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HIGHLIGHTS

o Fluorine-free and flame-retardant dual-salt electrolyte formulation is introduced.

o The Li||Li symmetric cells maintain stable overpotentials during prolonged cycling.

o The cells demonstrate a capacity retention of 91% in Li||[NMC811 cell.

o The dual-salt electrolyte facilitates the formation of CEI and SEI layers.

o The presence of LizN, LiN,Oy, B-N, and Li-B-O provides evidence of fluorine-free interfaces.
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Here, we introduce a fluorine-free and flame-retardant dual-salt electrolyte formulation based on a new electron-
deficient aromatic and Hiickel-type lithium 4,6-diethoxy-2-oxo-2H-1,3,5-triazin-5-ide (LiDET) salt in combina-
tion with lithium bis(oxalato)borate (LiBOB) salt, both dissolved in a triethyl phosphate (TEP) solvent with
vinylene carbonate (VC) as an additive. The interactions between BOB and DET anions promote a loosely co-
ordinated Li* solvation sheath, which results in enhanced interfacial stability of electrodes. The Li||Li symmetric
cells maintain stable overpotentials during prolonged cycling, while the full cells demonstrate a capacity
retention of 91% in Li|[NMC811 cell after 500 cycles and 94% in Li||LTO cell after 200 cycles. The dual-salt
electrolyte facilitates the formation of stable cathode electrolyte interphase (CEI) and solid electrolyte inter-
phase (SEI) layers as confirmed with X-ray photoelectron spectroscopy (XPS), where the presence of species such
as Li3N, LiN4Oy, B-N, and Li-B-O is evident. Overall, this study paves the way for development of fluorine-free
and flame-retardant electrolytes for lithium metal batteries (LMBs), especially for high-voltage cathodes like
NMC811.

1. Introduction

Achieving high energy density and sustainability in energy storage
systems is essential to meet the growing demands of future technologies,
including electric vehicles, large-scale power grids, and portable elec-
tronic devices [1-3]. The traditional lithium-ion batteries (LIBs) face
limitations in this regard, where the state-of-the-art graphite anodes
offer only a theoretical capacity of 372 mAh/g [4]. In contrast, lithium
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metal as an anode offers a far superior option due to its exceptionally
high theoretical capacity of 3860 mAh/g and low redox potential of
—3.04 V vs. SHE [5,6].

However, lithium metal is highly reactive with most electrolytes,
leading to the formation of an unstable SEI and promoting dendritic
lithium growth during repeated plating and stripping. These dendrites
can penetrate the separator in organic carbonate-based electrolytes,
posing risks of short circuits, as well as localized heat, and thus leading
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to fire hazards [5,7]. Even though Ni-rich cathode materials improve the
energy density of LMBs, however, decomposition of electrolytes pro-
vokes undesired reduction of Ni** to Ni2* during the charge states and
singlet oxygen generation during phase transitions. In addition, partially
covered NMC811 particles with CEI by the decomposition of electrolytes
lead to the formation of a non-uniform interface [8,9].

Fluorinated salt-based electrolytes are known for their high ionic
conductivity, fast reaction kinetics, and ability to form stable SEI and
CEI layers. However, despite their electrochemical advantages, fluori-
nated electrolytes pose serious safety and environmental concerns all the
way from synthesis to implementation and even at the recycling stage.
During operation, these electrolytes can release harmful and corrosive
byproducts such as hydrogen fluoride (HF), phosphorus oxyfluoride
(POFs3), and phosphorus pentafluoride (PFs), which may degrade battery
components and negatively impact the human health and the sur-
rounding environment [10-12]. Therefore, there is an urge to develop
fluorine-free electrolytes that can provide comparable electrochemical
performance while enabling the formation of robust SEI and CEI layers
for high-performant and safer LMBs.

Several fluorine-free salts have been explored as alternatives,
including lithium bis(oxalato)borate (LiBOB), lithium nitrate (LiNOs3),
lithium saccharinate (LiSac), bis(glycolato)borate (LiBGB), lithium tri-
cyanomethanide (LiTCM), lithium (1-naphthalenesulfonyl)-dicyano-
methide (LINPDM), and lithium dicyanamide (LiDCA) [13-24]. Among
these, LiBOB has gained significant attention due to its compatibility
with graphite electrodes and its ability to passivate current collectors.
This makes LiBOB as a promising candidate for electrolytes using sulfone
and ether-based solvents [25]. However, its limited solubility in com-
mon organic solvents, including carbonate solvents, presents a challenge
for practical use. Another serious limitation of the LiBOB salt is its
instability in the presence of water and decomposes when exposed to
traces of moisture, which in turn adversely affects the overall electro-
chemical performance [20]. This is why LiBOB is mostly employed as an
additive rather than the primary salt in non-aqueous electrolytes [26,
27]. To counter the solubility issues, Bhowmick et al. have recently
introduced fluorine-free and solvent-free ambient temperature liquid
salt electrolytes comprising lithium, sodium and potassium cations and
phosphate anions with flexible oligoether alkyl chains [28].

To develop safer batteries, various electrolyte types are being
explored, including solid-state electrolytes [29], ionic liquid-based
electrolytes [30], and flame-retardant solvent-based formulations.
Phosphate-based solvents such as triethyl phosphate (TEP), trimethyl
phosphate (TMP), dimethyl methylphosphonate (DMMP), and dimethyl
(2-methoxyethoxy) methylphosphonate (DMMEMP) have attracted in-
terest due to their environmental sustainability, low cost, high donor
number, and excellent non-flammability [31]. However, electrolytes
based on these solvents exhibit limited compatibility with lithium metal,
and often struggle to maintain stable SEI and CEI layers due to unde-
sirable interfacial side reactions, non-uniform lithium deposition,
dendrite growth which limits their effectiveness in LMBsTo address this
issue, various solvent additives, such as vinylene carbonate (VC), fluo-
roethylene carbonate (FEC), and TTE, have been incorporated into the
electrolyte formulation [32,33]. Among these, VC has shown particular
promise when used alongside TEP solvent, as it decomposes earlier than
TEP, enabling the formation of a thin and protective SEI layer that en-
hances both cycling stability and interfacial robustness [34].

In contrast, the dual-salt electrolyte system effectively regulates the
Li" solvation structure by enabling multiple anion species to participate
in the inner solvation sheath, reducing the interactions between Li* ions
and solvent molecules [35]. As a result, the electrolyte preferentially
forms inorganic-rich SEI and CEI layers, which provide robust protection
for both the lithium metal anode and the cathode surface, enhancing
interfacial stability and overall electrochemical performance [36].

In this work, we introduce a new fluorine-free salt, LiDET, and its
formulation into a dual-salt electrolyte system comprising LiBOB as the
primary salt and LiDET as the secondary salt in a TEP solvent, along with
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Fig. 1. Chemical structures and abbreviations of the LiBOB and LiDET salts.

2 wt% VC as an additive (Fig. 1). The selection of LiBOB and LiDET in the
present work is motivated by the need to combine the well-known
interphase-forming capability of LiBOB salt with a new LiDET salt,
which contains multiple nitrogen coordination sites that can strongly
interact with Li*, which is expected to regulate the solvation environ-
ment, and facilitate faster Li* transport through reduced desolvation
barriers. This approach assists in increasing the lithium-ion transference
number and promotes the formation of chemically diverse and ionically
conductive SEI/CEI layers. Accordingly, this study is designed not
merely as a synthetic electrolyte formulation, but as a targeted elec-
trolyte/interphase engineering approach aimed at understanding how
dual-salt interactions influence Lit transport kinetics and electrode-
electrolyte interfacial stability in lithium metal batteries.

2. Experimental
2.1. Materials

The commercial regent grade of chemicals were used for the syn-
thesis of LiDET salt without any further purification. Trichlorotriazine
(TCT, ACS reagents, >97% purity), cyanuric chloride, Sodium hydrox-
ide (anhydrous, 99% purity), and lithium hydroxide monohydrate (ACS
reagents, >97% purity) were all received from Sigma Aldrich.
Dichloromethane (DCM, 96% purity) and sodium hydroxide were pur-
chased from VWR chemicals. For the electrode and electrolyte prepa-
rations, LiNipgMn0.1Cog 102 (NMC8111) and LisTisO12 (LTO) were
purchased from Guangdong Canard New Energy Technology Co., Ltd,
China. Triethyl phosphate (ACS reagent,>99.8% purity), vinylene car-
bonate (battery grade, 99.5%), and poly(vinylidene fluoride) were
received from Sigma-Aldrich. The commercial battery grade LP40
electrolyte, 1.0 M in ethylene carbonate (EC) and dimethyl carbonate
(DEC) (EC:DEC (50:50 vol:vol, with <15 ppm H50, <50 ppm HF) was
purchased from sigma-Aldrich.

2.2. Synthesis of LiDET

The lithium 4,6-diethoxy-2-oxo0-2H-1,3,5-triazin-5-ide (LiDET) salt
was synthesized in three steps (Scheme S1), as described below.

Step 1. Synthesis of 2,4,6-trimethoxy-1,3,5-triazine (TET): Tri-
chlorotriazine (TCT), cyanuric chloride (9.2 g, 0.05 mol) was added
portion wise to a stirred mixture of NaOH (6.0 g, 0.15 mol) in ethanol
(50 mL) while maintaining the temperature between 0 and 5 °C.
After the complete addition, the reaction mixture was stirred at 20 °C
for 24 h. The solvent was then removed under reduced pressure, and
the resulting residue was suspended in water (50 mL), and extracted
thrice with DCM (25 mL). The solvent was evaporated under reduced
pressure to afford 2,4,6-trimethoxy-1,3,5-triazine as a colorless oil
(7.9 g, 92% yield). 'H NMR (400 MHz, CDCls) &: 4.40-4.35 (q, 2H),
1.35-1.32 (t, 3H) ppm. °C NMR (100 MHz, CDCls) &: 160.28, 65.1
and 14.15 ppm.

Step 2. Synthesis of 2-Hydroxy-4,6-diethoxy-1,3,5-triazine
(DETOH): A mixture of 2,4,6-triethoxy-1,3,5-triazine, TET, (2.1 g,
0.01 mol) synthesized in the first step and potassium hydroxide
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(0.77 g, 0.0137 mol) in tert-butanol (20 mL) was heated at 70 °C for
5 h. After cooling to room temperature, the solvent was removed
under reduced pressure, and the resulting residue was dissolved in
water (30 mL). The aqueous solution was acidified with concentrated
hydrochloric acid (3M) to pH = 3 while maintaining the temperature
below 15 °C. The precipitate formed was filtered, washed with water
(2 x 25 mL), and dried at room temperature to yield 2-hydroxy-4,6-
diethoxy-1,3,5-triazine as a colorless crystalline solid (1.53 g, 84%
yield). 'H NMR (400 MHz, DMSO-dg) &: 12.32 (bs, 1H, OH), 4.35-
430 (q, 4H, CH,), 1.30-1.26 (t, 6H, CH3) ppm. C NMR
(100 MHz, DMSO-de) &: 168, 157.53, 64.55, 14.43 ppm.

Step 3. Synthesis of lithium 4,6-diethoxy-2-oxo-2H-1,3,5-triazin-
5-ide (LiDET): An aqueous solution of lithium hydroxide
(55 mmol in 20 mL of H,0) was dropped into to a stirred aqueous
solution of 2-hydroxy-4,6-diethoxy-1,3,5-triazine, DET, (55 mmol,
10.18 g). The reaction mixture was stirred at room temperature until
the solid material in aqueous phase completely disappeared, which
required approximately 4 h. The progress of the reaction was
concurrently monitored by thin-layer chromatography (TLC). Upon
completion of the reaction, the water was removed under reduced
pressure using a rotary evaporator, and the crude product was
washed three times with 50 mL portions of diethyl ether to remove
unreacted organic impurities. The resulting white solid product was
dried under vacuum at 80 °C for at least 4 days to yield the LiDET salt
in a quantitative yield (>90%). 'H NMR (400 MHz, DMSO-dg) &:
4.20-4.15 (q, 4H, CHy), 1.21-1.18 (t, 6H, CH3) ppm. 3C NMR
(100 MHz, DMSO-dg) &: 171.79, 171.79, 63.66, 13.57 ppm.

2.3. Electrolyte and electrode preparation

Prior to electrolyte preparation, the LiDET salt was dried under high
vacuum at 80 °C for 12 h, followed by further drying at 120 °C for 24 h.
The LiBOB salt underwent the same drying procedure before use. Both
the dried salts were stored in an argon-filled glovebox with moisture and
oxygen levels maintained below 1 ppm. The TEP solvent was dried using
4 A molecular sieves for 36 h prior to use. To prepare the electrolyte,
0.25 M LiDET was dissolved in TEP containing 2 vol% VC under mag-
netic stirring, followed by slowly addition of 0.8 M LiBOB salt
(Table S1). The resulting electrolyte solution was clear and transparent.
Note the maximum of concentration of LiDET in TEP solvent is 0.5 M.

The cathode was fabricated using the doctor blade method with a
slurry composed of NMC811 (active material), PVDF (binder), and Super
P carbon black (conductive agent) in an 8:1:1 wt ratio. The slurry was
coated onto the aluminum foil and dried at 90 °C for 12 h in a vacuum
oven. The electrode was then calendared and punched into 14 mm discs.
The active material loading was ~2.4 mg cm™2. Similarly, the LTO
electrode was prepared using LTO as the active material, with a loading

of around 1.8 mg cm ™2,

2.4. Electrochemical performance

Symmetric L||Li cells were assembled in an argon-filled glovebox
using 14 mm lithium metal electrodes and polyethylene (PE) separator
(38 pm, TMAX Ltd., Xiamen, China) Similarly, the Cul|Li cells were
assembled in coin cells with 14 mm Li metal and 16 mm clean copper
foil. The cells were cycled at a current density of 0.2 mA cm ™2 with a
fixed areal capacity of 0.2 mAh cm™2 The Li||[NMC811 cells were
assembled using 16 mm of glass fiber separators (GF/D, 0.67 mm
thickness). and tested within a voltage range of 2.8-4.3 V at different
current rates (1C = 180 mAh g’l) with maintained the N/P — 3.7.
Likewise, the Li||LTO cells were cycled between 1.0 and 2.0 V. All the
cells were tested preconditioning at least 5 cycles at 0.1 before running
the longer cycles. Approximately, 85 pL of the electrolyte was added to
each cell. To investigate the corrosion of aluminum current collectors,
Li||Al cells were assembled using both the commercial fluorinated LP40
electrolyte and the new formulated fluorine-free electrolyte.

Journal of Power Sources 689 (2026) 240789

Electrochemical stability of the electrolytes was evaluated using
linear sweep voltammetry (LSV) from 3.0 to 5.0 V at a scan rate of
0.5mVs L Cyclic voltammetry (CV) of Li||Al cell was conducted be-
tween 2.0 and 5.0 V at 5 mV s~ for corrosion testing. Chro-
noamperometry measurements were performed at various fixed voltages
(3.5, 4.0, 4.3, 4.5, and 5.0 V), and Tafel analysis was carried out within
the range of 1.0-5.0 V at 1 mV s~ scan rate. Before corrosion testing,
aluminum current collectors were cleaned by ultrasonication in deion-
ized water and acetone, then dried in a vacuum oven at 60 °C for 12 h.
All electrochemical measurements were conducted using Biologic (BCS,
VMP3) and Neware electrochemical workstations.

2.5. Ionic conductivity

The ionic conductivity of the electrolytes was determined using
electrochemical impedance spectroscopy (EIS) in a two-electrode setup.
A platinum wire was used as the working electrode (WE), while a
platinum crucible served both as the counter electrode (CE) and as the
sample container. Impedance measurements were recorded over a fre-
quency range of 1 Hz to 1 MHz with an AC voltage amplitude of 10
mVrms. During the heating and cooling cycles, spectra were collected
within a temperature range of —20 to 40 £ 0.1 °C. Before measurement,
the cell was allowed to thermally equilibrate for at least 10 min, and the
cell constant was determined using a 100 pS cm ™! KCl standard solution
(Metrohm). The ionic conductivity data were fitted to the Vogel-Fulcher-
Tammann (VFT) equation (Eq. (1)):

-B
ool .

where oy denotes the pre-exponential factor, and B and T are fitting
parameters. The value of Ty was obtained by fitting the ionic conduc-
tivity data using the VFT equation.

The lithium-ion transference number (t;;) was determined through
a combination of chronoamperometry and EIS measurements using a
symmetric Li| |Li cell. The following equation (2) was applied to calcu-
late ty;,:

I (AV — IoRy)

b T LAV~ LRi) @

Here, Iy and I correspond to the initial and steady-state currents,
respectively, while AV represents the applied potential perturbation,
which was set to 10 mV in this study. The initial resistance (Ry) and
steady-state resistance (Rs) were determined from electrochemical
impedance spectroscopy (EIS) measurements.

2.6. NMR spectroscopy

The diffusion coefficient (D) of the ions and solvent in the electro-
lytes was determined using multinuclear (*H, ’Li, }'B, and 3'P) pulsed-
field gradient (PFG) NMR on a Bruker Ascend Aeon WB 400 spectrom-
eter (Bruker BioSpin AG). NMR frequences for the study were 100.21 for
1H, 155.56 for "Li, 128.4 for 'B and 162.02 for 3'P. The instrument was
equipped to deliver a maximum magnetic gradient pulse amplitude of
29.73 T m~!. Prior to measurement, the sample was equilibrated for
approximately 20 min in a 5 mm standard NMR glass tube. The diffusion
coefficient was calculated by analyzing signal attenuation caused by
molecular motion within the electrolyte. The corresponding signal
amplitude was obtained from the Fourier-transformed stimulated echo
(StE) decay as a function of gradient strength (g). The diffusion behavior
of a non-associating liquid is described by the following equation (Eq.

(3):
A(8,8,t) =A(0) exp( — y*g*8°Dty) 3)

In this equation, A(0) denotes the initial signal amplitude, which de-
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Fig. 2. Ionic conductivity (a), and diffusion coefficients of the ions and solvent as a function of temperature measured by 7Li (b), lig (c), and 31p (d) NMR dif-
fusometry. The “Li represents the diffusivity of Li*, !B represents diffusivity of the BOB anion and 3'P represents diffusivity of the neat TEP solvent and TEP in the

single-salt and dual-salt electrolytes.

pends on proton content as well as NMR relaxation times (T and Tg).
The terms y and 6 represent the gyromagnetic ratio of the nucleus and
the gradient pulse duration, respectively. The effective diffusion time
(tg) is calculated as tq = (A — 8/3), where A = (t + 11), T1 and T are time
intervals between radiofrequency pulses in the NMR pulse sequence
influencing decays of the NMR signal due to T; and T, NMR relaxation,
respectively. During the measurements, the experimental parameters
were set within the following ranges: & between 1 and 3 ms, g between
0.06 and 29.73 T m~L, = between 2.5 and 5 ms, and A between 20 and
100 ms.

2.7. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was used for surface analysis
using a Thermo Fisher Scientific ESCALAB 250Xi XPS System (Thermo
Fisher Scientific, 168 Third Avenue, Waltham, MA USA 02451) at the
Centre for Material Analysis, University of Oulu (Finland). The high-
resolution scan used pass energy of 20 eV while Survey scan used pass
energy of 150 eV. The monochromatic AlKa radiation (1486.7 eV)
operated at 20 mA and 15 kV with X-ray spot size of 900 pm. The C, O, P,
B, N, F, Ni, Mn, Co and Li were measured for all samples and the mea-
surement data were analyzed by the Avantage V5 program. The peak
fitting was performed with the standard method of Avantage (Smart

background, TXFN) according to the “XPS Knowledge” coming together
with the Avantage program. The charge compensation was carried out
by applying the Cls at 284.8 eV as a reference to determining the pre-
sented spectra and calibrate the binding energies.

3. Results and discussion

We start with a brief discussion on the synthesis and structural
characterization of LiDET salt and its intermediate compounds, followed
by description of the lithium electrolyte formulation and their transport
properties through ionic conductivity and diffusion coefficient mea-
surements. Then the molecular interactions within the electrolyte sys-
tems are discussed with the help of NMR and FTIR spectroscopy. To
assess the corrosion resistance, aluminum current collectors are tested
using both the commercial LP40 electrolyte and the formulated fluorine-
free electrolytes. The electrolyte compatibility with lithium metal is then
investigated using symmetric Li||Li cells. Finally, full-cell performance
is evaluated by assembling Li||[NMC811 and Li||LTO cells with both
single and dual-salt electrolyte formulations.

3.1. Synthesis and electrolyte formulation

The synthesis of LiDET was achieved through a multistep synthetic
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Fig. 3. FTIR spectra of the electrolytes and solvent with some selected regions (a-d). NMR spectra of the electrolytes at various temperatures; ’Li NMR (e), !B NMR

(f), and 3P NMR (g-i).

protocol (Scheme S1), where the first step involves the conversion of
TCT into TET via nucleophilic substitution with ethanol at ca. 0 °C in the
presence of NaOH. This subsequently is converted into DET via the basic
medium selective hydrolysis. In the final step, the DET is neutralized
with an equimolar amount of lithium hydroxide to yield the LiDET salt.

All the intermediates and the final lithium salt were characterized by
multinuclear ("H and '3C) NMR spectroscopy (Fig. S1-6). The 'H NMR
spectrum of TET displays well-resolved resonances corresponding to the
ethyl substituent, the methylene protons appear as a characteristic
quartet at approximately 4.4 ppm, while the terminal methyl group is
observed as a triplet near 1.3 ppm. In the case of DET, these signals are
shifted upfield with the additional broad resonance at ca.12.3 ppm,
which is attributable to the acidic N-H proton. These assignments are
corroborated by the 13C NMR spectra, which exhibit the expected carbon
resonances for each intermediate. With deprotonation, the disappear-
ance of the broad acidic-proton signal in the 'H NMR spectrum, together
with the appearance of two distinct carbonyl-derived '>C resonances at

ca. 171 ppm, confirms successful deprotonation of the DET intermediate
and formation of the targeted LiDET salt.

To optimize the dual-salt ratio in the TEP solvent, different salt
compositions were initially investigated to obtain a clear electrolyte
with high coulombic efficiency and good capacity retention in
NMC811||Li cells. The tested combinations included 0.60 M LiBOB with
0.40 M LiDET, 0.70 M LiBOB with 0.30 M LiDET, 0.70 M LiBOB with
0.35 M LiDET, and 0.80 M LiBOB with 0.25 M LiDET. Among these
formulations, the electrolyte containing 0.80 M LiBOB and 0.25 M
LiDET in TEP produced a clear and stable solution and achieved a
coulombic efficiency exceeding 98% from the second cycle onward
(Fig. S7). Therefore, the dual-salt electrolyte (0.80 M LiBOB and 0.25 M
LiDET in TEP) was studied and compared with a single-salt electrolyte
(1.0 M LiBOB in TEP), which served as the baseline electrolyte
throughout this manuscript.

The 0.5 M LiDET electrolyte was evaluated in a Li||[NMC811 cell,
where this salt alone failed to provide the appropriate coulombic
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efficiency and cyclic stability (Fig. S8). Since the LiDET electrolyte ex-
hibits relatively low solubility in the TEP solvent, with a maximum
concentration of ~0.5 M. Consequently, the electrolyte contains a
higher proportion of free solvent molecules and a lower degree of
anion-solvent coordination within the Li* solvation sheath [35]. Such a
solvation environment favors the formation of organic-rich SEI compo-
nents, which can lead to uneven lithium nucleation and the development
of non-uniform and unstable interfacial layers. As a result, Li||
NMC811 cells employing the single-salt LiDET electrolyte exhibit infe-
rior electrochemical performance. Therefore, combining the LiDET salt
with LiBOB results in a satisfactory specific capacity as well as improved
electrochemical cycling stability of the cells. Additionally, the flame
retardancy of the electrolytes is evaluated using an ignition test. Both
the single-salt and dual-salt electrolytes are non-flammable, whereas the
commercial LP40 electrolyte ignited freely under the same conditions
(Fig. S9).

3.2. Transport properties and ionic interactions

Examining the transport properties of the electrolytes, the ionic
conductivity of the single-salt electrolyte is consistently higher than the
dual-salt-based electrolyte across the tested temperature range (Fig. 2a).
This indicates that the LiDET salt, when combined with LiBOB, enhances
the ion-pair interactions and aggregation. In addition, the E, of the dual-
salt electrolyte is higher than the single-salt electrolytes, which is
evaluated from the VFT fitting (Table S2). To better understand the
transport properties at the molecular level and the ions/solvent mobil-
ities, multinuclear (*H, ’Li, 'B and 3'P) PFG NMR diffusometry is
employed to measure the diffusivity of individual species in the elec-
trolytes. As expected, the neutral TEP solvent diffuses the fastest, fol-
lowed by anions and Li" cation (Fig. S11), this trend is consistent with

our previous study [20]. The LiT cation diffuses faster in the dual-salt
electrolyte than in the single-salt electrolytes across the entire temper-
ature range, suggesting that DET anion weakens the interactions be-
tween the Li" and the anions and solvent molecules (Fig. 2b) [36].
Similarly, BOB anion diffuses much faster in the dual-salt electrolyte
compared to the single-salt electrolyte, as confirmed by the !'B PFG
NMR (Fig. 2¢). Like the 'H, 7Li, 1'B PFG NMR data, the 3!P diffusometry
data also suggest that the diffusivity of TEP solvent in the dual-salt
electrolyte is higher than the single-salt electrolyte, once again indi-
cate that DET anion decreases the electrostatic interactions with solvent
molecules (Fig. 2d) [37,38].

Further, the ion-solvent interactions and solvation sheath behavior
of the electrolytes are evaluated through FTIR spectroscopy. At higher
wavenumber, the C-H stretching bands in the alkyl chains of the TEP
solvent appear at 2985 and 2910 cm ™, which remain unchanged for the
electrolytes, indicating weak interactions between the Li" ions and alkyl
groups of the solvent molecules (Fig. 3a). The carbonyl (C=0) stretching
bands at 1804 and 1781 cm ™! appear in the case of electrolytes, while
being absent in the TEP solvent [39,40]. No significant shift is observed
in these stretching bands, despite the lower intensities in the case of the
dual-salt electrolyte, suggesting weaker interactions (Fig. 3b). In addi-
tion, the band at 1667 c¢cm™, which is only observed in the dual-salt
electrolyte, represents the stretching vibration of the C=N group pre-
sent in the DET anion [41]. Furthermore, the P-O bands at 1261 and
1165 cm™! showed higher intensity in the single-salt electrolyte
compared to the dual-salt system, similar to the O-B-O bands at
1098 cm™ ! (Fig. 3c) [42]. In the case of TEP, the C-O stretching vibra-
tions exhibited a slight upshift with increased intensity upon salt addi-
tion (Fig. 3d), indicating coordination between the ions and solvent
molecules in the electrolytes. This shift is less pronounced in the case of
the dual-salt electrolyte, indicating weaker ion-solvent interactions.
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To obtain deeper insights into the local structure of these electro-
lytes, multinuclear ("Li, !B, and 3!P) NMR spectroscopy was employed.
The 7Li NMR spectra of the dual-salt electrolyte exhibit downfield shift
with increasing temperature, and even more deshielded relative to the
single-salt system (Fig. 3e), indicating reduced electron shielding
around the Li ' nuclei. The interactions of BOB anion are further
investigated by the !'B NMR spectroscopy (Fig. 3f), where the dual-salt
electrolyte shows an upfield shift compared to the single-salt electrolyte,
suggesting an increase in the electrostatic interactions between DET and
BOB anions.

Additionally, the role of TEP solvent in the solvent—ion interactions is
further explored by 3!P NMR spectroscopy. The 3P NMR spectra of the
single-salt electrolyte display an upfield shift relative to both the pure
TEP solvent as well as the dual-salt electrolyte (Fig. S12), indicating
stronger Li" coordination with TEP solvent molecules and increased d-
orbital occupancy in the P-O bonds [43,44]. In contrast, the downfield
shift observed in the dual-salt electrolyte relative to the single-salt
suggests that DET anions weaken Li'-solvent interactions. Notably,
the 3'P NMR spectra of the solvent and both electrolytes remain nearly
unchanged with increasing temperature, indicating a relatively stable
local environment around the phosphorus nuclei (Fig. 3g—i). The DET
anion differs from previously reported nitrogen-containing anions
mainly due to its stronger aromatic stabilization, which delocalizes the
negative charge over the conjugated framework. This reduces the
localized charge density on the coordinating nitrogen sites, leading to
weaker and more dynamic Li*—anion interactions. By promoting a more
loosely bound solvation sheath, the DET anion facilitates an easier Li*
desolvation and more favorable interfacial kinetics.

In addition, the Li* solvation structures in both single-salt and dual-
salt electrolyte systems, along with their proposed mechanisms of SEI
formation, are illustrated in Fig. S13. In the single-salt electrolyte, the
solvation sheath is governed primarily by ion-dipole interactions
involving both solvent molecules and anions, while a fraction of solvent
molecules remains uncoordinated with Li™ [45]. Such solvation sheath
tends to favor solvent decomposition during cycling, leading to the
formation of organic-rich SEI layers. These interphases are generally less

uniform and mechanically unstable, resulting in uneven lithium nucle-
ation, dendritic lithium growth, and dead lithium formation. In contrast,
the introduction of LiDET into the LiBOB-based electrolyte alters the Li™
solvation structure by increasing the participation of anions within the
inner solvation sheath, which enhances the ion-ion interactions and
effectively regulates the local solvation sheath around Li". The
dual-anion-regulated solvation sheath promotes the formation of a sta-
ble, homogeneous, and inorganic-rich SEI, which facilitates uniform
lithium nucleation [46]. Consequently, the dual-salt electrolyte sup-
presses dendrite growth and improves interfacial stability, leading to
enhanced electrochemical performance.

3.3. Corrosion performance

The electrochemical stability of the electrolytes against the Al cur-
rent collector was assessed using LSV in a Li||Al setup. The dual-salt
electrolyte remains stable up to 4.3 V, clearly exceeding the perfor-
mance of the single-salt system (Fig. 4a). This improved stability in-
dicates that the dual-salt formulation meets the upper voltage
requirement of this study. Additionally, the dual-salt electrolyte seems
capable of passivating the Al current collector similarly to the com-
mercial LP40 electrolyte. To further explore the interaction between the
electrolyte and Al, chronoamperometric polarization tests were per-
formed at different held potentials. Along with its magnified inset, the
dual-salt electrolyte maintains a stable current response up to 4.5 V, and
at 5.0 V it behaves comparable to LP40 (Fig. 4b). These results verify
that the dual-salt system effectively protects the Al current collector up
to 4.5 V.

Further, the CV profile of the LP40 differs significantly from that of
the dual-salt electrolyte, showing two distinct humps at both lower and
higher potentials, indicating passivation and corrosion of the Al current
collector. In stark contrast, the dual-salt electrolyte exhibits negligible
current response across the same potential range, suggesting Al surface
stability with this electrolyte (Fig. 4c). Ma et al. reported that electro-
chemical oxidation of solvent impurities and carbonate-based solvents
occurs at higher potentials in fluorinated electrolytes, and thus
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generating protons [11]. These protons can directly attack the naturally
formed Al,Os layer on the aluminum current collector according to the
reaction: Al;03+ 6H" — 3H,0 + 2A1%* [12,47,48]. The dissolution of
the oxide layer releases AI>* ions into the electrolyte, leading to corro-
sion of the current collector. Post-mortem analysis of the Al current
collectors using SEM images after CV measurements was conducted
using with LP40 and dual-salt-based electrolytes. The Al surface exposed
to LP40 exhibits various pits and cavities, indicating surface corrosion.
In contrast, the surface in contact with the non-fluorinated dual-salt
electrolyte shows no signs of corrosion, consistent with the CV data
(Fig. S14).

Unlike LP40, the dual fluorine-free salt electrolyte does not generate
reactive species such as hydrogen fluoride (HF), even if some protons are
produced from solvent decomposition. As a result, the fluorine-free
electrolytes help prevent corrosion of the current collector as well as
other battery components. Furthermore, Tafel analysis shows that the
corrosion current of the Al current collector in LP40 is significantly
higher than in the dual-salt electrolyte, confirming that fluorine-free
dual-salt electrolyte to more effectively suppresses the Al corrosion
and promotes uniform passivation of the Al surface (Fig. 4d).

3.4. Electrochemical performance

The compatibility of the electrolytes with lithium metal was assessed
using symmetric Li| |Li cells operated at a current density of 0.2 mA cm 2
with a fixed areal capacity of 0.2 mAh cm™2 (Fig. 5a). The single-salt
electrolyte exhibited higher polarization during the initial cycles and
showed significant voltage fluctuations after ~350 h of cycling. This
instability suggests progressive dendrite growth and side reactions
during long-term operation. In contrast, the dual-salt electrolyte main-
tained consistently lower overpotentials with only minor variation over
400 h of cycling, indicating enhanced Li-ion transport, a more stable SEI,
and uniform Li deposition compared to the single-salt system. This stable
behavior is further confirmed in the magnified voltage profile between
135 and 154 h, where the dual-salt electrolyte demonstrates smooth and
uniform Li plating/stripping with minimal polarization (Fig. 5b).

The rate performance of Li||Li cells using the fluorine-free electro-
lytes was evaluated across current densities ranging from 0.1 to
2 mA cm 2. Compared to the single-salt electrolyte, the dual-salt system
exhibited significantly lower polarization, indicating that the addition of
LiDET to the LiBOB electrolyte promotes the formation of a more stable
SEI and enables faster Li-ion transport. In contrast, the LiBOB electrolyte
in TEP solvent alone is unable to sustain a robust SEI or facilitate uni-
form Li nucleation (Fig. 5¢). In addition, the Cu||Li cell was tested using
the dual-salt electrolyte (Fig. S15). The dual-salt electrolyte also
demonstrated a higher exchange current density than the single-salt
system (Fig. 5d), confirming that LiDET enhances Li-ion kinetics.

Furthermore, the Li-ion transference number (t;;,) was determined
using the Bruce-Vincent method and DC polarization in Li||Li cells
(Fig. 5e and f) [37,49]. The ty;, of 0.49 is achieved for the dual-salt
electrolyte, significantly higher than 0.25 for the single-salt electro-
lyte. Although there is a slight increase in the Li" concentration of the
dual-salt electrolyte, this improvement in t;; ; indicates that incorpo-
rating LiDET greatly enhances the ion transport and stabilizes the
electrode-electrolyte interface. The dual-salt electrolyte decreases the
desolvation energy of cations by increasing ion-solvent interactions,
leading to improved Li* mobility. The transference number obtained for
the dual-salt electrolyte is comparable/slightly lower than the reported
fluorinated electrolytes [50,51], suggesting that fluorine-free electro-
lytes exhibit stronger ion pair interactions than fluorinated ones. The Li™
transference number represents fraction of the current carried by Li*
ions rather than the anions. In dual-salt or mixed systems, the Li*
transport occurs via a hopping (structural diffusion) mechanism, in
which Li* ions move between coordinated sites, resulting in improved
transference number.

To examine the SEI composition formed on the lithium-plated Cu in
both single-salt and dual-salt electrolytes, the O 1s XPS spectrum shows
that C-O and B-O related signals are noticeably stronger than those
observed on pristine Cu. In the single-salt electrolyte, these features are
mainly associated with organic species, and C=0 contributions are also
detected. Additionally, both the fresh and cycled Cu electrodes display
M — O type signals, which can be attributed to Li-O and Cu-O species on
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the surface (Fig. 6a-c) [52,53]. The B 1s spectrum further indicates a
stronger strength of B-O components in the single-salt system, whereas
the dual-salt electrolyte exhibits an additional B-N feature, suggesting
the decomposition and reactivity of both the salts (Fig. 6ab) [27]. The
Li-B-O species is involved in the formation of the SEI film, which is less
soluble and exhibits stronger coordination to the other species in SEL
The N 1s spectrum also confirms the presence of B-N and LigN species as
predominant SEI constituents, implying that these components support
uniform Li deposition, promote dense Li nucleation, and enhance Li-ion
transport kinetics (Fig. 6d). Moreover, the P 2p spectrum reveals P-O
species, represented by the 2p; 2 (PO4) and 2p3,2 (PO4) doublets, which
arise from SEI formation and the decomposition of the TEP solvent

(Fig. S16) [54,55].

To evaluate the compatibility of these fluorine-free electrolytes with
Li|[NMC811 and Li||LTO cells, both cell types were tested at various
current rates using single- and dual-salt electrolytes. All the cells un-
derwent five preconditioning cycles at 0.1C to promote the formation of
a stable interfacial layer during the initial cycles. The Li|[NMC811 cells
with dual-salt electrolyte retained 84% specific capacity after 100 cycles
at 0.2C, while the cell with single-salt electrolyte retained only 73%
after 60 cycles, suggesting that the addition of 0.25 M LiDET signifi-
cantly improves the interfacial stability and suppresses electrolyte
decomposition over cycling (Fig. 7a). The corresponding voltage profiles
further confirm enhanced cyclic stability and generate lower
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polarization with cycles (Fig. S17).

The rate capability of the Li|[NMC811 cells was tested from 0.1C to
1.5C. The cell with the dual-salt electrolyte retained 50% of its specific
capacity at the highest rate compared to the slow rate; however, the cell
with the single electrolyte retained only 32% under the same conditions
(Fig. 7b). Although the single-salt electrolyte shows higher ionic con-
ductivity, it may experience higher interfacial resistance and less stable
SEI/CEI layers. The reversible specific capacity at a 0.1C rate remained
consistent with the initial cycle for both electrolytes.

In addition, the Li||[NMC811 cell at a higher current rate at 1C with
the dual-salt electrolyte maintained over 91% specific capacity and
more than 99% Coulombic efficiency after 500 cycles. On the other
hand, the cell with the single salt-based electrolyte showed gradual ca-
pacity decay with cycles (Fig. 7c). These results indicate that
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incorporation of the new LiDET salt to the LiBOB-based electrolyte
significantly stabilizes the SEI/CEI interface and helps maintain the low
polarization during cycling.

Furthermore, the dual-salt electrolyte was tested in Li||LTO cells at a
0.2C rate. Since the cell was tested within the lower potential range, it
exhibited significantly better galvanostatic cycling performance,
retaining 94% of its specific capacity after 200 cycles (Fig. 7d). The
voltage profiles of Li||[LTO cells further demonstrate minimal polariza-
tion buildup over cycling, suggesting that the 0.25 M LiDET salt pro-
motes the formation of a robust interfacial layer and improves the
kinetics of Li-ions (Fig. 7e). Additionally, the dQ/dV plots of the first
three cycles (Fig. S18) indicate stable phase transitions in the LTO
electrode and consistent cell performance. Overall, the formulated dual-
salt electrolyte can support the development of high-performance full
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cells for both LIBs and LMBs.

XPS was employed to analyze the CEI composition on the NMC811
electrodes. The C 1s and O 1s spectra confirm the presence of C-O and
C=O0 functional groups in the CEI for both the single-salt and dual-salt
electrolytes (Fig. 8a—d). In the dual-salt, C-O peaks in C 1s spectra are
significantly enhanced, due to the decomposition of the DET anions. In
the C 1s spectrum, additional C-F bond signals appear in the dual-salt
electrolyte, which are attributed to the PVDF binder. Analysis of B 1s
spectrum further reveals Li-B-O species in the CEI, indicating the
decomposition of LiBOB salt. An extra peak B-N appears in the dual-salt
electrolyte, corresponding to the decomposition of both LiBOB and
LiDET salts (Fig. 8e and f). Furthermore, the P 2p spectrum reveals an
intense PO4 doublet (2p; 2 and 2p3,2), suggesting the decomposition of
TEP solvent (Fig. 8g and h). Deconvolution of the N 1s spectrum displays
peaks associated with LiNyOy and LizN bonds, indicating that the addi-
tion of LiDET salt enhances inorganic species within the CEI and
consequently improves its ionic conductivity and interfacial properties
(Fig. 8i). The increased intensity of LigN is clearly evidence of the
decomposition of LiDET salt on NMC811 cathode. The relatively high
content of Li3N in the CEI is useful for improving the kinetic of the Li*
and enhancing the stability of the CEI layers. Hence, the dual-salt
electrolytes demonstrate better compatibility with the NMC811
cathode.

4. Conclusions

This study introduced a flame-retardant and fluorine-free electrolyte
for LMBs, based on a newly designed LiDET salt in combination with
LiBOB in a TEP solvent, and exhibits beneficial electrochemical prop-
erties in Li||Li, Li||[NMC811, and Li||LTO cells. The triazine salt in the
electrolyte improved the rate performances and interfacial properties,
leading to advances in the formation of stable SEI and CEI layers.
Notably, the formulated dual-salt electrolyte also protected aluminum
current collectors from corrosion, highlighting its potential to improve
battery safety for practical use. Furthermore, the dual-salt electrolyte
system facilitated the development of a stable CEI/SEI composed of both
organic and inorganic species, including P-O, B-O, and Li3N, offering a
promising fluorine-free alternative to traditional fluorinated electrolyte
compositions. The improved cyclic stability and rate performance of the
dual-salt electrolyte is due to its ability to form uniform, stable, and
conducting nature of SEI and CEI layers. Altogether, the triazine-based
salt can provide new alternatives for designing fluorine-free electro-
lytes with enhanced kinetic and electrochemical performance in next-
generation lithium batteries.
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