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Tuning Interface Dynamics of Benzene-Based Molecular
Dipoles for High Capacity and Long Lifespan in Lithium

Metal Batteries

Chae Yeong Son, Daehyun Kim, Huiju Kim, Haesun Park,* and Won-Hee Ryu*

Lithium metal batteries (LMBs), which possess the lowest reduction potential
and exceptional capacity, have long been regarded as the ultimate solution for
realizing ultrahigh energy storage systems. However, dendritic Li formation
poses significant challenges, leading to performance degradation and safety
hazards. This study emphasizes the importance of controlling the functional
edge structures of benzene-derived molecular electrolyte additives to achieve
rapid and long-term LMB performance, thereby proposing benzoate sodium
salt (BZ-COO) as a promising candidate. Finally, Li-Li symmetric cells
employing BZ—COO exhibit exceptional cycling performance over 1600 cycles
even under harsh conditions (5 mA cm~2), outperforming benzene additives
with —CH; or —CHO substituents. This study provides a novel perspective on
the development of surface flattening electrolyte additives for rapid operation

low gravimetric density (0.534 g cm™3).1%]
Unfortunately, the high reactivity of Li sig-
nificantly hinders its practical application
and commercialization, limiting its poten-
tial to replace LIBs.*] During repeated
charge—discharge cycles, localized Li nucle-
ation occurs at the defect sites on Li metal,
and subsequent nucleation and growth are
accelerated at the nodular Li tips, lead-
ing to the rapid formation of fractal-like Li
structures called Li dendrites.l’l Whisker-
like dendrites arise from inherent (electro-)
chemical instability at the interface be-
tween Li metal and the electrolyte.[®] As
the elongated Li structures grow, they can

and extended lifespan of LMBs.

1. Introduction

As a cornerstone of energy storage technology, lithium-ion batter-
ies (LIB) continue to advance, driving their application across di-
verse fields and increasing demand for superior performance.!!
With growing emphasis on longevity, safety, and efficiency in
energy storage, lithium metal batteries (LMBs) that employ Li
metal as the anode are emerging as promising candidates for
next-generation battery technologies.?l The Li metal anode is re-
garded as the ultimate anode owing to its lowest redox potential
(-3.04 V vs SHE), high theoretical capacity (3860 mAh g=!), and
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penetrate the separator, potentially causing

thermal runaway and catastrophic safety

failures such as explosions.l’! Meanwhile,

mossy metallic Li grows in a tip-growing
morphology owing to electrolyte transport limitations.®] This
moss-like dendritic Li yields substantial amounts of dead Li that
detach during Li stripping, drastically reducing the coulombic ef-
ficiency (CE).°! Dendrites also induce capacity loss, increase in-
terfacial resistance, and trigger side reactions, resulting in over-
all performance degradation.['%! In addition, unprotected Li ac-
tively reacts with organic electrolytes, resulting in an unstable
solid—electrolyte interphase (SEI) layer, additional dead Li forma-
tion, severe volumetric expansion, and electrolyte depletion.[!!]
Addressing the fatal dendrite formation and interface side re-
actions is critical for ensuring the safety and long lifespan
of LMBs.

A variety of strategies have been explored to mitigate den-
dritic Li growth in LMBs. Rational host design, interfacial chem-
istry regulation, and electrolyte optimization have all been de-
veloped to promote compact, uniform lithium deposition.[*?]
Among these strategies, advancing electrolytes with functional
additives is an effective way to directly stabilize lithium metal
anodes.['*] The electrolyte, which forms an interface with the Li
electrode, plays a critical role in the performance of the anode
by facilitating the migration of dissociated Li ions and interact-
ing closely with the Li surface."* Electrolyte additives have been
designed to simultaneously perform multiple functions, such as
surface flattening, durable SEI layer formation, and reversible
Li deposition/dissolution.[**] However, precise control of the ad-
ditive molecular structure and a deeper understanding of their
mechanisms are required to develop economically viable, high-
performance LMBs.
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Figure 1. Schematic of Li deposition behavior influenced by benzene-based additives with different functional groups (BZ-CH3, BZ-CHO, and BZ-COO).

In this study, we manipulated the structural motifs of dipo-
lar benzene molecules using carbon-based functional groups
as electrolyte additives to develop high capacity and long cycle
LMBs. We investigated the impact of oxygen-containing func-
tional groups on Li deposition by comparing toluene (BZ-CH,;),
benzaldehyde (BZ-CHO), and benzoate (BZ-COO), in which the
hydrogen atoms in benzene were replaced by —CH,, —CHO,
and —COO groups, respectively (Figure 1). This comparison
aims to understand how the chemical structure of benzene-
based electrolyte additives, particularly changes in substituents,
influences the homogeneity and efficiency of lithium deposi-
tion. We observed the morphologies and roughness factors of
the Li metal after cycling with different functionalized ben-
zene additives. The charge transfer behavior and energy lev-
els of the molecules were examined to understand the inter-
facial interaction features. The interface composition after the
SEI formation process was also elucidated using 3-D depth pro-
files obtained by time-of-flight secondary ion mass spectrom-
etry (TOF-SIMS) to confirm the structural and chemical char-
acteristics of the modified SEI layers. We also utilized density
functional theory (DFT) to calculate the binding energies be-
tween each additive on Li and predict the preferred orientation
of the molecular dipole additives. Electrochemical tests were con-
ducted using Li-Li symmetric cells at various current densities
and capacity limits to demonstrate the cycling performance of
the benzene-based molecular additives. By modulating the func-
tional groups of molecular dipole additives, we provide an effec-
tive solution to suppress root- and tip-growing fractal-like den-
drites, minimize side reactions, and thereby extend LMB cycle
life.
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2. Results and Discussion

2.1. Morphological Characterization from Li-Li Symmetric Cells

Uniform lithium deposition and stripping during charge—
discharge cycles are crucial for long-term cycling stability in LIBs.
An uneven electrode surface causes a localized current concen-
tration at the nodular spot on the interface between the electrolyte
and the electrode, inducing irregular Li nucleation and conse-
quent dendritic lithium growth.['! The dendritic Li deposition
significantly impairs the lifespan of LMBs and triggers numer-
ous undesirable side reactions. Therefore, smoothing of the elec-
trode surface is essential for long-term battery operation. Here,
we introduce surface-flattening and interface-restructuring elec-
trolyte additives employing benzene-based molecules with differ-
ent functional groups (-CH;, -CHO, and -COO). To verify the ef-
fects on the surface roughness of the Li metal anode, morpholog-
ical analysis was performed using ex situ scanning electron mi-
croscopy (SEM). Li metal was collected from Li-Li symmetric cells
cycled for 50 and 500 cycles at a current density of 5 mA cm~2 with
a capacity limit of 1 mAh cm=? (Figure 2a-f; Figure S1, Support-
ing Information). After 50 cycles, the surface morphology of the
Li metal cycled without additives exhibited a series of mossy den-
drites and byproducts in grooved regions. (Figure 2a; Figure S1a,
Supporting Information). With BZ-CHj;, distinct whisker-like
protrusions covered much of the amorphous surfaces (Figure 2b;
Figure S1b, Supporting Information). The local nucleation and
subsequent formation of elongated whisker-shaped Li deposits
are formed on the defect sites of the Li metal due to the accu-
mulated compressive mechanical stress beneath the SEI layer.!”]
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Figure 2. SEM images of Li-Li symmetric cells cycled at 5 mA cm™2 and 1 mAh cm~2 a—d) for 50 cycles and e,f) 500 cycles without additives and with
BZ-CHs, BZ-CHO, or BZ-COO. g-j) AFM 3D topography of Li electrodes after 100 cycles at 5 mA cm~2 and 0.5 mAh cm~2. k) Height-length profiles

and |) vertical AFM cross-sections for each condition.

Conversely, the Li metal anodes with BZ-CHO and BZ-COO dis-
played smoother surfaces without the distinct appearance of den-
drites or pits (Figure 2c,d; Figure Slc,d, Supporting Informa-
tion). Additionally, the Li metal electrodes cycled after 500 cy-
cles were analyzed to compare the leveling effects of function-
alized benzene-based additives during long-term cycling. In the
cases without additives and with BZ-CH,, unwanted short cir-
cuits and cell failure were observed before 500 cycles. The Li an-
odes in the electrolyte containing BZ-CHO were covered with nu-
merous intertwined Li wires and undesirable side-reaction prod-
ucts after 500 cycles (Figure 2e; Figure Sle, Supporting Infor-
mation). This indicates that BZ-CHO is insufficient to prevent
rapid electrolyte consumption during long term operation, as the
extensive fibrous Li structure leads to premature failure under
continuous charge-discharge cycling. In contrast, Li electrodes
with BZ-COO consistently maintained the flattest, densest sur-
face characteristics over extended cycles compared to other ad-
ditives (Figure 2f; Figure S1f, Supporting Information). Visual
inspection of Li metal surfaces disassembled from the Li-Li sym-
metric cells after 50 cycles (Figure S2, Supporting Information)
showed that both the pristine and BZ-CHj;-incorporating elec-
trodes exhibited extensive black regions, indicative of reaction
byproducts such as dead Li (Figure S2a,b, Supporting Informa-
tion). In contrast, the appearance of the lithium metals prepared
with BZ-CHO and BZ-COO was similar to that of a fresh lithium
electrode, exhibiting a silver-like shine (Figure S2c,d, Support-
ing Information). This observation directly verified that the Li an-
odes maintained smooth surfaces during plating and stripping.
However, after 500 cycles, the electrode containing BZ-CHO was
predominantly covered in darkened regions with little metallic
sheen, unlike the Li metal electrode with BZ-COO, which main-
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tained a shiny surface. The SEM results clearly demonstrate the
impact of BZ-COO on the morphological characteristics of Li de-
position, highlighting its potential to mitigate dendritic growth
and undesirable byproduct generation despite prolonged cycling.

To assess the roughness and height of the electrode surface,
atomic force microscopy (AFM) measurements at the micro-
scopic scale were conducted with Li metals cycled 100 times at
5 mA cm~ and 0.5 mAh cm™2, as shown in Figure 2g-1 and
Figure S3 (Supporting Information). 3D topography images en-
abled detailed analysis of surface texture and possible structural
anomalies, such as Li dendrites. Pristine and BZ-CH,-cycled
electrodes exhibited rough surfaces, indicating the irregular sur-
face growth and stripping behavior of Li. In contrast, both Li
metal anodes cycled with BZ-CHO and BZ-COO maintained flat
surfaces without whisker-like Li growth even after 100 cycles.
Figure 2k highlights height profiles across the surface section.
For a more quantitative comparison, the results numerically in-
dicated that BZ-COO has the lowest R, (R ) roughness values
(20.2 nm (25.7 nm) among the other Li metal electrodes (44.3 nm
(57.5 nm) for the Li electrode without additive, 37.1 nm (37.9 nm)
with BZ-CH,, 21.2 nm (27.8 nm) with BZ-CHO (Figure S3, Sup-
porting Information). Furthermore, in Figure 21, the vertical im-
ages show the thickness of the Li metal. Owing to the incom-
pact Li plating, both the pristine and BZ-CH,-containing Li elec-
trodes exhibited much thicker Li metals with obvious height fluc-
tuations. Porous structures exhibit macroscopic transport limita-
tions. Conversely, the height uniformity was significantly higher
in the Li metals prepared in the electrolytes with BZ-CHO and
BZ-COO than in the other Li electrodes. Therefore, the Li elec-
trodes cycled with BZ-CHO and BZ-COO exhibited dense and
nonporous lithium deposits. In the case of the Li anodes with
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BZ-COO, the morphological properties exhibited the flattest and
thinnest deposition without protrusion tips. The results suggest
that the smoothest surface was observed with BZ-COO, indicat-
ing its superior effectiveness in promoting uniform and dense
lithium deposition compared to the other additives and the pris-
tine condition. These results demonstrate that controlling the
functional group, even on the same benzene molecule backbone,
is a critical determinant of the electrolyte additive for achieving a
flattened surface of the Li metal anode for long cycles.

2.2. SEl layer composition of Li metal after 100 cycles

The SEI layer inevitably forms through Li-corrosion reactions
and (electro-)chemical decomposition of electrolyte species.!8]
The beneficial formation of a durable SEI layer over dozens of
cycles is essential for stabilizing and protecting the Li electrode
interface against further side reactions and volume changes. Dur-
ing Li plating, severe volumetric expansion occurs, causing stress
to accumulate beneath the SEI. This stress leads to cracks at
weaker sites in the SEI layer.[') Such cracks relieve compressive
stress but extrude lithium, resulting in unnecessary electrolyte
consumption and additional side reactions. To sustain a uniform,
crack-free electrode surface and stable Li-metal kinetics during
continuous cycling, the SEI layer must possess high ionic con-
ductivity and mechanical robustness.

To understand the decomposition behavior of electrolyte
species, including the additives, we calculated the highest occu-
pied molecular orbital (HOMO) and lowest unoccupied molecu-
lar orbital (LUMO) energies of the tetraethylene glycol dimethyl
ether (TEGDME) solvent, and of the BZ-CH,, BZ-CHO, and BZ-
COO additives with GaussView (Figure S4, Supporting Informa-
tion). A lower LUMO energy level indicates a tendency for pref-
erential reduction of the functionalized benzene molecules, serv-
ing as an indicator of how strongly an additive contributes to SEI
formation on the anode surface.

DFT calculations were performed to examine electron transfer
behavior between each additive and the Li metal surface. Using
Bader charge analysis (Figure 3a), we assessed how many elec-
trons each additive extracts from the Li surface. For additives
absorbed on the Li metal surface, electron transfer from the Li
surface to the additive represents the reduction tendency. As il-
lustrated in Figure 3b, BZ-CHO and BZ-COO extract more than
two electrons without additional electrons, whereas BZ-CH, ex-
tracts only a limited amount (BZ-CH,,0.48¢; BZ-CHO, 2.23e; and
BZ-COO, 2.83¢). When two additional electrons are present in
the Li surface model with each additive, BZ-COO still shows a
stronger propensity for electron extraction from the Li metal than
BZ-CH, and BZ-CHO (BZ-CH,:0.90¢, BZ-CHO: 2.58e, and BZ-
COO: 3.17¢). These calculations suggest that the strong electron
affinity of BZ-COO facilitates the reduction of additives during
SEI film formation.

To investigate the SEI component and surface nature after cy-
cling, we conducted X-ray photoelectron spectroscopy (XPS) on
Li metal cycled 100 times at a current density of 5 mA cm™2
with a limit capacity of 0.5 mAh cm~2 (Figure S5, Supporting In-
formation). Electrolyte-derived by-products such as C—H, C—O,
and —CF; were observed on all electrolytes—-pristine and those
with BZ-CH,, BZ-CHO, and BZ—COO—-reflecting SEI forma-
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tion. Nanoscale XPS analysis did not reveal distinct changes in
the surface composition, likely because repeated cycling con-
stantly modifies the surface. To conduct a broader comparison at
the microscale, time-of-flight secondary ion mass spectroscopy
(TOF-SIMS) was utilized with Li electrodes disassembled from
the Li-Li cells under identical conditions (Figure 3b—g; Figure S6,
Supporting Information). The SEI layer consists of inorganic—
organic mixtures. Inorganic components such as LiF and Li, CO;,
which are protective and durable, are crucial for extending the
lifespan of LMBs.[?] Compared with the Li anodes lacking ad-
ditives or containing BZ-CHj;, the LiF signals were broader and
more abundant in the Li electrodes cycled with BZ-CHO and BZ-
COO (Figure 3c). The portion of the CO;” component in the Li
metal anode decreased in both Li electrodes without additives
and with BZ-CH, (Figure 3d). Conversely, the sustained CO;’
content along the deeper regions of the Li metal cycled with BZ-
CHO and BZ-COO indicated higher and deeper levels of mobi-
lizable carbonate components within the SEI layer. The LiF com-
ponent has high mechanical strength with a wide bandgap, and
the Li,CO; component has low hygroscopicity and high ionic
conductivity.?!l While Li,CO; alone has a small bandgap and low
surface energy thatlead to SEI dissolution, the coexistence of LiF
and Li,CO; species offers synergistic advantages: reduced elec-
tron tunneling and maintained ionic mobility, thereby suppress-
ing dendrite growth.?”] The cycled Li electrode with BZ-COO
exhibited the highest ratio of LiF and Li,CO, signals, indicat-
ing the formation of a highly conductive and robust SEI layer.
Similarly, Figure S6a (Supporting Information) shows that CN-
species cover the deepest region of the Li electrode cycled with
BZ-COO. Li, O content remained similar for all samples, suggest-
ing it arises from general electrolyte decomposition (Figure 3e).
In contrast to the Li anodes without additives and with BZ-CH,
and BZ-CHO, which exhibited low signals in the few deeper re-
gions, suggesting porous deposition, a higher proportion of Li
species and a compact structure were detected even in the deep
region for Li metals cycled with BZ-COO (Figure 3f). For a clearer
understanding, the TOF-SIMS results are summarized using in-
tensity sputter time profiles, which provide a more detailed view
of the SEI composition at different depths (Figure 3g,h; Figure
S6b—c, Supporting Information). The cycled Li electrodes utiliz-
ing BZ-COO exhibited the highest levels of CO;%, LiF, and Li" sig-
nals across the entire metal, compared to all other). Ultimately, it
was verified that the introduction of BZ-COO reconstructed the
SEI layer characteristics with high Li* diffusivity and enhanced
durability.

2.3. Crystallinity of deposited Lithium after 10 cycles and DFT
calculation

Examining the crystalline structure of cycled lithium metal is cru-
cial for determining whether lithium deposition occurs homoge-
neously and planarly or grows dendritically. Ex situ XRD analy-
sis was performed on Li metal extracted from Li-Li cells cycled
at a 1 mA cm™? with 1 mAh cm= for 10 cycles. As shown in
Figure S7 (Supporting Information), the unreacted lithium metal
before cycling exhibits typical and distinct (200) and (110) peaks.
After cycling without additives, the Li anodes showed a higher
intensity of the (200) peak and a negligibly reduced (110) peak
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Figure 3. SEl layer properties of the Li-metal electrode in the Li-Li symmetric cells after 100 cycles. a) Schematic of electron transfer from the Li metal
surface to the additive. b) Quantitative electron transfer from the Li metal surface to each additive with and without additional electrons in the surface.
c—f) TOF-SIMS 3D depth profiles along sputter time from the Li metals without and with different benzene-based additives (BZ-CHs, BZ-CHO, and
BZ-COO): ¢) LiF, d) CO;, €) Li, O, and f) Li" signal. g-h) Log(intensity)-sputter time profiles of Li metals comparing pristine and BZ-COO electrodes.

(Figure 4a). A larger portion of the (110) surface is related to the
flattening of the Li surface. Based on the thermodynamic compu-
tational results, the establishment of the lowest migration energy
barrier of the (110) lattice enabled a dendrite-free planar mor-
phology with low porosity.?3! With BZ-CH, and BZ-CHO, the Li
electrodes displayed relatively similar intensities of (110), (200),
and (211) peaks, resembling the structural features of fresh Li
metal. These results suggest that the additives BZ-CH; and BZ-
CHO do not significantly influence the crystal phase of the de-
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posited lithium during cycling, indicating that their role is more
focused on affecting the plating behavior. However, the obvious
(110) peak was higher than the (200) peaks for the Li anodes with
BZ-COO, which ensured the ability to effectively suppress the Li
whiskers of BZ-COO. To better understand the suppression ca-
pabilities of the additives, the results are summarized as ratios in
Figure 4b. BZ-COO showed an overwhelmingly high (110) plane
value of 87% compared to all other samples (13% without addi-
tives, 24% for BZ-CHj, and 23% for BZ-CHO). Figure 4b shows
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Figure 4. Crystalline characterization of Li electrodes after 10 cycles: a) XRD analysis conducted from the Li-Li symmetric cells, and b) The ratio
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E.dditive binding with a Li atom ~Eadditive — ELi atom). d) adsorption energy of each additive on the Li metal surface. The “Bed” orientation refers to the additive
being horizontal, allowing the entire atoms to interact with the Li surface, while the vertical “Stand” orientation indicates that selected atoms are in

direct biding with the surface.

that BZ-COO strongly influenced the crystallographic rearrange-
ment of Li metal, which continuously reacted throughout the cy-
cling process.

To evaluate the effect of the additive on the Li plating be-
havior, we examined whether each additive interacted with the
Li atoms within the electrolyte. Based on binding energy cal-
culations (Figure 4c), BZ-CH,; and BZ-CHO predominantly re-
mained separate from Li atoms, whereas BZ-COO exhibited a
tendency to bond with the Li atoms. The low affinity of an ad-
ditive for Li atoms diminishes its regulatory effect on Li deposi-
tion during the charging process. Consequently, we infer that the
high affinity of BZ-COO for Li atoms enhances its impact on Li
deposition compared to those of BZ-CH, and BZ-CHO.
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To further investigate the interaction between the additive and
the Li metal surface, we compared the adsorption behaviors of
BZ-CHj,, BZ-CHO, and BZ-COO on the Li metal surface. As il-
lustrated in Figure 4d, we considered two different additive ori-
entations on the Li surface: the Bed and Stand orientations. The
“Bed” orientation refers to the additive being horizontal, allow-
ing the entire atoms to interact with the Li surface, while the
vertical “Stand” orientation indicates that selected atoms are in
direct binding with the surface. BZ-COO exhibits the strongest
adsorption energy in both orientations of the additives compared
to BZ-CH; and BZ-CHO (BZ-COO Bed: —6.30 eV and Stand:
—5.23 eV). BZ-CH;, which has the weakest binding affinity with
a Li atom, also shows the weakest binding on the Li surface
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(BZ-CH, Bed: —0.60 eV and Stand: —0.09 eV). This indicates that
the adsorption of BZ-CH, onto the Li metal surface is likely less
favorable than that of BZ-CHO and BZ-COO, resulting in a re-
duced capacity to modulate the overall Li plating dynamics.

To investigate the interaction between the additive bonded to
a Li atom and the anode surface, we evaluated the adsorption
energy of BZ-COO complexed with a Li atom (Li-BZ-COO) on
a Li metal surface. Li-BZ-COO exhibited reduced binding affinity
to the Li metal surface compared to that of BZ-COO. Neverthe-
less, it retained a stronger adsorption tendency than BZ-CH, and
BZ-CHO in the “Bed” orientation (BZ-CHj: -0.60 eV, BZ-CHO: -
3.13 eV, and Li-BZ-COO: -3.49 eV). This suggests that, even when
solvated with a Li atom, the additive has a significant influence
on the anode surface. To further examine the reduction behavior
of Li-BZ-COO, we performed Bader charge analysis, which re-
vealed that Li-BZ-COO retains a strong propensity for extracting
electrons from the Li metal surface (Figure S8, Supporting Infor-
mation). These calculations indicate that, among the considered
additives, BZ-COO is the most susceptible to reduction at the Li
metal surface, leading to subsequent SEI formation.

2.4. Electrochemical Stability of Li-Li Symmetric Cells Including
BZ-CH,, BZ-CHO, and BZ-COO

For the optimal concentration, we evaluated the cycling stabil-
ity of Li-Li symmetric cells with varying amounts of BZ-COO
(Figure S9, Supporting Information). Electrolytes containing 0.1,
0.5, and 1 wt.% (almost saturation) of BZ-COO were tested un-
der a current density of 5 mA cm~2 and an areal capacity of 1
mAh cm™2. Among the tested concentrations, the 1 wt.% BZ-
COO electrolyte enabled the most prolonged and stable cell op-
eration. Based on these results, all subsequent electrochemical
measurements in this study were conducted using 1 wt.% BZ-
COO. To investigate the resistance of the interfacial layer, elec-
trochemical impedance spectroscopy (EIS) was performed using
Li-Li symmetric cells incorporating different electrolyte additives
with symmetric circuits (Figure 5a—c; Figure S10, Supporting In-
formation). The solution resistance (R,;) and charge-transfer re-
sistance (R,) profoundly influence the electrochemical kinetics
of the anode; their values reflect the characteristics of the elec-
trode interface under notorious conditions, such as the presence
of additives.!?*] Therefore, the R, value is useful for understand-
ing interfacial reactions during charging and discharging.!?’! Be-
fore cycling, all Li-Li cells exhibited similar impedance values
of 350 Q, with negligible differences among them (Figure 5a).
However, definite differences emerged after the electrochemical
reactions during cycling, as shown in Figure 5b. After the 20th
cycle, the Li-Li cells without additives and those with BZ-CHj dis-
played R, values of 55.75 and 87.81 Q, respectively, significantly
higher than those of cells employing BZ-CHO (33.15 Q) and BZ-
COO (28.78 Q). In pristine and BZ-CH;-containing cells, the R,
values increased sharply after 40 and 60 cycles, displaying ap-
parently higher resistance compared to both cells prepared with
BZ-CHO and BZ-COO. During repeated Li deposition and dis-
solution, fractal-like protrusion tips increased the electrode sur-
face area, while the detachment of Li dendrite stripping reduced
the surface active area. Because R is inversely proportional to
the charge-transfer active area, the higher impedance after 40 cy-
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cles compared to after 60 cycles can be attributed to the signif-
icant amount of Li dendrite growth. The results align with the
dipole moment and polarizability order presented in Figure S11
(Supporting Information), as represented in the resistance cycle
number profiles (Figure 5c). The additive with the highest dipole
moment and polarizability demonstrates the most pronounced
interaction with the Li metal anode under a strong electric field.
Such enhanced dipolar characteristics facilitate more effective ad-
sorption onto the Li surface, thereby reinforcing interfacial stabi-
lization and improving the long term cycling stability. Conversely,
the cells employing BZ-COO consistently maintained stable and
lower resistance values throughout the cycling, indicating that
introducing BZ-COO produced a highly stable Li/electrolyte in-
terface and facilitated efficient charge transfer.

Li-Li symmetric cell tests were conducted at various current
densities and capacities to demonstrate the surface stabilization
effects of the additives through long-term lifespan characteristics
under severe operating conditions (Figure 5d—g; Figures S12 and
S13, Supporting Information). Under a low current density of
1 mA cm~2 with capacities of 1 and 3 mAh cm~2, the Li-Li cells
without additives showed rapid voltage increases (Figure 5d,e).
These cells reached 0.5 V at 208 and 192 h, respectively, indicat-
ing severe interfacial degradation of the Li anode. Similar sud-
den voltage spikes at 73 and 97 h were observed in cells contain-
ing BZ-CH,, which exhibited overvoltages of ~110 and ~180 mV,
and an even faster short-circuit than the pristine cells (Figures
S12a—d, and S13a,b, Supporting Information). The results sug-
gest that BZ-CH,; does not function effectively as a stabilizing
agent; instead, it impedes electrolyte performance and causes op-
erational difficulties. In contrast, cells with BZ-CHO showed sta-
ble cycling performance, maintaining a voltage of 100 mV over
an extended period (600 h) at 1 mAh cm~? (Figure S13a,b, Sup-
porting Information). However, at a high capacity of 3 mAh cm~2,
serious overpotential fluctuations appeared after 400 h (Figure
S12¢,d, Supporting Information) and, while BZ-CHO effectively
reduced interfacial resistance and enhanced cell performance, its
effects were not sustainable over long lifespans at higher capaci-
ties. This degradation in cycling stability is attributed to the for-
mation of dendrites and inactive Li accumulation during cycling,
which leads to SEI reformation and other side reactions that hin-
der Li-ion transport. The acceleration of these unwanted reac-
tions over extended cycling diminishes the effectiveness of the
surface planarizer. In contrast, Li symmetric cells with BZ-COO
molecular additives afforded exceptional cycling stability, operat-
ing for over 1000 h and 900 h under low and high capacity con-
ditions, respectively. Notably, BZ-COO cells maintained a signifi-
cantly lower average voltage of 55 mV with minimal fluctuations,
indicating that BZ-COO contributed significantly to the stabiliza-
tion of the Li metal anode surface, even after 450 cycles at 1 mAh
cm™2. Similar results were obtained at high current densities. At
high current densities, Li ions accumulate more easily at tip and
defect sites on the electrode surface, promoting the rapid growth
of whisker-like entangled Li and challenging long-term opera-
tion. As shown in Figure 5f and Figures S12e and S13c (Support-
ing Information), both Li-Li cells without additives and those with
BZ-CH, displayed a rapid voltage increase within 100 h, indi-
cating a low Li stabilization capability. Although cells containing
BZ-CHO maintained ~160 mV for over 246 h, the overpotential
rose steadily, surpassing 0.5 V at #350 h (Figure S12f, Supporting
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Figure 5. Electrochemical performance of Li-Li symmetric cells in the absence and presence of BZ-CH3, BZ-CHO, and BZ-COO under various conditions.
a—c) EIS spectra: a) before cycling, b) after the 20th, 40th, and 60th cycles, c) resistance value with respect to the cycle number. d—j) Li-Li symmetric
cells cycled under low current density of 1 mA cm™2: with a capacity of (d) 1 mAh cm™2 and (e) 3 mAh cm™% and f-g) under a high current density
of 5 mA cm~2: with a capacity of (f) 1 mAh cm=2 and (g) 5 mAh cm™2. h) Time and i) cycle-number comparison for Li-Li symmetric cells without and
with additives (BZ-CHj;, BZ-CHO, and BZ-COO). j) Comparative graph of cycling stability for Li-Li symmetric cells using ether-based electrolytes under
diverse current densities and capacities.

Information). However, in the case of cells containing BZ-COO,
the voltage began to increase slightly from 333 h but then stabi-
lized with only minor oscillations, maintaining excellent stability
for up to 1600 cycles. The results demonstrated that BZ-COO sig-
nificantly enhanced the stabilization of the Li surface, even at a
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high current density. Additionally, we carried out the Li-Li sym-
metric cell test with very harsh conditions of high current density
(5 mA cm™?) and high capacity (5 mAh cm™). Both Li-Li cells
without additives and those with BZ-CHj, exhibited a rapid volt-
age increase with a large overpotential within 70 h (Figure 5g;
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Figures S12g and S13d, Supporting Information). In contrast,
stable operation with a low average voltage of 120 mV was dis-
played in the Li-Li cells containing BZ-CHO, but a sharp volt-
age rise occurred at 194 h, indicating electrolyte depletion (Figure
S12h, Supporting Information). Remarkably, exceptionally stable
cycling was observed in the case of the presence of the BZ-COO
additive, with 55 mV at 300 h and with 130 mV after 880 cycles.

To more clearly compare the cell test results, we plotted the
time and cycle number required for each Li-Li symmetric cell
to reach a voltage of 0.5 V, categorizing them by additive and
test condition (Figure 5h,i). The results of the cell tests showed
a similar tendency across all conditions, with the cells contain-
ing BZ-CHO and BZ-COO operating for extended periods and
dozens of cycles, followed by cells without any additives, and fi-
nally those with BZ-CH;. In particular, the cells prepared with
BZ-COO exhibited an impressive cycle life of over 1600 cycles at
5 mA cm™?, indicating that BZ-COO offers a notable advantage
for stabilizing the Li metal surface. Furthermore, we reviewed
previously reported studies on ether-based electrolytes and plot-
ted the cell operation times under different conditions in a 3D
graph, as shown in Figure 5.2 Although the cells were tested
under various conditions in previous studies, we believe that
the cells with optimized functionalized benzene-based molecular
additives achieved excellent electrochemical performance. This
study paves the way for the development of optimal electrolyte ad-
ditives through molecular functional-group engineering, thereby
enabling further breakthroughs in LMB technology.

3. Conclusion

In this study, we reported the functional group effects of benzene-
based molecular dipole electrolyte additives on the surface re-
actions of Li metal anodes to achieve rapid operation and long-
lifespan LMBs. We intentionally introduced three functional
groups (-CH;, -CHO, and -COO) by controlling the number of
oxygen species in the benzene backbone. Among these addi-
tives, benzoate (BZ-COO) exhibited superior performance by ef-
fectively regulating Li nucleation and promoting uniform, pla-
nar Li surface deposition. Compared with other functionalized
benzene derivatives, BZ-COO facilitated flattened (110) direc-
tional crystalline growth against dendritic growth along the (200)
and (211) planes. In addition, the formation of a highly stable
SEI layer with abundant LiF and Li,;CO;; components was en-
abled by the introduction of BZ-COO, which contributed to en-
hanced ionic conductivity and mechanical durability. The elec-
trochemical evaluations confirmed that Li-Li symmetric cells in-
corporating BZ-COO maintained stable cycling performance un-
der harsh operating conditions, including high current density
(5 mA cm™?) and large capacity limits (5 mAh cm™2). In con-
trast, additives with -CH;; and -CHO substituents displayed lim-
ited stabilizing effects, leading to the formation of whisker-like
dendritic lithium and accelerated electrolyte depletion. Compu-
tational analysis further elucidated the adsorption behaviors and
binding affinities of these additives, revealing that BZ-COO pref-
erentially interacted with Li metal and reinforced planar, defect-
free crystalline growth along the (110) facet. Overall, this study
underscored the potential of molecular-dipole engineering as a
promising strategy for optimizing electrolyte additives in LMBs.
By finely tuning the functional groups of electrolyte additives, it
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was possible to achieve significantly longer battery lifespans and
higher energy efficiencies, thereby addressing critical challenges
associated with Li metal anodes. These findings pave the way for
the development of electrolyte-additive technology to realize fu-
ture ready high energy storage systems with assured safety and
durability.

4. Experimental Section

Materials and Chemicals: Tetraethylene glycol dimethyl ether
(TEGDME, 99%) was employed as a solvent after dehydra-
tion using freshly activated 4 A molecular sieves. Lithium
bis(trifluoromethane)sulfonimide (LiTFSI, 99.95%) was added
to the electrolyte. Toluene (BZ-CHj;), benzaldehyde (BZ-CHO),
and sodium benzoate salt (BZ-COO) were used as the electrolyte
additives. All the materials were sourced from Sigma-Aldrich
(Korea).

Preparation of Li-Li Symmetric Cells: The Li-Li cell tests were
performed using R2032 coin-type cells (Wellcos Corp.) assem-
bled in an Ar-filled glove box. Each cell was composed of a
lithium foil (12 mm in diameter) and a separator (Celgard 2500
polypropylene). The electrolyte contained 1 m LiTFSI dissolved
in TEGDME with 1 wt.% of BZ-CH,, BZ-CHO, or BZ-COO. A Li
metal anode with a diameter of 12 mm was employed.

Electrochemical Measurements: Charge—discharge tests on Li-
Li symmetric cells were performed using a battery cycler
(WBCS3000S battery test system, WonATech). EIS measure-
ments were performed from 1 MHz to 0.01 Hz at an amplitude
of 5 mV.

Ex Situ Characterization: The crystal structures of the Li elec-
trodes were analyzed using X-ray diffraction (XRD; D8 Advance,
Bruker) with a Cu-Ka source (4 = 1.54 A). The surface morpholo-
gies of the Li metal electrodes were examined by field-emission
scanning electron microscopy (FE-SEM; JSM-7600F, JEOL). The
surface roughness of the samples was assessed by AFM (NX-10)
in a glove box. The Li metal characteristics after cycling were ex-
plored using XPS (K-alpha, Thermo U.K.) and TOF-SIMS. TOF-
SIMS was conducted using a TOF.SIMSS5 instrument (ION-TOF,
Minster, Germany) and negative-polarity data were collected us-
ing a 30 keV Bi’** ion source. The area of analysis was 100 X
100 um. Depth profiles were obtained by sputtering ion beams of
Cs* (3keV) on a 300 x 300 um square. The sputtering rate was
measured on Na metal as 0.6752 nm s~! with a sputtered area of
300 X 300 um

Computational Details: DFT calculations were performed us-
ing the Vienna ab initio simulation package (VASP) to investigate
the impact of benzene-based electrolyte additives on Li plating
behavior.?’! Projector-augmented wave potentials were used to
describe the core contributions, and a plane-wave basis set was
used for the valence electrons with a cut-off energy of 520 eV.[%8
The Perdew—Burke—Ernzerhof generalized gradient approxima-
tion (GGA) of the exchange correlation functional was employed
for correlation effects.[??! An T-point centered k-point mesh of 5
% 3 x 1 and an electronic convergence criterion of 107> eV were
used for all calculations.

To model the additive on the Li metal surface, the (1 1 0) facet
of the Li BCC structure was constructed with five layers, which
have 10.32 A in the x-direction and 14.59 A in the y-direction,
including a vacuum region of 24 A in the z-direction.[**! For all
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calculations, the two bottom layers of the surface model were
fixed to their bulk positions. The adsorption energies of the addi-
tives on the Li metal surface were calculated as follows:

AE,, = AE — AE

surface+additive surface A Eadditive ( 1 )

where AE_ ¢ ; .dditive 1S the total energy of the Li surface model
with the additive, AE,, ., is the total energy of the isolated
Li metal surface, and AE,;;,;,, is the energy of the additive.
The calculation cell was relaxed to an atomic-force tolerance of
0.05 eV A~'. In addition, a Bader charge analysis was performed

to evaluate the charge of the additive absorbed on the surface.3!l

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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