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ABSTRACT

The efficacy of electrolytes significantly affects battery performance, leading to the development of several strategies to enhance them.
Despite this, the understanding of solvation structure remains inadequate. It is imperative to understand the structure-property-
performance relationship of electrolytes using diverse techniques. This review explores the recent advancements in electrolyte design
strategies for high capacity, high-voltage, wide-temperature, fast-charging, and safe applications. To begin, the current state-of-the-art
electrolyte design directions are comprehensively reviewed. Subsequently, advanced techniques and computational methods used to
understand the solvation structure are discussed. Additionally, the importance of high-throughput screening and advanced computation
of electrolytes with the help of machine learning is emphasized. Finally, future horizons for studying electrolytes are proposed, aimed at
improving battery performance and promoting their application in various fields by enhancing the microscopic understanding of
electrolytes.
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I. INTRODUCTION

In the pursuit of a sustainable society powered by renewable
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II. ELECTROLYTE DESIGN STRATEGIES FOR

energy sources, batteries play an indispensable role in stabilizing the

DIVERSE APPLICATIONS . ..., 4 output of stored solar and wind energy sources. A battery is a complex
III. UNDERSTANDING THE SOLVATION STRUCTURE system comprising various components, including electrodes, electro-
AND TRANSPORT BEHAVIOR OF ELECTROLYTES 5 lytes, separators, and others. Lithium batteries include lithium primary

IV. AI-DRIVEN HIGH-THROUGHPUT SCREENING batteries (non-rechargeable), lithium-ion batteries (LIBs), and lithium
AND DATA-DRIVEN DESIGN OF ELECTROLYTES. 9 metal batteries (LMBs). In this review, we will focus on the LIBs and

A. Autonomous search and optimization........... 9 LMBs systems. The main difference between the two types of systems

B. Al-powered quantum chemical calculations and is that LMBs use lithium metal as the anode material. There are already
molecular dynamics simulations................ 10 several review papers summarizing the history and future trends of

C. Data-driven methods ......................... 11 lithium batteries.' ' While LIBs have been commercialized since

V. SUMMARY AND OUTLOOK ...................... 12 1991, this system still has many issues to be addressed. LMBs with
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higher energy density also face numerous challenges. We need to
ensure battery safety and reduce costs while improving electrochemical
performance, such as achieving higher energy density, higher rates,
and longer cycle life. Degradation exists in almost every component of
the battery, underscoring the importance of studying electro-chemo-
mechanical coupling failure mechanisms across multiple scales using a
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variety of techniques [Fig. 1(a)]."” On the cathode side, challenges
include structural fading, particle cracking, transitional metal dissolu-
tion, gas evolution, and corrosion of the aluminum foil.'""' On the
anode side, problems involve lithium plating/dendrite formation and
volume change.'® Electrolytes play a crucial role in transporting ions
and masses while insulating electrons and stabilizing the interface
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FIG. 1. (a) Different length and time scales for battery research.'® Reproduced with permission from Chen et al., Angew. Chem., Int. Ed. Engl. 60, 24354-24366 (2021).
Copyright 2021 Wiley. (b) Electrolyte engineering and chemistry.' Reproduced with permission from Amanchukwu, Joule 4, 281-285 (2020). Copyright 2019 Elsevier.
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between electrodes and electrolytes.'” Electrolytes generally consist of
salt, solvent (except for solid electrolytes), additive, and diluent. It is
imperative to understand the relationship between the solvation struc-
ture, transport and redox properties of electrolytes to better screen
advanced electrolytes for high capacity, high-voltage, wide-tempera-
ture, fast-charging, and non-flammable applications.

Two primary considerations emerge in electrolytes design strate-
gies [Fig. 1(b)]."” One involves electrolyte engineering, propelled by
performance considerations. The other revolves around electrolyte
chemistry, relying on a bottom-up design strategy. Both facets play a
significant role in the discovery of novel electrolytes, and obtaining
accurately measured experimental parameters is critical for electrolyte
design.

The investigation of the local solvation structure has been a subject
of interest for several decades, given its essential role in battery perfor-
mance. Studies have focused on concentration-dependent structures
like solvent-separated ion pairs (SSIPs), contact ion pairs (CIPs), small
aggregates (AGGs), and nanometric aggregates (n-AGGs) [Fig. 2(a)].”
Regarding cation diffusion, two primary mechanisms exist [Fig. 2(b)]:
vehicular motion, where cations diffuse as one entity, and structural
motion, involving dissociation/association exchange across different sol-
vation shells. Often, a specific electrolyte exhibits a predominant diffu-
sion mode, though both mechanisms may coexist.”’

Several experimental techniques have been developed to enhance
our understanding of their structures in the field of electrolytes. Local
information pertaining to intramolecular aspects of liquids can be
acquired using various spectroscopic methods, e.g., nuclear magnetic
resonance (NMR), vibrational spectroscopy—Raman, infrared (IR) or

A s5ips  small AGGs
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Fourier-transform infrared (FTIR), x-ray—pair distribution function
(PDEF), absorption (XAS), wide-angle (WAXS) and small-angle scatter-
ing (SAXS), and small-angle neutron scattering (SANS) [Fig. 2(c)].
Among these techniques, WAXS and small-angle scattering techni-
ques, i.e., SAXS and SANS, enable the visualization of the intermolecu-
lar aspects of electrolytes, providing a global perspective (size, shape,
and distance). Notably, the lithium content changes remain difficult to
capture via x-ray techniques owing to the comparatively small scatter-
ing factor exhibited by lithium.”' Additionally, Raman analysis may
not have the ability to obtain precise quantitative information about
the SSIPs, CIPs, and AGGs.”” Therefore, it is essential to acknowledge
that every analytical technique has limitations and imperfections. The
combination of these techniques is considered to be a complementary
approach to understanding electrolyte structures.”” Moreover, the pro-
found investigation of the structural and transport properties of elec-
trolytes can be facilitated by means of computational techniques such
as molecular dynamics (MD) simulation, density functional theory
(DFT) and Monte Carlo (MC) simulations,”* and this is essential for the
development of advanced electrolytes through molecular design.””*®
However, traditional computational methods, such as classical MD and
DFT, are hindered by limitations in the trade-off between accuracy and
speed, making them inadequate for facilitating the molecular design pro-
cess. Thus, the application of machine learning (ML) to molecular simu-
lation has emerged as a promising approach to overcome these
limitations.” " On top of that, ML can also be used in electrolytes
screening,31 crack detection,™ lifetime predic'[ion,33 health status predic-
tion,”" fast-charging protocols optimization,”” and materials discovery.”®
The data used for training can be obtained from laboratory experiments,
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FIG. 2. (a) Schematic of SSIPs, CIPs, and AGGs. (b) lllustration of vehicular and structural motion modes.”” Reproduced with permission from Yu et al., ACS Energy Lett. 7,
461-470 (2022). Copyright 2022 American Chemical Society. (c) Different research scales in electrolyte structure analysis.
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literatures, or datasets on open-sharing websites. Unlike traditional
tedious trial-and-error methods in materials science, artificial
intelligence (AI) assisted autonomous experimentation and characteriza-
tion, high-performance computing (HPC), and data-driven methods
can accelerate materials’ discovery, synthesis, characterization, and
application.

Il. ELECTROLYTE DESIGN STRATEGIES FOR DIVERSE
APPLICATIONS

Electrolytes play a crucial role in meeting the demands of a
diverse range of applications, including but not limited to high capac-
ity, high voltage, fast charging, wide temperature range, and enhanced
safety such as thermal stability and non-flammability.'”"” " Batteries
with different electrolytes exhibit distinct chemistries that influence
electrochemical performance and safety [Fig. 3(a)]. Electrolytes
encompass aqueous electrolytes, organic liquid electrolytes, quasi-solid
electrolytes, solid-state electrolytes (SSEs), and hybrid electrolytes.’
Aqueous electrolytes,”’ being low-cost and safe, find significant appli-
cations in large-scale grid energy storage systems. Organic liquid elec-
trolytes,”” with higher energy density, hold potential for use in
computers, cell phones, and electric vehicles. However, their safety
issues limit their further application. Organic liquid solvents generally

a Solvents/
solutes

REVIEW pubs.aip.org/aip/are

consist of carbonate esters, ethers, and ionic liquids."15 Severe decom-
position, leading to safety concerns, is a drawback of carbonate ester-
based electrolytes. Ether-based electrolytes, on the other hand, exhibit
a low oxidation potential. However, the high cost of ionic liquid elec-
trolytes limits their development. SSEs show promise in electric
vehicles and even aircraft due to their high energy density and safety."’
However, interface optimization is crucial for this system to achieve a
longer cycle life. SSEs usually contain polymers, oxides, sulfides, and
halides. The main challenge for polymer and oxide electrolytes is low
ionic conductivity. Sulfide has the highest ionic conductivity but is
moisture-sensitive and toxic. Halide electrolytes exhibit ionic conduc-
tivity close to that of sulfide electrolytes, while maintaining greater sta-
bility in ambient conditions.”* *° Quasi-solid electrolytes refer to SSEs
with added small amounts of organic liquid solvents, which can solve
the interfacial problems of SSEs."” Hybrid electrolytes can leverage the
advantages of multiple electrolytes and compensate for their defects,
achieving good overall performance.”” *” The efficacy of electrolytes in
these various application scenarios is contingent upon their ability to
meet the specific requirements of each use case, necessitating diverse
strategies to optimize performance.

First, redox flow batteries (RFBs) present a promising option for
stationary energy storage devices due to their unique advantages,
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FIG. 3. (a) Thermodynamics and kinetics of electrolytes.”' Reproduced with permission from Yang et al., Energy Storage Mater. 30, 113-129 (2020). Copyright 2020 Elsevier.
(b) The energy diagram of charging process of graphite in Lithium-ion batteries.”” Reproduced with permission from Cai et al., Chem. Soc. Rev. 49, 3806-3833 (2020).
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including decoupled energy and power, scalability, and design flexibil-
ity that can incorporate a variety of energy storage chemistries such as
metal plating/stripping, solid intercalation, and photoelectrochemical
reactions.”””" These features make RFBs a versatile option that can be
extended to other energy storage and conversion systems. The perfor-
mance of RFBs is highly dependent on the electrolytes’ characteristics
as energy carriers.”’ To achieve high-capacity electrolytes in RFBs, sev-
eral strategies have been proposed, including using eutectic solvents,
organic solvents, and redox mediators.”* These approaches hold signif-
icant potential for improving the performance of RFBs and expanding
their applicability in various energy storage applications.

Furthermore, the augmentation of the charge cutoff voltage in
batteries is a promising strategy to attain elevated energy density.
However, this approach triggers the degradation of electrodes and the
decomposition of electrolytes, thus impeding the practical application
of high-voltage batteries.”” To mitigate these issues, numerous
approaches have been suggested to enhance the high voltage stability
of batteries. These strategies encompass the development of chemically
stable electrolytes, the creation of electrolytes free from ethylene car-
bonate (EC),” the construction of a robust cathode electrolyte inter-
phase on the surface of the cathode, the utilization of preferentially
oxidized additives,””” such as organic molecules and salts, the intro-
duction of functional group or diluents in ether-based solvents,”’ **
and the modulation of solvation structure through electrolyte concen-
tration adjustment.””"* These strategies hold immense potential to
boost the efficiency and stability of high voltage batteries, paving the
way for their widespread application in various domains.

In addition, the regulation of solvation structure and the de-
solvation process is crucial in achieving fast charging and optimal low-
temperature operation.”” This is attributed to de-solvation being the
most substantial energy hurdle during the charge transfer process in
electrolytic kinetics [Fig. 3(b)].* The acceleration of the de-solvation
process may be achieved through several approaches, including
increasing the concentration of salts, fluorination, introducing fluori-
nated diluents/additives,”**” incorporating nonpolar diluents, adding
strongly coordinated anions, and selecting robust solvated foreign cati-
ons.”” These methods have demonstrated efficacy in promoting the
de-solvation process, ultimately leading to improved fast charging and
low-temperature performance. Also, introducing fluorinated diluents
with a low freezing point is beneficial for low-temperature use, as it
allows for tuning the Li*-solvent-anion solvation structure.””

Finally, commercially available batteries commonly employ elec-
trolytes containing thermally unstable and moisture-sensitive salts,
such as LiPF, along with highly flammable organic solvents like carbo-
nates and ethers, rendering batteries susceptible to thermal runaway.
To mitigate the safety concerns associated with electrolytes, several
approaches have been proposed. These approaches include the devel-
opment of non-flammable organic electrolytes, aqueous electrolytes,
eutectic solvent-based electrolytes, gel electrolytes, and solid electro-
lytes.”” However, given the higher ionic conductivities, better wettabil-
ity, and easier manufacturing processes associated with liquid or
quasi-solid electrolytes (gel electrolytes) compared to all-solid electro-
Iytes, the current focus should be developing non-flammable liquid
electrolytes.”' In this context, various methods have garnered signifi-
cant attention. These include increasing the concentration of salts,
namely, high-concentrated electrolytes (HCEs) and localized HCEs
(LHCEs), selecting thermally stable salts and solvents, and employing

REVIEW pubs.aip.org/aip/are

fluorinated solvents,”>”* phosphate solvents, and fire-retardant addi-
tives.”* Fluorinated solvents with strong carbon-fluorine bonds can
improve the electrolyte’s thermostability and reduce the generation of
hydrogen radicals, thereby alleviating the combustion risk. Phosphate
solvents possess the ability to capture hydrogen radicals and inhibit the
combustion chain reaction. Furthermore, fire-retardant additives, such
as phosphonates and nitriles (<10 wt. %), can scavenge hydrogen radi-
cals and terminate the radical chain reaction, thereby effectively improv-
ing the electrolyte’s safety. Despite their benefits, fluorinated solvents
have limited solubility, while phosphate solvents tend to decompose on
the anode surface. To address these issues, it is advisable to design
multi-salts and multi-solvent electrolytes and introduce multiple addi-
tives to integrate their positive effects. Such an approach can enhance
the safety and electrochemical performance of the electrolyte
synergistically.

In conclusion, to enhance the performance of electrolytes in bat-
teries, numerous strategies have been explored by researchers. These
include the utilization of high entropy,””” asymmetric salt,” **
dual-salt,"*>**  dual-anion,””" co-solvent,”” " fluorination,”* """
fluorine-free,'’"'%*  HCEs, "' LHCEs,'">'"° weakly  solvat-
1ng,2‘3 -100,107-109 ge]ling,1 0L eytectic, > 1! and solidification tactics.''
However, it is important to note that each of these strategies has its
own set of advantages and disadvantages, and therefore, the best
approach would be to combine some of these approaches to synergisti-
cally improve the properties of the electrolytes. Despite the successes
achieved in battery performance, there remains a limited understand-
ing of the altered solvation structure. Therefore, there is a pressing
need to understand the solvation structure, solvation/de-solvation pro-
cess, and interphase reaction at the microscopic level using in situ/
operando techniques. Advanced characterization techniques such as
SAXS/SANS, WAXS, PDF, XAS, IR/FTIR, Raman, and NMR, as well
as Al-assisted computational methods, such as DFT, MD, MC, and
ML, could prove invaluable in this endeavor. Additionally, ML techni-
ques can be employed to process experimental data and identify corre-
lations between various factors.

Ill. UNDERSTANDING THE SOLVATION STRUCTURE
AND TRANSPORT BEHAVIOR OF ELECTROLYTES

The SAXS/SANS, Raman, PDF, and MD techniques have become
integral tools for investigating the microscopic characteristics of liquid
electrolytes. By utilizing these techniques, it is possible to reveal impor-
tant features such as solvation, molecular clusters (<5 nm), ionic pairs,
aggregates (>5nm), and percolating networks in electrolytes.””''* Our
group”'"” have delivered a comprehensive review that delves into the
intricacies of liquid electrolytes utilizing SAXS techniques, covering
various aspects such as theory and experimental setup, data collection,
processing, analysis, and in situ/operando techniques. The authors
have provided a comprehensive perspective on the application of
SAXS techniques in the study of liquid electrolytes. Similarly, Hu
et al."”’ presented a comprehensive review of the latest characterization
techniques employed in unraveling the complex structure of electro-
lytes. The authors provided a detailed analysis of how these techniques
have been applied to explore the fundamental aspects of electrolyte
structures. Of course, the utilization of 2D and in situ NMR,"”"""* in
situ electron paramagnetic resonance, ~~ and operando Raman'’®'*
techniques has also proven to be a powerful tool in elucidating the
underlying mechanisms of working electrolytes. These in situ/oper-
ando techniques provide us with a real-time and in-depth
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understanding of electrolyte evolution during cycling, thereby enabling
the development of improved electrochemical systems.

Our group'”® has undertaken a novel investigation into the
microscopic nature of ethylene carbonate-based electrolytes via SAXS
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—— Empty quartz capillary

technique. The study marks the first instance in which such an inquiry
has been conducted. The results indicate that EC clusters with a size of
around 1 nm have been observed to form in linear carbonate, whereas
no such clusters were detected in cyclic carbonate. Furthermore, it was
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observed that the presence of ethyl methyl carbonate (EMC) in LiPF/
EC systems resulted in the formation of ~0.6 nm Li-PF4 CIPs, a phe-
nomenon that was not observed when admixing propylene carbonate
(PC) in the case of LiPF¢/EC systems. The disparity in the structure
and dielectric constant of linear and cyclic carbonates is thought to be
the primary cause of these effects.

The continued study performed by our group'*’ offers new
insights into the solvation behavior of lithium bis(trifluoromethanesul-
fon)imidate (LiTFSI) in the mixture of EC with diethyl carbonate
(DEC) electrolytes using SAXS and Raman spectroscopy. Specifically,
we observed a flattening of the middle-q slope and the formation of a
high-g peak in the SAXS data as the concentration of LiTFSI increased,
which is attributed to charge ordering in saturated electrolytes [Figs.
4(a)-4(d)]. Additionally, the Raman results reveal the formation of
CIPs and AGGs in concentrated electrolytes, as evidenced by a
decrease in band intensity of EC ring breathing and DEC bending,
along with an increase in intensity of overlapped Li"-EC and Li"-DEC
and uncoordinated DEC band, as well as a blue shift of TFSI- band
[Figs. 4(e) and 4(f)]. Also, we'' conducted a comprehensive investiga-
tion using SAXS/WAXS and Raman techniques to examine the effect
of the shape of solvent molecules on charge ordering. When compared
to ring-shaped molecules, linear-shaped molecules with middle g-val-
ues display a higher intensity and position of charge ordering peaks.
This phenomenon is ascribed to the more prominent charge ordering
and the greater distance between the charge centers of ring-shaped
molecules. Thus, these findings suggest that linear-shaped molecules
are more likely to exhibit charge ordering than ring-shaped molecules.
Furthermore, the study suggests that short chain molecules are more
prone to charge ordering than long chain molecules. These results
highlight the significance of the shape and size of solvent molecules in
influencing charge ordering, and could have important implica-
tions for the design of novel electrolytes with tailored properties.
On top of that, we'"” carried out a thorough examination of
sodium tetraphenylborate (NaBPh,) in various solvents at different
concentrations using a combination of SAXS, Raman, and MD
methodologies. To specify, we observe SAXS peaks at high-¢q, mid-
dle-g, and low-g, which correspond to the shape and size of mole-
cules or clusters, the distribution of molecules, and the existence of
CIPs or AGGs, respectively. In addition, we assign the blue shift of
Raman spectroscopy to an increase in solvation interaction, indi-
cating a transformation from free-solvent to bound-solvent. We
further employ MD simulation to interpret the two peaks observed
in the middle-g region of the SAXS data as resulting from the
short-range stacking of anion-based clusters in the concentrated
NaBPh,/PC electrolyte. Overall, this study underscores the value of
a multi-angle approach for studying electrolytes.

Next, we'’' employed a rigorous investigation into the solvation
structure of water in several salts featuring diverse symmetric anions at
varying concentrations, utilizing SAXS/WAXS and MD simulations.
We unequivocally demonstrate the existence of concentration-
dependent anion solvated structures and anion networks in these
aqueous solutions [Fig. 5(d)]. Notably, the anion network plays a criti-
cal role in contributing to the broader electrochemical stability
windows.'”> Moreover, we identified intriguing linear correlations
between the d-spacing of the anion solvated structure and the carbon
and fluorocarbon content [Fig. 5(a)], while we uncovered
a concentration-dependent exponential relationship between the
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d-spacing of the anion solvated structure [Fig. 5(b)]. Recently, we™”
reported on the correlation between the solvated structure of anions
and their association with SSIPs, as well as the association of anion net-
works with CIPs and AGGs [Fig. 5(c)]. Furthermore, we elucidated
that the concentration-dependent viscosity behavior of electrolytes is
linked to the anion-cation alternation and building blocks of ionic net-
works. Also, Tan et al.'” applied a range of techniques, including
SAXS/WAXS, SANS, NMR, and MD, to propose a superfluid frame-
work for the ionic transport model of water-in-salt (WIS) electrolytes
[Fig. 5(e)]. Their model considers the presence of water-free solid-like
anion-clusters, which are interconnected with water clusters through
nanoscale phase separation. Importantly, this framework elucidates
the conditions that enable lithium ions to move freely, much like in an
ionic atmosphere, at superhigh concentration. In our recent results,**
we disclosed that an LiTFSI aqueous electrolyte, by introducing aceto-
nitrile into water as a co-solvent, is capable of achieving an electro-
chemical stability window as large as the 21 m LiTFSI aqueous
electrolyte window under relatively low concentrations (5 m). This
capability solves the high viscosity problem associated with HCEs.
These results suggest that the interplay between solvation structure
and ionic network topology is a critical factor governing the behavior
of electrolytes in solution.

Su et al.'” executed a noteworthy investigation to systematically
examine the solvation structure of LHCEs and localized saturated elec-
trolytes (LSEs) using a variety of experimental and theoretical techni-
ques, including Raman spectra, NMR, FTIR, and DFT calculations.
The findings of their study suggest that unique solvation structures,
such as CIPs and AGGs, have a profound impact on the bond length
of solvent molecules and can also modify their lowest unoccupied
molecular orbital -LUMO—and highest occupied molecular orbital—
HOMO—levels, as well as their redox stability. Furthermore, the pres-
ence of non-solvating diluent molecules can influence the inner solva-
tion sheath and regulate the size and distribution of solvated clusters.
These results highlight the critical importance of selecting an appropri-
ate solvent and a compatible diluent for the development of LHCEs
and LSEs.

The implementation of solvation modulation has also exhibited a
significant potential for optimizing the efficacy of RFBs by reducing
redox potential and increasing the calendar life.'**'*” The energy den-
sity of fluid in REBs depends on the concentration of redox-active mol-
ecules (redoxmers) that act as charge carriers in the liquid electrolyte.
Shkrob and our group'*’ conducted studies using SAXS and MD sim-
ulations to reveal the impact of confined charged redoxmers in
crowded electrolytes on decay lifetime. The results demonstrated that
aggregation behavior, prevalent in concentrated electrolytes, increased
the decay lifetime, which can be modulated through structural modifi-
cations that positively affect practical applications. Similarly, Lu’s
group and our group'*' used SAXS and MD simulations to show that
balancing the competing forces of m-stacking and N-H bonding in
crowded solutions can achieve higher redoxmers solubility, which is
essential for achieving higher energy density in RFBs. Additionally,
Y Z and our group'”* employed a combination of SAXS, PDF, poten-
tial of mean force, MD, and DFT techniques to investigate saturated
electrolytes at different states of charge. The results showed that the
collective modes of ionic association correlated with the structural and
dynamic properties of the electrolytes. As the concentration increased,
the ionic association became more intense, resulting in rigid structures
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that caused non-linear increases in viscosity and rapid decreases in flu- studies provide valuable insights into the molecular design of RFB elec-

idity, conductivity, and diffusivity. The degree of concentration- trolytes and can aid in the practical application of RFBs.

dependent behavior differed at fully discharged and fully charged states In conclusion, the utilization of diverse experimental techniques

due to additional interactions in the electrolytes. These fundamental has facilitated the elucidation of the microscopic features of liquid
Appl. Phys. Rev. 11, 021307 (2024); doi: 10.1063/5.0187154 11, 021307-8
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electrolytes across varying concentrations, electric field, temperatures,
and charging rates. Notably, the size, shape, and composition of the
constituent salts, solvents, additives, and diluents in the electrolytes
can also modulate the solvation structure, thereby influencing the mac-
roscopic properties and performance of the battery. While the struc-
tural analysis of electrolytes using both experimental and
computational methods can be challenging, it is undoubtedly a worth-
while endeavor. These investigations hold significant promise for
advancing the design of novel electrolytes, thus propelling the develop-
ment of high-performance energy storage devices.

IV. AI-DRIVEN HIGH-THROUGHPUT SCREENING
AND DATA-DRIVEN DESIGN OF ELECTROLYTES

In the domain of scientific investigation, four fundamental para-
digms prevail: empirical, theoretical, computational, and data-
driven.""'"" The Edisonian trial-and-error approach is no longer
effective in the era of in silico materials rational design. Collaborative
frameworks integrating theory and experiment now play a pivotal role
in energy research."”” Moreover, the integration of high-throughput
computations and experiments with autonomous workflows, assisted
by AI and ML, is essential. The utilization of data-driven and high-
throughput methods will undoubtedly expedite the design and discov-
ery processes of battery materials and electrolytes across various time
and length scales.'®'*

As a subset of Al, ML can acquire knowledge from existing data
and information through the utilization of intricate algorithms and
models. Liu et al. have systematically summarized the ML algorithms
applied in energy research (Fig. 6)."*” Broadly categorized, ML algo-
rithms encompass supervised, semi-supervised, unsupervised, and
deep learning techniques. Supervised ML algorithms are

Liner Regression Reoresion

Logistic Regression

REVIEW pubs.aip.org/aip/are

predominantly utilized for regression and classification tasks, whereas
unsupervised ML algorithms find their applications in clustering and
dimensionality reduction. Semi-supervised algorithms, however, repre-
sent a fusion of supervised and unsupervised techniques. Deep learn-
ing employs multiple neural network layers to systematically extract
increasingly complex features from raw input data, outperforming
other ML methods, especially as data sizes increase.'** In general, deep
learning comprises variational autoencoders (VAEs), adversarial
autoencoders (AAEs), generative adversarial networks (GANSs), and
reinforcement learning (RL)."* Autoencoders play a crucial role in
exploring and optimizing chemical space. In contrast, RL operates
within interactive environments, employing iterative trial-and-error
methodologies guided by feedback mechanisms to enhance the learn-
ing process. The workflow for the design and discovery of battery
materials and electrolytes using ML typically encompasses processes
such as descriptor generation, feature engineering, model construction,
prediction, and validation.”® Finally, it is essential to differentiate
between and avoid two types of overfitting: training overfitting and
validation overfitting. Training overfitting arises when the model is
excessively fitted to its parameters, while validation overfitting occurs
when the model overfits to its hyperparameters, particularly in small
datasets.'” Considerations regarding overfitting in this context should
exclude overparameterized models, such as deep neural networks.

A. Autonomous search and optimization

It is essential to highlight the importance of autonomous experi-
mentation and characterization for electrolyte discovery. Several
review papers have systematically summarized the background, work-
flow, and trends of autonomous experimentation and characterization
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FIG. 6. Common ML algorithms.*” Reproduced with permission from Liu et al., Energy Al 3, 100049 (2021). Copyright 2021 Elsevier.
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to accelerate discovery in the fields of biology, chemistry, and materi-
als."**"°""1%° The Ceder Group systematically studies the autonomous
synthesis and characterization of inorganic materials, integrating Al
and ML into the workflow for data mining from literature (i.e., natural
language processing), experimental execution, decision-making, and
interpretation of results."””'*”

Benayad et al.'®® conducted a systematic review to explore the
role of high-throughput experimentation and computation in acceler-
ating the development of battery electrolytes and interfaces. Rodriguez
et al.'”” presented a blueprint for a high-throughput protocol for elec-
trolyte screening, synthesis, and characterization. Specifically, this
study effectively develops deep eutectic solvents (DESs) using high-
throughput automated methods and data-driven cheminformatics.
The suggested workflow advocates for the use of low-cost and auto-
matic robotic systems to integrate Al-driven algorithms, facilitating
scientific exploration and optimizing electrolyte properties. In autono-
mous experimentation and characterization, achieving a balance
between exploration and exploitation is essential in the design of
experiments to effectively search for materials possessing desirable
properties [Fig. 7(2)]."°° In addition, hybrid learning, unlike model-
based learning or data-based learning alone, possesses the capability to
generate new knowledge.'”’ This capability can assist researchers in
gaining deeper insights into scientific discovery. The Viswanathan
group has undertaken several projects related to the “closed-loop” opti-
mization of electrolytes [Fig. 7(5)].17175172 An automated test stand is
capable of mixing and characterizing both aqueous and non-aqueous
electrolytes using coupled robotics and Bayesian optimization algo-
rithms, thereby demonstrating precision and efficiency. The character-
ized parameters include conductivities, voltage stability window, pH
levels, and electrochemical responses. The system autonomously
explores two-dimensional electrolyte search spaces, successfully identi-
fying novel blends with exceptional properties. The success of this sys-
tem suggests the potential for rapid co-optimization studies in
electrochemistry, especially when integrated with ML-based data

a largest mean

Property (arb. units)

Feature space

(exploitation)

best so far
"""""""""" (1*)
large
uncertainty
(exploration)
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assessment. Furthermore, this platform extends its utility beyond the
battery community. With the exception of electrolyte formulation opti-
mization, Al and ML can also be applied in tasks such as coin-cell
mounting/disassembling and accelerated performance evaluation.'””' "

B. Al-powered quantum chemical calculations
and molecular dynamics simulations

While autonomous synthesis and characterization assisted by Al
are critical for electrolyte optimization, AI can also be utilized to accel-
erate quantum chemical calculations and MD simulations. Within this
domain, researchers need to balance the trade-off between
computational efficiency and accuracy. The mainstream MD
techniques, including classical MD (CMD), ab initio MD (AIMD),
and machine learning MD (ML-MD), have proven to be effective sup-
plements to experimental characterization for studying solvation struc-
tures, transport properties, and interfacial reactions of electrolytes
[Fig. 8(a)]."”” Unlike traditional CMD, which rely on empirical force
fields, ML-MD serves as a supplemental method that combines the
efficiency of CMD and the accuracy of AIMD, making it capable of
accelerating high-throughput MD investigations of electrolytes.'”
Multiple review papers have contributed to the exploration of ML
force fields'’® and ML potentials.””'””'"® The paper by Lee et al.'’” has
shown that a ML neural network force field is capable of replicating
the structural and transport characteristics of molten salt with the pre-
cision of first principles while maintaining the computational effi-
ciency of classical MD. Regarding electrolytes, Yao et al'’”
systematically compared how classical-, ab initio-, and ML-MD simu-
lations were applied to study liquid electrolytes. Additionally, ML force
fields and potentials have been utilized to improve the understanding
and expedite the design of electrolytes.'” '** The Cheng research
team integrates AIMD, ML-MD, and free energy calculations to deter-
mine the redox potentials and elucidate the solvation structure of elec-
trolytes [Fig. 8(b).'""*'** This effort is pivotal for clarifying and
delineating the structure-properties relationship. The Grossman
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licensed under a Creative Commons Attribution (CC BY) license. (b) Results of autonomous optimization of electrolytes.'®” Reproduced with permission from Dave et al., Cell
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group’s study shows that ML plays a critical role in accelerating MD
simulations to understand atomic-scale dynamics in polymer electro-
lytes.'*'“° In one project, they employ graph dynamical networks to
reveal local atomic-scale dynamics rather than global dynamics from
MD simulations. In another project, autonomous coarse-grained MD
(CGMD) is achieved by integrating CGMD and Bayesian optimiza-
tion. This integration helps identify molecular-level correlations
between lithium conductivity and material properties.

C. Data-driven methods

Both experimental and computed datasets play a critical role in
the big data era, especially in the field of electrolytes, enabling us to
delve deeper and gain valuable insights for the development of future
energy storage systems.'”” There already exist databases of materials
structures and properties,'**'”" as well as databases of batteries.'”>'*’
In the realm of electrolytes, Al and ML finds application in both liquid
and solid electrolyte systems, enabling a deeper understanding of
structural information, fundamental physicochemical properties, per-
formance characteristics, and future developmental trends.

“ Reproduced with permission from Wang et al., J. Am. Chem. Soc. 145, 4056

In the field of the liquid electrolyte system, Gao et al'”* con
structed a database of 1399 solvent molecules using a graph-based
algorithm. This provides insights into ion—solvent chemistry. Kim
and colleagues’' employed a data-driven approach, utilizing ML mod-
els that harnessed the elemental composition of electrolytes as features.
Following feature reduction, they used linear regression, random for-
est, and bagging models to discern the significance of diminishing sol-
vent oxygen content for achieving superior Coulombic efficiency (CE).
Subsequently, these insights were applied to engineer fluorine-free
electrolytes showcasing an exceptional CE of 99.70%. Wu et al.'”
explored how electrostatic potential facilitates AI/ML in the strategic
design of high-performance electrolytes, enabling the identification
and screening of antisolvents, as well as solvents exhibiting robust or
feeble solvating characteristics. In the realm of solid electrolytes,
Forrest and colleagues'*® utilized a semi-supervised ML approach to
unveil a superionic conductor within lithium batteries. They meticu-
lously curated a set of 180 descriptors and conducted agglomeration
clustering to discern underlying patterns. The efficacy of these descrip-
tors was gauged by associating the clusters with experimental ionic
conductivity data. Similar studies exploring the discovery of polymer
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electrolytes with the assistance of Al and ML have also been con-
ducted."””*?" Utilizing the nonlinear XGBoost algorithm, Wu and col-
leagues™' identified the necessity of a material-specific and process-
dependent approach to descriptor tuning.

V. SUMMARY AND OUTLOOK

Previously, researchers have primarily focused on electrodes.
However, recent studies indicate that our community should redirect
its attention toward electrolytes, an area that still holds significant
untapped potential.'” The urgent need to comprehend the structure—
property-performance correlation in energy storage and conversion
systems cannot be overemphasized. Varied application scenarios
demand different properties and microscopic structures. However,
experimental characterization tools are limited by resolution, making
it difficult to decode some atomic or molecular-level phenomena.
Fortunately, the recent advancement in computer technology,
physical-chemical theory, and mathematical methods has made auton-
omous experimentation and high-throughput computing for atomic
and molecular-level calculations and simulations possible.
Consequently, a combination of experimental and computational
approaches can substantially enhance the screening, prediction, and
discovery of novel materials, including electrolytes. Here, we suggest
considering several directions for advanced electrolyte design (Fig. 9).

Improved comprehension of electrolytes’ solvation/de-solva-
tion phenomena at the atomic and molecular levels is crucial for the
enhanced molecular design of electrolytes. To facilitate this process,
it is imperative to elucidate both the local and global aspects of electro-
lytes, including the solvation structure, such as SSIPs, CIPs, and AGGs,
as well as the transport and interphase reactions. Each characterization
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technique possesses its own merits and limitations. While Raman spec-
troscopy, NMR, PDF, XAS, and FTIR spectroscopy excel in investigat-
ing intramolecular aspects, SAXS/WAXS and SANS are adept at
examining intermolecular aspects. Consequently, the utilization of one
or multiple complementary methods can effectively unveil the complex
microscopic behavior of electrolytes. Nevertheless, due to limitations
in experimental resolution, a combination of computational methods,
such as DFT, MD, MC, and ML, must be employed to simulate and
model the evolutionary dynamics of electrolyte species during opera-
tion, thereby facilitating the visualization of microscopic phenomena.

Integration of various design approaches is paramount. First,
from a component standpoint, different salts, solvents, and additives
exhibit distinct functionalities, each with advantages and limitations.
Therefore, employing blended strategies such as dual/multi-salt, dual/
multi-anion, dual/multi-solvent, and dual/multi-additive systems can
prove beneficial. By regulating the proportion and concentration of
these components, it becomes possible to achieve the superior compre-
hensive performance of electrolytes in batteries. Altering the composi-
tion of electrolytes influences solvation/de-solvation kinetics,
consequently impacting transport and interphase reactions.
Consequently, this leads to discernible changes in electrolytes electro-
chemical performance. Second, a different perspective involves modi-
fying the conventional liquid electrolyte form through gelling, eutectic
formulation, and solidification techniques. These alternative
approaches help mitigate the risks associated with the flammability
and decomposition of organic solvents, which have been detrimental
to battery lifetime, rate-capability, and safety.

The systematic investigation of the structure-property-
performance relationship pertaining to electrolytes is imperative. It
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SAXS/WAXS/SANS DFT/MD/MC/ML Al
Intermolecular aspects Molecular design Robotics
(Global info) (Top-down) (Auto)
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FIG. 9. Characterizing and designing perspectives of advanced electrolytes.
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is important to note that isolated electrolytes differ from their behavior
within a battery cell. Thus, we propose the utilization of in situ/oper-
ando techniques and equipment to capture the real-time evolution of
electrolytes within batteries and study their solvation/de-solvation
behavior, reaction mechanisms, and decomposition processes. These
endeavors provide invaluable insights for the design of advanced elec-
trolytes. AT and ML can play a role in high-throughput autonomous
experimentation, characterization, modeling, and simulation, as well as
data-driven screening and design. However, challenges still exist in this
domain. The realization of Al-enabled high-throughput autonomous
experimentation and data-driven screening is contingent upon the
meticulous configuration of Al systems, enabling the establishment of
flexible and robust automated pipelines and seamless interconnec-
tions."”" Endowed with both “hands” for experimentation and theoret-
ical modeling, as well as “eyes” for characterization, silicon-based
intelligence stands poised to revolutionize the electrolytes research.
Moreover, while substantial advancements have been made in theoret-
ical research, it is imperative to ensure the enhanced verifiability of the
results.”” Furthermore, the quality of the dataset needs to be
improved, including gathering, analysis, and reporting, which are criti-
cal to the output of ML.”"
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