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ABSTRACT: Eutectic electrolytes are attracting increasing attention as liquid
electrolytes for secondary batteries as they are potentially lower cost, less/
nonflammable, and more environmentally benign than the current state-of-the-art.
We have successfully developed eutectic electrolytes combining the LiN(SO2F)2
(LiFSA) with urea and dimethyl urea and investigated the physicochemical
properties, solution structures, and applicability of these binary and ternary melts
to lithium batteries. Solution structure analysis and electrochemical measurements
suggest that reducing free solvent enhances anodic stability, while mitigating solvent
clustering through hydrogen bonding improves cathodic stability. Moreover, LiFSA
concentrated electrolytes of LiFSA/urea/dimethylurea (1:1:1) and LiFSA/
dimethylurea (1:2) exhibited excellent compatibility with lithium metal due to the
formation of an organic−inorganic hybrid solid electrolyte interphase. These
electrolytes enable the reversible plating and stripping of lithium metal, as well as the
stable operation of 4 V-class lithium metal batteries.
KEYWORDS: lithium-ion battery, lithium metal battery, deep eutectic solvent, electrolyte, solid-electrolyte interphase

■ INTRODUCTION
Lithium-ion batteries (LIBs) remain in high demand as power
sources for portable electronic devices, electric vehicles, and
other applications due to their high voltage and energy
density.1 At the same time, there is significant interest in
further improving the energy density of LIBs by replacing the
graphite negative electrode with lithium metal, referred to as
lithium metal batteries (LMBs).2 While graphite is a highly
reliable material for alkali-ion batteries,3 the ultrahigh capacity
(3860 mAh g−1) and very low redox potential (−3.04 V vs
SHE) of lithium metal make it the most promising negative
electrode material for next-generation batteries.4 However, the
high reactivity of lithium metal presents a significant safety
issue, particularly when combined with the flammable organic
electrolytes (e.g., based on carbonate solvents) used in
commercial batteries.5 Furthermore, LMBs have additional
issues such as low Coulombic efficiency (CE) and dendrite
growth,6 problems which are also linked to the electrolyte.7,8

Consequently, significant research is focused on developing
safe and reliable electrolytes, including solid-state electro-
lytes,9,10 flame-retardant organic electrolytes (e.g., trimethyl
phosphate-based electrolyte),11−13 highly concentrated organic
electrolytes,14,15 and ionic liquids (ILs). While solid-state
electrolytes offer an attractive solution, maintaining effective
solid/solid interfaces remains challenging due to the enormous
volume changes of the Li metal anode during cycling. Flame-
retardant liquid electrolytes also present limitations, including

the toxicity of organic solvents and organic cations, as well as
high costs. Consequently, researchers have focused on
developing electrolytes that substitute the solvents with
flame-retardant, nontoxic, and cost-effective alternatives.16

Aqueous electrolytes represent one promising approach for
LIBs,16,17 but their application in LMBs is limited by water’s
inherently low reduction stability.

Recently, eutectic electrolytes or deep eutectic electrolytes
(DEEs) have been recognized as potential nonflammable
electrolytes for LIBs,18−20 sodium-ion batteries (SIBs),21

LMBs,22 and sodium metal batteries (SMBs).23,24 DEEs can
be prepared from low-cost, safe, and nontoxic components,
such as choline chloride, urea, and carboxylic acids.25,26 By
combining these hydrogen bond donors (HBDs) with acceptor
compounds (or a Lewis base/acid combination), a deep
freezing point depression occurs, enabling the use of low-
volatile and low-flammable solid organic compounds as
“solvents”.27 While DEEs can achieve low flammability due
to their low volatility,28,29 some issues remain, such as low
discharge capacities and retention, and poor CE, probably
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originating from their protic nature. Protic solvents can cause
hydrogen evolution on low-potential negative electrodes, and
therefore, promoting passivation through a stable solid
electrolyte interphase (SEI) formation is key to attain high
capacity retention.20,30,31

In a previous work, some of us reported on binary DEEs
prepared from urea derivatives and lithium bis(fluorosulfonyl)-
amide (LiFSA). We mainly used urea and 1,3-dimethyl urea
(DMU) as they are both nontoxic and cost-effective (∼80
$/kg, reagent grade), especially as compared to alternative
solvents such as ethylene carbonate (∼2000 $/kg) and N-
ethyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)-
amide (29,960 $/kg). Moreover, we found differences in the
SEI, CE of positive and negative electrodes, and electro-
chemical stability windows (ESWs).32 Specifically, an LiFSA/
urea (1:4) electrolyte enabled stable cycling of Li4Ti5O12
(LTO) via a urea-derived, organic-rich SEI. In contrast, an
electrolyte of LiFSA and 1,3-dimethylurea at the same
concentration failed to stabilize the LTO electrode. However,
the asymmetric structure of DMU enabled the preparation of a
highly concentrated electrolyte, LiFSA/DMU (1:2), which
yielded a higher CE for LTO electrodes due to the formation
of an inorganic-rich SEI.

Although our previous study indicates that the choice of
urea derivative is critical to electrochemical performance, the
impact of its molecular structure on the solution environment
and the resulting electrochemical stability is not fully
understood, partly due to the narrow liquid-phase range of
the LiFSA−urea system. Furthermore, the application of these
DEEs to LMBs has not yet been demonstrated. Therefore, this
study investigates the solution structures of binary and ternary
DEEs (TDEEs) and evaluates their applicability to LMBs to
better understand the role of different HBDs.

■ EXPERIMENTAL SECTION

Electrolyte Preparation
(T)DEEs were prepared by mixing various molar ratios of LiFSA
(≥99%, Kishida Chemical) and urea derivatives at 25 ± 5 °C for ∼10
h in an Ar-filled glovebox (dew point = −70 °C). Urea (≥99.0%,
Wako Pure Chemical Industries) and dimethylurea (≥98%, Tokyo
Chemical Industry) were used as purchased without further
purification or drying. This is primarily due to the limitations caused
by the sublimation and thermal decomposition of urea.
Electrode Preparation
The positive electrodes consisted of 80 wt % LiMn2O4 (LMO)
(Toshima Manufacturing), 10 wt % conductive carbon, and 10 wt %
polyvinylidene fluoride (PVdF, #9100, Kureha). Acetylene black (AB,
Li-400, Denka) was used as the conductive carbon for all battery
electrodes. The electrodes were prepared by casting the mixture slurry
with N-methylpyrrolidone (NMP) onto Ti foil with a doctor blade
and drying at 80 °C under a vacuum. The average thickness of the
coating layer was ca. 17 μm. Activated carbon electrodes were
prepared with 80 wt % activated carbon (YP50F, Kuraray), 10 wt %
Ketjen Black (KB, Carbon ECP, Lion), and 10 wt % polytetrafluoro-
ethylene (PTFE, Daikin) on a Ti mesh and dried at 100 °C. The mass
loading of LMO in the electrodes was in the range of 1.6−2.1 mg
cm−2.
Electrochemical Characterization
Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were
conducted using a three-electrode cell (SB1A, EC FRONTIER) with
Pt foil (anodic scan) or Cu foil (cathodic scan) as a working
electrode, an activated carbon counter electrode (>10 mg cm−2), and
an Ag+/Ag reference electrode. The reference electrode consisted of a
fritted capillary containing 3 mM silver trifluoromethanesulfonate in

LiFSA/urea (1:4) and Ag wire. The reference electrode potential vs
Li+/Li° was calibrated in each electrolyte using the redox potential of
LTO electrodes (1.55 V vs Li+/Li°, Table S1). All LSV and CV were
conducted at 0.5 mV s−1. Galvanostatic charge−discharge tests were
conducted using a 2032 coin cell with a Li metal counter electrode
(200 μm thick, ca. 10 mg, Honjo Chemical) and glass fiber separator
(GB-100R, Advantec, 380 μm thick) soaked with 100 μL of
electrolyte. Measurements were conducted using a VMP3 (Biologic)
instrument at 25 ± 5 °C without any preformation cycles. To ensure
reproducibility, all measurements were performed on a minimum of
three independent cells.
Electrolyte and Electrode Characterization
The glass transition temperature and melting point of our LiFSA/urea
derivative (T)DEEs were analyzed using differential scanning
calorimetry (DSC, NETZSCH DSC3500 Sirius) at a temperature
scanning rate of 10 °C min−1. The thermal stability was tested using a
thermogravimetric analyzer (DTG-60, Shimadzu) at a scan rate of 10
°C min−1 in an Ar atmosphere. The ionic conductivities of the
electrolyte solutions were measured using an ionic conductivity meter
(CM-41X, TOA DKK) at 25 °C ± 0.1 °C. The ionic conductivity
meter was calibrated using a conductivity standard solution (1413 μS
cm−1, Horiba). The standard deviation of three replicates was
confirmed to be less than 2% using the standard solution. The
viscosities of the electrolyte solutions were measured using a rolling
ball viscometer (Lovis 2000 M/ME, Anton Paar) at 25 °C ± 0.005
°C. Solution structures of the (T)DEEs were analyzed using Raman
spectroscopy (Raman-11, Nanophoton) with a 532 nm laser and at a
resolution of 2.0 cm−1. The samples were sealed in Ar-filled bottles.
The Raman spectra were calibrated using the peak originating from
silicon at 520 cm−1. Fourier transform infrared (FT-IR) spectroscopy
was conducted using an Alpha II (Bruker) with the attenuated total
reflection (ATR) method inside a glovebox to avoid air exposure. The
ionic conductivities of the (T)DEEs were measured using an ionic
conductivity meter (CM-41X, TOA DKK). The viscosities of the
(T)DEEs were measured using a rolling ball viscometer (Lovis 2000
M/ME, Anton Paar) at 25 °C.

X-ray photoelectron spectroscopy (XPS, VersaProbe II, ULVAC-
PHI) using Al Kα radiation (1486.6 eV) was used to analyze the
tested electrodes.
Computational Details
The GFN-xTB approach33 was used to run molecular dynamics
(MD) simulations, which were conducted with the xTB method34

through CP2K.35 GFN-xTB offers a favorable compromise between
the efficiency of classical MD and the accuracy of DFT.33 This
approach has been successfully applied to liquid electrolytes and
molecular materials.36,37 The method has been validated for Li−salt
electrolytes,38 showing comparable structural descriptors to AIMD at
significantly lower computational cost. In contrast, xTB is less reliable
for certain condensed-phase solids and strongly correlated sys-
tems.37,39 The initial geometry of the (T)DEEs was generated using
Packmol,40 a tool designed to create well-packed molecular
configurations for MD simulations. Packmol arranges molecules in
predefined regions while avoiding atomic overlaps, enabling the
construction of boxes with properly distributed molecules.

The MD simulations of the five (T)DEEs of LiFSA/urea (1:4),
LiFSA/DMU (1:2), LiFSA/DMU (1:4), LiFSA/urea/DMU (1:1:1),
and LiFSA/urea (1:2) were conducted in cubic boxes with side
lengths of 16.7 Å, 17.1 Å, 17.9 Å, 17.1 Å and 17.1 Å, respectively, and
were made up of 504, 494, 594, 512, and 520 atoms, respectively.

The MD simulations were 100 ps each, with the first 40 ps being
regarded as equilibration. The equilibration ran an NPT ensemble
with 1 fs time-steps at 363 K and with the barostat set to 1 atm. A
production run was then performed in the NVT ensemble using 1 fs
time steps, with a Nose−́Hoover thermostat41−43 maintaining a
temperature of 363 K. The resulting trajectories were analyzed using
VMD,44 and the local structure was examined by computing the radial
distribution functions (RDFs) using the pair distribution function
g(r). Integration of the RDF up to the first minima was performed to
obtain the partial coordination numbers (pCNs). While simulations
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were conducted at 363 K to maintain the liquid state and enhance
sampling, the analysis focuses on relative structural trends rather than
direct comparison to room-temperature experiments.

■ RESULTS AND DISCUSSION

Physicochemical Properties

First, we investigated the phase stability of the TDEEs
containing LiFSA, urea, and DMU. The TDEEs were prepared
and analyzed using differential scanning calorimetry (DSC),
and the results were compared with previously reported binary
DEEs.32 The TDEEs were stable, clear liquids at various molar
ratios, including LiFSA/urea/DMU compositions of 1:1:1,
1:1:2, 1:2:1, 1:1:3, and 1:3:1 ratios (Figure 1a), henceforth
denoted as TDEE111, TDEE112, etc. In addition, we have also
tested some NaFSA or KFSA and urea binary mixtures.
However, these are solid at 25 °C at both 1:2 and 1:4 ratios.

The DSC analysis revealed that these TDEEs, along with the
binary DEEs LiFSA/urea (1:4) (Urea14) and LiFSA/DMU
(1:2) (DMU12), all exhibit a glass transition temperature (Tg)
of approximately −50 °C, with no other significant thermal
events at higher temperatures (Figures 1b and S1). This

indicates that they remain stable liquids at temperatures far
below room temperature, with no notable phase separation or
precipitation during heating and cooling cycles. However, the
melting temperature (Tm) was difficult to observe in many
compositions due to extremely slow crystallization, which
made it impossible to determine the true eutectic points.
Therefore, we shifted our focus to comparing TDEE111,
TDEE122, and the binary DEEs for battery applications, as
highly concentrated electrolytes have shown better electro-
chemical stability in previous studies.23,28 Additionally, the
DSC curves for all solutions lacked Tm above room
temperature, confirming they exist as homogeneous liquids at
room temperature. Moreover, urea-containing DEEs, including
TDEEs, displayed a larger heat capacity step (ΔCp) at the glass
transition compared to DMU-based DEEs (Figure S2). This
indicates a rapid increase in structural diversity and configura-
tional entropy with rising temperature.45,46 These observations
can also correlate to the formation of hydrogen bonding46

within urea-containing DEEs, which will be discussed later.
All TDEEs were found to be ionically conductive, with the

ionic conductivity increasing and viscosity decreasing slightly
along with higher urea content (Table 1). Furthermore, the

Figure 1. (a) Photograph of LiFSA, urea, DMU, and a resulting TDEE, and (b) DSC traces of (T)DEEs at a scan rate of 10 °C min−1.

Table 1. Ionic Conductivity and Viscosity of Urea14 and DMU12, and the TDEEs

electrolyte name composition (molar ratio) ionic conductivity/mS cm−1 viscosity/mPa s

Urea14 LiFSA/urea (1:4) 1.03 280.5 (7)
DMU12 LiFSA/DMU (1:2) 0.114 2533 (4)
TDEE111 LiFSA/urea/DMU (1:1:1) 0.174 1721 (4)
TDEE112 LiFSA/urea/DMU (1:1:2) 0.202 1411.0 (5)
TDEE113 LiFSA/urea/DMU (1:1:3) 0.226 940.1 (2)
TDEE121 LiFSA/urea/DMU (1:2:1) 0.346 997.8 (18)
TDEE131 LiFSA:/urea/DMU (1:3:1) 0.439 613.0 (7)
TDEE122 LiFSA/urea/DMU (1:2:2) 0.252 976.6 (4)
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Walden plot shows that a higher urea content also resulted in
greater ionicity, i.e., closer to the ideal KCl line (Figure S3),
which can be attributed to a higher degree of LiFSA
dissociation arising from the stronger interaction between Li+
and urea. Thermogravimetric analysis also confirmed that these
DEEs, particularly TDEE111, possess high thermal stability,
showing minor weight loss (<5%) below 200 °C (Figure S4).

The standard error of viscosity was calculated based on four
replicates. The data for Urea14 and DMU12 are taken from ref
32.
Solution Structures

To investigate the solution structures of the (T)DEEs, we used
Raman spectroscopy, FT-IR spectroscopy, and MD simu-
lations. Raman spectroscopy was used to probe the interactions
involving the [FSA]− anion, as its S�O stretching peak is
sensitive to both ionic coordination with Li+ and hydrogen
bonding with urea/DMU. The DMU14 electrolyte exhibits a
peak around 1214 cm−1 with a shoulder at a higher
wavenumber (Figure 2a). The main peak is in agreement
with reported values for solvent-separated ion pairs (SSIPs),
while the shoulder can be attributed to contact ion pairs
(CIPs), which typically appear near 1218 cm−1.47 The
TDEE122 and Urea14 electrolytes show broader peaks with
a slight shift to higher wavenumbers, which may be due to
increased CIP formation or direct hydrogen bonding between
[FSA]− and urea (Figures S5 and S6a). As the LiFSA
concentration increases, this peak shifts further (Figures 2a and
S6b), indicating significant ion-pair formation, including CIPs
and aggregates (AGGs), the latter of which are typically
observed around 1224 cm−1.47 Overall, the Raman spectra

suggest that mixing urea and DMU enhances ion-pair and/or
hydrogen bond formation (Figures S5 and S6c).

FT-IR spectroscopy provided further insight into the
hydrogen-bonding network through the N−H stretching
bands. Peaks located at 3200−3350 cm−1 and 3400−3550
cm−1 can be assigned to H-bonded and non-H-bonded N−H
groups, respectively (Figure 2b).48 With increasing LiFSA
concentration, the intensity of the H-bonded N−H peaks
decreased while the non-H-bonded peaks increased, which is
clearly illustrated in the difference spectra (Figure S7).
Notably, for the DMU12 electrolyte, the intensity of H-
bonded peaks was negligible.

These spectroscopic results indicate that as electrolyte salt
concentration increases, solvent−solvent interactions are
replaced by Li+−solvent coordination. Furthermore, they
confirm that DMU has low hydrogen bonding formation
ability as compared to urea, as expected from its chemical
structure.

MD simulations using the xTB method were conducted to
illustrate the solution structure. The RDFs show a clear first
solvation shell at ∼2 Å in both [FSA]− and urea/DMU (Figure
3a,b). A comparative analysis of the pCNs highlights relative
differences in ion dissociation between the DEEs. In particular,
the urea-based DEEs show enhanced ion dissociation, shown
by smaller Li−O(FSA) and Li−F pCN values than for the
DMU-based electrolytes at the same salt concentration (Figure
3c and Table S3), consistent with their higher measured
ionicity.

The pCNs for Li−O(urea) and Li−O(DMU) were
determined to be 2.3 and 1.7 in the Urea14 and DMU14
electrolytes, respectively (Figure 3c). These values are

Figure 2. (a) Raman spectra in the range of 1190−1240 cm−1 and (b) FT-IR spectra in the range of 3100−3600 cm−1 of (T)DEEs.

Figure 3. RDFs of (a) cation−anion Li+−O (FSA) and (b) cation−solvent Li+−O (Urea/DMU) interactions, and (c) pCNs of Li+, in various
(T)DEEs.
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significantly lower than the value of 4 expected for a fully
coordinated state, indicating that these electrolytes contain
urea/DMU molecules that are not coordinated with Li+ (i.e.,
“free” or hydrogen-bonded solvents) (Figure 3c and Table S4).
In contrast, the more concentrated 1:2 electrolytes (DMU12,
Urea12, and TDEE111) contained only a negligible amount of
“free” solvent, as the pCN of urea/DMU is close to 2 (Figure
3c). Consistent with the Raman spectra, the simulations show
that higher salt concentrations favor increased Li+−anion
contacts, indicating a greater likelihood of CIPs and AGG
formation. In addition to concentration, the specific urea
derivative also affects the amount of free solvent, and urea-
based electrolytes show less “free” solvent than DMU-based
ones.

These “free” solvents can interact with anions or other
solvent molecules through hydrogen bonds. Indeed, a
combined analysis of angular distribution functions (ADF)
and RDF suggested that the geometric arrangements of N−
H···O/F geometrical configurations were predominantly
located in the region of H−O/F distances (∼2.0 Å) and
bond angles (>135°) typical of hydrogen bonding (Figure S8).
This supports the presence of hydrogen bonding in these
solutions and is consistent with the FT-IR spectra shown in
Figure 2b. However, the continuous nature of this geometric
distribution complicates the clear designation of hydrogen
bonds. Consequently, it was not feasible to quantify the
hydrogen bonding within each electrolyte based on geometric
characteristics.

Overall, the spectroscopic results and MD simulations are
qualitatively consistent, indicating significant ion-pair forma-
tion in the higher-concentration solutions. Moreover, solvent−
solvent hydrogen bonds are largely replaced by Li+−solvent
coordination in highly concentrated electrolytes. Specifically,
the DMU12 electrolyte exhibited the least pronounced
hydrogen-bonding characteristics in the N−H bond vibration
(Figure 2b).
Electrochemical Stability and LMB Performance

Prior to battery tests, the ESW of the electrolytes was
examined through voltammetry. Comparing the electrolytes
with a 1:4 LiFSA-to-urea/DMU ratio, a lower proportion of
urea resulted in higher anodic stability (Figure 4). Since these
dilute electrolytes contain “free” solvent molecules, this result
indicates that free urea decomposes anodically at a lower
potential than free DMU. The highly concentrated electrolytes,

DMU12 and TDEE111, demonstrated superior anodic
stability. This trend is fully consistent with the established
principle in highly concentrated electrolytes where most
solvent molecules are coordinated to Li+.49,50 Comparing
these concentrated electrolytes, TDEE111 exhibited a sup-
pressed anodic current than DMU12 (Figure S9), which is
consistent with the smaller amount of free solvent obtained in
MD.

During the cathodic scan using Cu foil as electrode, the
Urea14 electrolyte showed a significant reduction current
starting from approximately 1.4 V vs Li+/Li°, which is
attributed to continuous urea decomposition (Figures 4 and
S10a). In contrast, TDEE122 demonstrated partially reversible
lithium metal plating/stripping with a CE of 27% (Figures 4
and S10b). The low CE is mainly due to irreversible reactions
below 1.0 V vs Li+/Li°, which we again attribute to solvent
decomposition. While DMU14 also showed a small redox
couple for Li plating/stripping, its CE was very low (<1%)
(Figures 4 and S10c).

Reversibility was significantly improved in the highly
concentrated electrolytes. DMU12 and TDEE111 achieved a
reasonable CE (∼50%) from the second cycle onward,
although minor solvent decomposition was still observed
during the initial cycles, especially for TDEE111 (Figure
S10d,e). The impact of solvent decomposition was more
dominant in galvanostatic tests. The Li|DMU12|Cu cell
demonstrated a CE of ∼60%, whereas the Li|TDEE111|Cu
cell showed a CE of only 24% (Figure S11a,b). Moreover, the
DMU12 electrolyte achieved an average CE of ca. 79% over 10
cycles using a protocol proposed by Zhang et al.,51 indicating
better compatibility with Li−metal plating and stripping
(Figure S11c).

Although water contamination in the electrolyte was
suspected as a cause of irreversible capacity, no correlation
was observed between the water content, as determined by
Karl Fischer titration (Table S2), and the reductive stability or
the CE of Li metal plating/stripping. Therefore, the irreversible
reduction observed in the CV can be attributed to the
reductive decomposition of urea or DMU, rather than water.
Nevertheless, since the adverse effects of residual water
decomposition cannot be ruled out, further improvements in
electrochemical stability are expected through the ongoing
optimization of the electrolyte’s drying conditions.

The combined analysis of the solution structure and
electrochemical stability reveals a correlation between hydro-
gen-bond formation and the side reactions observed during
lithium metal plating and stripping. This is likely because
hydrogen atoms in clustered, hydrogen-bonded solvents can
readily dissociate to form hydrogen gas at low potential.
Conversely, for isolated solvent molecules that are primarily
coordinated to Li+, the overpotential for the hydrogen
evolution reaction is higher due to suppressed protonation.52

This finding offers a critical insight: for protic eutectic
electrolytes, disrupting solvent−solvent hydrogen bonding
networks is essential for cathodic stability.

We further observe the tested Cu foil surface using SEM.
After a constant potential application of −0.5 V vs Li+/Li° in
TDEE111 (Figure S12a,b) for 5 h, which resulted in 1.33 mAh
cm−2 capacity, the deposited film consisted of small bumpy
lithium metal deposits (Figure 5a), in agreement with a
previous report using a highly concentrated LiFSA electro-
lyte.53 Round and small (5−10 μm in size) deposits are
considered to be suitable for use in LMBs since there is little

Figure 4. LSV and CV curves for (T)DEEs. The anodic and cathodic
scans were conducted with Pt and Cu foil working electrodes,
respectively.
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risk of penetration through the separator. Furthermore, EDS
mapping shows that only a small amount of F and Cu exists on
the surface, indicating that the Cu foil is almost entirely
covered with lithium metal (Figure S12c−e). Further
comparison of TDEE111 and DMU12 using the symmetric
cell test showed that both were stable over 250 h,
demonstrating excellent compatibility with lithium metal
electrodes (Figure 5a). This is a noteworthy improvement in
the applicability of DEEs to LMB cells, considering that a
previously reported LiTFSA−urea-based DEE required the
addition of a large amount (>50%) of fluoroethylene carbonate
for the stable operation of 250 h.22 Furthermore, both
electrolyte cells maintained stable operation at current
densities as high as 500 μA cm−2 without short-circuiting

(Figure S13). At a higher current density of 1 mA cm−2,
however, all cells failed due to excessive overpotential.

Next, the SEI formed on the lithium metal electrodes was
investigated using XPS after 10 cycles in symmetric Li||Li cells
with the DMU12, TDEE111, and TDEE122 electrolytes. The
resulting spectra showed only minor compositional differences.
All electrodes displayed peaks assigned to C�O, C−O, and
C−N functional groups in the C 1s, O 1s, and N 1s XPS
spectra, confirming the presence of decomposition products
from urea and/or DMU (Figure 6a). Furthermore, the Li 1s
and F 1s spectra exhibited clear peaks assigned to LiF on all
electrodes (Figure 6b,c). LiF is formed by decomposition of
the FSA anion, which is enhanced by AGG formation.54 The
absence of a metallic Li peak suggests that the SEI is thicker

Figure 5. (a) SEM image of the surface/precipitate (lithium metal deposit) after constant potential deposition in TDEE111, and (b) voltage
profiles of Li||Li symmetric cells with TDEE111 and DMU12 electrolytes at a current density of 50 μA cm−2.

Figure 6. XPS spectra of lithium metal electrodes cycled in the symmetric Li||Li cells for 10 cycles. All spectra were normalized by the areal
intensity of the corresponding N 1s spectra. (a) C 1s, (b) Li 1s, (c) F 1s, and (d) semiquantitative analysis of elements.
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than the detection depth of XPS (∼5 nm). Therefore, the SEI
composition may differ in deeper regions, necessitating future
analysis with techniques like hard X-ray photoelectron
spectroscopy.

Taken together, these results indicate the formation of an
organic−inorganic hybrid SEI from all three (T)DEEs. A semi-
quantitative analysis using elemental relative sensitivity factors
revealed that the SEI formed in TDEE122 contained a higher
atomic percentage of carbon than those formed in DMU12
and TDEE111, suggesting a greater degree of solvent
decomposition. Nevertheless, the substantial variation in CE
(e.g., 27% for TDEE122 and 45% for DMU12) appears to be
governed not by the final SEI composition, but by the quantity
of solvent consumed for the continuous formation and
reconstruction of the SEI during cycling.

Finally, we evaluated the applicability of the (T)DEEs in
LMBs using LiMn2O4 (LMO) positive electrodes. Cells with
both the TDEE111 and DMU12 electrolytes showed reversible
charge−discharge curves, delivering a capacity of approx-
imately 100 mAh g−1 (based on the positive electrode active
material mass) with an average operating voltage of 3.9 V. This
performance demonstrates their suitability for 4 V-class lithium
metal batteries (Figure 7a). The TDEE111 cell exhibited a
higher CE than its DMU12 counterpart, which is consistent
with its higher anodic stability as observed in the voltammetry
experiments (Figure S9). Consequently, the TDEE111 cell
achieved better cycling performance (Figure 7b). Nevertheless,
the CE of the TDEE111 cell was still only approximately 98%
even after 10 cycles, indicating that continuous electrolyte
decomposition remains an issue. In addition, these cells
retained only 40 mAh g−1 for TDEE111 and 20 mAh g−1 for
DMU12 at a higher current density of 150 mA g−1 (Figure
S14), which is likely due to the limited ionic conductivity
(Table 1). Further optimization of the electrolyte composition
and cell configuration, including electrolyte additives, diluents,
and higher stack pressure, will improve long-term stability and
rate capability.

■ CONCLUSIONS
In this study, we investigated binary and ternary mixtures of
LiFSA, urea, and 1,3-dimethylurea (DMU) as (T)DEEs for
lithium metal batteries. Compared to DMU, urea exhibits
stronger coordination to Li+ ions and a greater ability to act as
a HBD toward anions and other urea molecules. This leads to a
higher degree of LiFSA dissociation, fewer free solvent

molecules, and more prominent solvent clustering in urea-
based electrolytes. Our analysis suggests that reducing the
amount of free solvent is essential for improving anodic
stability, consistent with known effects in highly concentrated
electrolytes. More importantly, mitigating solvent clustering is
critical for enhancing cathodic stability. These factors can be
controlled by creating ternary mixtures of urea and DMU. We
found that a TDEE, LiFSA/urea/DMU (1:1:1), enables both
reversible lithium metal plating and stripping and the stable
cycling of a 4 V-class Li||LiMn2O4 cell. This work not only
presents a promising new electrolyte system but also provides a
fundamental design rationale that can guide the future
development of advanced eutectic electrolytes for next-
generation batteries.
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