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Induced orbital asymmetry of nonpolar molecular
additives for boosted rapid operating performance
in lithium metal batteriesy}
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Lithium metal batteries (LMBs) have emerged as a promising next-generation energy storage solution
owing to their high energy density; however, the uncontrolled growth and short circuits of lithium den-
drites on lithium metal anodes result in short lifespans and severe safety concerns. In this study, we intro-
duced highly polarizable and nonpolar molecular additives into the electrolyte to stabilize the lithium
metal anode surface, emphasizing the role of the induced dipole effects in these molecules. Specifically,
we compared the effects of benzene and anthracene additives, both nonpolar molecules with different
polarizabilities, on the performance of LMBs. Our findings reveal that larger and more polarizable anthra-
cene molecules flatten the lithium metal surface and significantly enhance the cycling stability under high
current densities, even up to 10 mA cm™2. The crystalline orientation of lithium metal was controlled
along the planar (110) direction, and a durable solid electrolyte interface layer was formed owing to the
active surface coordination of the highly polarizable anthracene. This study underscores the pivotal
influence of molecular polarizability in guiding the design of electrolyte additives. It paves the way for
developing long-lasting and high-performance LMBs.

The advancement of lithium metal batteries (LMBs) holds great promise for next-generation energy storage, offering sig-
nificantly higher energy density compared to conventional lithium-ion batteries. However, the practical deployment of
LMBs is hindered by critical issues such as uncontrolled lithium dendrite growth, unstable solid electrolyte interface (SEI)
formation, and rapid capacity degradation. Recent research has focused on electrolyte engineering as a viable strategy to
enhance lithium metal anode stability. In this study, we introduce a novel approach utilizing highly polarizable nonpolar
molecular additives to suppress dendritic lithium growth and improve cycling stability under high current densities. By
investigating benzene and anthracene as model additives, we demonstrate that higher molecular polarizability enhances
surface leveling effects, stabilizes lithium deposition, and promotes a durable SEI layer. This work highlights the critical
role of molecular polarizability in electrolyte design, independent of intrinsic dipole moments, offering new insights into
electrolyte additive development for high-performance and long-lasting LMBs. Our findings provide a foundation for
future studies on molecular-level electrolyte optimization, paving the way for safer and more efficient lithium-based energy

storage systems.
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changer battery technology, leveraging the exceptionally high
theoretical capacity of lithium metal (3860 mA h g™'), low
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SHE).>*'%!" Although the LMBs can offer exceptional energy
density merit, the Li metal anode intrinsically suffers from
problematic dendritic growth of Li, causing short-circuit and
consequent safety concerns.>'>™** Moreover, dendrite residues
detached during cycling result in the accumulation of ‘dead
Li’, diminishing the coulombic efficiency and causing exces-
sive surface resistance.>'>'® Lastly, the continuous formation
of the solid electrolyte interface (SEI) layer on the Li metal by
electrolyte decomposition leads to vigorous volume change
and electrolyte depletion, thereby deteriorating Dbattery
lifespan.>*'*'718 Tg address the interface issues, various strat-
egies have been reported such as utilization of 3-D host struc-
ture, separator modifications,'®>* formation of artificial SEI
layer,'®%*72¢ and introduction of electrolyte additive.'®***7~31

Attempts have been made to regulate the SEI layer com-
ponents with durable species by employing electrolyte addi-
tives such as vinylene carbonate (VC) and fluoroethylene car-
bonate (FEC). Nevertheless, most electrolyte additives do not
properly control the morphological and structural growth
mechanisms of Li, except for SEI modification. Our group
recently proposed pyrrolidone-based molecular dipoles as
effective electrolyte additives derived from leveling additives
for conventional electroplating techniques, enabling the
surface flattening of Li metal anodes.'®'"*> Molecular dipole
electrolyte additives for LMBs offer the following trifunctional
advantages: (i) flattening of the Li surface for repeated Li
deposition and stripping, (ii) control of the growth mecha-
nism of crystalline Li along the lateral direction and (iii)
reinforcement of the SEI layer by durable fluoride and car-
bonate species. The permanent dipole moment originating
from the asymmetric structure of the pyrrolidone molecules
can help selectively adsorb the defect sites and consequently
enable surface energy equality, thereby achieving surface
leveling of the Li metal surface instead of the dendritic
growth of Li. Recently, it was also reported that the larger
polarizability factor of the molecular additives, proportional
to the molecular volume, further distorts the orbital structure
under a highly applied field and boosts the adsorption ability
on the Li defect sites.>® In this regard, the cycle performance
of Li metal anodes can be significantly improved up to 600
cycles, even under an extremely high current density of
over 5 mA cm?, corresponding to fast charging operation,
by introducing highly polarizable and larger molecular
dipole additives compared to relatively low polarizability and
smaller additives. Advanced and elaborate approaches show
the efficacy and significance of polarizability engineering;
however, the proposed concept regarding the polarizability
factor should be further verified for optimizing the electrolyte
additive. Because the permanent dipole moment of the
intrinsically polar molecule geometry can be simultaneously
affected by adsorption and interaction behavior at the Li elec-
trode/electrolyte interface in the previous study, further
studies independent of the permanent dipole moment are
needed to verify the function of the induced dipole moment
as a function of molecular polarizability for tailoring surface-
stabilizing electrolyte agents.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In this study, we prove the importance of polarizability
control by comparing “nonpolar” molecular electrolyte addi-
tives with different molar volumes and corresponding polariz-
abilities for long and rapid-operating LMBs (Fig. 1). Benzene
(CeHe) and anthracene (C;4H;,) were chosen as symmetric and
nonpolar molecules, respectively (electric dipole moment: 0
D). We investigated the surface smoothing effects achievable
by introducing nonpolar molecule additives under various
electrical field conditions, ranging from low current density of
1 mA em™ to high current density of 10 mA em™>. We con-
firmed the outstanding lifespan improvement capabilities of
the highly polarizable nonpolar additives under rapid operat-
ing conditions. We also conducted in situ electrochemical
impedance spectroscopy (EIS) studies on the Li symmetric
cells employing different nonpolar molecules to investigate the
change in charge transfer resistance at the Li electrode/electro-
Iyte interface. The surface flattening effects accelerated by the
distorted orbital asymmetry of nonpolar molecular additives
under a highly applied field were confirmed through diverse
morphological observations and surface roughness analyses.
We examined the preferred nucleation and growth of the de-
posited Li metal along a direction parallel to the crystalline
arrangement. Furthermore, chemical reinforcement of the SEI
component was demonstrated after the self-reduction and
decomposition of the molecular additives originating from
their unique electron-donating conjugated structure. We
propose key strategies for realizing high-energy Li metal
battery systems, emphasizing the significant effects of mole-
cular polarizability on the morphological and structural
changes in Li metal anodes during repeated cycling, especially
under high-current-density conditions. This provides a poten-
tial key to developing advanced electrolyte additives that
promote the safety and long-cycle performance of LMBs.

2. Results and discussion

2.1. Nonpolar molecule-induced polarizability: a novel
mechanism for Li-metal anode stabilization

Based on previous studies, we hypothesize that the geometric
orbital distortion generating an induced dipole moment is
dominant in stabilizing Li-metal anodes, especially under
highly applied fields related to fast charging and discharging
operations. We investigated the independent polarizability
effect, regardless of the permanent dipole moment variable,
on stabilizing a lithium metal anode by introducing nonpolar
molecules. By controlling the number of benzene rings, we
chose benzene and anthracene molecules with different sizes
of nonpolar molecules. Computational calculations were per-
formed to understand better the molecular properties of
monocyclic benzene and tricyclic anthracene, as shown in
Fig. 1. Both benzene and anthracene molecules used as addi-
tives were confirmed to be symmetric and nonpolar structures
with a dipole moment value of 0 D. However, the molecules
exhibited different molecular sizes, measuring 88.9 and
143.3 cm® mol ™", respectively. Consequently, a notable differ-
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Fig. 1 Schematic illustration of the multifunctional effects of nonpolar additives in lithium metal anode.

ence in the polarizability values resulting from the intra-
molecular electron distribution was observed between the two
molecules. The calculated polarizability values were 66.508 a.
u. for benzene and 179.130 a.u. for anthracene. Although the
molecular volumes of the two additives differed by approxi-
mately 2-fold, the polarizability values of anthracene corres-
ponding to intramolecular electron delocalization were
approximately 3-fold higher than those of benzene, implying
facile orbital distortion by the external electric field. This com-
putational validation emphasizes that even for nonpolar mole-
cules with the same 0 D dipole moment, there is a substantial
difference in polarizability values based on molecular size.
Calculations also confirmed that the dipole moment of the
molecules present in an electric field increased proportionally
as the electric field increased (Fig. S11). When the electric field
is 0 eV A™, the dipole moments of both benzene and anthra-
cene are 0.000 D. However, as the electric field increases to
0.06 eV A7, the dipole moments of benzene and anthracene
continuously increase to 0.131 and 0.252 D, respectively. At
this point, the magnitude of the increase in the dipole
moment, similar to the polarizability value, became more sig-
nificant as the molecular size increased. Fig. 1 shows the
electrostatic potential maps, dipole moments, polarizabilities,
and molecular volumes of the two molecules. The compu-
tational results lay the groundwork for investigating the life-
span of Li-Li symmetric cells, considering the changes in
polarizability characteristics upon introducing nonpolar mole-
cule additives. The enhanced electron delocalization originat-
ing from the larger polarizability of anthracene compared to

312 | EES Batteries, 2025, 1, 310-319

that of benzene becomes more pronounced under the applied
electric field during charging. This creates an environment in
which the additive molecules, despite their nonpolar nature,
effectively interact with the positively or negatively charged
surface of the Li metal anode.

2.2. Electrochemical performance of Li-Li symmetric cells
with nonpolar additives

Electrochemical Li-Li symmetric cell tests were conducted to
directly validate our hypothesis that non-polar additives with
high polarizability stabilize Li metal anodes. In the Li-Li sym-
metric cell experiments, various indicators related to the
degradation of the Li metal anode were observed. As the cell
operates, issues such as excessive electrolyte consumption, for-
mation of the SEI layer at the interface, dendrite growth, and
dead Li formation collectively contribute to an increase in
overpotential, voltage fluctuation, or a sudden voltage drop,
leading to short circuits.>*® In this study, the criteria for deter-
mining cell degradation over time were established based on
the increasing overpotential, with a threshold of 1 V. Fig. 2a—c
present the results of Li-Li symmetric cell tests conducted
under different current density conditions (1, 5, and 10 mA
cm™?) with a consistent capacity limit of 1 mA h cm™>. Higher
current density, even at 10 mA cm >, induces significant
orbital distortion and strong adsorption of the nonpolar addi-
tives on Li metal anode. Under a current density of 1 mA cm™?,
the cycling lifetimes were 146 h for the cell without additives,
135 h for the cell with benzene, and 259 h for the cell with
anthracene (Fig. 2a). Although anthracene showed somewhat

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Cycling performance of the Li—Li symmetric cell without additive and with nonpolar additives (benzene and anthracene) at a low current

density of 1 mA cm™2, (b) at a middle current density of 5 mA cm™2, and (c

the additive effects conducted at different current densities. (e) EIS spectra

) at a high current density of 10 mA cm™2. (d) Cycle time data illustrating
obtained from the Li—Li symmetric cells using the pristine electrolyte, (f)

electrolyte with benzene, and (g) electrolyte with anthracene at different cycle numbers.

improved cycling properties, no significant difference in the
stabilization of non-polar molecules was observed under low
electric field conditions. However, when the experiments were
conducted under gradually increasing current densities of 5
and 10 mA cm™>, extended lifetime characteristics were
observed for benzene (low polarizability) and anthracene (high
polarizability). At 5 mA cm™>, the lifetimes of the Li-Li sym-
metric cell without additives and with benzene were 43 and
56 h, respectively. However, the lifetime of the cell with anthra-
cene significantly improved to 325 h, surpassing the results
obtained under low-current-density conditions (Fig. 2b). This
trend became more apparent when the current density
increased to 10 mA ecm™2. The Li-Li symmetric cells without
additives and with benzene showed shorter lifetimes of 35 and
26 h, respectively. By contrast, the cell with anthracene deli-
vered a notably stable cycle for up to 675 h without a signifi-
cant overpotential (Fig. 2c). Generally, in situations where
lithium deposition and stripping proceed rapidly, such as high
current densities, further severe side reactions, including den-

© 2025 The Author(s). Published by the Royal Society of Chemistry

drite growth and surface instability, occur, resulting in huge
overpotentials and short-circuit issues of the LMBs. Therefore,
as expected, the cycle performance of cells without additives
and with benzene rapidly deteriorated with increasing current
density. Contrary to expectations, introducing anthracene as a
highly polarizable additive resulted in exceptional cycling be-
havior, achieving at least a 20-fold longer performance even at
a high current density of 10 mA cm™>. Fig. 2d summarizes the
significant differences in the lifetime characteristics when
employing different polarizable non-polar additives at various
current densities. The significant effect of the highly polariz-
able, nonpolar anthracene molecule strongly demonstrates
that the induced electron localization in these molecules pro-
motes stronger adsorption on defects or protruding sites
where localized electric fields appear. This, in turn, prevents
dendritic growth of Li and results in a smoother surface.
Consistent with the results of our previous study, the introduc-
tion of molecular dipoles as electrolyte additives improved the
cycling performance of Li metal anodes at higher current den-
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sities as the polarizability values increased. Given our results
with nonpolar additives, it is evident that polarizability is the
dominant factor in stabilizing Li metal anodes, particularly
under rapid operating conditions.

To investigate the interfacial resistance of the Li metal
anode with the electrolyte or SEI layer, in situ electrochemical
impedance spectroscopy (EIS) analyses were performed using
Li-Li symmetric cells (Fig. 2e-h). In situ EIS was used to deter-
mine the resistance (Rso) arising from the movement of Li
ions across the interface of the electrolyte, separator, and Li
metal electrode. It also assesses the charge transfer resistance
(Rct) associated with Li-ion diffusion between the electrolyte/
SEI layer and between the SEI layer/Li metal electrode.**™’
Rgo1, Which is most influenced by the electrolyte, is commonly
used to indicate electrolyte degradation.>**>” Typically, as the
cycling process progresses, side reactions such as electrolyte
decomposition often hinder the movement of Li ions, result-
ing in a decrease in Li-ion conductivity and an increase in Ry.
Concurrently, R, at the electrode-electrolyte interface
increases during electrochemical reactions. Fig. 2e-g presents
the interfacial resistance of the Li-Li symmetric cell measured
every 30 cycles using electrolytes with and without additives
(benzene and anthracene). The Li-Li cell without additives
and with benzene showed a continuous increase in the R
value corresponding to the diameter of the semicircle, and
their cell operation eventually stopped after 120 cycles due to
interface deterioration. In the cell with benzene, the increase

w/o additive w/ Benzene

nm

100

=)
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in resistance became more severe than that in the pristine cell
because the adsorbed and decomposed benzene molecules
accelerated interfacial degradation on the Li metal rather than
providing a surface-stabilizing function. Furthermore, the cell
employing anthracene operated stably for up to 150 cycles and
consistently maintained interfacial resistance without a signifi-
cant increase. Fig. 2h shows the overall resistance values over
the cycles when using a pristine electrolyte and an electrolyte
containing a nonpolar additive. The Li-Li symmetric cell
deteriorates further with the addition of benzene molecules,
indicating that the incorrect selection of additives adversely
affects cell performance. The stable interface reaction behavior
of the cell utilizing anthracene molecules suggests that
increasing the polarizability of nonpolar molecules is crucial
to achieving longer cycling properties of LMBs, even under fast
operation conditions.

2.3. Surface morphology evolution of Li metal anodes with
nonpolar additives

To further explore the surface flattening and interfacial stabi-
lization effects arising from the differences in the polarizabil-
ity of nonpolar additives, we conducted a surface morphology
analysis using ex situ scanning electron microscopy (SEM). The
ex situ SEM analysis was performed after 100 cycles at a
current density of 5 mA cm™?, introducing various nonpolar
molecule additives (Fig. 3). Fig. 3a and d depict the surface of
the reacted Li metal anode using an electrolyte without addi-

w/ Anthracene
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’g 1004
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Fig. 3 Ex situ surface analysis of Li—Li symmetric cells that form differently depending on electrolyte additives. SEM images of the Li-metal after
100 cycles at a current density of 5 mA cm™2 in the electrolyte (a) without additive, (b) with benzene, and (c) with anthracene. (d)—(f) Enlarged SEM
images of (a), (b), and (c) respectively. AFM images of the Li—-metal morphology in the electrolyte (g) without additive, (h) with benzene, and (i) with
anthracene. (j) Cross-sectional height and (k) surface roughness values from the AFM analysis.
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tives. As expected, irregular and bumpy surfaces were observed
owing to the dendritic formation of Li and excessive accumu-
lation of side products during charging and discharging.
Fig. 3b and e show SEM images after cycling in the presence of
benzene. Nodules and irregular surface features of the Li
metal anode are also observed, similar to those of the pristine
electrolyte without additives. Consistent with the electro-
chemical data, it is evident that the surface stabilization effect
is minimal when benzene, characterized by its low polarizabil-
ity, is introduced. However, when anthracene molecules with
high polarizability were introduced as additives, a smooth and
planar surface of the Li metal anode was observed, even after
prolonged cycling, verifying their effective surface flattening
effect (Fig. 3c and f).

We used ex situ atomic force microscopy (AFM) to quantitat-
ively evaluate the surface roughness and cross-sectional height
of the Li metal electrode after 100 cycles with and without
additives. Fig. S21 shows digital images of the surface of the Li
metal anode after 100 cycles. These images reveal that in cases
where electrolytes without additives and less polarizable
benzene were used, a significantly darkened black surface was
observed due to side reactions. In agreement with the SEM
results, the Li metal electrodes cycled without additives and
with benzene exhibited rough and uneven surfaces owing to
nonuniform lithium deposition (Fig. 3g and h and S3a and
S3bt). Conversely, the Li electrode cycled with the highly polar-
izable anthracene displayed a uniform and smooth surface
with fresh Na, indicating uniform Li plating and stripping
without significant side reactions (Fig. 3i and S3ct). The ana-
lysis results of the vertical cross-sectional height of the Li
metal electrode obtained after cycling are shown in Fig. 3j. In
cases where the Li anode cycled without additives and with
benzene, the surface roughness of the Li metal electrode after
cycling showed apparent deviation and variation. By contrast,
the Li metal electrode cycled with anthracene exhibits a
uniform height profile without significant surface curvature.
Higher surface roughness values were observed for the Li
metal electrodes cycled without additives (60.939 nm) and
with benzene (59.229 nm). However, a significantly decreased
surface roughness (38.824 nm) was achieved by introducing
anthracene (Fig. 3k). From the morphological investigation, we
directly elucidated the surface leveling effects of highly polariz-
able nonpolar molecules.

2.4. Crystalline rearrangement dynamics of Li metal anodes
with nonpolar additives

To further investigate the atomic nucleation and growth behav-
ior of the Li metal anode, resulting in crystalline rearrange-
ment during cycling, ex situ X-ray diffraction (XRD) analysis
was conducted on the cycled electrodes in different electro-
lytes. In a stable and uniform charging and discharging
process, the crystalline Li metal forms a close-packed struc-
ture, represented by a body-centered cubic (bcc) structure, as
shown in Fig. 4a. However, when additives are not included,
and the surface crystallinity cannot be controlled, repeated
charging and discharging cycles can destroy the crystallinity of

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Paper

Li, leading to the formation of dead Li and dendritic growth.
Additionally, this process generates a large number of side pro-
ducts, further contributing to the breakdown of Li metal crys-
tallinity. However, the crystallinity was maintained when
benzene was used as an additive, but dendritic growth was
observed on the (200) plane. Conversely, when anthracene,
which has a larger molecular size and higher polarizability,
was used as an additive, the Li metal grew smoothly along the
(110) plane even after high-speed charging and discharging.
Moreover, previous research findings suggest that the crystal-
line orientation of the (110) plane formed by the Li metal
anode induces low overpotential, contributing to the for-
mation of a stable Li metal anode.*®** To assess the surface
crystallinity of Li metal after 100 charge and discharge cycles
under two different current densities, 5 and 10 mA cm™2, data
related to the direction of crystalline growth were examined.
The crystallinity was poorly maintained without additives after
100 charge and discharge cycles. Compared to the other two
samples, the intensity significantly decreased and nearly dis-
appeared (Fig. 4b-d). This observation suggests that the crys-
tallinity of the Li metal was lost, resulting from unwanted side
reactions such as a thick SEI layer and dead Li formation, as
shown in Fig. 4e and f. By contrast, when benzene and anthra-
cene were introduced, the crystallinity intensity was well-main-
tained even after prolonged charge and discharge cycles
(Fig. 4e and f). However, the two additives exhibit different
crystalline orientations. With the introduction of benzene, a
relatively vertical growth of the crystallinity towards the (200)
plane was induced. By contrast, anthracene induces horizontal
growth towards the (110) plane (Fig. 4e and f). Although both
additives maintained their crystallinity under different con-
ditions, the introduction of anthracene with significant polar-
izability suggested a beneficial rearrangement effect in pro-
moting the parallel direction of Li plating and stripping on the
surface of the Li metal anode.

2.5. Molecular additive effects on solid electrolyte interface
formation

During the first charging process of the battery full cell, a solid
electrolyte interface (SEI) layer is formed on the anode surface.
The SEI layer is primarily formed through the reduction and
decomposition reactions of the electrolyte species. When an
electrolyte containing appropriate additives is used, the addi-
tive molecules preferentially undergo reduction and decompo-
sition before the solvent molecules in the electrolyte, conse-
quently influencing the primary composition of the SEI layer.
A crucial consideration in this process is the relative energy
levels of the additive molecules and electrolyte solvent, which
determine the dominance of the decomposition reaction
derived from the diverse species for SEI formation. Energy
level calculations were performed to identify the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied mole-
cular orbital (LUMO) energy levels of the nonpolar additives
and TEGDME solvent (Fig. 5a). The calculation results con-
firmed that benzene and anthracene had lower LUMO energy
levels than the electrolyte solvent, TEGDME, indicating that
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Fig. 4 (a) Structural representation showing typical crystalline state of lithium metal. (b) Schematic illustrating the crystalline orientation of the

lithium metal anode surface after prolonged charging and discharging using electrolyte without additives, (c) with the inclusion of benzene as an
additive, and (d) with anthracene as an additive. Ex situ X-ray diffraction (XRD) peaks of the lithium metal electrode obtained (e) after 100" plating at
the current density of 5 mA cm™2, and (f) after 100" plating at the current density of 10 mA cm~2 with and without additives.

the predominant reduction and subsequent decomposition of
the benzene and anthracene molecules occurred before the
TEGDME solvent. This implies an impact on the chemical
composition change of the SEI layer and an inhibitory effect
on unnecessary electrolyte decomposition during cell
operation.

We conducted ex situ X-ray photoelectron spectroscopy
(XPS) measurements on the Li metal anodes after cycling
using different electrolytes to analyze further the composition
and interfacial structure of the SEI layer (Fig. 5¢—f). Distinct C
1s spectrum, distinct C-H and C-O peaks corresponding to
the decomposition reaction products of the TEGDME electro-
lyte are observed under all conditions (Fig. 5c). Although only
in trace amounts, the introduction of anthracene as an addi-
tive led to the observation of CF; peaks in the fluoride series.
According to previous studies, the combination of carbonate

316 | EES Batteries, 2025, 1, 310-319

and fluoride components is a stable and durable species in
the SEI layer.”’ The observation suggests that introducing an
anthracene additive can improve the structural stability of the
SEI layer formed on Li metal anodes. The O 1s spectra showed
the predominant peaks of Li,CO; and Li,O, under all three
conditions. However, in the absence of the additive, an
additional ROLi peak is observed (Fig. 5d). Differences in the
ROLi peaks can be observed more distinctly through depth
profile analysis. Fig. S4a-S4ct reveals variations in the chemi-
cal components with etching time. In the cases without addi-
tives and with benzene, ROLi peaks were strongly formed as
we moved inward. By contrast, in the presence of anthracene,
only trace amounts of ROLi peaks were observed, even at
deeper depths. This implies that utilizing anthracene as a
highly polarizable nonpolar molecule additive suppresses the
decomposition of the electrolyte solvent, preventing substan-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) HOMO and LUMO energy levels of electrolyte solvent, benzene, and anthracene additive. (b) Schematic showing the composition of the

SEI layer formed on the lithium metal anode surface. XPS spectra of the lithium metal anode after 30 cycles at a current density of 5 mA cm™2. (c) C
1s, (d) O 1s, (e) Li 1s, and (f) F 1s spectra of the lithium metal anode cycled in the electrolyte with and without nonpolar additives.

tial electrolyte consumption. The Li 1s spectra revealed signifi-
cant differences in the chemical components induced by the
nonpolar additives (Fig. 5e). A strong LiOH peak and oxide
components such as Li,O were observed in the absence of
additives. By contrast, when benzene and anthracene additives
were introduced, durable carbonate components such as
Li,CO; were predominantly formed. According to previous
research, an SEI layer rich in oxide components is relatively
rigid and vulnerable to volume changes and mechanical stres-
ses during repeated charge and discharge cycles, leading to
continuous electrolyte consumption.*"*> Furthermore, nonpo-
lar additives in the electrolyte induce changes in the compo-
sition of the SEI layer, promoting the formation of a durable
and flexible SEI layer with carbonate species. Finally, in the F
1s spectrum, the LiF peaks were predominant in the Li electro-
des cycled without additives. By contrast, LiF and C-F peaks
were observed when the benzene and anthracene additives
were introduced (Fig. 5f). According to previous research, C-F
components contribute positively to the formation of LiF
through additional cycling.*>** Variations in the F 1s com-
ponents in the Li electrodes cycled with different electrolyte
additives are observed in the depth profile (Fig. S4d-S4ff). In
the case of anthracene molecules, an SEI layer with a rich LiF
component was formed internally, suggesting that this specific

© 2025 The Author(s). Published by the Royal Society of Chemistry

additive significantly enhanced the structural stability of the SEI
layer. In summary, the XPS analysis demonstrated that benzene
and anthracene improved the structural stability of the SEI layer
through changes in its composition. This modified SEI layer
can withstand severe reaction environments, such as volume
changes in Li metal anodes during cycling, thereby preventing
continuous electrolyte consumption and facilitating Li-ion
diffusion through the beneficial SEI layer components.

3. Conclusions

In this study, we demonstrated the importance of controlling
the polarizability of electrolyte additives by comparing nonpo-
lar benzene and anthracene molecular additives with different
molar volumes for longer cycling and more rapid operation of
Li metal batteries. Through comprehensive experimental
investigations and computational validations, we demon-
strated that the polarizability of these nonpolar molecular
additives, as a function of their molar volume, plays a crucial
role in determining their effectiveness in stabilizing Li metal
anodes. Specifically, nonpolar anthracene additives with
higher polarizability exhibited superior surface stabilization
effects and exceptional cycle performance compared to nonpo-
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lar and lower-polarizable benzene additives. These effects
include surface smoothing, control over the Li crystal growth
direction, and forming a stable solid electrolyte interface layer.
Moreover, our electrochemical analyses, including Li-Li sym-
metric cell tests and impedance spectroscopy, confirmed the
significant benefits of highly polarizable and nonpolar anthra-
cene additives in improving the battery lifespan and interfacial
stability, especially under an extremely high current density of
10 mA cm™2 owing to the induced orbital asymmetry caused
by the high applied field on the electrode surface. Surface mor-
phology analyses further supported these findings by revealing
smoother and more uniform lithium metal electrode surfaces
when highly polarizable and nonpolar anthracene additives
were utilized compared to the lower polarizable and nonpolar
benzene additives. Ex situ crystalline and surface analyses
revealed the positive impact of these additives on the crystal-
line structure and chemical composition of the SEI layer, further
enhancing its structural stability and inhibiting unnecessary
electrolyte decomposition. Overall, our study underscores the
importance of the polarizability factor for designing electrolyte
additive alternatives for ultralong and rapidly operating Li-metal
batteries, thereby offering valuable insights and strategies for
developing next-generation energy storage systems.

4. Experimental section

4.1. Preparation of electrolyte

Benzene (anhydrous, 99.8%), anthracene (97%), tetraethylene
glycol dimethyl ether (TEGDME, 99%), and bis(trifluoro-
methane) sulfonimide lithium salt (LiTFSI, 99.95%) was pur-
chased from Sigma-Aldrich (Korea). Tetraethylene glycol
dimethyl ether (TEGDME, 99%) was used as the electrolyte
after dipping in freshly activated 4 A molecular sieves for two
weeks. Bis(trifluoromethane) sulfonimide lithium salt (LiTFSI,
99.95%) was added to TEGDME. Benzene and anthracene were
added to the electrolyte at a concentration of 1 wt%.

4.2. Preparation of Li-Li symmetric cells

A 12 mm diameter Li metal foil was used for both electrodes,
and Celgard 2500 polypropylene was used as the separator. Li-
Li symmetric cells were assembled using R2032 coin-type cells
(Wellcos Corp.) in an argon-purged glove box. 1 M LiTFSI in
TEGDME with and without 1 wt% non-polar additive was
stirred for 24 h at room temperature and used as the electrolyte.

4.3. Electrochemical measurements

All electrochemical analyses were performed at room tempera-
ture. Charge/discharge tests using Li-Li symmetric cells were
conducted using a battery cycler (WBCS3000S battery test
system, WonATech). Electrochemical impedance spectroscopy
(EIS) measurements were performed from 1 MHz to 0.01 Hz
with an amplitude of 5 mV.

4.4. Ex situ characterization

The morphologies and surfaces of the samples were verified by
field-emission scanning electron microscopy (FE-SEM, JSM-7600F,
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JEOL) at an accelerating voltage of 5 keV. In an argon-filled
glove box, surface roughness was investigated using AFM
(NX-10, Park Systems, Korea). The surface characteristics of the
Li metal electrodes after cycling were investigated using X-ray
photoelectron spectroscopy (XPS, K-alpha, Thermo U.K.). The
crystal structure of the Li metal electrode was characterized
using XRD (D8 Advance, Bruker) using Cu-Ka (4 = 1.54 A). After
charging and discharging, the cells were disassembled in an
Ar-filled glove box.
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