
Research Article
How to cite: Angew. Chem. Int. Ed. 2025, 64, e202505212

doi.org/10.1002/anie.202505212Batteries

Data–Knowledge-Dual-Driven Electrolyte Design for Fast-Charging
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Lei Xu, Yu-Xing Yao, Shi-Jie Yang, Zheng Liao, Zeheng Li, Xue-Fei Wen, Peng Wu,
Ting-Lu Song, Jin-Hao Yao, Jiang-Kui Hu, Chong Yan, Jia-Qi Huang,* and Qiang Zhang*

Abstract: Electric vehicles (EVs) starve for minutes-level fast-charging lithium-ion batteries (LIBs), while the heat
gathering at high-rate charging and torridity conditions has detrimental effects on electrolytes, triggering rapid battery
degradation and even safety hazards. However, the current research on high-temperature fast-charging (HTFC)
electrolytes is very lacking. We revolutionized the conventional paradigm of developing HTFC electrolytes integrating with
high-throughput calculation, machine-learning techniques, and experimental verifications to establish a data–knowledge-
dual-driven approach. Ethyl trimethylacetate was efficiently screened out based on the approach and enabled batteries
to work under high temperatures with distinctly restricted side reactions. A stable and highly safe fast-charging (15-min
charging to 80% capacity) cycling without Li plating was achieved over 4100 cycles at 45 °C based on 181 Wh kg−1 pouch
cells, demonstrating the state-of-the-art in this field.

Introduction

Accompanying the green and environmentally friendly
advantages of electric vehicles (EVs) is the drawback of their
slow electric refueling rate and the resulting range anxiety.[1–4]

These all underscore the importance of reducing battery
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charging time with fast-charging technology, which can boost
electric transportation with convenience and efficiency.[4–9]

The current fast-charging technology allows for batteries to
charge at high rates, such as 4.0–6.0 C, namely charging to
80% capacity within 10–15 min.[10–14] Excessive charging rates
will increase battery temperature during charging. Specifi-
cally, the battery temperature increased by approximately
24 °C in a 10-min fast-charging protocol, and the increment
even reached up to 270 °C at the pack level.[15,16] In
addition to the hyperthermia during fast charging, lithium-
ion batteries (LIBs) utilized in mining and military are
also subjected to extreme high temperatures (>80 °C).[17]

Meanwhile, numerous countries are currently facing harsh
heatwaves, which pose increasingly stringent challenges to the
high-temperature stability of LIBs.[18] Moreover, the heat-
resistant LIBs will simplify the thermal management system
of the battery (temperature-gradient-driven heat dissipation),
which can reduce the cooling energy consumption and cost of
the battery, but also improve the volume utilization efficiency
and energy density of the battery pack.[19,20]

Among battery components, electrolyte is the most sus-
ceptible to elevated temperatures. A high temperature can
expedite the electrolyte degradation, deteriorate the electro-
chemical performance, shorten the lifespan, and increase the
hazards of gas production and the danger of thermal runaway,
consequently compromising battery safety.[21] The profound
effects of the electrolyte on the fast chargeability and thermal
safety of LIBs were highlighted in numerous studies.[22,23]

The electrolyte is inextricably related to the lithium-ion
(Li+) migration in the bulk electrolyte, the desolvation of
the Li+ at the electrode–electrolyte interface, and the Li+

transport across the solid electrolyte interphase (SEI), which
are considered pivotal steps in determining the battery’s
fast-charging performance.[14,24–27] The thermal stability of
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Figure 1. Past and data–knowledge-dual-driven molecular mining framework. a) Previous methodology of the molecular screening involving three
steps: Molecule retrieval within a limited range, investigation case-by-case, repetitive and inefficient trial-and-error experiments. b) and c)
Data–knowledge-dual-driven molecular design involving four steps: the molecular generation, the high-throughput calculation c), the
data-and-knowledge-driven screening, and the experimental verification.

electrolyte constituents and their decomposition products are
closely linked to the thermal safety of batteries. Therefore,
it is crucial to develop advanced electrolytes with high-
temperature resistance and fast-charging capability to enable
the stable and safe cycling of LIBs.[28,29]

The solvent is a primary constituent of the electrolyte. Its
properties, such as solvating power, viscosity, chemical stabil-
ity, and thermal stability, directly impact the ionic conductiv-
ity, electrode compatibility, SEI properties, and eventually the
battery performance under high-temperature fast-charging
(HTFC) operating conditions.[30,31] Consequently, the design
and selection of solvents have garnered considerable research
attention.[27,32–34] Nevertheless, the previous methodology of
molecular design predominantly depends on a trial-and-error
approach, wherein researchers test different formulations and
analyze the resulting battery performance (Figure 1a). This
method is complemented by a case-by-case analysis with
finite molecular space to understand the specific properties
and working mechanisms of each solvent molecule. Facing
the multiobjective challenge of molecular design and a vast
molecular space yet to be explored, the labor-intensive

trial-and-error approach falls short of efficiently designing
eligible solvents. Assistive-computational tools, such as high-
throughput molecular modeling and machine learning (ML)
methodologies, present hopeful solutions to this dilemma.
Simulation-assisted molecule design enables the efficient
determination of solvent properties and offers an in-depth
understanding of molecular-level interactions, facilitating the
comprehension of the fundamental mechanisms that regulate
solvent behaviors. Combined with property prediction by ML
models, it can achieve the screening of thousands of molecules
in parallel, identifying those satisfying desired criteria without
prior laboratory work. Leveraging these techniques and
experimental validation is expected to accelerate the discov-
ery process and propose optimal electrolyte solvent molecules
with great accuracy and efficiency, ultimately enhancing the
ability of LIBs to operate at HTFC conditions.

We construct a systematic data–knowledge-dual-driven
molecular design framework integrating molecular gen-
eration, high-throughput calculation, data-and-knowledge-
driven screening, and experimental verification (Figure 1b)
toward the parameterized HTFC requirements (covering
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molecular stability, liquid range, solvation ability, viscosity,
side-reaction restraint and availability, etc.), which achieved
great success in uncovering three novel carboxylate molecules
(methyl trimethylacetate (MTMA), ethyl trimethylacetate
(ETMA), and ethyl 2,2-dimethylbutanoate (EDMB)) from
1 321 129 molecules. The electrolytes of screened three
carboxylates demonstrate an anodic potential window of over
5.2 V and remarkable stability in reduction compared with
routine carbonate-based electrolytes (ethylene carbonate
(EC) and dimethyl carbonate (DMC) electrolytes). Strikingly,
the robust interphasial film derived from ETMA-based
electrolyte distinctly prevent the side-reaction under high-
temperature and enhance the Li-ion pouch cell delivering a
splendid HTFC performance with intensifying thermal safety.

Results and Discussion

Molecular Design Framework

The data–knowledge-dual-driven framework of designing
electrolyte molecules involves four steps: molecular gen-
eration, high-throughput calculation, data and knowledge
dual-driven screening, and experimental verification. Preva-
lent solvents used in LIBs are organic compounds mainly
composed of hydrogen (H), carbon (C), and oxygen (O)
atoms.[35,36] Accordingly, a molecular structure dataset with
less than 10 C and O atoms and no restriction of H atoms
was generated by Surge tool.[37] As a result, the molecular
dataset with 1 321 129 molecules was constructed. 54 202 of
these molecules were randomly chosen in the following high-
throughput computations, which include density functional
theory (DFT) calculation and molecular dynamics (MD)
simulation to acquire various molecular properties such
as viscosity and solvation ability (Figure 1c). Assisted by
ML models (molecular property prediction, in methods),
the properties of all previously generated molecules were
determined, forming a comprehensive electrolyte property
database.[38] The database is available for subsequent screen-
ing, significantly promoting the efficiency of picking optimal
electrolyte candidates in a high-throughput way.

The screening approach is customized based on the above
database and domain knowledge to design solvent molecules
for LIBs that can withstand high temperatures and enable fast
charging (Figure 2a):

1. Thermal stability: The formation energy of each
molecule becomes the first and foremost screening criterion
as it indicates the intrinsic thermal stability. According to
the formation energies of routine molecules used in LIB
electrolytes (Figure S1), a threshold of −0.10 eV atom−1 was
set. The molecules with higher formation energies than the
threshold were filtered out, with less than 200 000 molecules
remaining.

2. Structural stability: Applying molecules with high
voltage stability to LIBs is the precondition. Molecules with
ether functional groups, double or triple carbon bonds, and
3- or 4-membered rings have never taken the responsibility
as main solvents for LIB electrolytes.[35,36] Accordingly,
molecules possessing these structural characteristics (such as

ether, unsaturated, and polycyclic carbonate molecules) were
excluded and 2576 molecules remained for the next screening
step.

3. Temperature range: High-temperature electrolytes
require solvents with high boiling points to prevent
vaporization, and low-temperature operation ought to be
paid attention to simultaneously. Molecular melting points
lower than 213.15 K while boiling points higher than 373.15 K
were decided to establish a suitable operating temperature
range for the electrolyte, outputting 249 molecules. In this
step, most common carbonates were screened out, while
carbonate molecules with high boiling points survived.

4. Solvation and viscosity: Weak Li+–solvent interactions
give rise to the facile desolvation of Li+. In this case, anions
are also prone to participate in the Li+ solvation shell and
decompose to form an inorganic-rich SEI. These all con-
tribute to the improvement of fast chargeability. Additionally,
viscous solvents and electrolytes are not preferred. As a
result, 102 low-viscosity molecules with adequate solvating
power that is neither too weak to achieve sufficient salt dis-
sociation nor too strong to tackle fast charging were selected
by referencing the binding energy of routine molecules with
Li+ (Figure S1).

5. Chemical stability: Side reactions and gas genera-
tion are especially severe under fast-charging and high-
temperature conditions, where H• radicals are generated by
molecular oxidation and will initiate flame propagation.[39]

The generation of H• radicals is supposed to decrease the
chemical stability of both molecule and electrolyte at high
temperatures. Bond lengths between C and alpha-H (α-H) in
molecules were analyzed to evaluate their breaking tendency.
Bond lengths for α-H located at different sites generally
exhibit an increasing trend in the sequence of HO, Hw/o O,
and H, suggesting a decline in chemical stability, which is
consistent with the inductive effect of functional groups in
organic chemistry (Figure S2). The average bond length of
C─Hw/o O, that is, the group with moderate stability, was used
as the upper limit to obtain a total of 64 stable molecules.

6. Inhibition of Mn dissolution: The dissolution of transi-
tion metal, represented by Mn, from cathode materials into
the electrolyte is one of the immediate causes of battery
degradation since the dissolved Mn2+ can transport from the
cathode to the anode surface and destroy the SEI.[40,41] To
alleviate such an effect, solvent molecules are supposed to
possess a weak affinity to Mn2+. In this case, the binding
energy between Mn2+ and the above 64 molecules was
calculated (Figure S3). Those molecules strongly binding
to Mn2+ with a binding energy lower than −2.0 eV were
excluded. 35 molecules (Table S1) proceed to the next step
of screening.

7. Accessibility: Considering the convenience of exper-
imental evaluation, molecules probably synthesizable or
purchasable through the Chemical Abstracts Service (CAS)
number were prioritized. 34 of 35 molecules are identified
with a CAS number.

8. Cost: The costs of the above 34 molecules were
finally considered. Economical chemicals are preferred during
practical applications. Fourteen molecules passed the price
limit of 20 CNY g−1 (Figure S4).
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Figure 2. Design of molecules for high-temperature fast-charging lithium-ion battery electrolytes. a) Screening procedure based on requirements for
physicochemical properties of molecules and electrolytes. b) Visualization of molecular representations for molecules in each screening step. c)
Structural formulas of three recommended molecules, methyl trimethylacetate (MTMA), ethyl trimethylacetate (ETMA), and ethyl
2,2-dimethylbutanoate (EDMB), for further experimental verifications.

The chemical space of molecules in each screening step
was further visualized in Figure 2b by t-distributed stochastic
neighbor embedding (tSNE) method (clustering analysis in
methods). The molecular distribution gradually converges
into a concentrated region, which indicates that the selected
molecules share similar structural features and properties.
Three carboxylate molecules, i.e., MTMA, ETMA, and
EDMB, that are readily available on the reagent platform
were purchased and then assessed to validate their HTFC
performances (Figure 2c).

Operating Voltage and Temperature Range of the Selected
Solvents

To further verify the effectiveness of the above data–
knowledge-dual-driven screening method, the electrochem-
ical stability of the three predicted carboxylate molecules
(MTMA, ETMA, and EDMB) was first characterized by
both linear sweep voltammetry (LSV) and electrochemical
floating tests (electrolyte formulas supplied in materials and
electrolytes). Meanwhile, routine carbonates, EC and DMC,
were selected as control samples. As expected, EC and DMC
exhibit inferior anodic stability with an increasing current

starting smaller than 4.0 V (Figure 3a). In comparison, the
anodic stability of carboxylates can increase to larger than
5.2 V. Especially, MTMA delivered the increasing current
starting around 5.5 V, indicating its super compatibility
with high-voltage cathodes. To further verify the practical
oxidation stability of the carboxylate-based electrolytes, an
electrochemical floating test was conducted in Li||NCM811
cells with potential ranging from 4.3 to 4.7 V (vs. Li/Li+)
in a step of 0.1 V. As a result, the ETMA- (1.5 M lithium
bis(fluorosulfony)imide) (LiFSI) in ETMA/FEC/PS) and
EDMB- (1.5 M LiFSI in EDMB/FEC/PS) based electrolytes
remain stable with minimal leak current increase before
the voltage reaches 4.7 V, whereas the MTMA- (1.5 M
LiFSI in MTMA/FEC/PS) and EC/DMC- (1.0 M lithium
hexafluorophosphate (LiPF6) in EC/DMC) based electrolytes
demonstrate a much larger leak current and rising polariza-
tion, particularly above 4.6 V (Figure S5). Additionally, the
carboxylate-based electrolytes have excellent compatibility
with the Li metal electrode, resulting in a high plating and
stripping Coulombic efficiency (CE) of approximately 95%, in
contrast to the fluctuant CE around 86% in EC/DMC-based
electrolyte (Figure S6).

Beyond electrochemical stability, the electrochemical per-
formances of four electrolytes under variant temperatures
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 15213773, 2025, 24, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202505212 by T

singhua U
niversity L

ibrary, W
iley O

nline L
ibrary on [21/10/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Research Article

Figure 3. Anodic stability and operating temperature of cells. a) LSV anodic scanning in the Li||Al@C (carbon-coated Al) half cells at a scan rate of
0.1 mV−1. b) The operating temperature range of the graphite||NCM811 full cells employing different electrolytes.

were evaluated in graphite||NCM811 (4.0 mAh cm−2) cells
(Figure 3b). Under 45 °C, the capacity of EC/DMC-based
cells degraded very fast and only maintained 2.4 mAh cm−2

after 33 cycles at 0.5 C, indicating the extremely high
requirements for electrolytes at high-temperature conditions
(Figure S7A). Spectacularly, the cells employing ETMA-
and EDMB-based electrolytes could stably work at high
temperatures (0.5 C at 45 °C and 0.2 C at 60 °C, Figure S8).
Especially, the cell using the ETMA-based electrolyte could
even cycle at 100 °C (Figure S9), while the cell based on
MTMA electrolyte could only afford the cell to work at
0.2 C and 45 °C (cell failure at higher temperatures or
rates, Figure S7B). Although the boiling point of MTMA
is much higher than the operating temperature of the cells,
cells using MTMA-based electrolytes did not demonstrate
sufficient high-temperature performance. This means that
only relying on the boiling point of the solvent to correlate
the high-temperature performance of the cells in the process
of electrolyte screening procedure is not comprehensive.
According to the above electrochemical performances, only
ETMA and EDMB can match with high-temperature LIBs
(Note S1 in Supporting Information).

However, when it comes to the room-temperature test
(1.0 C at 25 °C), the EDMB-based electrolyte failed to retain
capacity within 20 cycles. Moreover, the cell using EC/DMC-
based electrolyte exhibited a capacity rollover induced by
Li plating on graphite anode (Figures S10 and S11). By
contrast, the cell using ETMA-based electrolytes exhibited
outstanding performance with 97% capacity retention after
60 cycles. Despite structural similarities, the variation in
carbon chain length among the three screened carboxylate
molecules results in significant disparities in cell performance.
After comprehensively considering the electrochemical per-
formances at both room and high temperatures, ETMA
was finally selected as the primary electrolyte solvent in
the following, with the EC/DMC electrolyte still serving as
the reference. In addition to its outstanding performance at
high and room temperatures, the cells with ETMA-based
electrolyte also surpass those utilizing EC/DMC electrolyte
at low temperature (Note S2 and Figures S12–S14).

Characterization of Solvation Structures and Interfacial
Chemistry

MD simulations were applied to investigate the solvation
structure of both ETMA and EC/DMC electrolytes since
the solvation structure acts as the precursor of electrode–
electrolyte interphase (EEI), which determines the cycling
stability and longevity of LIBs.[42–44] As a result of the solva-
tion structures (>98% Li+ bounding with one or more FSI−

anions and FEC molecules in the anion-rich Li+ solvation
structure of ETMA-based electrolyte, compared with <47%
Li+ coordinating with PF6

− anions in solvation sheath of
EC/DMC-based electrolyte, Note S3, Figures S15–S17), a
great number of FSI− and FEC molecules can be preferen-
tially reduced to create a LiF-rich EEI in the ETMA-based
electrolyte, while the carbonate solvents in the EC/DMC-
based electrolyte tend to degrade first, resulting in the
formation of a separate organic layer in the EEI.[45]

The structures of SEI formed in two electrolytes were
resolved by time-of-flight secondary ion mass spectrometry
(ToF-SIMs, in Figures S18 and S19). There are more ionic
fragments of organic components (C2H3O−, mainly decom-
posed from solvents)[46] detected priorly at the top surface
of the SEI formed in EC/DMC-based electrolytes compared
with that in the ETMA-based electrolyte. Meanwhile, the
LiF inorganic constituents (LiF−)[47] in the SEI derived from
the ETMA-based electrolyte are distinctly richer than those
in the EC/DMC-based electrolyte (Note S4). The above
SEI structure in the ETMA-based electrolyte was further
confirmed by cryo-transmission electron microscopy (cryo-
TEM), where the interphase film covering the graphite is
primarily composed of LiF (Figure S20). In addition, based
on the fitting results of X-ray photoelectron spectroscopy
(XPS) F 1s spectra with controlled sputtering time, the SEI
in ETMA-based electrolyte exhibited more LiF and less
C─F signals compared to the formed SEI in EC/DMC-
based electrolyte (Figure S21), demonstrating distinctive
electrolyte decomposition pathways and products leveraging
from the unique solvation structure. Moreover, more inor-
ganic components (Li2O, Li2S, Li3N, etc.) were observed in
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the interfacial film generated in the ETMA-based electrolyte
(Figures S21–S23). Combining the evidence of ToF-SIMs,
cryo-TEM, and XPS, a robust bilayer SEI with a LiF-rich
inner layer and an organic-fewer outer layer was formed
in the ETMA-based electrolyte. Furthermore, the inorganic
ingredients that dominated the SEI in the ETMA-based
electrolyte are effective in preventing side reactions and
improving the cycle performance of cells. On the contrary,
mainly solvent-induced SEI in the EC/DMC-based electrolyte
is too deficient to ensure the battery cycle stability due
to the insufficient interface stability. For instance, the SEI
formed in the electrolyte containing ETMA has significantly
lower levels of Mn− fragments compared with that in the
EC/DMC electrolyte (Figure S24), which agrees with the
high-throughput screening presetting that the ETMA elec-
trolyte is supposed to suppress the dissolution of transition
metal from the NCM811 cathode.

The unique SEI structure formed in the ETMA electrolyte
can decrease the activation energy of both Li+ desolvation
(Ea,ct) and Li+ transport through SEI (Ea,SEI), which was
further validated by temperature-dependent electrochemical
impedance spectroscopy (EIS) with a three-electrode setup.
The three-electrode system can monitor the impedance of
the graphite anode without the interference of the Li counter
electrode (Figure S25).[48] The Ea,ct and Ea,SEI were obtained
by fitting the Arrhenius law (Figure S26). As a result, an obvi-
ously decreased Li+ desolvation energy barrier was observed
in ETMA-based electrolyte (Ea,ct = 58.0 kJ mol−1) compared
to EC/DMC-based electrolyte (Ea,ct = 64.0 kJ mol−1), verify-
ing the weaker Li+–solvent interaction in the former. Most
importantly, the activation energy of Li+ transport through
SEI in ETMA-based electrolyte (Ea,SEI = 52.0 kJ mol−1)
is significantly lower than in EC/DMC-based electrolyte
(Ea,SEI = 72.0 kJ mol−1), suggesting the rapid Li+ diffusion
among abundant phase boundaries in the inorganic SEI
derived from ETMA-based electrolyte. The results of lowered
desolvation barrier and inorganic species-dominated SEI
imply that ETMA is promising to derive a robust SEI to
passivate and insulate the graphite–electrolyte interface while
ensuring a facile charge transfer and Li+ transport process.

Evolution of Interfacial Chemistry at High Temperature

An elevated temperature (especially above 45 °C) will
dramatically accelerate the decomposition reactions of the
electrolyte, resulting in a rise in the content of organic
products in the EEI and also the interfacial impedance. The
ex situ EIS of graphite||NCM811 cells cycled at 45 °C was ana-
lyzed. The semicircles in the high- and intermediate-frequency
regions of EIS represent the resistance of interphasial film
(resistance of cathode electrolyte interphase + resistance of
solid electrolyte interphase, RCEI + RSEI) and the charge
transfer resistance (Rct), respectively. The total resistance, as
a sum of RCEI + RSEI and Rct, is denoted by Rsum. For the
cells employing the EC/DMC-based electrolyte, Rsum doubles
from the 1st cycle to the 50th cycle, particularly due to the
increase in resistance of RCEI + RSEI (Figure S27A). However,

the Rsum value in the cell with the ETMA-based electrolyte is
maintained at a constant level (Figure S27B). To decouple the
intertwined interfacial impedance of the cathode and anode,
the distribution of relaxation times (DRT) was thereafter
used for impedance resolution based on the corresponding
time constants (τ ) of the electrochemical steps.[49,50] As
depicted in Figure 4a, in the EC/DMC-based electrolyte, the
interfacial impedance at 45 °C is primarily influenced by
RSEI, while RCEI only shows a slight increase during 50 cycles
(Figure S27C,D and Table S2). Specifically, the RSEI has been
steadily increasing, from 2.4 Ω after the first cycle to 62.2 Ω
after the 25th cycle and then to 72.4Ω after the 50th cycle, with
an over 30-fold increment during the high-temperature test.
In contrast, the RCEI and RSEI of the ETMA-based electrolyte
are both almost unchanged (ca. 4.0 Ω) within 50 cycles at
45 °C, benefiting from its stable interfacial chemistry.

Subsequently, a postmortem analysis was performed on
graphite anodes obtained from the cycled cells at a temper-
ature of 45 °C. The scanning electron microscope (SEM)
images demonstrate that the graphite anode matched with
the EC/DMC-based electrolyte is covered by thick deposits
(Figure 4b and Figure S28), and it is hard to distinguish the
gaps between graphite particles. The apparent depositions
above graphite particles can trigger rapid degradation in cell
performance by hindering Li+ diffusion to the interior of
the active materials and consuming Li inventory due to the
persistent interfacial side reactions. In contrast, clean and
well-defined graphite particles can be observed on the anode
matched with the ETMA-based electrolyte after 50 cycles at
45 °C. Such reduced electrodeposits on the graphite anode
cycling at high temperatures reflect that the SEI derived
from anion-rich solvation structures works well in insulating
electron tunneling and resulting side reactions.

To analyze the composition of the deposited layer on
cycled graphite anodes under 45 °C, XPS with an argon ion
(Ar+) sputtering depth profiling was employed. After the
high-temperature cycling, the top surfaces of SEI in the two
electrolytes are composed of organic species (C─F, C─O, and
C═O), with high C, O element proportions at the 0 s sputter-
ing time (Figures 4c,d and S29). In the F 1s spectra (Figure 4c),
the SEI formed in EC/DMC-based electrolyte shows both LiF
and C─F signals during sputtering process. In contrast, the
LiF is stably detected as dominant peak in the SEI formed
in ETMA-based electrolyte after 15 s sputtering time, along
with more F concentration (three times greater than the
value at 0 s) and N, S concentrations, which validates the
inorganic inner SEI derived from FSI− anion, FEC, and 1,3–
PS co-solvents. Meanwhile, in the O 1s spectra (Figure 4d),
the organic C─O and C═O species persist throughout the
whole sputtering process in the SEI from the EC/DMC-based
electrolyte, whereas the obviously inorganic Li2O signals
arise in the SEI formed in ETMA-based electrolyte after
15 s sputtering time. Overall, the inorganic LiF─Li2O SEI
derived from ETMA-based electrolyte enhances the high-
temperature stability of the batteries while also preventing
the decomposition of solvents and the deposition of organic
products on the graphite anode, which results in the increase
of interfacial resistance.
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Figure 4. The evolution of interphasial chemistry and electrode morphology under 45 °C. a) The evolution of RSEI in graphite||NCM811 full cells at
45 °C using EC/DMC- and ETMA-based electrolytes. b) SEM images of graphite electrodes harvested from graphite||NCM811 full cells with EC/DMC-
and ETMA-based electrolyte after 50 cycles at 45 °C. c) and d) XPS spectra of the EC/DMC-generated and ETMA-derived SEI, with c) F 1s and d) O 1s
of the SEIs on graphite electrodes after 50 cycles at 45 °C.

Electrochemical Performance of 4.3 V Graphite||NCM811 Pouch
Cells

To validate the performance of the electrolytes in practical
conditions, the graphite||NCM811 pouch cells were assembled
and cycled under HTFC protocols. During the formation
process, the gas generation of the ETMA-based electrolyte
is negligible, indicating its super stability (Figure S30). What
is more, the fast-charging performance of the pouch cell
using the ETMA-based electrolyte outperforms that using the
EC/DMC-based electrolyte at 45 °C (Figure 5a). Specifically,
the cell using ETMA-based electrolyte shows a capacity
retention of approximately 81% over 4100 cycles with 0.1
C reference performance test (RPT, herein, the current of
C-rate is determined by the practical capacity of pouch
cells, with current being equal to the product of nominal
capacity and the applied rate) under 45 °C. Simultaneously,
at 45 °C, pouch cell using electrolytes based on ETMA can
acquire >80% capacity within 15 min of 4.0 C charging,
while the cell with the EC/DMC-based electrolyte exhibits
a significant deterioration during both fast-charging cycles
and 0.1 C RPT. Even after 4100 fast-charging cycles, the
cell employing the ETMA-based electrolyte in HTFC can

still be charged to >60% capacity within 15 min. Further-
more, the corresponding cycled graphite anodes in different
electrolytes are shown in Figure 5b. Severe Li plating was
observed on the graphite anode and separator from the cell
employing the EC/DMC-based electrolyte after 400 HFC
cycles (Figure S31A). Nevertheless, the graphite anode in the
ETMA-based electrolyte demonstrates palpable inhibition of
Li plating, indicating the enhancement of SEI stability and
interfacial kinetics during HTFC (Figure S31B). Moreover,
the evolution of the pouch cell energy density during HFC
is benchmarked against the United States Department of
Energy (USDOE) target, which stipulates the 20% loss within
500 HFC cycles for a 180 Wh kg−1 cell (the dashed line in
Figure 5c). The cell with the ETMA-based electrolyte has
an initial energy density of 181 Wh kg−1 and retains 94.3%
capacity over 500 cycles (only 5.7% loss) and 77.3% capacity
after 4100 cycles, which greatly exceeds the USDOE target.

To further verify the high-temperature stability of pouch
cells, cells with different electrolytes were tested at both
60 and 80 °C. Figure 5d compares the performance of
graphite||NCM811 full cells in two electrolytes at 60 °C,
where the cell using the ETMA-based electrolyte maintains
approximately 82% capacity retention after 760 cycles at

Angew. Chem. Int. Ed. 2025, 64, e202505212 (7 of 10) © 2025 Wiley-VCH GmbH
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Figure 5. Electrochemical performance and thermal safety of pouch cells. a) Cycling performance of graphite||NCM811 pouch cells at 45 °C and 4.0 C
(pouch cells were charged at 4.0 C in a CCCV mode for a fixed time of 15 min and then discharged at 1.0 C within 0.1 C RPT per 50 cycles). b) Optical
images of graphite anodes cycled in EC/DMC and ETMA-based electrolyte. c) Energy density retention of the ETMA-based cell during 4.0 C (15 min,
time termination) charging. d) and e) Electrochemical performance of the pouch cell containing different electrolytes at 60 °C d) and 85 °C e). f) The
state-of-the-art performance comparison of commercial prismatic/pouch/cylindrical cells with more than 40 and 100 cycles in published literature
and this work. The numbers of Roman numerals (1–8) correspond to Refs. [52–59]. g) The self-heating and maximum temperature of pouch cells in
ARC tests with different electrolytes.

1.0 C. However, a fast capacity decay was observed in the
cell utilizing the EC/DMC-based electrolyte, which reached
its 80% nominal capacity retention within 135 cycles. Even
at 80 °C, the cell based on the ETMA showed superior
performance to that based on the EC/DMC electrolyte

that the former can run for approximately 50 cycles, while
the latter failed to operate at such a high temperature
(Figure 5e). These results all suggest the high-temperature
stability of the ETMA-based electrolyte enabled by the
corresponding thermostable interfacial chemistry, compared

Angew. Chem. Int. Ed. 2025, 64, e202505212 (8 of 10) © 2025 Wiley-VCH GmbH
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with conventional EC/DMC-based electrolytes and previous
reports.[31,51]

Concerns about the long-term storage, fast kinetics, and
safety of LIBs have led researchers to seek practical bat-
tery chemistries at extreme temperatures. Among the very
few references that reported high-temperature performances
(>40 °C and >100 cycles) of LIBs, only those employing
pouch or cylindrical cells and summarizing their perfor-
mance metrics, including charging rate and cycle number
(terminating at ∼∼80% capacity retention), were selected
(Figure 5f).[52–59] Given the intensified side reactions induced
by high temperatures, major studies focused on cells cycling
at a low voltage (<4.2 V, or using LiFePO4-based cathode
with a voltage below 3.7 V) and a low charging rate (<1.0 C)
for prolonging the cell lifespan. Nevertheless, the data–
knowledge-dual-driven designed ETMA-based cell in this
work presents an astounding performance in a multi-index
and comprehensive way with the highest voltage (4.3 V),
the highest charging rate (4.0 C), and the longest cycle
life (over 4100 cycles) compared with literature reports. In
addition to the astounding performance of HTFC, the cells
employing ETMA-based electrolyte also worked well at low
temperatures, even at −60 °C (Note S5 and Figure S32).

The adiabatic rate calorimeter (ARC) tests further
demonstrate the enhancement of the thermal stability
of the ETMA-based electrolyte (Figures 5g and S33).
Notably, Tself-heating, the self-heating rate of the battery
>0.02 °C min−1 during thermal runaway, suggests that
the exothermic reaction inside the battery will begin to
elevate the temperature of the battery automatically. The
higher Tself-heating of LIB employing ETMA-based electrolyte
(226 °C) compared with that with the EC/DMC-based
electrolyte (124 °C) certifies the slower side reaction rate,
which proves the palpable interfacial stability leveraging on
the interphase components derived from the ETMA-based
electrolyte. When the heat generation inside the battery is
superimposed with progressing reactions, the battery will
reach the maximum temperature of thermal runaway, TMax.
The TMax of thermal runaway reduces from 409 to 303 °C, by
replacing the EC/DMC-based electrolyte with the ETMA-
based electrolyte. These results further prove that the thermal
safety of the LIBs can be improved by enhancing the thermal
stability of interfacial film through the electrolyte design.

Conclusion

Three carboxylate-based solvent molecules were screened
from more than 1.3 million molecules through a knowledge–
data-dual-driven approach, which is embedded with the
parameterized properties required for HTFC. Compared with
commercial carbonate-based electrolytes, the as-designed
ETMA-based electrolyte achieved stable HTFC ability
(>4100 cycles at 4.0 C and 45 °C) and high thermal safety
in pouch cells (Tself-heating and Tmax in thermal runaway of
the ETMA electrolyte were increased and decreased by
100 °C, respectively). This work not only revolutionizes
the conventional approach to electrolyte design and solvent
screening in HTFC applications but also proves the advan-

tages of embedding domain knowledge into data-driven and
machine-learning methodologies.
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