
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

6.
01

.2
6 

19
:4

1:
49

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Solvation structu
aFrontiers Science Center for New Organic M

Materials Chemistry (Ministry of Educati

Chemical Power Sources, College of Chemi

China. E-mail: zhaoq@nankai.edu.cn
bHaihe Laboratory of Sustainable Chemical

† Electronic supplementary informa
https://doi.org/10.1039/d4sc05464d

Cite this: Chem. Sci., 2024, 15, 17161

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 14th August 2024
Accepted 19th September 2024

DOI: 10.1039/d4sc05464d

rsc.li/chemical-science

© 2024 The Author(s). Published by
re dependent ion transport and
desolvation mechanism for fast-charging Li-ion
batteries†

Zhenyu Fan,a Jingwei Zhang,a Lanqing Wu,a Huaqing Yu,a Jia Li,a Kun Lia

and Qing Zhao *ab

The solvation structures of Li+ in electrolytes play prominent roles in determining the fast-charging

capabilities of lithium-ion batteries (LIBs), which are in urgent demand for smart electronic devices and

electric vehicles. Nevertheless, a comprehensive understanding of how solvation structures affect ion

transport through the electrolyte bulk and interfacial charge transfer reactions remains elusive. We report

that the charge transfer reaction involving the desolvation process is the rate-determining step of the

fast charging when ion conductivity reaches a certain value as determined by investigating electrolytes

with eight conventional solvents (linear/cyclic carbonate/ether). The physicochemical characteristics of

solvent molecules can result in strong ion–ion, moderate ion–dipole, strong ion–dipole, and weak ion–

dipole/ion–ion interactions, respectively, in which the speed of the charge transfer reaction follows the

above order of interactions. Among all solvents, dioxolane (DOL) is found to enable strong ion–ion

interactions in electrolytes and thus exhibits exceptional fast-charging performance and it can still retain

60% of the initial capacity at 20C (1C = 170 mA g−1) with a polarization of merely 0.35 V. Further

experimental characterization and theoretical calculation reveal that the aggregates in DOL electrolytes

contribute to hopping assisted ion transport and facilitate the desolvation process of Li+. Our results

deepen the fundamental understanding of the behavior of Li+ solvation and provide an effective guiding

principle for electrolyte design for fast-charging batteries.
Introduction

Since the commercialization in the 1990s, lithium-ion batteries
(LIBs) have boosted the development of mobile devices and
electric vehicles, with ever-growing calendar life and energy
density.1–3 Nevertheless, compared with the low refuelling time
of traditional internal combustion engine vehicles, battery
electric vehicles have a clear disadvantage in terms of charging
time, stemming from the various kinetic limitations in the
process of Li+/electron transport during battery operation.4,5

Without considering the formation of an electrode–electrolyte
interphase, the charging process of LIBs is generally as follows
(Scheme 1a): (1) Li+ diffuses into the cathode material; (2) Li+

enters the electrolyte with a simultaneous solvation process; (3)
Li+ transport in the bulk electrolyte; (4) Li+ desolvation at the
anode surface with charge transfer; (5) Li+ diffuses into the
atter, Key Laboratory of Advanced Energy

on), State Key Laboratory of Advanced

stry, Nankai University, Tianjin, 300071,

Transformations, Tianjin, 300192, China

tion (ESI) available. See DOI:

the Royal Society of Chemistry
anode material. Therefore, the migration rate or activation
energy of each process through the electrolyte and electrode
affects the fast-charging performance of LIBs. Multiple previous
studies have stated that ion diffusion through electrode parti-
cles is the rate-limiting step in the charging process. According
to eqn (1), in order to reduce the minimum time (s*) required
for charging, plenty of efforts have been made by either
reducing the length (L*) of Li+ diffusion such as electrode
structure engineering,6–8 or increasing the diffusion coefficient
(DLi+

d) of Li+ such as chemically modifying electrode materials
through element doping.9–11 Simultaneously, the geometry and
charging mode determining the constant (a) also inuence s*.
Thanks to these strategies, the fast-charging performance of
electrode materials has been greatly improved over the past few
years.

L* ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aDLiþ

ds*
q

(1)

In spite of this intriguing progress, the electrochemical
properties of the battery are determined by “Cask Effect
Theory”, meaning that the electrolyte is also crucial for fast-
charging performance. Electrolytes can not only regulate the
ion transport and desolvation process, but also inuence the
Chem. Sci., 2024, 15, 17161–17172 | 17161
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Scheme 1 (a) Schematic description of Li+ migration during the charging process. (b) Molecular structures of eight solvents investigated in this
work.
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formation of the solid electrolyte interphase (SEI), a passivated
lm at the electrode–electrolyte interface that prevents contin-
uous parasitic reactions between the electrode and electrolyte.
Disregarding the chemical/electrochemical instability at the
interface, the ion-transport and desolvation process are mainly
controlled by the interactions between electrolyte components,
including dipole–dipole interaction between solvents (eqn (2)),
ion–dipole interaction between the solvent and cation/anion
(eqn (3)), ion–ion interaction between the cation and anion
(eqn (4)).12 In detail, the strength of interaction is determined by
the distance between two components (r), the charge of the ion
(ze), the solvent molecule angle (q), the dielectric constant (3)
and the dipole moment of solvent (m). For electrolytes with high
3 solvents such as ethylene carbonate-EC,13 the Li+ and anion
can be well dissociated, but the strong dipole–dipole interac-
tions may hinder the transport of Li+ especially at low
temperatures.14–16 For electrolytes with solvent that is endowed
with high ion-chelating capability and low viscosity such as 1,2-
17162 | Chem. Sci., 2024, 15, 17161–17172
dimethoxyethane (DME), the ionic conductivity is outstanding,
while the desolvation process may be sluggish.17,18 For electro-
lytes with a highly concentrated Li salt,19–21 the reduction of the
solvent ratio contributes to the enhancement of ion–ion inter-
action, which may facilitate the ion transport in a hopping
manner, but largely increase the viscosity and cost. Therefore,
the complexity of electrolyte solvation structures increases the
challenge of evaluating and designing electrolytes for fast
charging batteries.

Uion�ion ¼ � 1

4p3

z1z2e
2

r
(2)

Uion�dipole ¼ � 1

4p3

zem cos w

r2
(3)

Udipole�dipole ¼ � 1

ð4p3Þ2
2m1

2m2
2

3kBTr6
(4)
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc05464d


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

6.
01

.2
6 

19
:4

1:
49

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
To date, there are ongoing debates on whether ion
transport22–24 or ion desolvation25–29 in electrolytes is the
limiting factor of fast charging performance. For the former,
strategies such as adding acetonitrile (AN) to the electrolyte to
realize Li+ jump transport30 and utilizing low molecular weight
solvents to improve the conductivity and the diffusion coeffi-
cient of electrolyte31 have been adopted. For the latter, quite
a few studies have suggested that the process of desolvation and
charge transfer32,33 is the rate-determining step of fast charging.
Approaches including utilizing highly concentrated electro-
lytes34,35 to modulate the solvation structure to reduce the des-
olvation energy and adding additives (e.g. LiNO3)27,36,37 to reduce
the coordination of Li+-solvent have been proposed. These
inconsistent conclusions on the one hand indicate that both ion
transport and desolvation are crucial for fast charging, while on
the other hand they may come from the battery system used for
studies. Most research focuses on LIBs using high-voltage
cathodes38,39 (e.g. LiNi0.8Co0.1Mn0.1O2) and low-voltage
graphite anodes, in which the formation of a cathode–electro-
lyte interphase (CEI) and SEI complicates the distinction
between the interfacial transport (RSEI) and desolvation process
(RCT). Therefore, to better clarify the effect of ion transport and
ion desolvation processes, the electrodes should be carefully
selected to minimize the impact of the interphase. In this case,
LiFePO4 (LFP) and Li4Ti5O12 (LTO) should be a suitable cathode
and anode, respectively, beneting from their excellent cycling
performance and negligible interphase formation.40 In addi-
tion, possessing low interfacial energy (0.343 eV) of the meta-
stable intermediates at the two-phase boundary,41 LTO is a good
electrode material for fast charging LIBs.

Herein in this work, with a LFP‖LTO full cell as the model
system, we systematically study how solvation structures affect
the ion transport and desolvation process of electrolytes and
further demonstrate their effect on the fast-charging perfor-
mance of batteries. Four types of solvents (Scheme 1b),
including cyclic ethers (1,3-dioxolane (DOL) and 2-methylte-
trahydrofuran (2-MTHF)), linear ethers (DME and ethylene
glycol diethyl ether (DEE)), linear carbonates (dimethyl
carbonate (DMC) and diethyl carbonate (DEC)), and cyclic
carbonates (EC and propylene carbonate (PC)), are used to
prepare electrolytes with a concentration of 1 M lithium bis(-
triuoromethanesulphonyl)imide (LiTFSI). Based on ion trans-
port characteristics and solvation structures, we propose
various hopping or vehicle ion transport behaviors depending
on the solvent of electrolytes and reveal that the hopping
mechanism with high ionic conductivity is most favorable
for fast charging performance. Among all electrolytes, the
dominated Li-ion aggregation structure with low-viscosity
DOL contributes to decent ionic conductivity, extremely
low activity energy and a high Li+ transference number. The
aggregation of ions in DOL electrolytes also contributes to
a hopping assisted desolvation process, thus exhibiting the
lowest charge transfer resistance. Therefore, the DOL-based
electrolyte shows the highest specic capacity of
82.6 mA h g−1 and the lowest polarization of only 0.35 V at 20C
(1C = 170 mA g−1).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Results and discussion
Fast charging electrochemical performance

To obviate the inuence of ion-transport in the electrode on fast
charging performance, relatively thin electrodes (LFP: ∼2.5 mg
cm−2; LTO: ∼2.9 mg cm−2) are used in this study. The electro-
lyte concentration is set at 1.0 M due to the notable solubility,
ionic conductivity, and good stability of LiTFSI in the electro-
chemical window of battery operation. For the sake of
simplicity, all electrolytes are denoted as “solvent Ele.”. The
LFP‖LTO full cells using these eight electrolytes were charged/
discharged at 1C, 2C, 5C, 8C, 10C, 15C, and 20C, respectively
(Fig. S1†). As demonstrated in Fig. 1a and b, there is no obvious
difference in the kinetic properties of the eight electrolytes at
low current density, with similar discharge specic capacity and
polarization potential (the polarization in this work is calcu-
lated from the difference in median voltage between charging
and discharging). However, as current density increases, both
capacity and polarization begin to show evident differences. At
20C, the potential of polarization ranks as DOL Ele.< DEE Ele.<
EC Ele.< 2-MTHF Ele.< DMC Ele.< PC Ele.< DME Ele.< DEC Ele.<
DEC Ele.< DEC Ele. Among the studied electrolytes, the fast-
charging performance of DOL Ele., DEE Ele. and EC Ele. is
better than that of the others with stable charging/discharging
platforms and lower polarization under 0.45 V at 20C (Fig. 1c–i),
among which DOL Ele. delivers the lowest overpotential (0.35 V)
with the highest specic capacity of 82.6 mA h g−1. The low
polarization of DOL Ele. can be well maintained in the subse-
quent cycles (Fig. S2†). Moreover, it is worth noting that the
polarization can be further reduced to ∼0.23 V when the battery
is discharged at a normal rate (20C charge/1C discharge).
(Fig. S3†). In contrast, the electrochemical performance of DEC
is the worst at all rates, especially at 20C, where the specic
capacity decays to 49.9 mA h g−1 and the polarization reaches
1.17 V.

In order to unveil the factors that result in the distinct
capacity and polarization at fast charging, we rst tested the
conductivity of the electrolytes, which are usually positively
correlated with the number of ions in the electrolyte and the
speed of ion movement. Fig. 2a shows the ionic conductivity of
electrolytes at different temperatures. At room temperature (20
°C), except for 2-MTHF Ele. and DEC Ele., the ionic conductivity
of all electrolytes is higher than 3.5 mS cm−1, which indicates
that the ion transport in bulk electrolyte is not a decisive factor
for these electrolytes. In comparison, the lower ionic conduc-
tivity of 2-MTHF Ele. (1.70 mS cm−1) and DEC Ele. (2.08
mS cm−1) may be one of the main factors limiting the fast-
charging performance.

The ionic conductivity of all the electrolytes increases as the
temperature rises, which can be attributed to the faster thermal
movement, especially for solvent molecules at high tempera-
tures. Through tting the ionic conductivity using the Arrhe-
nius equation, we can illustrate the migration barriers of
different electrolytes using activation energy (Ea). As shown in
Fig. 2c, the activation energy of the ethers is lower than those of
the esters, which may come from the characteristics that ethers
Chem. Sci., 2024, 15, 17161–17172 | 17163
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Fig. 1 Rate performance of LTO‖LFP full cells with the electrolytes of interest. (a) The comparison of discharge capacity at 1C, 2C, 5C, 8C, 10C,
15C and 20C during cycling. Corresponding charge and discharge voltage curves at (b) 1C and (c) 20C. Corresponding polarization potential at (d)
1C, (e) 2C, (f) 5C, (g) 10C, (h) 15C and (i) 20C. The error bars for polarization potential are calculated using parallel cells of each electrolyte.
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are generally endowed with lower viscosity or weaker ion–dipole
interaction compared to ester solvents (Fig. 2d). Among all the
studied electrolytes, DOL Ele. has the lowest barrier of ion
transport with an activation energy of 0.032 eV. It is worth
mentioning that EC Ele. and PC Ele. have the highest activation
energies (Ea > 0.15 eV), which is mainly due to the high viscosity
(Fig. 2d). The high viscosity indicates strong dipole–dipole
interactions, which retard the motion of ions in solvent vehicle
mode. Therefore, Ea may not accurately reect the transport
behavior of Li+ due to its complex inuencing factors.

In addition to ionic conductivity, the transference number of
Li+ (t+) that reects the ratio of cation movement under an
electric eld also plays a crucial role in determining whether
enough ions can be provided at the electrode interface under
fast charging conditions. Sand's time (tSand) usually indicates
the time of Li+ depletion near the electrode of LIBs. In accor-
dance with eqn (5), higher t+ results in longer Sand's time,
indicating higher Li-ion transport capacity in the bulk phase.

tsand ¼ pD
ðZ0c0FÞ2

4ðJð1� tþÞÞ2 (5)
17164 | Chem. Sci., 2024, 15, 17161–17172
D, c0, t
+, Z0, F, and J correspond to the diffusion coefficient,

concentration, transference number of Li+, charge of cations,
Faraday's constant, and current density, respectively. As depic-
ted in Fig. 2b and S4–S10,† the t+ of most electrolytes is around
0.35 and DMC Ele. has the lowest transference number (0.26).
In contrast, DOL Ele. and DEE Ele. have higher transference
numbers than other electrolytes (tDOL Ele.

+ = 0.68; tDEE Ele.
+ =

0.45), which also corresponds to their superior fast charging
performance. It should be noted that due to the instability
towards Li metal, the transference number of DEC could not be
accurately obtained.

To sum up, the ionic conductivity is not considered to play
a decisive role in fast charging performance when it exceeds
a certain value (for instance, >3.5 mS cm−1). The Ea for ion
transport is also not directly correlated with fast charging
behavior, but it may reect the ion transport mechanism that
will be illustrated in subsequent research. Although high t+ is
benecial for fast charging performance, it is similar for most
electrolytes, except for DOL Ele. In addition, DOL Ele. also
reveals the lowest Ea. We speculate that DOL Ele. is endowed
with abundant aggregates (AGGs), where Li+ is transported
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Ion motion kinetics of various electrolytes. (a) Ionic conductivity versus temperature and (b) Li+ transference number (tLi+) of the selected
electrolytes. The error bars represent themaximum andminimum values of tLi+. (c) Activation energy (Ea) obtained by fitting the ionic conductivity
versus temperature through the Arrhenius equation. (d) Measured viscosity of selected electrolytes with the permittivity of the corresponding
solvents.42,43
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through the hopping mechanism,1,44–47 resulting in a lower Li+

migration barrier and high t+, and further making DOL Ele.
optimal for fast charging batteries.
Fig. 3 Spectra analysis of various electrolytes. (a) Raman and (b) FTIR
spectra focused on the range of S–N–S stretch vibration. The peaks in
Raman spectra are fitted with AGGs, CIPs and SSIPs, respectively. (c) 7Li
NMR spectra of selected electrolytes.
Solvation structures of electrolytes

To further clarify the principles behind the discrepancy of fast
charging performance, we then studied the solvation structures
of electrolytes, which usually result from the competition
between different interactions.48–52 The solvation structure can
be generally classied into three types according to the coor-
dination number of Li+ with TFSI−, namely AGGs (>1 Li+), CIPs
(contact ion pairs = 1 Li+), and SSIPs (solvent-separated ion
pairs, no Li+ and free TFSI−). Symmetric S–N–S stretching
vibration in TFSI−, located at around 750 cm−1 in Raman and
Fourier Transform Infrared (FTIR) spectra, is sensitive to the
coordination of Li+. As shown in Fig. 3a and b, S11 and Table
S1,† the S–N–S peaks will gradually move to higher Raman
shis (Raman spectra) or wavenumbers (FTIR spectra) due to
the transition from SSIPs and CIPs to AGGs.

Among them, the S–N–S Raman peak of DOL Ele. appears at
a high value of 742.8 cm−1, which proves more AGGs, implying
a strong ion–ion interaction. This behavior can be caused by the
weak solvation capability of DOL. The Raman peaks of DMC
Ele., DEC Ele., 2-MTHF Ele. and DEE Ele. appear in the middle
© 2024 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2024, 15, 17161–17172 | 17165
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position, indicating that the ion–ion interactions are weaker
than those of DOL Ele. The Raman peak of DME Ele.
(737.5 cm−1) appears at the lowest value, indicating the weakest
Li+–TFSI− interaction. As the two oxygen atoms in the DME
molecule are favorable to form a chelating coordination struc-
ture with Li+, the ion–dipole interactions are extremely strong,
making it difficult for Li+ to coordinate with the anion. The S–N–
S peak position of EC Ele. and PC Ele. is also located at a low
value and slightly higher than that of DME Ele. This phenom-
enon can be ascribed to the high dielectric constant of the
solvent, which can well dissociate Li+ and TFSI−. The results of
FTIR (Fig. 3b) are consistent with those of Raman; however it
should be noted that the S–N–S vibrations in EC Ele. and PC Ele.
are partially overlapped with solvent peaks.

Although the S–N–S variation can partially manifest the Li+

solvation structure, the strength of Li+ with the solvent or anion
is still ambiguous. Therefore, 7Li NMR (Fig. 3c) analysis was
further used to study all the electrolytes. In general, an upeld
shi (more negative) of 7Li indicates increased electron density
around Li+, which can be caused by either stronger anion
binding or stronger solvent binding. DME Ele. shows the obvi-
ously most negative 7Li peak, unveiling the strong coordination
of Li+ with the DME molecule rather than the anion, as Raman
spectra already conrm the weak Li+ – anion intercalation. The
next one is DOL Ele., which should be ascribed to the strong
coordination with the anion, which is consistent with Raman
spectra. The electrolyte with 2-MTHF that also has a ring
structure is considered similar to DOL Ele., but the total inter-
actions are weaker. Although DEE is also a linear ether like
DME, the steric effect of DEE was previously reported to reveal
an anion rich solvation structure.53 Therefore, we classify DEE
Ele. in the same category as 2-MTHF Ele. For EC Ele. and PC
Ele., in spite of their similar SSIP dominated solvation structure
in Raman spectra, the 7Li in these electrolytes show an apparent
downshi compared to DME Ele., indicating a lower electron
density. The results suggest that although solvents with a high
Fig. 4 Solvation structures obtained fromMD simulations. The radial distr
extracted fromMD of (a) DOL Ele., (b) DME Ele., (c) DMC Ele., (d) EC Ele., (
the proportion of three solvation structures in different electrolytes.

17166 | Chem. Sci., 2024, 15, 17161–17172
dielectric constant (EC and PC) can well dissociate salt, the
coordination strength is not as strong as that of the DME
molecule. Finally, the peaks of Li+ in DMC Ele. and DEC Ele.
have the lowest electron cloud density. Based on Raman
spectra, we propose that both the ion–ion and ion–dipole
interactions are relatively weak in these electrolytes.

To provide a quantitative solvation structure in the electro-
lyte, molecule dynamic (MD) simulations were carried out
(Fig. 4, S12–S20 and Table S2–S5†). In general, there are abun-
dant AGGs in DOL Ele., 2-MTHF Ele., and DEE Ele. (Fig. 4a, e
and f), indicating strong ion–ion interactions, in which the
anion coordination number is 2.65, 1.58 and 1.79, respectively.
Particularly in DOL Ele., a signicant proportion of AGGs
(61.9%) was formed. In comparison, Fig. 4b, d and h, and Table
S3† show that DME Ele., EC Ele., and PC Ele. have abundant
charges and predominantly SSIP structures, with negligible
anion coordination (0.256, 0.042 and 0.049, respectively). For
EC and PC, the phenomenon is caused by the high dielectric
constant of solvent, LiTFSI can be fully dissociated, resulting in
a higher coordination number of Li+-solvent (EC: 4.4; PC: 4.3).
For DME Ele., the phenomenon is caused by the high solvating
power of DME that strongly coordinates with Li to prevent
anions from entering the primary solvation sheath of Li+.
Therefore, the coordination number of Li+-DME is the highest,
reaching 5.7, which further veries the result of the highest
electron cloud density of Li in DME Ele. Finally, DMC Ele. and
DEC Ele. also have few AGGs but are more abundant in CIP
structures (DMC: 39.2%; DEC: 47.9%) (Fig. 4c and g), in which
the anion coordination number is 0.75 and 0.71, respectively.
We suppose that on one hand the low dielectric constants of
DMC and DEC lead to insufficient dissociation of LiTFSI, and
on the other hand the higher electron density of carbonyl than
that of ether oxygen atoms in cyclic ethers weakens the ion–ion
interactions and leads to less aggregation. Therefore, Li in the
above electrolytes has the lowest electron cloud density due to
weak interactions with both the solvent and the anion.
ibution function (RDF) and coordination number of anions and solvents
e) 2-MTHF Ele., (f) DEE Ele., (g) DEC Ele. and (h) PC Ele. The inset shows

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In short, we can classify four types of solvents according to
the spectral analysis and MD simulations, strong ion–ion
interactions (DOL, 2-MTHF and DEE Ele.), strong ion–dipole
and weak ion–ion interactions (DME Ele.), moderate ion–dipole
and weak ion–ion interactions (EC and PC Ele.), and weak ion–
dipole and ion–ion interactions (DMC and DEC Ele.). These
interaction characteristics not only effect the ionic transport,
but also inuence the desolvation process, which will be dis-
cussed in detail in the following text.
Charge transfer reactions inuenced by various electrolytes

The above results illustrate that the solvation structures are
quite distinct depending on the properties of solvents. As
mentioned before, the rate performance has little correlation
with the ion conductivity under the circumstance that the
conductivity reaches a certain value. Therefore, we consider that
the resistance of the charge transfer reaction (Rct) that reects
the desolvation process is the main factor responsible for the
fast charging. Electrochemical impedance spectroscopy (EIS)
was then performed to verify our hypothesis (Fig. S21†). The
LFP‖LTO full cells were charged and discharged at a rate of 1C
and EIS was performed respectively in the 1st, 3rd, and 5th
cycles during the charging platform. As shown in Fig. 5a–c,
although the SEI is also observed in all the electrolytes due to
their decomposition, the resistance of the SEI (RSEI) in most
Fig. 5 EIS analysis of LTO‖LFP batteries with different electrolytes. (a) 1s
SEI (RSEI) and resistance of the charge transfer reaction (Rct) calculated by
were charged and discharged at 1C, and the EIS were obtained during t

© 2024 The Author(s). Published by the Royal Society of Chemistry
electrolytes is between 10 and 20 U, much lower than Rct (Table
S6†). Therefore, the desolvation process plays a leading role
compared with RSEI at the interface. In general, both RSEI and Rct

tended to be stable aer three cycles (Fig. S21†). In the h
cycle, the Rct values of the eight electrolytes follow the order of
DOL Ele. EC Ele.< DEE Ele., 2-MTHF Ele.< PC Ele.< DME Ele.<
DMC Ele., DEC Ele. (Fig. 5d), matching well with their electro-
chemical performance (Fig. 1i). In addition, the order of bulk
resistance (Rb) is generally consistent with the ionic conduc-
tivity, conrming the accuracy of EIS measurement. Among
them, the Rct of DOL Ele. is only 12 U, while those of DMC Ele.
and DEC Ele. reach 100 U. Therefore, EIS demonstrates that Rct

is the dominant factor contributing to the fast-charging
performance of LIBs. Rct can be affected by various factors,
such as the electrode structure, charge number in the electro-
lyte, solvation structure, etc. As the electrode structures of all
electrolytes are considered identical, the charge number and
solvation structure may be the decisive factors for charge
transfer reactions. On the basis of the spectroscopic and elec-
trochemical results, we divide the eight electrolytes into four
categories (Scheme 2), according to the solvation structures and
the interactions between the components. In addition, in situ
Raman spectra were further recorded to monitor the des-
olvation process near the LTO anode under fast-charging
conditions of LTO‖LFP cells (Fig. 6), which was found to be
well consistent with our hypothesis (Scheme 2).
t, (b) 3rd and (c) 5th cycles. (d) Resistance of bulk (Rb), resistance of the
fitting the data with the inserted equivalent circuit model. The batteries
he charging platform of the batteries.
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Scheme 2 Schematic diagram of the Li+ transport mechanism and charge transfer process in various electrolytes.
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For electrolytes with AGG-rich solvation structures such as
DOL Ele., 2-MTHF Ele., and DEE Ele., the migration is possibly
carried out in hopping-assisted ionic transport mode.
Compared with the traditional vehicle mechanism in which Li+

moves together with solvation sheaves, Li+ jumps between
Fig. 6 In situ Raman measurement of the electrolytes near the surface o
Galvanostatic charging voltage curves of LTO‖LFP full cells at 10C in (a
variations of S–N–S stretching vibrations in (b) DOL Ele., (d) EC Ele., (f) D

17168 | Chem. Sci., 2024, 15, 17161–17172
adjacent positions of AGGs, which greatly reduces the transport
barrier of the electrolyte bulk. Therefore, the activation energies
of DOL Ele. and 2-MTHF Ele. are only 0.032 eV and 0.036 eV,
which have the fastest bulk dynamics. Meanwhile, the relative
higher activation energy of DEE Ele. (0.073 eV) may be caused by
f the LTO anode in LTO‖LFP batteries during the fast charging process.
) DOL Ele., (c) EC Ele., (e) DME Ele., and (g) DEC Ele. Corresponding
ME Ele., and (h) DEC Ele.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the higher viscosity. Furthermore, as less solvent is involved,
when AGGs move to the vicinity of the electrode–electrolyte
interface, the desolvation process is more feasible without the
accumulation of ions near the electrode–electrolyte interface or
even the necessity of the desolvation process. In the in situ
Raman spectra of DOL Ele. (Fig. 6a and b), we found that the
intensity of TFSI− is basically unchanged aer entering the
charging platform, which conrms this hopping-assisted
mechanism. As a result, the barriers of the charge transfer
reaction are largely reduced, resulting in both low Rct and
excellent fast charging performance of DOL Ele. and DEE Ele. In
addition, the relative high polarization of 2-MTHF Ele. is mainly
caused by the low ionic conductivity as mentioned before.

In comparison, EC Ele., PC Ele., and DME Ele., which mainly
consist of SSIPs with abundant charges, are transported
through the vehicle mechanism. Among them, EC and PC
dissociate Li+ and anions by shielding the Coulomb force due to
their high dielectric constant, which exhibit weaker interaction
with Li+ than the DME molecule that dissociates Li+ by strong
chelation intercalation. The coordination number and 7Li NMR
have well conrmed this hypothesis. In in situ Raman spectra
(Fig. 6c and d), the concentration of anions near the LTO elec-
trode in EC Ele. gradually decreases with the progress of the
charging process, indicating the continuous movement of
anions under the electric eld. Nevertheless, the concentration
of anions in DME Ele. rst decreases and then increases in the
later part of the charging process (Fig. 6e and f). We ascribe this
occurrence to the increased difficulty of Li+ desolvation in DME
Ele., leading to the accumulation of Li+ near the anode, where
anions are also attracted under the inuence of Coulomb
forces. Therefore, EC Ele. and PC Ele. exhibit faster desolvation
kinetics at the interface than DME Ele., although all of them are
composed of SSIPs with plentiful charges, which is also
consistent with their electrochemical behavior in the fast
charging process.

Finally, although DMC Ele. and DEC Ele. are also trans-
ported through the vehicle mechanism, the salts in these
solvents are not fully dissociated with the CIP-rich solvation
structure due to both weak ion–dipole and ion–ion interactions.
The net charge of CIPs is neutral, indicating that they move
more slowly than AGGs and SSIPs under an electric eld, which
is further supported by the in situ Raman spectra of DEC Ele.
(Fig. 6g and h). The general trend of anions in DEC Ele. is
similar to that of EC Ele. However, due to few charges and slow
motion of solvation structures, a fast decrease of anions is
found near the interface of the anode during the charging
process. Therefore, the charge transfer reactions in DMC Ele.
and DEC Ele. are most sluggish with the worst fast charging
performance.

As a result, we can conclude that the electrolyte with weak
ion–dipole/dipole–dipole and strong ion–ion interactions is the
most favorable for fast charging performance. The strong ion–
ion interactions facilitate ion transport/desolvation in hopping
assisted mode and increase the Li+ transference number.
Meanwhile, small molecules with low viscosity (such as DOL)
are favorable to reduce the dipole–dipole interaction, which
also contributes to high ionic conductivity of electrolytes.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, through systematically investigating the inuence
of eight solvents on the fast-charging performance of LTO‖LFP
full cells, we found that the charge transfer reaction is the rate-
limiting step when ionic conductivity is high enough (for
example > 3.5 mS cm−1). Furthermore, the underlying reason
for the charge transfer reaction speed is ascribed to the different
solvation structures formed by the competition of ion–ion, ion–
dipole, and dipole–dipole interactions. Strong ion–ion interac-
tions, strong ion–dipole interactions, moderate ion–dipole
interactions, and weak ion–dipole/ion–ion interactions result in
AGG, SSIP, SSIP, and CIP dominated solvation structures,
respectively, in which the kinetic speeds are in the order of
AGGs > SSIPs with moderate ion–dipole interactions > SSIPs
with strong ion–dipole interactions > CIPs. Owing to the
hopping assisted mechanism, AGG-rich electrolytes (DOL Ele.,
etc.) can realize rapid ion transport and a low interfacial des-
olvation barrier enabling them to reach 60% of their specic
capacity in less than 3 mins with a polarization of only 0.35 V.
Following this principle, we anticipate that solvents with weak
solvation ability and low viscosity are promising candidates for
fast charging electrolytes. Through molecule design, the high
oxidation and long-term cycle stability can be further improved
for practical applications.

Data availability

Additional data, including the preparation of electrolyte and
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cell tests are available in the ESI.†
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