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ABSTRACT: Lithium (Li) metal batteries (LMBs) are regarded as
one of the most promising energy storage systems due to their
ultrahigh theoretical energy density. However, the high reactivity of
the Li anodes leads to the decomposition of the electrolytes,
presenting a huge impediment to the practical application of LMBs.
The routine trial-and-error methods are inefficient in designing highly
stable solvent molecules for the Li metal anode. Herein, a data-driven
approach is proposed to probe the origin of the reductive stability of
solvents and accelerate the molecular design for advanced electro-
lytes. A large database of potential solvent molecules is first
constructed using a graph theory-based algorithm and then
comprehensively investigated by both first-principles calculations
and machine learning (ML) methods. The reductive stability of 99%
of the electrolytes decreases under the dominance of ion−solvent complexes, according to the analysis of the lowest unoccupied
molecular orbital (LUMO). The LUMO energy level is related to the binding energy, bond length, and orbital ratio factors. An
interpretable ML method based on Shapley additive explanations identifies the dipole moment and molecular radius as the most
critical descriptors affecting the reductive stability of coordinated solvents. This work not only affords fruitful data-driven insight into
the ion−solvent chemistry but also unveils the critical molecular descriptors in regulating the solvent’s reductive stability, which
accelerates the rational design of advanced electrolyte molecules for next-generation Li batteries.

■ INTRODUCTION
The emergence of rechargeable batteries has revolutionized
modern technology, catalyzing the development of large-scale
grids and myriad consumer electronics such as smartphones,
laptops, and electric vehicles.1−3 Especially lithium (Li) ion
batteries (LIBs), one of the most widely applied rechargeable
batteries, have significantly altered patterns of energy con-
sumption and lifestyle habits.4−7 Although LIBs have dominated
the rechargeable battery market for years due to their obvious
advantages, their practical energy density is approaching the
theoretical limits. As a result, next-generation high-energy-
density batteries are strongly required due to the increasing
demands from modern society.8−11

Li metal batteries (LMBs) have emerged as promising energy
storage devices by surpassing the limitations of current LIBs due
to their ultrahigh theoretical capacity (3860 mAh g−1) and the
very negative electrochemical potential (−3.04 V vs the standard
hydrogen electrode) of the Li metal anode.12−14 However, most
electrolytes including the ester-based electrolytes widely
adopted in LIBs are unstable against highly reactive and low-
potential Li metal anodes, which seriously impedes the practical
application of LMBs.15,16 Specifically, the continuous interfacial
reactions can induce the decomposition of the electrolytes and
the corrosion of working Li metal anodes, which induce rapid
capacity decay and a short cycling lifespan.17−19 Moreover,

solvents decompose to generate and accumulate flammable
gases, which causes serious safety hazards.20,21 Routine electro-
lyte recipes have yet to bring about revolutionary improvements
for LMBs. To overcome these challenges and unlock the full
potential of LMBs, it is crucial to propose novel electrolyte
design strategies and explore new solvent molecules to establish
stable interfaces between the electrolytes and anodes.22,23

Several electrolyte components (including Li salts, solvents,
and additives) have been formulated to achieve good
compatibility with Li metal anodes through extensive exper-
imentation.24−27 However, this trial-and-error approach is
always time-consuming, and the underlying electrolyte chem-
istry at the atomic level is far from clear.28 Recently, the ion−
solvent complex model has inspired new insights into electrolyte
design and demonstrated significant success in rechargeable
batteries.29,30 Specifically, the ion−solvent complexes have a
much lower energy level of the lowest unoccupied molecular
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orbital (LUMO) than pure solvents. As a result, the solvents in
the solvation shell of Li ions are prone to decompose, leading to
the instability of the electrolyte−anode interface.31 Although the
new model has unveiled the obscure role of ion−solvent
complexes in regulating the reductive stability of routine
electrolytes, previous studies have primarily focused on
investigating the interactions between different metal cations
and limited solvents. It is crucial to conduct a comprehensive
investigation of the interaction relationships between Li ions and
a large quantity of solvent molecules, which is beneficial to
designing new electrolyte solvents through a highly efficient
data-driven approach.
Thanks to the rapid advancement of computer science,

machine learning (ML) methods have become increasingly
convenient for extracting knowledge from numerous solvent
molecules.32−36 In particular, the development of interpretable
ML has transformed the research paradigm from purely data-
driven to knowledge discovery with strong interpretability.37,38

A typical interpretable algorithm, Shapley additive explanations
(SHAP), employs game theory to enhance the analysis of the
relative importance of each variable in ML predictions.39,40 By
leveraging ML and interpretable analysis, it becomes possible to
explore the relationship between the stability of ion−solvent
complexes and intrinsic molecular properties and structural
characteristics, thereby providing valuable insights for electro-
lyte design.
In this contribution, a data-driven approach is proposed to

probe the origin of the reductive stability of numerous Li battery
electrolyte solvents by combining first-principles calculations
and ML models. Graph theory algorithms were applied to
generate a large solvent molecular database, which was further
comprehensively studied by density functional theory (DFT)
calculations based on ion−solvent complex models. A positive

and approximately linear relationship was observed between the
reduction in both the highest occupied molecular orbital
(HOMO) and LUMO energy levels and the binding energy.
Furthermore, both the dipole moment (μ) and the molecular
radius (R) were identified as the most significant descriptors
affecting the reductive stability of coordinated solvent
molecules, according to the SHAP interpretable ML analysis.
This work affords an in-depth insight into the origin and rules
underlying stability variation of ion−solvent complexes, paving
the way for rapid screening of solvents and accelerating the
design of advanced electrolytes for LMBs.

■ RESULTS AND DISCUSSION
Solvents play a crucial role in determining the stability of
electrolytes and the cycling lifespan of batteries.41−44 The
emergence of new solvent molecules has exhibited great
potential in enhancing battery performance.45−47 To facilitate
a comprehensive analysis of solvents, constructing a large
solvent molecular database is imperative. A graph-based
algorithm (Figure 1a and Table S1) was first proposed for
constructing the database. Solvent molecules are viewed as
graphs, with atoms (carbon and oxygen) as vertices and bonds
(single and double bonds) as edges. Since ethers and carbonyl
compounds are widely used as electrolyte solvents, the graph-
based algorithm generates molecules starting from two basic
molecules (formaldehyde and dimethyl ether) and iteratively
adds vertices and edges to generate potential solvent molecules
until the molecules include nine heavy atoms (including carbon
and oxygen atoms). Besides, molecules containing active
hydrogen atoms (i.e., alcohols and acids) were excluded during
generation due to their high reactivity with Li metal anodes. As a
result, the database comprises a total of 1399 solvent molecules,
including 44.9% carbonyl compounds and 55.1% ethers. The

Figure 1. Generation and visualization of the solvent molecular database. (a) Graph-based algorithm for generating solvent molecules. Carbon and
oxygen atoms are marked with gray and red, respectively. (b) Visualization of the solvent molecular database based on a clustering method. Each point
represents a molecule. The linear carbonyl compounds, cyclic carbonyl compounds, linear ethers, and cyclic ethers are marked with yellow, red, green,
and blue, respectively.
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negative formation energy of all solvent molecules indicates the
rationality of the generated solvent molecules (Figure S1).
To visually present the database, the molecules are clustered

by combining the extended-connectivity circular fingerprints48

and the t-distributed stochastic neighbor embedding (t-SNE)
method49 (Figure 1b). The t-SNE algorithm maps similar
molecules to neighboring points in 2D space. All 1399molecules
are divided into four categories: linear carbonyl compounds
(yellow), cyclic carbonyl compounds (red), linear ethers
(green), and cyclic ethers (blue). The four regions are almost
clearly separated from each other, which demonstrates the
effectiveness of the clustering method.
Due to the completeness of the generation algorithm, all

routine solvent molecules that conform to the rules are included
in the database. For instance, widely applied solvent molecules,
such as dimethyl carbonate, ethylene carbonate, 1,2-dimethoxy-
ethane (DME), and 1,3-dioxolane (DOL), have been identified
in these four regions. Furthermore, the recently reported 1,3,5-
trioxane (TO) was found within the neighborhood of the classic
solvent molecule DOL. Assisted by the electrolyte containing
mixed solvents of TO and DME, a Li metal pouch cell of 440 W
h kg−1 achieves a lifespan of 130 cycles, which exhibits potential
for long-cycling and high-energy-density LMBs.50 Additionally,
1,3-dioxane (1,3-DX) and 1,4-dioxane (1,4-DX), which are also
located near DOL, have been reported as weakly solvating
solvents capable of significantly modulating the competitive
interactions between anions, solvents, and Li ions.51 Con-
sequently, the clustering results reveal the potential structural
similarities and differences among the promising solvent
molecules, which afford a promising approach to screening
advanced electrolyte molecules.
The first-principles calculations were performed for all 1399

solvent molecules to comprehensively investigate the origin of
the reductive stability of electrolytes. In comparison to pure
solvents, the majority of solvents coordinated with the Li ion
exhibit a lower LUMO energy level (Figure 2a), which indicates

a decreased reductive stability of solvents when they are
coordinated with Li ions. Besides, a more obvious decrease in
the LUMO energy level is observed for ether molecules,
especially the cyclic ones, than carbonyl compounds (−6 to −2
eV vs −3 to 0 eV). However, it is noteworthy that 1% of solvent
molecules deliver an increased LUMO energy level. These
molecules are all six-membered lactones and their elevated
LUMO energy levels are attributed to the conjugated structure
and the low ring strain in the six-membered ring (Figure S2).
Additionally, the HOMO energy level of all solvent molecules
also dropped (Figure 2b), indicating enhanced oxidation
stability of the coordinated solvents.
A positive linear correlation is observed between the LUMO

and HOMO energy level changes and the binding energy of a Li
ion and a solvent (Figure 2a,b). Generally, the larger the change
in the binding energy, the more electrons are transferred from
the solvent molecules to the Li ions (Figure S3). The bond
length analysis further substantiates these observations. Ion−
solvent complexes indicate that Li ions prefer to bind with
oxygen atoms of the ether and carbonyl solvent molecules, such
as the carbonyl oxygen in carbonyl molecules. As a result, the
Li−O bond length has a certain linear correlation with changes
in both the LUMO and HOMO energy levels (Figure 2c,d).
Specifically, the shorter the Li−O bond length in coordinated
solvents, the larger the bond energy and the stronger the
interaction with Li ions. Moreover, most carbonyl molecules
exhibit a Li−O bond length that is shorter than that of ether
molecules, which is more pronounced in solvent molecules
containing only one oxygen atom (Figure S4). This phenom-
enon can be attributed to the more negative charge on the
carbonyl oxygen, which results in a stronger interaction with the
Li ion. Besides, the C−O bond length increases after binding
with a Li ion, indicating the weakening of C−O bonds and
reduced reductive stability of the ion−solvent complexes
(Figure S5a,b). Particularly in solvent molecules containing
only one oxygen atom, a positive linear relationship is observed
between the changes in the C−O bond length and the LUMO
energy level change (Figure S5c,d).
The binding energy, Li−O bond length, and changes in C−O

bond length maintain excellent coherence in their relationships
with the LUMO energy level change, all suggesting that forming
ion−solvent complexes generally decreases the reductive
stability of working electrolytes. The composition of LUMO is
further analyzed to unveil the origin of the reduced reductive
stability of ion−solvent complexes. Specifically, the LUMO of
ion−solvent complexes is primarily constituted by the 2p
orbitals of carbon and oxygen atoms. An approximately linear
relationship was found between the ratio of carbon 2p orbitals in
the LUMO and the LUMO energy level changes (Figure S6).
The Li ion attracts electrons from the oxygen atom and thus
increases the contribution ratio of carbon in the LUMO, leading
to a reduction in the LUMO energy level. Moreover, there are
obvious differences between the ether and carbonyl molecules.
On the one hand, the linear trend in ether molecules is not as
significant as that in carbonyl molecules, which is due to the
different electronic structures of oxygen atoms when the Li ion
interacts with the ether oxygen and the carbonyl oxygen,
respectively (Figure S7). On the other hand, the contribution
ratio of carbon in the LUMO in carbonyl molecules is generally
higher than that in ether molecules. This is attributed to the
stronger electron-withdrawing effect of the carbonyl oxygen
compared to that of the ether oxygen, which results in more
electrons being attracted to the Li ion and a higher ratio of

Figure 2. Correlation between HOMO and LUMO energy level
changes and binding energy as well as Li−O bond length. Correlation
between the (a) LUMO and (b) HOMO energy level changes and
binding energy (Eb). Correlation between the (c) LUMO and (d)
HOMO energy level changes and Li−O bond length. Molecular color
mapping remains the same as that in Figure 1. The linear carbonyl
compounds, cyclic carbonyl compounds, linear ethers, and cyclic ethers
are marked with yellow, red, green, and blue, respectively.
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carbon. The orbital analysis connects the LUMO energy level
changes with the ratio of carbon 2p orbitals, deepening the
understanding of the reductive stability of ion−solvent
complexes.
The stability of the majority of electrolytes is predominantly

governed by ion−solvent complexes; therefore, analyzing them
deeply holds significant implications for the rational design of
electrolyte molecules. Taking dimethoxymethane (DMM) as a
benchmark, 246 molecules possess higher LUMO energy levels
than DMM (Figure S8). However, the LUMOs of these
molecules all fall below those of DMM after forming ion−
solvent complexes, which indicates that the LUMO of ion−
solvent complexes is a key point to focus on.
To delve deeply into the intrinsic relationship between the

LUMO energy levels of ion−solvent complexes and solvent
molecular characteristics, the number of carbonyl oxygens
(#(�O)), μ, R, molecular weight (Molwt), the number of rings
(Ring), the number of branches (Bran), the ratio of carbon
atoms to oxygen atoms (#C/#O), average electronegativity
(AvgX), and average ionization energy (Avg I) were extracted to
describe the molecules (Table S2). Among these, #(�O) is a
significant descriptor to distinguish between ether and carbonyl
molecules. The μ reflects the separation of positive and negative
charge centers and, thus, is used to measure molecular polarity.
The R and Molwt describe the size of the molecules from the
perspectives of volume and mass, respectively, and the Ring and
Bran describe the structural features of the molecules. The #C/
#O reflects the ratio of elements within the molecule. The Avg X
and Avg I represent the electronic properties of each atom at the
molecular level.
In order to select important and rational features from the

above descriptors, the Pearson correlation coefficient was
applied to discover the features potentially in high correlation
with the LUMO energy level, which also helps to reduce the
correlation between the features to a certain extent. According to

the heatmap of variable correlation (Figure S9), #(�O), μ, R,
Avg X, Bran, and #C/#O were ultimately selected as molecular
feature descriptors for the following ML investigations.
Ten ML algorithms (Table S3) were utilized to predict the

LUMO energy levels of 1399 coordinated solvent molecules,
among which the random forest (RF) model (Figure 3a)
delivers the best performance with amean absolute error (MAE)
of 0.68 eV (Figure 3b) and reaches state-of-the-art results
through 4-fold cross-validation (Table S4). The majority of test
data points are close to the line of perfect prediction, and their
distribution is similar to that of the training data points. Ether
and carbonyl molecules are divided into two regions, which can
be validated from their varied LUMO energy level distributions
(Figure 3c). Three feature importance ranking methods have
proven that #(�O) is the most impactful feature (Table S5),
which aligns well with the difference in LUMO energy levels
between ether and carbonyl molecules due to the electronic
structures of the oxygens. In addition, μ and R play critical roles
in predicting the LUMO energy levels, while the contribution of
#C/#O is minor.
Given the substantial differences between ether and carbonyl

molecules, ML models were built for these two types of
molecules to better understand the factors influencing their
LUMO energy levels. Following feature selection, μ, R, Bran,
Molwt, Avg X, and Ring were chosen as molecular descriptors to
input into the models. After model comparison, the RF model
still achieves the best performance (Tables S6 and S7). The
MAE values for carbonyl and ether molecules are 0.68 and 0.53
eV, respectively. The test data points were relatively close to the
prediction line, indicating a good prediction performance
(Figure 3d,e).
The SHAP was combined with the trained model to improve

its interpretability and observe the influence of each molecular
feature on the LUMO energy level of coordinated solvents
(Figure 4a). For a single feature, the vertical distribution reflects

Figure 3. Prediction of LUMO energy levels of ion−solvent complexes. (a) Schematic diagram of the random forest (RF) model. (b) Results of RF
model prediction for all 1399 molecules. (c) Distribution of LUMO energy levels of ion−solvent complexes. Carbonyl compounds and ethers are
mainly included in the red and green bars, respectively. (d) Results of RF model prediction for carbonyl compounds. (e) Results of RF model
prediction for ethers. Training set is marked with yellow or green. Test set is marked with red or blue.
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the number ofmolecules and the horizontal direction reflects the
contribution of the molecular feature values to the prediction
results. In both ether and carbonyl molecules, μ has the most
significant impact on the LUMO energy level, which is
consistent with the prediction results for all molecules (Figure
4a and Tables S8 and S9). Specifically, a smaller μ (0 to 3 D) has
a greater impact on the LUMO energy level, and it has shown a
certain positive correlation with the LUMO energy level. For
instance, the diethyl carbonate (DEC) molecule has a low μ
value (0.14 D) due to its structural symmetry (Figure 4b). If one
of the ether oxygen atoms is replaced with a carbon atom,
forming the ethyl butyrate (EB) molecule, μ becomes 1.93 D
(Figure 4c). Consequently, the LUMO energy level of the
coordinated molecule rises dramatically from −4.86 to −1.14
eV. A large μ indicates a high degree of separation between the
positive and negative charge centers within amolecule, reflecting
the high molecular polarity. Then, statistically, a great shielding
effect against the external field is created for numerous
molecules, which corresponds to a high dielectric constant for
the solvents. The relationship between the μ and the solvent
dielectric constant can be observed (Figure S10), and the
Spearman value equals 0.53 (larger than 0.3), indicating a
positive correlation between these two properties. The high
dielectric constant in the solvents implies weak binding with Li
ions (Figure S11), which indicates less charge transfer from the
solvent molecules to the Li ions, leading to less reduction in the
LUMO energy level. Therefore, μ is an important descriptor in
describing the reductive stability of electrolyte solvents.
Beyond μ, R and Bran also influence the reductive stability of

the coordinated solvents to some extent (Figures 4a and S12).
Using ether-based molecules as an example, the SHAP indicates
a positive correlation between R and the contribution to the
prediction of the LUMO energy level, while Bran exhibits a
negative correlation. However, most molecules are concentrated
near a SHAP value of zero, indicating their limited impact on the
LUMOenergy level. By selectingmolecules with similar μ, it was
found that extending the carbon chain increases R, which results

in an elevation of the LUMO energy level (Figure 4d,e).
Conversely, adding branches to the 1,3-DX molecule leads to a
decrease in the LUMO energy level (Figure 4f,g).
The application of ion−solvent complex theory and

interpretable ML in electrolyte solvent molecules holds great
significance for understanding the factors that influence the
reductive stability of electrolytes and designing advanced
electrolyte molecules. First, a molecule generation algorithm
based on graph theory has been developed to construct a
complete database of electrolyte solvent molecules under
specific rules. Its completeness and portability guide the
development of molecular databases for various scenarios.
Second, the ion−solvent complex model demonstrates excellent
applicability in a wide molecular space where 99% of molecules
deliver reduced LUMO energy after interacting with Li ions.
Besides, the change in the LUMO energy level is well correlated
with the binding energy, bond length, and ratio of carbon 2p
orbitals in the LUMO. Third, the application of interpretable
ML has unearthed the intrinsic connection between the LUMO
energy level of ion−solvent complexes and the characteristics of
solvent molecules. The μ and R serve as important descriptors to
describe the reductive stability of electrolyte solvent molecules.
Therefore, molecular polarity should be taken into account
during molecular design and high-throughput screening for
developing new electrolytes.

■ CONCLUSIONS
The reductive stability of ion−solvent complexes in Li battery
electrolytes has been comprehensively investigated by combin-
ing DFT calculations and ML models. A large database with
1399 solvent molecules is built using the novel graph-based
algorithm. After coordination with a Li ion, 99% of the solvents
deliver a reduced LUMO energy level. The LUMO energy
change exhibits a positive correlation with the binding energy,
Li−O bond length, and C−O bond length. The essence of the
LUMO energy level changes can be attributed to the
contribution ratio of carbon 2p orbitals in the LUMO. The

Figure 4. InterpretableML for predicting LUMO energy levels of ion−solvent complexes. (a) Shapley features a ranking for ethers. SHAP value means
the contribution of the sample point to the model’s performance. Geometric structures of (b) diethyl carbonate (DEC), (c) ethyl butyrate (EB), (d) 1-
ethoxy-2-methoxyethane, (e) 1-(2-ethoxyethoxy)propane, (f) 1,3-dioxane (1,3-DX), and (g) 4,5-dimethyl-1,3-dioxane molecules. The hydrogen,
carbon, and oxygen atoms are marked with white, gray, and red, respectively.
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RF model delivers the best performance in predicting the
LUMO energy level among the ten routine ML models. SHAP
analysis based on the RF model further reveals that μ and R are
the most significant features in regulating the LUMO energy
level. This work probes the reductive stability of ion−solvent
complexes through a data-driven approach and unveils the
essential factors influencing the reductive stability of electro-
lytes, which affords great theoretical references for the rational
design of advanced electrolyte molecules.
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