39]. Copyright 2021, Wiley.

lithium ions in the electrolyte limits the fast-charging of LIBs,

therefore making it essential to improve the transport of lithium

ions from the cathode to the anode. Conventional carbonate elec-

trolytes used in LIBs do not exhibit satisfactory fast-charging per-

formance; thus, there is an urgent need to develop new and ef-

ficient fast-charging electrolyte for use in LIBs. In 2019, Du et al.

compared the fast-charging performance of high energy density

(NMC811/graphite) LIBs when different lithium salts were added

to the electrolyte [36]. They found that compared with the tra-

ditional LiPF6 salt, lithium bisfluorosulfonimide (LFSI) exhibited a

higher conductivity and higher lithium-ion transference number.

During fast-charging over 12min, a battery containing LiPF6 elec-

trolyte reached the cut-off voltage in 4.2min, much earlier than

the 7.4min of a battery containing LFSI. During the first 12-min

charge cycle, the LFSI electrolyte showed a 13% increase in capac-

ity, with higher capacity retention of at 87.7% after 500 cycles and

less lithium plating compared with LiPF6. Zhang et al. developed

an advanced electrolyte with a high oxidation potential of over

4.9V and used it in NMC811-based LIBs to achieve excellent cy-

cling stability across a voltage range of 2.5–4.4V at room temper-

ature and 60 °C, good rate capabilities under fast-charging and dis-

charging up to a rate of 3 C and good low-temperature discharge

performance down to −30 °C with a capacity retention of 85.6%

at a rate of C/5 (Figs. 3a and b) [37]. These excellent properties

are mainly attributable to ethylene carbonate forming an effective

cathode-electrolyte interface (CEI) on the NMC811 cathode, which

improves the high voltage stability of the electrolyte, and a thin

but strong conductive layer, rich in inorganic components, which

protects the graphite anode. Additionally, the enhanced CEI layer

can effectively protect the nickel-rich NMC811 cathode from corro-

sion by the electrolyte and inhibit the occurrence of cracking dur-

ing cycling. The enhancement of the stability of the cathode and

anode interface allows LIBs to continue long-term cycling at both

room and high temperature, and the increase in electrode overpo-

tential is negligible, thereby allowing a high energy density to be

maintained during operation. The results also indicate that it is not

the electrolyte conductivity and viscosity but rather the interfacial

layers on both the anode and cathode that govern the LIB perfor-

mance during fast charging/ discharging and low-temperature dis-

charge. Jiang et al. found that a localized high-concentration elec-

trolyte consisting of 1.5mol/L lithium bis(fluorosulfonyl)imide in

dimethoxyethane with bis(2,2,2-trifluoroethyl) ether as the diluent

enables the fast-charging of working LIBs [38]. A uniform and ro-

bust SEI can be achieved on graphite surface through the preferen-

tial decomposition of anions. The established SEI can significantly

inhibit the co-intercalation of ether-based solvent into graphite,

allowing highly reversible Li+ intercalation/de-intercalation to be

achieved. Graphite/Li cells exhibited fast-charging potential of 340

mAh/g at 0.2 C and 220 mAh/g at 4 C, excellent cycling stability

(85.5% initial capacity retention over 200 cycles at 4 C) and im-

pressive low-temperature performance (90 mAh/g at rate of 0.1

C at −20 °C) (Figs. 3c and d). Wang et al. proposed an economi-

cal room temperature inorganic hydrated molten salt (RTMS) elec-

trolyte with a wide electrochemical stability window of 3.1V [39].

Compared with organic fluorinated molten salt, RTMS was made

up of lithium hydroxide and sodium nitrate and was much lower

in cost. Based on the RTMS electrolyte, a lithium/sodium ion hy-

brid battery was assembled using cobalt hexacyanoferrate (NaCo-

HCF) as the positive electrode and perylene-3,4,9,10-tetracarboxylic

acid dihydride (PTCDA) as the anode. The full-cell with the RTMS

electrolyte exhibits excellent performance, exhibiting a high capac-

ity of 139 mAh/g at 1 C, 90 mAh/g at 20 C and capacity retention of

94.7% over 500 cycles at 3 C (Figs. 3e and f). This excellent perfor-

mances can be attributed to the unique properties of RTMS, such

as its wide electrochemical window, being solvated water-free, and

its high Li+ ion mobility, which promotes the excellent Li-ions in-

sertion and extraction capacity of NaCoHCF. Zou et al. proposed a

new carbonate-based high-voltage electrolyte using a mixture of

ethyl methyl carbonate (EMC) and methyl acetate (MA) [40]. At a

normal concentration of 1.2mol/L LiPF6, the electrolyte exhibited

high stability at high voltage (4.5V vs. Li/Li+), lithium-dendrite-free

features upon fast-charging (162 mAh/g at 3 C) and superior long-

3
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Fig. 4. (a) Fast charging performance and Coulombic efficiency of NCM/graphite full cells at 2 C and 3 C. (b) Cycle performance of NCM/graphite full cells at a 2 C charge

rate and 1 C discharge rate during 1000 cycles at 30 °C. Reproduced with permission [43]. Copyright 2018, Elsevier. (c) Rate capacity of graphite/Li coin cells with LP30 and

LF-2 at 0 °C. (d) Rate capacity of graphite/Li coin cells with LP30 and LF-2 at −20 °C, Reproduced with permission [34]. Copyright 2019, Elsevier. (e) Cycle performance of

the NCM622/graphite full cells with baseline electrolyte and 0.1 wt% TMSNCS-containing electrolyte with 4.4V charge cutoff voltage at 25 °C, a 2 C charge rate and a 1 C

discharge rate during 150 cycles. (f) Cycling performance of the NCM622/graphite full cells with baseline and 0.1 wt% TMSNCS containing electrolyte at a 2 C charge rate and

a 1 C discharge rate at 25 °C during 300 cycles. Reproduced with permission [44]. Copyright 2020, Elsevier.

term battery performance at low temperature. More importantly,

a pioneering interface model related to the Li+ solvation structure

was proposed for the cathode and anode, revealing the molecular-

scale interactions of Li+ solvent anions on the electrode surface

and the role they play in battery performance.

There has been heavy development of new systems, such

as high-concentrated, local high-concentration and perfluorinated

electrolytes. The improvement in battery performance when using

these new electrolytes can be mainly attributed to the formation

of a strong CEI film, which helps inhibit electrolyte decomposition.

However, the molecular-scale interactions of Li+ ions, anions and

solvents at the electrolyte-electrode interface are not yet fully un-

derstood; and the influence that they have on Li+ ion transport,

the electrochemical stability of the electrolyte and electrode per-

formance is also unclear.

3.1.2. Additive

When LIBs are rapidly charged, various polarizations, such

as the resistance between the electrode/electrolyte, limit the

utilization of active materials and increase the growth of lithium

dendrites [13]. Therefore, it is necessary to design a chemically sta-

ble ion conductive passivation layer to prevent further electrolyte

decomposition of the electrode [41]. A good way of forming a sta-

ble passivation layer is to add a small amount of foreign molecules

(also known as additives) to the bulk electrolyte [42]. Therefore, in

the development of fast-charging LIBs, it is particularly important

to develop efficient electrolyte additives.

In 2018, Son et al. used the reducing compounds ethylene

carbonate, fluoroethylene carbonate and ethylene carbonate to

conduct a comparative study to evaluate the fast-charging of a

LiNi0.6Co0.2Mn0.2O2 (NCM)/graphite full battery ability [43]. This

investigation revealed that the combination of fluoroethylene

carbonate and dimethyl carbonate in the electrolyte leads to fast-

charging NCM/graphite full cells that show the excellent capacity

retention of 79% after 1000 cycles at a high charging current

density of 6mA/cm2, corresponding to 2 C and a discharge rate

of 1 C without the occurrence of Li plating on the graphite anode

(Figs. 4a and b). This excellent fast-charging performance can be

mainly attributed to the formation of a low-resistance interface

layer on the graphite anode and the effective dissolution of lithium

ions at the NCM cathode. Shi et al. used fluorosulfonyl isocyanate

(FI) as an electrolyte additive to create a graphite anode SEI [33].

Due to its high reduction potential of >2.8V vs. Li+/Li, FI is reduced

before the carbonate-based electrolyte, leading to the formation of

a conductive SEI on the surface of the graphite. This SEI serves as a

thick and protective inorganic inner layer that prevents the growth

of an outer organic layer and has the effect of greatly reducing

the resistance of the graphite/electrolyte interface. Therefore, com-

pared with the reference liquid electrolyte (LP30), Li/graphite cells

with 2 wt% FI exhibit excellent rate performance at room (20 °C)
and low (0 °C and −20 °C) temperature (Figs. 4c and d). Han et al.

reported an electrolyte additive, (trimethylsilyl)isothiocyanate (TM-

SNCS) based on aminosilane, which has good electron-donating

ability and can scavenge HF and PF5 [44]. TMSNCS effectively

suppresses the formation of the interfacial layer on the anode and

cathode in LiPF6-based electrolyte, leading to the interfacial layer

exhibiting long-term stability. After 300 cycles at a charge rate of 2

C and a discharge rate of 1 C, NCM622/graphite full-cell with 0.1%

TMSNCS delivered a superior discharge capacity of 144 mAh/g,

exhibiting excellent capacity retention of 91.8% (Figs. 4e and f).

Hekmatfar et al. reported the effects that the electrolyte additives

fluoroethylene carbonate, ethylene carbonate and propane sulfone

have on a LiNi0.5Mn0.3Co0.2O2 (NMC532) electrode and lithium

(half-cell) and graphite (full-cell) battery, and investigated the

effect on performance when the electrodes were combined [45].

Using X-ray photoelectron spectroscopy and scanning electron

microscopy, the CEI layer that formed on the NMC532 electrode

upon cycling at 4.5V was studied. In this way, the electrochemical

performance of the electrode was found to be related to the

chemical composition, thickness and morphology of the CEI. All

the electrolyte additives studied showed beneficial effects in both

half- and full-cell systems, confirming the formation of an effective

passivation layer and the protection of the electrolyte from further

decomposition under high voltage. It was found that the thickness

4
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of the CEI layer formed on the NMC532 electrode is different in

the half- and full-cell configurations. Studies have shown that

ethylene carbonate and propane sulfone have a positive effect

on the formation of the CEI and are the best additives to use to

improve battery performance. The SEI that formed on the graphite

electrode was also investigated and compared with the CEI layer

formed on the cathode. The detection of typical SEI reduction

products on the surface of the cathode confirmed the occurrence

of cross-talking between the two electrodes. Zhao et al. reported a

simple approach by which to prepare a lithium difluorophosphate

(LiPO2F2) solution as an effective film-forming additive via the

direct adding of Li2CO3 into a solution of LiPF6 at 45 °C [46]. Ben-

efitting from the significantly reduced interface resistance (RSEI)

and charge transfer impedance (Rct) of both the cathode and anode

upon the addition of the prepared LiPO2F2 solution into a baseline

electrolyte, the cycling performance of the graphite||NMC532

pouch cell was remarkably improved under all of the tested con-

dition (665 mAh/g after 350 cycles, representing 59% of its initial

capacity at a rate of 0.2 C rate at −25 °C, and 1127 mAh/g after 350

cycles, repersenting 69.3% of its initial capacity at 45 °C). Cheng
et al. added lithium bis(oxalate)borate (LiBOB) and dopamine (DA),

which have the highest-occupied molecular orbital energy levels,

as functional additives to the traditional carbonated electrolyte

[47]. The results showed that LiBOB and DA form a strong N, B,

O-rich inorganic/polymer CEI on the LiNi0.8Co0.1Mn0.1O2 electrode.

The CEI film not only eliminates the possibility of adverse reactions

occurring at the CEI and prevents the electrolyte from penetrat-

ing into the grain boundary, but also prevents the formation of

inactive rock salt phases on the surface of the material. More

importantly, the N, B, O-rich interface layer enables a fast Li+ dif-

fusion kinetics process to ensure the high-rate performance of the

cathode. Benefitting from the synergistic effect of dual additives

containing LiBOB and DA, the cell exhibits high capacity retention

of over 92% after 200 cycles at a rate of 1 C and also exhibits a

high specific capacity of 118 mAh/g at a high rate of 20 C.

The above studies show that the introduction of additives into

the electrolyte can lead to the in situ formation of a CEI, thereby

reducing or even inhibiting the electrolyte reactions that take place

at the electrode interface under high pressure. However, successful

electrolyte design requires a detailed study of the performance of

the SEI and CEI under different cycling conditions, especially the

upper cut-off potential.

3.1.3. Solvent

In standard LIBs, organic carbonate-based non-aqueous aprotic

electrolytes are used. Although being the most advanced elec-

trolytes, organic carbonates also have some disadvantages, such as

their moderate ionic conductivity and low flashpoint [42,48–50].

To further improve the level of battery electrolytes, many solvent

classes have been comprehensively investigated to replace organic

carbonates [42,51–56]. Among them, nitriles and other cyano

compounds exhibit high ionic conductivity and low-temperature

cycling performance [57–64] and are thus expected to play an

important role in the field of fast charging of LIBs. Hilbig et al.

adjusted the electrolyte formula of nitrile: ethylene carbonate:

fluoroethylene carbonate (BN:EC:FEC) solvent/cosolvent/additives

and obtained the electrolyte formula of 1mol/L LiPF6 in ni-

trile:ethylene carbonate (9:1)+3% fluoroethylene carbonate, which

was evaluated in terms of its ionic conductivity, electrochemical

stability window, and constant current cycling performance in

NMC/graphite batteries [65]. At low temperatures of around 0 °C,
the conductivity of the nitrile:ethylene carbonate-based elec-

trolytes was at least 32% higher (7.69 mS/cm) compared to the

nitrile:ethylene carbonate-based and the organic carbonate-based

electrolyte (5.83 mS/cm) electrolytes. A LIBs assembled using a

nitrile-based electrolyte exhibited an average specific discharge

capacity at 5 C of 103 mAh/g, which is nearly twice the capacity

of the cell assembled using the reference electrolyte (66 mAh/g).

Furthermore, a C-rate evaluation was performed up to 20 C.

In summary, the use of low-viscosity co-solvents, high-

concentration electrolytes and additives that can achieve ideal SEI

performance for fast-charging is an effective strategy to develop

LIBs with a high charging rate. It should be emphasised that the

rate, capacity and life of electrolytes require careful evaluation.

Meanwhile, the rate capabilities of modified materials or prepa-

ration methods, including those of electrodes and electrolytes,

have been mainly explored on the laboratory scale, which may

not always translate into commercial batteries that show the

corresponding improvements. Therefore, multidisciplinary efforts

are indispensable in realizing the rapid charging of LIBs.

3.2. Solid-state electrolytes

The performance of solid electrolytes during fast charging is

very different from that of liquid electrolytes [9]. Since typical

polymer electrolytes exhibit relatively low lithium-ion conductiv-

ity, it is difficult to use them in fast charging applications [30].

Generally, due to the rigidity of the anionic polyhedral frame-

work, inorganic solid electrolytes exhibit single-ion conductivity

[66]. Therefore, assuming that the charge transport is negligible,

the lithium transfers number is almost equal to one unit [67]. Al-

though the ionic conductivity of most inorganic solid electrolytes

is lower than the total ionic conductivity of liquid electrolytes (10

mS/cm) [54], their single ionic conductivity makes them competi-

tive.

In 2017, Lee et al. prepared a self-crosslinking polyvinylidene

fluoride (PVDF) graft copolymer using the acid group of Meldrum

(MA) as the reaction site via atom transfer radical polymerization

and utilized it as a polymer matrix for a gel polymer electrolyte

(GPE) [67]. Compared with pure PVDF-based GPEs, the addition of

MA groups to PVDF chains simultaneously brings about crosslink-

ing properties and high polarity, thereby improving the thermal

stability, mechanical strength and polymer matrix-electrolyte affin-

ity of the corresponding GPEs. The prepared GPE exhibits an ionic

conductivity of around 1.48 mS/cm, which is higher than the value

of 0.98 mS/cm measured on a commercial Celgard 2325® sepa-

rator. Moreover, good LIB performance includes a high discharge

capacity (136 mAh/g at 0.2 C) and high capacity retention at high

C-rates (66% at 10 C and 50% at 15 C) (Figs. 5a and b). Liu et al.

used a simple coaxial electric spin method to prepare a core-shell

structured nanofiber PHP@PHL membrane featuring a 1-methyl-1-

propylpiperidinium chloride (PPCl) ionic liquid plasticizer as the

core material and inorganic Li2SiO3 nanoparticles as the shell ma-

terial [68]. The electrolyte uptake, porosity, ionic conductivity and

lithium ion transference number of the PHP@PHL nanofiber mem-

brane were around 597%, 74.0%, 4.05 mS/cm and 0.62, respec-

tively. Combining an inorganic filler and ionic liquid plasticizer, a

core–shell structured nanofibrous membrane was developed, and

incorporating it with a carbonate-based electrolyte, a GPE was

obtained that exhibits high conductivity and an outstanding Li+

transference number. Notably, a Li/electrolyte/LiNi0.6Co0.2Mn0.2O2

(NCM622) half-cell featuring this composite electrolyte delivers a

reversible capacity of 65 mAh/g at 20 C, which is 13 times higher

than the performance of a half-cell with a Celgard 2325 membrane

(Figs. 5c-e). It also shows enhanced long-term cycling stability at

both 3 C and 5 C for suppression of lithium dendrites.

The development of a stable solid electrolyte that exhibits high

ionic conductivity is one of the key steps to achieve practical fast-

charging. Solid electrolytes can be produced via in situ reactions or

ex situ coating on lithium metal or other anodes. When the battery

is charged at a high current density, the distribution and volume

changes of Li+ ions must be carefully considered. Further research
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Fig. 5. (a) Rate capability profile of Celgard 2325® and CR-ES-PVdF-FM at ambient temperature. (b) Capacity and coulombic efficiency of Celgard 2325® and CR-ESPVdF-FM

at 0.2 C and ambient temperature. Reproduced with permission [67]. Copyright 2017, Elsevier. Long-term cycling stability of the NCM622/Li cells with different membranes

(Celgard 2325, PVDF-HFP, PHL, PHP, and PHP@PHL) at (c) 3 C rate, (d) 5 C rate and (e) their rate capability. Reproduced with permission [68]. Copyright 2019, Frontiers.

on the characteristics of the interface between solid electrolytes

and various electrodes is urgently required.

4. Summary and outlook

Since the commercialization of ethylene carbonate-based elec-

trolytes in the 1990s, due to the ideal coupling of ethylene-based

electrolytes and graphite anodes, LIBs have been at the forefront

in the field of energy storage for portable electronic products for

almost 30 years and in the field of EVs for 10 years. However, the

electrolytes used in traditional LIBs cannot support fast-charging.

The reason for this is that the solvation and de-solvation activa-

tion energies of Li+ are high, and the inter-electrode phases (SEI

and CEI) are not stable enough to prevent electrolyte decompo-

sition and structural degradation of the electrode materials. Us-

ing different solvents, lithium salts and electrolyte additives to

change the structure and stability of the Li+ solvation shell, ad-

vanced fast-charging electrolytes can be developed. This review

provides comprehensive and in-depth progress on the research,

basic mechanism, scientific challenges and design strategies for

preparing new fast-charging solution systems, focusing on the in-

fluence that the compositions of liquid and solid electrolytes have

on the fast-charging performance of LIBs. However, the research on

electrolytes for fast-charging LIBs is still in its infancy, with many

challenges that still need to be overcome. The practical applica-

tion of electrolytes for fast-charging LIBs requires further efforts in

terms of the following aspects:

(1) The SEI layer exhibits good ionic conductivity and stability,

which are prerequisites for fast-charging, and its performance

is mainly determined by the composition of the electrolyte.

Therefore, it is necessary to develop electrolyte additives that

form a stable interface layer that exhibits a compact shape and

good ion conductivity. Moreover, solid electrolytes have poten-

tial advantages in terms of their ionic conductivity and flamma-

bility, but special structural modifications are required to solve

issues surrounding solid-solid contact and interface stability.

(2) The development of stable solid electrolytes that exhibit high

ionic conductivity is one of the key steps in the development

of LIBs that exhibit practical fast-charging. Solid electrolytes can

be produced via in situ reactions or ex situ coating on lithium

metal or other anodes. When batteries are charged at a high

current density, the distribution and volume changes of Li+

must be carefully considered. Further research on the charac-

teristics of the interfaces between solid electrolytes and various

electrodes is urgently required.

(3) To study the reactions that occur at the interface between

the electrode and the electrolyte, and to determine the effects

that they have on the electrochemical performance of the half-

and full-cell, autopsy, on-site analysis and operational analy-

sis are required. Additionally, an electrolyte-electrode interac-

tion model with strong predictive ability should be established

to deepen the understanding of the interphase and electro-

chemistry and guide the exploration of new fast-charging elec-

trolytes.

With the amazing progress made in cutting-edge characteriza-

tion technology, the development of novel theoretical calculation

tools and the preparation of impressive new fast-charging elec-

trolyte systems, it is thought that all of the above issues and chal-

lenges will eventually be resolved. The significant improvement in

the electrochemical performance of fast-charging electrolytes com-

bined with the urgent cost-driven development of LIBs will enable

these promising electrolytes to be used in viable next-generation

high energy LIBs.
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