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Asymmetrical Functionalization of Polarizable Interface
Restructuring Molecules for Rapid and Longer Operative
Lithium Metal Batteries

Chae Yeong Son, Daehyun Kim, Seo-Young Jun, Haesun Park,* and Won-Hee Ryu*

Lithium metal batteries (LMBs) have been recognized as high-energy storage
alternatives; however, problematic surface reactions due to dendritic Li growth
are major obstacles to their widespread utilization. Herein, a 3-mercapto-
1-propanesulfonic acid sodium salt (MPS) with asymmetrically functionalized
thiol and sulfonate groups as polarizable interface-restructuring molecules is
proposed to achieve rapid and longer-operating LMBs. Under a harsh condition
of 5 mA cm−2, Li–Li symmetric cells employing MPS can be cycled over
1200 cycles, outperforming those employing other molecules symmetrically
functionalized by thiol or sulfonate groups. The improved performance of the
Li|V2O5 full cell is demonstrated by introducing MPS additives. MPS additives
offer advantages by flattening the surface, reconfiguring Li nucleation and
growth along the stable (110) plane, and forming a durable and conductive
solid–electrolyte interface layer (SEI). This study suggests an effective
way to develop a new class of electrolyte additives for LMBs by controlling
engineering factors, such as functional groups and polarizable properties.

1. Introduction

Rechargeable energy storage technology has been revolutionized
by the development of lithium-ion batteries (LIBs), comprising
transition metal-based oxide cathodes and carbonaceous graphite
anodes.[1] Nevertheless, the increasing demand for long-lasting
batteries has pushed researchers to modify existing electrode
materials to achieve higher energy densities.[2] Lithium-metal
batteries (LMBs) using Li-metal anodes (e.g., Li–S and Li–air
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batteries) are promising candidates for
high-energy next-generation batteries be-
cause of their exceptional merits, offer-
ing the highest theoretical specific ca-
pacity (3860 mAh g−1), the lowest re-
dox potential (−3.04 V vs SHE), and low
gravimetric densities (0.534 g cm−3).[3]

However, the random directional forma-
tion of Li dendrites owing to nonuni-
form deposition often compromises bat-
tery safety requirements.[4] Pieces of den-
drites accidently detached from the sur-
face get converted to dead Li, thereby
degrading the coulombic efficiency.[5] In
addition, an unstable and fragile solid-
electrolyte interphase (SEI) layer, which
spontaneously forms at the interface be-
tween Li and the electrolyte, can lead to
issues related to electrolyte depletion and
unwanted surface passivation, causing con-
tinuous capacity retention during cycling.[6]

Substantial efforts have been undertaken to address the un-
stable and problematic surface reactions on Li anodes by in-
troducing effective strategies, such as utilizing 3D current col-
lector hosts,[7] modifying electrolyte components,[8] designing
separators,[9] regulating Li-ion flux,[10] and introducing func-
tional electrolyte additives.[11] Among these, incorporating elec-
trolyte additives has been considered to reform the SEI layer
species via the self-reduction of additive molecules because their
lowest unoccupied molecular orbital (LUMO) levels are lower
than those of the electrolyte species.[12] In addition to the SEI
modification function, the random growth phenomena of Li den-
drites should be controlled to further stabilize the problematic
surface reaction of Li metal and prevent the short-circuit issues
of LMBs.[13]

Considering the reduction chemistry of Li+ ions to Li metal de-
posited on the surface, conventional electroplating technologies,
such as copper plating, can provide useful insights for controlling
electrodeposited surface morphologies by the addition of func-
tional additives. Electroplating requires achieving a uniformity
on copper surfaces.[14] During copper plating processes, copper
ions tend to unevenly adsorb and irregularly nucleate on sub-
strate surfaces owing to inhomogeneous surface features or high
current density conditions, resulting in valley structures with
abrupt height variations compared to the surroundings called
“dendrites.” To address this issue, a class of functional additives,
such as 3-Mercapto-1-propanesulfonic acid sodium salt (MPS),
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Figure 1. Schematic illustration of the crystalline rearrangement and surface flattening effects of various electrolyte additives (DMP, PDS, and MPS)
with symmetric and asymmetric thiol and sulfonate functional groups on Li metal anodes.

can serve as plating accelerators (called brighteners), and play
a crucial role in filling the defects and low-height empty spaces
by expediting charge diffusion.[15] These accelerators can prefer-
entially accumulate metal deposits within grooves on the metal
surface. Therefore, the introduction of an accelerator additive is
expected to contribute to the creation of defect-free and homoge-
neous metal surfaces that function as surface-leveling or flatten-
ing agents.[16]

Inspired by identical electroplating additive technologies, uti-
lizing the accelerator additive in Li metal plating in batteries can
be an alternative solution to make meaningful progress in inten-
tionally regulating the Li deposition behavior to obtain smooth
and flat surfaces. In this study, we introduce MPS into the elec-
trolyte as an accelerating additive, to stabilize the surface reac-
tion chemistry of Li metal anodes for realizing long-lifespan Li-
metal batteries. MPS comprises a propane backbone with asym-
metric thiol and sulfonate functional groups. To elucidate the ef-
fect of each thiol and sulfonate functional group and control the
geometric dipole moment, we investigated reference molecules
for comparison with MPS molecules, such as i) 1,3-dimercapto
propane (DMP) composed of symmetric thiol groups and ii)
propane-1,3-disulfonic acid disodium salt (PDS) composed of
symmetric sulfonate groups. Polar functional groups in MPS
was expected to facilitate a homogenous Li-ion flux and conse-
quently, smooth Li deposition.[8a] As illustrated in Figure 1, an
MPS molecule electrolyte additive with a high dipole moment of-
fers the following advantages: i) inhibition of Li dendrite growth
under harsh conditions over long-term cycling, ii) crystalline re-
arrangement of the Li metal structure for homogeneous deposi-
tion, and iii) formation of high-quality SEI layers with durable
LiF and ion-conductive Li2S components. Electrochemical tests
were conducted using the additive molecules to verify their ben-
eficial functions. The morphological and structural characteris-

tics of the Li metal cycled with different molecular additives were
examined. To better understand the Li plating reaction mecha-
nism with the additives, we performed density functional theory
(DFT) calculations to compare the binding energy changes of Li
at possible nucleation sites, such as concave and convex sites,
on the Li metal at the surface. Our research strategy provides a
new perspective and an effective pathway for the development
of effective electrolyte additives for high-performance and safe
LMBs.

2. Results and Discussions

2.1. Electrochemical Performance of Li–Li Symmetric Cells
Employing DMP, PDS, and MPS

We introduced MPS, known as an accelerating and brightening
electroplating additive, and further manipulated the polyanion
functional groups at either end of the propane backbone using
thiol- and sulfonate-terminated groups (Figure 1). DMP and PDS
have symmetric functional groups based on the thiol or sulfonate
ends, respectively. In contrast, MPS consists of asymmetric func-
tional groups with thiol and sulfonate groups. To verify the sur-
face stabilizing effects of the DMP, PDS, and MPS additives on
the electrochemical performance, cycling performance tests were
conducted with Li–Li symmetric cells at current densities of 1
and 5 mA cm−2 (Figures 2a–d and S1, Supporting Information).
As shown in the voltage-time profiles in Figure 2a and Figure
S1a (Supporting Information), at a low current density of 1 mA
cm−2, the Li–Li cell without the additive maintained a voltage
of ≈80 mV for the initial cycles. However, it exhibited a sud-
den increase in overpotential after 172 h and significant polariza-
tions up to ± 1 V after 206 h. In the case of DMP, a relatively
higher initial voltage of ≈90 mV was observed, and a sudden

Small 2024, 2405143 © 2024 Wiley-VCH GmbH2405143 (2 of 12)

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.202405143 by C
hung-A

ng U
niversity, W

iley O
nline L

ibrary on [22/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.small-journal.com
https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fsmll.202405143&mode=


www.advancedsciencenews.com www.small-journal.com

Figure 2. Electrochemical data of cells containing electrolyte prepared without (pristine) and with DMP, PDS, and MPS additives: Cycling performance
of Li–Li symmetric cells performed at a) 1 mA cm−2 and b) 5 mA cm−2 depicted as the charge/discharge curve. Cycling performance of Li–Li symmetric
cells illustrated through the average charge voltage at c) 1 mA cm−2 and d) 5 mA cm−2. EIS spectra obtained from Li–Li symmetric cells prepared without
(pristine) and with DMP, PDS, and MPS additives: e) before cycle, f) after the 20th, 50th, and 100th cycle, g) resistance value with respect to the cycle
number. Electrochemical performance of Li|V2O5 batteries without and with DMP, PDS, MPS additives: h) 2nd charge/discharge curves of the full cells
with different additives (inset: SEM and TEM images of the V2O5 nanorod cathode material) and i) cycle performance of the full cells with different
additives.

voltage rise was subsequently observed after 133 h, indicating cell
deterioration compared with the pristine cell. The Li–Li symmet-
ric cells, including that utilizing PDS, demonstrated significantly
improved cycling performance for up to 500 h. The overpoten-
tial was ≈50 mV during the initial cycle and 90 mV after 500 h

(Figure S1b, Supporting Information). The MPS-containing Li–
Li cells showed outstanding cycling stability throughout cycling.
Furthermore, these cells showed the lowest overpotential value
(≈50 mV) even after long cycling for 1100 h, verifying the
best performance of the MPS additive among other cells. This
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surface leveling effect of MPS was more apparent as the cur-
rent density increased to 5 mA cm−2. Cycling under higher cur-
rent density conditions corresponding to rapid operation causes
i) frequent and severe growth of pronounced protrusions and ii)
unwanted formation of the thicker and unstable SEI layers, re-
sulting in higher voltage oscillations and faster electrolyte deple-
tion. As observed in Figure 2b and Figure S1c (Supporting In-
formation), Li–Li symmetric cells both using the pristine elec-
trolyte and DMP-containing electrolyte exhibited highly irregular
voltage hysteresis even from the initial cycles and experienced a
sudden short-circuit before 90 h. These results imply that DMP
does not function properly as an interface stabilizer. Although
the PDS cells initially displayed stable cycling with low overpo-
tentials (≈70 mV), they showed a gradual increase in overpoten-
tial after 100 h, resulting in unstable voltage polarization, even
after 200 h (Figure S1d, Supporting Information). In contrast,
cells using MPS maintained stable cycling with an average volt-
age of 70 mV and cycled reliably for over 400 h. The average
charge voltage values for cycling at different current densities are
shown in Figure 2c,d. The charge voltage values of the cells em-
ploying MPS at both current densities showed the lowest trend
compared to the other cells. To further verify the significant sta-
bilizing effect of MPS, Li–Li symmetric cell tests were conducted
with a high capacity limit of 5 mAh cm−2, at a high current den-
sity of 10 mA cm−2 (Figure S2, Supporting Information). The
cells with MPS exhibited good cycle performance over 100 h un-
der extremely harsh conditions, such as fast charging and high-
capacity performance. We demonstrated that MPS functions as
an exceptional surface planarizer with outstanding cycling perfor-
mance even under rapid operating conditions. For optimization,
we compared the cycle stability during Li stacking and stripping
at various MPS concentrations (Figure S3, Supporting Informa-
tion). We added MPS at concentrations of 0.02, 0.1, and 1 wt%
(almost saturated) to the electrolyte and conducted Li–Li sym-
metric cell experiments under a current density and capacity of
1 mA cm−2 and 1 mAh cm−2, respectively. The results demon-
strated that higher concentrations of MPS allowed the Li–Li cells
to operate for longer durations.

To investigate the charge-transfer kinetics of the various cells
at different cycles, electrochemical impedance spectroscopy (EIS)
measurements were conducted on the Li–Li symmetric cells be-
fore cycling and after the 20th, 50th, and 100th cycles, as shown in
Figure 2e,f, and Figure S4 (Supporting Information). The charge
transfer resistance (Rct) usually increases when side reactions,
such as electrolyte decomposition, have a negative impact on
Li-ion migration. Additives with high dipole moments can sig-
nificantly increase the Rct value via preferential adsorption onto
the Li metal surface. The additives impede the charge transfer
between the Li metal and electrolyte, leading to a reduction in
the active surface area of the Li metal.[17] Consequently, this ad-
sorption increases the resistance, and the extent of the adsorp-
tion behavior is related to the dipole moment of each additive.
In this regard, the Li–Li symmetric cells with MPS exhibited the
highest ohmic resistance prior to cycling, followed by those with
PDS and DMP, reflecting the trend in the dipole moment mag-
nitude (Figures 1 and 2e). As described in Figure 2f,g, both Rs
and Rct initially decreased in the overall cells and gradually in-
creased during cycling. After the 20th cycle, the Li–Li cells with-
out additives and those with DMP showed Rct values of 35.05 and

76.70 Ω respectively, which were even larger than those of the
cells with PDS (36.35 Ω) and MPS (22.60 Ω). After the 50th cycle,
the Rct values of the pristine and DMP-containing cells were sig-
nificantly higher than those of the cells prepared with PDS and
MPS. This difference became more pronounced after the 100th

cycle. Furthermore, the cell employing MPS molecules consis-
tently maintained the lowest ohmic resistance of ≈20 Ω, unlike
other cells. When comparing the charge transfer resistance af-
ter cycling for each additive, Li–Li cells prepared both without
additives and with DMP exhibited a significant increase in re-
sistance as cycling progressed. In contrast, the cells with PDS
and MPS maintained relatively consistent resistance values and
high interfacial stability, consistent with the cycling test results
(Figure 2g). These results can be attributed to the formation of
unwanted side products, such as dead Li and thick SEI compo-
nents, during the Li plating/stripping processes, resulting in in-
creased resistance to charge transfer.[18] Throughout all stages,
the MPS-containing cells exhibited the smallest ohmic resistance
owing to their surface protection effect, leading to rapid and sta-
ble electrochemical kinetics during the Li deposition/dissolution
processes.

To confirm the practical applicability of the polarizable and
interface-stabilizing electrolyte additives, full-cell tests under dif-
ferent electrolyte conditions were carried out by introducing an
Li-free V2O5 cathode and Li metal anode. Because infinite Li
sources already exist in the Li metal anode, a Li-free V2O5 cathode
was used for the best combination of the full cell as a discharge-
first Li-metal battery alternative. We successfully synthesized 1D
and uniform V2O5 nanorods with diameters of 30 nm using
a hydrothermal method (Figures S5 and S6, Supporting Infor-
mation). This nanorod features a (110) crystalline facet corre-
sponding to a lattice fringe of 0.3486 nm, which is the preferred
intercalation channel for both lithiation and delithiation pro-
cesses (Figure 2h and Figure S6, Supporting Information).[19,20]

The second charge–discharge profiles of the full cell collected at
a current density of 30 mA g−1 using the orthorhombic V2O5
cathode showed a typical shape with distinct plateaus owing to
phase transitions based on the degree of lithium-ion intercala-
tion. Figure 2h shows these transitions occurring at voltages of
3.4, 3.2, and 2.3 V, corresponding to the phase transitions of 𝛼/𝜖,
𝜖/𝛿, and 𝛿/𝛾 , respectively.[21] The Li-V2O5 full cells without ad-
ditives and with DMP, PDS, and MPS delivered 2nd discharge
capacities of 235.5, 218.4, 218.4, and 242.9, respectively, verify-
ing that the MPS-containing cell exhibited the highest capacity
(Figure 2h). Figure 2i and Figure S7 (Supporting Information)
show the cycling performances of the Li-V2O5 full cells collected
at current densities of 30 (charge) and 60 mA (discharge) g−1

with and without additives, respectively. The pristine cell expe-
rienced a significant decrease in discharge capacity as the cycles
progressed. Low CE values from the initial cycling were displayed
in the cells with DMP, dropping to below 50% after 15 cycles
Furthermore, the pristine and PDS-containing cells exhibited a
sharp decline in Coulombic efficiency (CE) after the 60th cycle.
In contrast, the MPS-containing cell successfully maintained a
consistent CE during cycling (Figure S7, Supporting Informa-
tion). From various cell tests, we concluded that asymmetrically
functionalized MPS molecules with thiol and sulfonate groups
showed the best performance compared to other symmetric DMP
and PDS molecules.
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Figure 3. Morphology of Li metal anode surface obtained from Li–Li symmetric cells: a–d) SEM images observed after 500 cycles at 5 mA cm−2 and 0.5
mAh cm−2 and e–h) digital images of the Li electrodes from Li–Li symmetric cells after cycling. i–n) AFM images of cycled Li electrodes after 100 cycles
i) without additive, j) with DMP, k) with PDS, and l) with MPS. m) Cross-sectional length–height profile and n) height images from the AFM analysis.

2.2. Morphological Properties of Li Metal Surface

To directly confirm the surface flattening effects of Li metal an-
odes containing the DMP, PDS, or MPS electrolyte additive dur-
ing cycling, ex situ surface morphological characterizations of
Li metal from the corresponding Li–Li symmetric cell were in-
vestigated under a current density of 5 mA cm−2 with capacity
of 0.5 mAh cm−2 after 500 cycles (Figures 3 and S8, Support-
ing Information). The surface morphologies of the Li metal ob-
tained after 500 cycles with various electrolyte additives were ex-
amined using scanning electron microscopy (SEM) (Figure 3a–d,
Supporting Information). In the pristine cell, the Li metal exhib-
ited a very rough and nonuniform surface with obvious needle-

like dendrites all over the cross-sectional images (Figure 3a and
Figure S8a, Supporting Information). Dendrites originated from
cracks that formed when uneven Li deposition placed a large
amount of stress on the SEI layer during continuous Li charg-
ing/discharging processes.[17,22] They significantly destabilize the
Li metal surface, causing a complex Li-ion flux that eventually
resulted in a poor cycling performance. Similarly, highly un-
even nodular features were observed in the Li metal cycled with
DMP (Figure 3b and Figure S8b, Supporting Information). It
was covered with numerous thick mossy dendrites and other
promiscuous side-reaction products resulting from continuous
plating/stripping. In contrast, the Li metal in the presence of PDS
exhibited a relatively homogeneous surface with no significant
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debris even after cycling compared to the cycled Li electrodes
without additives and with DMP; however, negligible tips and
clusters of side products were present on the surface (Figure 3c
and Figure S8c, Supporting Information). The surface of the Li
metal containing MPS displayed the flattest and densest mor-
phology, with no discernible tips of any kind (Figure 3d and
Figure S8d, Supporting Information). The SEM results clearly
correspond to the electrochemical cycle performance, as shown
in Figure 2. We examined the optical appearance of the Li metal
electrodes disassembled from the Li–Li symmetric cells after cy-
cling (Figure 3e–h). As shown in Figure 3e, the blackened regions
dominate the Li metal surface in the pristine cell, correspond-
ing the undesirable byproducts. Similarly, the appearance the Li
metal with DMP had most of the Li metal covered in black, with
a small portion of silver remaining (Figure 3f). Conversely, it in-
cluded a negligibly darkened area of Li metal disassembled from
the cycled Li–Li cells with PDS (Figure 3g). In the presence of
MPS, the naked Li metal also exhibited shiny silver-colored fea-
tures, as on a fresh Li metal surface (Figure 3h). The electrode
cycled in the presence of PDS and MPS retained characteristics
similar to those of fresh Li, thereby enhancing the cycling per-
formance of the Li metal anode. PDS and MPS molecular dipole
additives with sulfonate functional groups successfully preserved
the surface appearance of Li metal anodes without significant de-
bris owing to their planarization and stabilizing effects during
cycling.

Furthermore, we examined the detailed surface roughness
and height deviation of the cycled Li metals with and without
additives using atomic force microscopy (AFM) (Figure 3i–n).
In the case of the cycled Li metal obtained from the pristine
and DMP-containing cells, prominent protrusion tips with high
roughness values were observed (Figure 3i,j). Both cells showed
distinct height differences with obvious uneven dendrites ow-
ing to undesirable byproducts. In contrast, the Li metal cycled
in the presence of PDS and MPS showed a flat Li metal sur-
face without large dendrites. Surface uniformity is particularly
evident in Figure 3k,l, where the Li metal with MPS displays
almost no height variation around the baseline, while the Li
metal with PDS exhibits severe height fluctuations (Figure 3m,n).
The results demonstrate that the Li metal cycled with MPS can
effectively maintain compact and dense Li deposition without
defective porous features, which often occur owing to unsta-
ble stacking during continuous cycling. Thus, MPS surpassed
other additives, even better than PDS, because of its surface flat-
tening and stabilizing effects against problematic Li dendrite
formation.

2.3. SEI Layer Composition of the Li Metal Anode after a Long
Period of Time

The continuous cracking of fragile SEI layers during vigorous
Li deposition and stripping exposes fresh Li to the electrolyte,
leading to the continuous consumption of the electrolyte and un-
wanted formation of byproducts during cycling.[23] Therefore, the
deliberate formation of durable SEI layers is crucial for obtain-
ing a uniform surface structure that remains dense and crack-
free even after extended cycling. Consequently, an X-ray pho-
toelectron spectroscopy (XPS) analysis was conducted to inves-

tigate the surface and depth structures of the Li metal elec-
trode with 0.5 mAh cm−2 cycled at 5 mA cm−2 for 500 cycles
(Figures 4a,b, and S9, Supporting Information). In the C 1s
XPS spectrum, all the samples exhibited similar C─H, C─O,
CO3

2−, and CF3 peaks, corresponding to the decomposition prod-
ucts of the carbon-based electrolyte (Figure S9a, Supporting In-
formation). In the Li 1s spectra obtained for the Li metal an-
odes cycled without additives and with DMP, peaks related to
LiF, LiOH, Li2CO3, and Li2O were observed along the depth
(Figure S9b, Supporting Information). In contrast, the Li-metal
anodes cycled with PDS and MPS exhibited enriched LiF, LiOH,
Li2CO3, and Li2S peaks. Similar results were observed in the O
1s spectrum (Figure S9c, Supporting Information). Peaks related
to S═O, C═O, ROLi, and Li2O phases were observed along the
depth. However, for the cycled Li anodes without additives and
with DMP, the Li2O and LiOH peaks were broader and stronger,
respectively, indicating the existence of an oxide-dominant SEI
component. In the F 1s spectrum, the cycled Li metal anodes
both without and with DMP showed low LiF peaks at 684.8 eV
(Figure 4a). In contrast, the Li electrodes cycled with PDS exhib-
ited a relatively strong LiF peak, while the electrode cycled with
MPS showed the strongest LiF peak, corresponding to the electro-
chemical results shown in Figure 2. The presence of LiF, which is
a passivation and protective component, blocks direct contact be-
tween the fresh Li metal and electrolyte, thereby preventing par-
asitic reactions and consequently promoting the maintenance of
fresh Li.[24] In the S 2p spectrum, two distinct peaks related to
lithium sulfide (e.g., Li2S and Li2S2) and lithium sulfonate (e.g.,
LiSO3 and Li2SO4) were observed for all samples (Figure 4b).
The Li2S content in the interfacial layer at 160.2 and 161.4 eV
offer bifunctional benefits of i) high ionic conductivity (≈10−5 S
cm−1) and ii) excellent electrical insulation properties,[25] enhanc-
ing electrode kinetics while rapidly approaching the Li metal sur-
face to stack Li on the grooves.[26] The LiSO3 and Li2SO4 compo-
nents derived from the thiol and sulfonate functional groups of
the additives reduced the resistance of the SEI layer.[27] The peak
signal of the MPS case in the S 2p spectrum had the highest in-
tensity compared to the bare reference and other additive cases.
The coexistence of inorganic components based on fluorides and
sulfides synergistically improves the durability and ionic conduc-
tivity of the SEI component, thus enabling enhanced cell perfor-
mance. Although the cycled Li electrodes without additives and
with DMP exhibited high proportions of weak and nonconduc-
tive oxide phases, such as LiOH and Li2O, the Li metal anode
cycled in the presence of PDS and MPS showed durable fluoride-
rich (LiF) and conductive sulfide-rich (Li2S) species. The advanta-
geous combination of fluoride and sulfide components in the SEI
effectively stabilized the Li metal anode during prolonged cycling.
To elucidate the origin of the modified SEI component derived
from symmetrically and asymmetrically functionalized additives
with thiol or sulfonate groups, energy diagrams of the diverse ad-
ditives and a tetraethylene glycol dimethyl ether (TEGDME) sol-
vent, including the highest occupied molecular orbital (HOMO)
and LUMO levels, are shown in Figure 4c. The HOMO levels of
the additives were similar to or lower than that of TEGDME, in-
dicating a negligible oxidation reaction on the cathode surface in
the case of a full cell composed of a V2O5 nanorod cathode and an
Li anode, as shown in Figure 2h (inset). Because we used a low
upper window voltage (4 V), we could not consider the unwanted
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Figure 4. SEI layer component of the Li metal anode obtained from various Li–Li symmetric cells: XPS spectra depth profiles from the charged Li metal
in an electrolyte without and with DMP, PDS, and MPS additives: a) F 1s and b) S 2p. c) Calculation data of HOMO/LUMO energy level. d) Schematic
illustration showing the composition of the SEI layers formed on the surfaces of Li metal anodes.

oxidation of the additive species on the cathode surface. However,
the lower LUMO level of the additives indicated more reductive
characteristics compared to the TEGDME solvent, resulting in
preferential decomposition and subsequent incorporation of the
additive species into the SEI component prior to TEGDME. The
coordination with Li ions can alter the LUMO level of both the
solvent and additives. The strong electron-withdrawing effect of
Li induces a reduction in electron density near the oxygen atoms
in both the solvent and additives, resulting in a downward shift
of the LUMO level.[28] Based on a previous report, we can expect
that the LUMO of TEGDME shifts down from 1.65 to−0.35 eV,[29]

which is still higher than or similar with that of PDS and MPS.
Considering the further reduction of the LUMO of PDS and MPS
upon coordination with Li, these additives would dominate the
reduction reaction. The low LUMO energy levels of the molecu-
lar dipole additives indicate that the fluoride and sulfide species
in the SEI component originate from the preferential decomposi-
tion of the additives rather than the TEGDME solvent. In the case
of DMP, the LUMO level was close to that of TEGDME, result-
ing in an SEI component similar to that of the oxide-rich species.
In contrast, the lower LUMO levels of PDS and MPS compared
to those of TEGDME and DMP resulted in active decomposi-

tion and higher proportions of fluoride- and sulfide-based inor-
ganic SEI components. To better understand the compositional
differences of the Li metal anodes cycled under various condi-
tions, a schematic illustration of the SEI components based on
the XPS depth profile results is depicted in Figure 4d. The re-
acted Li surfaces in both the pristine and DMP-containing in-
terfaces had various components, including fluoride and sulfide
species, on the top side of the SEI layer. However, various O-rich
species became dominant in the SEI layer, indicating continuous
SEI-layer deterioration during the constant Li plating/stripping
processes. Conversely, the interface layers of the Li metal an-
odes cycled with PDS and MPS consistently show homogeneous
fluoride- and sulfide-based materials regardless of the depth. The
SEI layer of the Li metal anodes cycled with MPS maintained the
highest ratio of fluoride and sulfide, even when compared to that
cycled with PDS. The surface characteristics of the SEI layer can
be regulated by selecting a suitable molecular dipole electrolyte.
Utilizing asymmetrically functionalized MPS with thiol and sul-
fonate groups allows for compositional uniformity and structural
durability of the SEI layers, thereby ensuring stable and excep-
tional performance even under harsh conditions for long cycling
operations.

Small 2024, 2405143 © 2024 Wiley-VCH GmbH2405143 (7 of 12)
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2.4. Structure Characterization of Li Metal

Li metal anodes undergo substantial Li deposition and striping
process under a two-digit micron scale (≈30–50 μm). This in-
dicates that controlling the crystallinity of the reacted Li anode
portion for Li deposition and stripping is a key factor in achiev-
ing a uniform and dense Li layer during cycling. Nucleation and
the subsequent growth of Li predominantly determine the mor-
phologies of the reacted Li metal surface owing to the prefer-
ential direction of Li crystal growth. To elucidate the crystalline
growth mechanism of Li with different additives, we compared
the crystalline structures of the discharged Li metal surface after
cycling the Li–Li symmetric cells using ex situ X-ray diffraction
(XRD) analysis (Figures 5a and S10, Supporting Information).
The body-centered crystalline structure of Li metal had the most
stable (110) surface with a high atomic density, and the dominant
peak intensity of the (110) plane indicated planar and flattened
growth of the Li metal surface compared to other facets such as
the (200) or (211) planes associated with the dendritic growth of
Li.[8a,30] After the 1st cycle, the pristine Li metal exhibited a (200)
peak higher than the (110) peak. The relative ratio of the (200)
plane to the (110) plane became more dominant after the 3rd and
10th cycles. For the Li growth process on pristine Li metal cycled
without additives, the Li atoms diffused more rapidly on the (110)
face than on the (200) face because of the higher activation energy
of the (200) face associated with the unstable occupation site.[31]

This effect implies that Li atoms tend to assemble more effec-
tively in the (200) lattice, ensuring faster dendrite growth. The
(110) plane was more stable than the (200) plane for Li depo-
sition. Thus, the pristine Li metal, characterized by its elevated
(200) crystal structure, is susceptible to dendrite formation. Af-
ter the first cycle, the intensity of the (110) peak was significantly
higher than that of the (200) peak for the Li electrode cycled with
DMP. However, after the third cycle, a sharp peak corresponding
to the (200) plane was observed, and this peak remained stable
over the subsequent cycles. Similar to the pristine metal, the Li
electrodes cycled with DMP exhibited dendritic growth with pro-
trusion tips and did not sustain a uniform surface for an extended
period. In contrast, the Li metal electrode in the presence of PDS
exhibited a higher (110) peak value during the first cycle com-
pared with the cycled Li metal anodes without additives and with
DMP. This peak was maintained over repeated cycles; however,
the (200) face gradually increased after the 10th cycle. Although
the surface-flattening effect of PDS seemed to work smoothly at
the beginning of the cycle, its effeteness gradually diminished
after many cycles. In contrast, the cycled Li electrodes with MPS
displayed gradual crystalline conversion with a dominant (110)
plane and negligible (200) plane. The Li metal structure aligned
along the (110) facet was successfully maintained even after the
10th cycle. To better understand the crystalline evolution of Li
metal cycled with different molecular dipole additives, the per-
centage of crystalline peak intensities for each Li electrode per cy-
cle is summarized in Figure 5b. MPS molecules contribute more
actively to the crystalline rearrangement of the Li metal deposit
than DMP and PDS molecules and have a particularly strong in-
fluence on (110) lattice formation. These results demonstrate that
MPS is the best candidate for dense and homogeneous Li depo-
sition. Since MPS inhibits dendrite growth while maintaining a
leveling effect over repeated Li deposition/stripping, it functions

most effectively by fundamentally regulating the growth of pro-
trusion tips rather than removing them.

2.5. DFT Calculation of the Additive Adsorption Energy on Li
Metal Surface

We utilized the GaussView program to calculate the dipole mo-
ments of DMP, PDS, and MPS, as shown in Figure 5c. The calcu-
lation results revealed that MPS exhibited the highest value (4.7
D) among the additives (3.9 D for PDS and 3.1 D for DMP). This
indicates that MPS, which has the largest dipole moment, has the
strongest interaction with Li metal on the electrode surface un-
der a high applied field. Lithium metal bears a negative charge
on its surface; hence, electrolyte additives are adsorbed onto the
surface of the lithium metal in a direction that exhibits a positive
charge. We based our calculations on the dipole moment. The di-
rection of the dipole moment arrow indicates a negative charge,
and a longer arrow indicates a greater difference in charge. Con-
sequently, the electrolyte additives adhered to the Li metal sur-
face in a direction opposite to the dipole moment arrow and at-
tracted Li ions in the direction of this arrow. Therefore, the di-
rectional adsorption behavior of the additive with Li metal can
be anticipated, as illustrated in Figure 5d. Specifically, DMP and
PDS, with symmetric functional groups at their ends, exhibited a
dipole moment direction that extended from the center without
tilting the molecule, giving them a side-on configuration when
interacting with the Li metal surface. Conversely, MPS, with dif-
ferent functional groups at both ends, exhibited a dipole moment
towards the thiol group, leading to an end-on orientation when
attached to the Li metal. Therefore, MPS, which offers the highest
dipole moment and a unique end-on configuration, allows supe-
rior accessibility to the Li metal surface compared to DMP and
PDS.

DFT calculations were performed to investigate the role of ad-
ditives in Li plating on the Li metal surfaces. First, we calculated
whether each additive interacted with the Li atoms within the
electrolyte. MPS and PDS preferentially bonded to the Li atom,
whereas the DMP additive tended to remain separated from the
Li atom (Figure S11, Supporting Information). We assumed that
the low affinity of the additive for Li atoms would reduce its
effect on Li deposition. These calculations suggest that DMP
marginally alters the Li deposition behavior compared to MPS
and PDS.

To elucidate the role of additives in the Li plating behav-
ior on the Li metal surface, we considered the adsorption
energies of the additives bonded to a Li atom in the step model,[32]

which could be located on either concave or convex sites, as illus-
trated in Figure 5e. We measured the tendency of the homoge-
neous plating of Li by comparing the difference in the adsorption
energies of the additives bonded with a Li atom on the concave
and convex sites. We assume that adsorption on the concave site
leads to the flattening deposition of Li, whereas adsorption on the
convex site results in the protrusion of the Li metal. Therefore, we
can assess the thermodynamic tendency of Li (in)homogeneous
plating by comparing the degree of difference between the ad-
sorption energies at the concave and convex sites.

In this study, we compared the difference between the adsorp-
tion energies of the concave and convex sites. The adsorption
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Figure 5. Ex situ XRD patterns of Li metal anodes without and with DMP, PDS, and MPS additives at different cycles: XRD of Li metal after the a) 1st

cycle, 3rd cycle, 10th cycle, and b) ratio graph of each facet. c) Dipole moment magnitude graph of DMP, PDS, and MPS. Illustration of d) configurations
and e) adsorption site with a slab layer: (left) concave site flattening deposition of the Li atom along with additives and (right) convex site protruding
deposition of the Li atom along with additives. Difference in adsorption energy of the additive/Li atom f) on the concave and convex Li metal surfaces
and g–i) on the Li metal surface depending on additive orientation along with atomic configuration: g) DMP, h) PDS, and i) MPS additives.

Small 2024, 2405143 © 2024 Wiley-VCH GmbH2405143 (9 of 12)
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energy calculations (DMP, PDS, and MPS) indicated that a pref-
erence for Li deposition on concave sites, regardless of the orien-
tation of the additives (Figure 5f). While Li atoms universally and
energetically favor concave sites, the extent of this preference sig-
nificantly varies depending on the type of additive used. We con-
sidered two different additive orientations near the step defects:
up and down orientations. The “up” orientation refers to the addi-
tive being positioned on a step layer, while the “down” orientation
indicates that the additive is located on an Li layer without a step
layer.

Notably, MPS demonstrated the strongest thermodynamic
driving force for directing a Li atom to concave sites compared
to directing it to convex sites, with this tendency being quantita-
tively significant in both orientations of the additives, as shown
in Figure 5g–i (MPS: up: −1.21 eV and down: −0.43 eV). In a
comparative analysis of PDS and DMP, distinct deposition behav-
iors were observed. With the molecules oriented upwards, PDS
demonstrated a stronger propensity for concave site deposition
than DMP (Up: DMP: −0.38 eV and PDS: −1.04 eV). Conversely,
in the downward orientation, this trend was reversed (Down:
DMP: −0.37 eV and PDS: −0.20 eV). When we averaged the ten-
dencies for both up and down orientations for each additive, PDS
showed a stronger tendency to deposit a Li atom bond at concave
sites compared to DMP (PDS: −0.62 eV and MPS: −0.38 eV). In
summary, according to our preference analysis of the additives
for Li atom deposition on concave and convex sites, MPS exhib-
ited the strongest preference for concave sites, followed by DMP
and PDS.

3. Conclusions

This study demonstrated the effectiveness of MPS and pro-
posed as a new class of surface-flattening stabilizers for achiev-
ing rapid and longer-operating LMBs. The asymmetrically func-
tionalized MPS with thiol and sulfonate groups offers the fol-
lowing benefits: i) surface-flattening effect against Li dendrite
growth under fast operation conditions over long-term cycles,
ii) crystalline rearrangement of the Li metal structure for homo-
geneous deposition, and iii) formation of high-quality SEI lay-
ers with durable LiF and ion-conductive Li2S components. The
MPS additives were compared with symmetrically functionalized
DMP and PDS molecules with thiol and sulfonate ends, respec-
tively. MPS facilitated over 1200 cycles at a high current density
in Li–Li symmetric cells and maintained a capacity retention of
94% after 100 cycles in the Li|V2O5 full-cell test, demonstrating its
superior cycling stability and durability and outperforming both
DMP and PDS additives. Among the symmetric electrolyte ad-
ditive molecules, PDS with a higher dipole moment exhibited
better performance than DMP, which was comparable to that of
MPS, demonstrating the importance of high molecular dipoles
and sulfonate functional groups. Our findings are supported by
experimental analyses and DFT calculations, which confirm that
MPS enhances the homogeneous lithium-ion flux and promotes
dense and flat lithium deposition. This stabilization was achieved
through the formation of a durable and balanced SEI layer, which
significantly contributed to the long lifespan and performance
of the LMBs. Moreover, the preferential adsorption of MPS at
defect sites minimized dendritic growth and promoted the lat-
eral growth of crystalline Li(110), further confirming its role as

a powerful additive for future LMB technologies. Notably, MPS
introduces asymmetrical sulfur-based functional groups to form
conductive Li2S within the SEI layer while maximizing the dipole
moment. This research not only highlights the potential commer-
cial applications of LMBs but also encourages the adoption of ad-
vanced electrolyte additives to optimize existing battery manufac-
turing processes, thus paving the way for next-generation energy
storage solutions.

4. Experimental Section
Materials and Chemicals: Tetraethylene glycol dimethyl ether

(TEGDME, 99%) was used as a solvent after removing water component
through freshly activated 4 Å molecular sieves. A bis (trifluoromethane)
sulfonimide lithium salt (LiTFSI, 99.95%) was added to the electrolyte.
DMP, PDS, and MPS were used as electrolyte additives. All the materials
were purchased from Sigma-Aldrich (Korea).

Preparation of the V2O5 Cathode Material: A lithium-free V2O5 cathode
was synthesized using a hydrothermal procedure based on the approach
developed by Zhai et al.[33] followed by heat treatment. 0.364 g of V2O5
powder (Sigma Aldrich, 99.6%) was mixed with 30 mL of distilled (DI) wa-
ter and stirred at 40 °C. Hydrogen peroxide (5 mL) was added dropwise to
the solution under continuous stirring for 30 min, followed by sonication
for 30 min. Subsequently, the solution was poured into Teflon-line auto-
claves and put in an oven at 200 °C for 48 h. The synthesizer was cooled
in air, and an orange-colored precipitate was obtained by centrifugation,
which was washed several times with ethanol and distilled (DI) water. It
was then dried in an oven at 70 °C for 8 h. The cathode was prepared by
mixing an active material (70 wt%), carbon black (Super-P Li) (20 wt%),
and poly(vinylidene fluoride) (PVDF) (10 wt%) dissolved in N-methyl −2-
pyrrolidone (NMP). The slurry was evenly cast on an Al foil and vacuum-
dried at 70 °C for 8 h.

Preparation of Li–Li Symmetric Cells: The Li–Li cell test was conducted
using R2032 coin-type cells (Wellcos Corp.), which were assembled in an
argon-filled glove box. Each cell consisted of an Li foil (diameter: 12 mm)
and a separator (Celgard 2500 polypropylene). The electrolyte employed
contained 1 m LiTFSI dissolved in TEGDME, to which 1 wt% DMP, PDS,
or MPS was added and stirred at 50 °C for 24 h. Both PDS and MPS elec-
trolytes were stirred for at least 20 min before use to disperse the precipi-
tate.

Full Cell Tests: Full cell tests were conducted using a 12 mm diameter
Li metal anode, 14 mm diameter V2O5 nanorod cathode, 90 μL electrolyte,
and a Celgard 2500 polypropylene separator. The base electrolyte was 1 m
LiTFSI in TEGDME without and with 0.1 wt% DMP, PDS, or MPS. All full
cells were cycled in a voltage range of 2.05–4.0 V versus Li/Li+.

Electrochemical Measurements: Electrochemical measurements were
conducted with Li–Li symmetric cells at room temperature. The charge–
discharge process was performed using a battery cycler (WBCS3000S bat-
tery test system; WonATech). EIS measurements were conducted from
1 MHz to 0.01 Hz at an amplitude of 5 mV.

Ex Situ Characterization: The crystal structures of the Li electrodes
were characterized by X-ray diffraction (XRD; D8 Advance, Bruker) using
a Cu-K𝛼 source (𝜆 = 1.54 Å). The surface morphologies of the Li-metal
electrodes and V2O5 materials were studied using field-emission scanning
electron microscopy (FE-SEM; JSM-7600F, JEOL) and transmission elec-
tron microscopy (TEM; JEM-2100F, Cs corrector, JEOL/CEOS). The surface
roughness of the samples was observed using AFM (NX-10) in glove box.
The characteristics of Li metal after cycling were investigated using X-ray
photoelectron spectroscopy (XPS; K-alpha, Thermo UK).

Computational Details: DFT calculations[34] were performed using the
Vienna ab initio simulation package (VASP) to investigate the behavior of
additives on the Li metal surface. The core and valence electrons were de-
scribed using projector-augmented wave potentials,[35] and a plane-wave
basis set with a cut-off energy of 520 eV was used.[36] The generalized gra-
dient approximation form of the electron exchange-correlation functional,
formulated by Perdew-Burke-Ernzerhof, was employed.[37] An Γ-point cen-
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tered k-point mesh of 2 × 2 × 1 was used. An electronic convergence cri-
terion of 10−4 eV was used for all calculations.

To model the Li metal surface with defect, the (1 1 0) surface of a Li body
centered cubic (BCC) structure[38] was built up with five layers, measuring
10.32 and 24.32 Å in the x- and y-direction, respectively, with a vacuum
region of 27 Å in the z-direction. Each layer consisted of 30 Li atoms. In
addition, a step layer was constructed by covering half of the surface, which
consists of 15 Li atoms from the top layer. For all calculations, the bottom
two layers of Li were fixed to their bulk position, and the simulation cell was
relaxed to an atomic force tolerance of 0.05 eV/Å. The adsorption energy
of additives binding with a Li atom was calculated as

ΔEads = ΔEsurface + additive − ΔEsurface − ΔEadditive (1)

where ΔEsurface + additive is the total energy of the surface model with ad-
ditive, ΔEsurface is the total energy of the isolated Li surface, and ΔEadditive
is the energy of the additive binding to an Li atom in the bulk.
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the author.
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