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The thermal stability of battery electrolytes plays a decisive role in the safety and lifetime of lithium-ion
cells, especially at elevated temperatures. In this work, a fluorine-free electrolyte system based on
dimethyl adipate (DMA) and lithium bis(oxalato)borate (LIBOB) is developed and systematically evaluated.
By combining DMA with suitable co-solvents (ethylene carbonate (EC) and propylene carbonate (PC))
while deliberately avoiding linear carbonates, electrolyte formulations suitable for operation over a wide
temperature range are realized. Compared to the reference electrolyte LP40 (1 M lithium hexafluoro-
phosphate (LiPFg) in EC: diethyl carbonate (DEC) (1:1 wt)), the LIBOB-DMA-based electrolytes exhibit a
slightly reduced initial capacity at 10 and 25 °C, consistent with increased overpotentials expected from
the lower ionic conductivity. This drawback is outweighed by the markedly improved cycling stability,
especially at elevated temperatures (40-60 °C), where LIBOB-DMA cells deliver higher discharge capa-
cities from the outset and show substantially reduced degradation. At 40 °C, they retain around 95% of
the initial capacity after 240 cycles, compared to 72% for LP40. Safety-relevant investigations further
highlight the advantages of the LIBOB—-DMA electrolyte. The DMA: EC (60 :40 wt) solvent mixture exhi-
bits a flash point of 135 °C, nearly 100 K higher than that of LP40. Heat—wait—seek tests in an Accelerat-
ing Rate Calorimeter (ARC) show early self-heating reactions for LiPFe -based electrolytes at around
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DOI: 10.1039/d6ya00066e 110 °C, whereas no such behavior is observed for the LIBOB-DMA system prior to cathode decomposi-
tion. Overall, the results demonstrate the potential of LIBOB-DMA-based electrolytes for lithium-ion

rsc.li/energy-advances batteries requiring enhanced thermal safety and long-term stability.

carbonate (DEC) or dimethyl carbonate (DMC) with LiPFg as the
conducting salt. While these electrolytes provide high ionic

1 Introduction

Lithium-ion batteries (LIBs) are the dominant energy storage
technology for portable electronics, electric vehicles, and station-
ary applications due to their high energy density, long cycle life,
and high efficiency. Despite these advantages, safety remains a
major challenge, particularly under abusive conditions such as
elevated temperatures, mechanical damage, or overcharging. In
many cases, hazardous failure events originate from the electro-
lyte, which typically consists of flammable organic carbonate
solvents combined with thermally unstable conducting salts such
as lithium hexafluorophosphate (LiPFg)."

State-of-the-art electrolytes are mainly based on mixtures of
ethylene carbonate (EC) and linear carbonates such as diethyl
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conductivity and good electrochemical performance, they suffer
from limited thermal stability and low flash points.® More-
over, LiPFg is prone to thermal and chemical decomposition,
forming PF; and LiF, with subsequent reactions generating HF
in the presence of trace water. These species accelerate electro-
Iyte degradation, destabilize electrode-electrolyte interfaces,
and increase the risk of thermal runaway.”® Given that
lithium-ion cells can reach operating temperatures above
50 °C under practical conditions,'® these limitations pose a
significant safety concern.

To improve the intrinsic safety of LIB electrolytes, alternative
solvent systems and conducting salts with enhanced thermal
robustness have gained increasing attention. Lithium
bis(oxalato)borate (LiBOB) is considered a promising alterna-
tive to LiPF¢ due to its higher thermal stability and its ability to
form a stable solid-electrolyte interphase (SEI) on graphite
anodes, even in the absence of EC.>''? Recent interest in
LiBOB has further increased owing to its fluorine-free
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composition and its potential use in lithium-ion battery elec-
trolytes, where it has been widely investigated as an electrolyte
additive in conventional LiPFg-based systems."*™"* In addition,
several studies have explored its application as a stand-alone
conducting salt in LiBOB-based electrolytes.'®"”

LiBOB also exhibits distinct moisture sensitivity compared
to LiPFe. Although it is not completely stable in the presence
of water and can form hydrated species (LiBOB-xH,O), it
shows significantly improved tolerance toward trace moisture
compared to LiPF,. Moreover, its hydrolysis products are
considerably less reactive and less corrosive than those of
LiPFs, which readily generates highly reactive species upon
decomposition.*#2¢

Beyond LiBOB, several other fluorine-free lithium salts have
been explored. Lithium perchlorate (LiClO,) was previously
used due to its high solubility and ionic conductivity but is
now largely avoided because of its strong oxidizing nature
and safety concerns.'®?° Phosphate-based salts such as
lithium tris(oxalato) phosphate (LiTOP) and lithium tris[1,2-
benzenediolato(2-)-O,0’]phosphate (LiTBP) have also been
proposed, although LiTOP remains at an early stage of devel-
opment and LiTBP is limited by a relatively low electrochemical
stability window (<3.7 V vs. Li/Li"), restricting high-voltage
applications.’®?° Lithium nitrate (LiNO;) offers advantageous
SEI-forming capability and high stability but suffers from poor
solubility in organic solvents. Other boron-based salts, such as
lithium bis(malonato)borate (LiBMB) and lithium (malonatoox-
alato)borate (LiIMOB), show stronger Li* coordination than
LiBOB, leading to reduced dissociation and lower ionic con-
ductivity. In comparison, LiBOB provides a favorable balance of
thermal stability, safety, electrochemical performance and
environmental compatibility.’®?° However, LiBOB generally
exhibits lower solubility and ionic conductivity in conventional
carbonate solvents compared to LiPFg,2'® which necessitates
careful electrolyte design and optimization.

In parallel, the use of high-boiling, low-volatility ester-based
solvents has emerged as an effective strategy to enhance
electrolyte safety.>® In this study, dimethyl adipate (DMA) is
investigated as a non-fluorinated and potentially less hazar-
dous electrolyte solvent in combination with LiBOB as the
conducting salt. DMA is a linear diester characterized by a high
boiling point, low vapor pressure, and a significantly higher
flash point compared to commonly used linear carbonates.>>®
These physical properties make DMA a promising candidate for
improving the thermal stability and fire safety of lithium-ion
electrolytes.

However, the relatively high viscosity of DM and its
moderate polarity may negatively impact ionic transport, parti-
cularly at low temperatures. To mitigate these limitations, suitable
co-solvents such as EC or propylene carbonate (PC) are incorpo-
rated. By deliberately avoiding linear carbonates and eliminating
LiPF,, this work aims to develop an electrolyte system with
improved thermal stability and enhanced intrinsic safety while
maintaining sufficient electrochemical performance.

The resulting DMA-based electrolytes are systematically
evaluated with respect to ionic conductivity, electrochemical
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stability, flash point, thermal stability, and cycling performance
over a wide temperature range. The optimized formulations are
further characterized in terms of composition, viscosity, and
density. In comparison with the reference electrolyte LP40 (1 M
LiPF, in EC:DEC), the LiBOB-DMA systems exhibit a markedly
increased flash point and significantly improved cycling stabi-
lity at elevated temperatures, while retaining sufficient ionic
conductivity and electrochemical stability for practical cell
operation. These results highlight the potential of DMA-based
electrolytes as safer alternatives to conventional carbonate-
based systems for lithium-ion batteries.

2 Experimental
2.1 Materials

Dimethyl adipate (DMA, >99% purity, Fisher Scientific,
Schwerte, Germany) and propylene carbonate (PC, >99.7%
purity, Carl Roth, Karlsruhe, Germany) were transferred into
an argon-filled glovebox with a residual moisture level below
0.5 ppm. Inside the glovebox, the solvents were further dehy-
drated overnight by the addition of a molecular sieve (pore size ~
0.3 nm). The molecular structure of DMA is shown in Fig. 1.

The solvent ethylene carbonate (EC, 99% purity, Sigma
Aldrich, Taufkirchen, Germany) and the lithium salt lithium
bis(oxalato)borate (LiBOB, Sigma Aldrich, Taufkirchen, Ger-
many) were opened in the glovebox and used without further
purification.

For reference measurements, the commercial electrolyte
LP40 (1 M LiPF, in EC:DEC 1:1 wt, from E-Lyte Innovations,
Kaiserslautern, Germany) was utilized.

The melting point, flash point, and boiling point of the
solvents used in this study (DMA, EC, and PC) are listed in
Table 1. For comparison, the corresponding values of DEC,
which is present only in the reference electrolyte LP40, are also
included.

Graphite electrodes with an areal capacity of 2.9 mAh em™
(supplied by Varta AG, Ellwangen, Germany) were punched into
16 mm diameter disks. Lithium nickel manganese cobalt oxide
(NCM 622) electrodes with areal capacities of 1.3 mAh cm >
(provided by Miinster Electrochemical Energy Technology,
Miinster, Germany) and 2.9 mAh cm ™ (supplied by Varta AG,
Ellwangen, Germany) were punched into 15 mm diameter
disks. All electrodes were subsequently dried in a vacuum oven
(B-585, Biichi Labortechnik AG, Flawil, Switzerland) at 120 °C
for 16 h at a pressure below 50 mbar. Separators (type FS 2190,
Freudenberg, Weinheim, Germany; thickness ~ 200 pm) were
punched into 19 mm disks and dried under the same
conditions.
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Fig. 1 Structural formula of dimethyl adipate (DMA).*°
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Table 1 Melting point (Twp), flash point (Tgp) and boiling point (Tgp) of the
used solvents DMA 2728 EC 31733 pC313234 gnd DECS2%°

DMA EC PC DEC
Ty (°C) 8 36 —49 —43
Tgp (°C) 107 145 135 25
Tgp (°C) 227 248 242 126

2.2 Electrolyte preparation

All electrolytes were prepared inside a LABstar glovebox from
M. Braun Inertgas-Systeme (Garching, Germany) under an
argon atmosphere, where the water and oxygen levels were
maintained below 0.5 ppm. First, the conducting salt was
accurately weighed, followed by the addition of the solvents.
The resulting mixture was then placed on a magnetic stirrer
and continuously stirred until the salt was completely
dissolved.

2.3 Cell assembly

Cell assembly was also carried out inside the glovebox. For
electrochemical characterization, CR2032 housings were used,
while CR2016 housings were employed for calorimetric mea-
surements; both types were from PI-KEM Limited (Tamworth,
Staffordshire, United Kingdom) and made of stainless steel
304. The cells were assembled by first placing the larger
graphite electrode at the center of the lower housing part,
followed by the separator. Subsequently, 70 pL of electrolyte
were added, and the NCM electrode was placed on top. A spacer
and spring were then positioned on the NCM electrode, and the
cell was finally sealed using the digital pressure controlled
electric crimping machine MSK-160E from MTI Corporation
(Richmond, CA, USA).

2.4 Cell tests

To evaluate and optimize the performance of the cells with the
new electrolyte, C-rate tests, aging experiments, and measure-
ments at various temperatures were conducted. All electroche-
mical measurements were carried out using a CTS battery tester
(BaSyTec, Asselfingen, Germany). During the entire testing
procedure, the cells were maintained at the desired tempera-
ture inside an IPP 110 climate chamber (Memmert, Schwabach,
Germany). Prior to the actual testing, all cells underwent
formation consisting of three cycles at C/10, followed by three
formation cycles at C/5 using constant current (CC) charge and
CC discharge. The voltage window was set between 2.5 V (lower
cut-off) and 4.2 V (upper cut-off). For each measurement, unless
stated otherwise, at least two identical and fully functional cells
were assembled and tested, and the reported values represent
the mean of these cells.

2.5 Scanning electron microscope (SEM) measurements

Post-mortem analysis of the electrodes was conducted using a
JSM-IT800 scanning electron microscope (JEOL, Tokyo, Japan).
Top-view images were acquired using a secondary electron
detector (SED) to investigate the surface morphology of the
electrodes. All measurements were conducted in high-vacuum
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mode at an accelerating voltage of 3 kv and a working distance
ranging from 8.9 to 10.7 mm.

Prior to SEM analysis, the cells were discharged to 2.5 V
using a constant-current/constant-voltage (CCCV) protocol.
Subsequently, the cells were disassembled inside an argon-
filled glovebox. The electrodes were carefully removed, rinsed
with dimethyl carbonate (DMC) to eliminate residual electro-
Iyte, and left to dry for approximately 24 h inside the glovebox.
After drying, the samples were transferred into a hermetically
sealed transfer vessel and transported to the SEM without
exposure to ambient air, thereby preventing atmospheric con-
tamination and preserving the electrode surface state for
analysis.

2.6 Linear sweep voltammetry (LSV) measurements

For linear sweep voltammetry (LSV) measurements, cells were
assembled using lithium metal as both counter and reference
electrode, while the working electrodes consisted of the active
materials investigated in this study (graphite for reduction
stability and NCM622 for oxidation stability), following pre-
viously reported cell configurations relevant for practical elec-
trolyte stability evaluation.’®?” The cells were assembled in
ECC-Ref housings (EL-Cell, Hamburg, Germany). The electro-
chemical stability window of the electrolytes was evaluated
using a Reference 3000 AE potentiostat (Gamry, Warminster,
PA, USA). Measurements were initiated at the open-circuit
voltage (OCV) and swept towards 6.0 V vs. Li/Li" for oxidative
stability or down to 0.01 V vs. Li/Li" for reductive stability.
A scan rate of 0.1 mV s ' was applied throughout all
measurements.

2.7 Electrolyte conductivity measurements

The ionic conductivity of the electrolytes was measured using a
platinized HTCC conductivity cell (BioLogic, Seyssinet-Pariset,
France) connected to a Reference 3000 AE from Gamry (War-
minster, PA, USA). For temperature-dependent measurements,
the conductivity cell was immersed in the water bath of a
Proline RP 845 thermostat (Lauda, Lauda-Konigshofen, Ger-
many), and the resistance was recorded at 1000 Hz in 5 °C
increments over the range of 5 to 60 °C. Ionic conductivity
values were then calculated from the measured resistances
using the cell constant, which had been previously determined
with a standard electrical conductivity solution. The reported
ionic conductivities represent the mean of two independently
performed measurements.

2.8 Density measurements

Temperature-dependent density measurements were per-
formed using a DMA 4500 M densitometer (Anton Paar, Graz,
Austria). Approximately 1 mL of electrolyte was analyzed over
the temperature range of 15 to 45 °C, with a temperature
uncertainty u(7) of 0.01 °C.

2.9 Viscosity measurements

The dynamic viscosity was measured using a rotational rhe-
ometer (Gemini HR Nano, Malvern, Worcestershire, UK) over a
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temperature range of 15-45 °C in a cone-plate configuration
(40/1°) with a gap of 30 pm. Measurements were conducted in a
shear rate range of 50-180 s~ . As no shear-rate dependence of
the viscosity was observed, confirming Newtonian behavior, the
reported values represent the average over this shear rate range.
A solvent trap was used to minimize evaporation during the
measurements. The dynamic viscosities were corrected based
on reference measurements using a certified viscosity standard.
The corrected values were obtained by applying a temperature-
dependent correction factor derived from the ratio between
certified and experimentally determined reference values.

2.10 Flash point measurement

The flash point of the electrolyte formulations was evaluated
using an NPV Tech flash point tester (Normalab, Valliquerville,
France). The instrument operates according to the rapid-
equilibrium closed-cup procedure described in ISO 3679. It
accommodates a temperature range from —30 to 300 °C and
continuously records the ambient pressure via an integrated
barometer, enabling automatic correction of the measured
flash point to standard pressure. For measurements conducted
below 100 °C, 2 mL of solvent were used, whereas 4 mL were
required for tests at higher temperatures.

The determination procedure consisted of two stages, begin-
ning with an automated scan to obtain an initial estimate of the
flash point. In this mode, the filled test cup was heated at a
predefined heating rate, and the ignition source was applied at
each full degree increment. Detection of ignition terminated
the automatic run and provided an approximate value.

Subsequently, the precise flash point was determined using
manual measurements performed in accordance with ISO 3679.
A fresh solvent sample was heated to a selected temperature
and exposed to the ignition source to check for flammability.
The first manual test was set 2 K below the ignition tempera-
ture identified during the automatic scan. If no ignition
occurred, additional measurements were performed with
freshly refilled samples, increasing the test temperature by
1 K in each step until a flash was observed. The temperature
at which ignition first occurred was recorded as the flash point.

2.11 Gas chromatography (GC) measurements

Gas chromatography (GC) measurements were performed fol-
lowing a previously reported procedure.*® Briefly, analyses were
carried out on a Clarus 690 GC system (PerkinElmer) equipped
with an autosampler, a flame ionization detector (FID), and a
mass spectrometer (SQ 8T). A capillary column (Rxi-5Sil MS,
30 m x 0.25 mm x 0.25 pm) was used, and the gas flow was
split post-separation to enable simultaneous MS and FID
detection. Samples were injected in split mode (0.5 pL, 250 °C
inlet temperature). The oven temperature was programmed
from 40 °C to 320 °C at 20 °C min '. Helium was used as
carrier gas, with hydrogen and air supplied for FID operation.
MS detection was performed in scan mode (m/z 33-350).
Data acquisition and analysis were conducted using Turbomass
and TotalChrom software. Compounds and impurities were
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identified by comparison with reference substances and NIST
database spectra.

2.12 Differential scanning calorimetry (DSC) measurements

Thermal properties of the electrolyte formulations were inves-
tigated using differential scanning calorimetry (DSC). High-
temperature measurements were performed using a DSC 250
instrument (TA Instruments, New Castle, DE, USA) equipped
with high-temperature, high-pressure stainless steel pans with
a maximum volume of 35 pL, suitable for a temperature range
from ambient to 550 °C. The hermetic pans are rated for
pressures up to 200 bar at <380 °C, with reduced maximum
pressure limits of 60 bar at 550 °C. Sample preparation was
conducted in an argon-filled glovebox to prevent exposure to
moisture and oxygen. Approximately 3 pL of electrolyte were
transferred into the pans using a microliter pipette, and the
exact sample mass was determined using an analytical balance.
An empty pan, sealed under the same inert conditions, was
used as reference. After sealing, the pans were removed from
the glovebox and placed in the DSC instrument. The measure-
ments were performed under a constant flow of high-purity
nitrogen as purge gas. A linear heating program with a heating
rate of 5 °C min~" was applied from 35 to 400 °C.
Low-temperature DSC measurements were performed using
a DSC 204 system (NETZSCH, Selb, Germany). Approximately
36 mg of electrolyte were sealed in aluminum crucibles inside
an argon-filled glovebox. The measurement protocol consisted
of two consecutive cooling and heating cycles, with only the
second heating used for evaluation. Measurements were con-
ducted under a constant flow of high-purity argon as purge gas,
using a heating rate of 10 °C min ' over a temperature range
from —135 to 70 °C. Data evaluation followed Ding et al.*° and
Hohne et al."’ The glass transition temperature (T,) was deter-
mined from the inflection point, and the liquidus temperature
(Tq) from the peak of the endothermic transition. Detailed
experimental procedures and a general description of the
electrochemical curve interpretation are provided in ref. 41.

2.13 Thermal abuse test

Thermal abuse behavior was investigated using the heat-wait-
seek (HWS) methodology in an ES ARC calorimeter (Thermal
Hazard Technology, Bletchley, UK). This calorimeter provides
the sensitivity necessary to monitor the thermal response of
low-capacity coin cells with capacities around 5 mAh.*>** To
obtain a measurable thermal signal, four individual cells were
assembled into a stack for each experiment, resulting in a total
capacity of approximately 9 mAh. The cells were secured
together with heat-resistant tape (3M Industrial Business,
Neuss, Germany), and the so-called bomb thermocouple type
E was positioned at the center of the stack to accurately
measure the sample temperature. The assembled stack was
placed centrally inside the calorimeter to ensure uniform
heating. Prior to testing, the ARC system was calibrated using
coin-cell dummies with comparable thermal mass under iden-
tical experimental conditions, followed by a drift test to ensure
instrument stability.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The HWS procedure consists of a sequence of heating,
equilibration, and self-heating detection steps. Initially, the
sample is heated from ambient temperature to 35 °C, after
which subsequent heating steps increase the temperature by
5 K. Each heating step is followed by a waiting period of 20 min
to allow the cell stack to reach thermal equilibrium. During the
subsequent seek phase, temperatures recorded by two thermo-
couples—one near the internal heater and the bomb thermo-
couple at the sample—are continuously compared. The
temperature change of the sample during the seeking phase
is used to determine the heating rate. When the rate exceeds
the threshold of 0.02 °C min~', the system identifies the onset
of self-heating and switches to an (approximately) adiabatic
mode that minimizes heat losses to the surroundings because
the heaters in the calorimeter chamber follow the increase
in cell temperature. In this mode, exothermic reactions dom-
inate the temperature evolution until either thermal runaway is
triggered or the energy released by reactive processes is
depleted. In the latter case, the next 5 K heating step follows.

Events such as gas venting or intermediate endothermic
reactions can temporarily suppress self-heating, in which case
the calorimeter resumes stepwise heating until exothermic
activity reappears or runaway conditions develop. A detailed
description of this methodology is provided in ref. 44. For
safety reasons, experiments were terminated at 300 °C. For
each electrolyte, the measurements were performed in tripli-
cate, and the presented data correspond to a representative
measurement.

3 Results and discussion

In this study, DMA is investigated as a non-fluorinated and
potentially less hazardous electrolyte solvent for lithium-ion
batteries. Due to its favorable physical properties, and in
combination with the conducting salt LiBOB, DMA offers the
potential to enhance both the thermal stability and the intrin-
sic safety of the electrolyte. The overarching goal of this work is
to formulate an electrolyte with enhanced thermal robustness
by avoiding linear carbonates and eliminating LiPFs, while
maintaining competitive electrochemical performance. The
following section presents the electrochemical and thermal
characterization of the resulting electrolyte systems, including
a comparison with the standard electrolyte LP40.

3.1 Optimization of the LiBOB concentration and solvent
composition

LiBOB is known to exhibit lower solubility than LiPFs in many
common electrolyte solvents, which typically limits its use to
lower salt concentrations. As a first step, the ionic conductivity
of LiBOB was therefore evaluated in a solvent mixture consist-
ing of 85% DMA and 15% EC for several salt concentrations, as
listed in Table 2. At 25 °C, the conductivity reaches a maximum
at salt concentrations of 0.6 and 0.7 m (mol kg™ "). At 10 °C, the
conductivity is slightly higher for 0.6 m, whereas at 40 °C, the
0.7 m electrolyte exhibits the higher conductivity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 lonic conductivity k of LIBOB at various concentrations m in 85%
DMA and 15% EC at different temperatures

m (mol kg™)  Kiooc (MS em ™)  Kysec (MSem ™) Kg9°c (MS cm ™)

0.5 n.m. 2.05 n.m.
0.6 1.27 2.13 3.04
0.7 1.25 2.13 3.12
0.8 n.m. 2.07 n.m.

n.m. = not measured.

Subsequently, C-rate tests ranging from C/10 to 2C were
performed using the 0.6, 0.7, and 0.8 m electrolytes to evaluate
their electrochemical behavior in practical cells. The corres-
ponding results are presented in Fig. 2. Among the tested
concentrations, the 0.7 m electrolyte delivered the highest
extractable capacity. Therefore, a concentration of 0.7 m was
selected for further optimization of the solvent composition in
order to improve both ionic conductivity and overall cell
performance.

Using the previously identified concentration of 0.7 m
LiBOB, the ionic conductivity at 25 °C was subsequently mea-
sured for various solvent mixtures. All formulations were based
on a minimum DMA content of 60 wt%, complemented by
different weight fractions of EC and PC. The results of these
conductivity measurements are summarized in Table 3.

The data show that the addition of EC or PC leads to an
increase in ionic conductivity, with both co-solvents exhibiting
a comparable effect on conductivity enhancement.

Based on these results, three electrolyte formulations were
selected for further characterization in order to evaluate their
performance in full cells: 0.7 m LiBOB in DMA: EC (60: 40 wt),
0.7 m LiBOB in DMA:PC (60:40 wt), and 0.7 m LiBOB in
DMA:EC:PC (60:20:20 wt). These compositions were sub-
jected to additional electrochemical testing to assess their
suitability as improved electrolyte systems.
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Fig. 2 Specific discharge capacity at various C-rates for NCM/graphite
cells using a solvent composition of 85% DMA and 15% EC (by weight) with
different LiBOB concentrations. The C-rate performance represents the
mean of two independently tested cells for each configuration.
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Table 3 Investigated solvent mixtures by weight (wt) combined with
0.7 m LiBOB and their ionic conductivity at 25 °C

DMA EC PC Ka5-c (MS em™7)
100% — — 1.42
85% 15% — 2.13
60% 40% — 2.77
60% — 40% 2.76
60% 20% 20% 2.76

3.2 Life cycle performance at different temperatures

The aging behavior of cells with the different electrolytes
was evaluated through cycling tests conducted over at least
100 cycles at various temperatures. Following the formation
procedure described in the experimental section, cells not
otherwise specified had a theoretical capacity of approximately
2.3 mAh and were charged using a constant-current/constant-
voltage (CCCV) protocol at C/2 (cut-off current: C/10) and
discharged at C/2 under constant-current (CC) conditions.

3.2.1 Ambient temperature (25 °C). Fig. 3 presents the
cycling performance of the LiBOB-DMA-based electrolytes in
comparison with the standard electrolyte LP40 at 25 °C. Cells
containing LiBOB-DMA-based electrolytes exhibit a lower
usable capacity at the beginning of cycling compared to LP40.
This reduced initial capacity points to increased overpotentials
within the cells, which can be attributed to the lower ionic
conductivity of the LIBOB-DMA-based electrolyte formulations.
Nevertheless, it is also evident that cells containing the LiBOB-
DMA-based electrolytes exhibit significantly lower degradation
over cycling. After 100 cycles, all LiBOB-DMA-based formula-
tions retain more than 99% of the discharge capacity measured
in the first cycle after formation. In contrast, cells with the
reference electrolyte LP40 show a markedly stronger capacity
fade, reaching only 94% after 100 cycles.

When comparing the three electrolytes based on LiBOB and
DMA in Fig. 3(a), their overall behavior is very similar. However,
the highest discharge capacity is obtained with the DMA-EC
electrolyte, followed by the DMA-PC formulation. The DMA-
EC-PC electrolyte shows the lowest accessible capacity among
the three systems.

To further investigate the long-term performance, additional
cycling tests were conducted with larger 5 mAh cells. In these
experiments, only the DMA-EC electrolyte and the reference
LP40 electrolyte were evaluated. The cells were charged using a
C/4 CCCV protocol and discharged at C/4 under CC conditions.
The results, shown in Fig. 3(b), demonstrate that after 1000
cycles, the LiBOB-DMA cell still retains over 80% of its initial
post-formation capacity, whereas the LP40 cell retains only
approximately 50%.

3.2.2 Elevated temperatures (40 °C and 60 °C). Further-
more, cycling tests at higher temperatures were conducted to
assess the thermal stability of the electrolytes. The results
obtained at 40 °C are presented in Fig. 4(a). At the beginning
of cycling, the LIBOB-DMA-based electrolytes and the reference
electrolyte LP40 exhibit comparable usable capacities. However,
the capacity fade of the LP40 cells is significantly more
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Fig. 3 Specific discharge capacity of NCM/graphite cells containing 0.7 m
LiBOB in DMA:EC, 0.7 m LiBOB in DMA:PC, 0.7 m LiBOB in DMA:EC:PC
and the standard electrolyte LP40 at T; = 25 °C. The first three cycles are
formation cycles at C/10, followed by three formation cycles at C/5. After
formation, the cells were charged using (a) a C/2 CCCV protocol and
discharged at a C/2 CC rate (cell capacity: 2.3 mAh) and (b) a C/4 CCCV
protocol and discharged at a C/4 CC rate (cell capacity: 5 mAh). In (a), the
data represent the mean of two independently tested cells per configu-
ration. In (b), the data are based on a single cell per configuration due to
the extended measurement time and the limited number of available test
channels. Cells using the LIBOB-DMA-based electrolytes exhibit substan-
tially lower capacity fade compared to cells with the LP40 electrolyte.

pronounced than that of the LiBOB-DMA-based cells. After
240 cycles, the LiBOB-DMA-based electrolytes retain at least
95% of the capacity measured in the first post-formation cycle,
whereas the LP40 cells maintain only about 72% under iden-
tical cycling conditions.

The corresponding performance at 60 °C is shown in
Fig. 4(b). Here, the same trend becomes even more pro-
nounced. The usable capacity of the LP40 cell drops sharply
within the first few cycles, and the progression changes from an
approximately linear decay, as observed at lower temperatures,
to a distinctly exponential decline. After 240 cycles, only 39% of
the initial post-formation capacity remains. It should be noted
that the LP40 cell already exhibits a significantly lower capacity
at the start of cycling compared to the LiBOB-DMA-based cells.
This pronounced degradation is mainly attributed to the ther-
mal decomposition of the conducting salt LiPFs, which is

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Specific discharge capacity of NCM/graphite cells containing 0.7 m
LiBOB in DMA:EC, 0.7 m LiBOB in DMA:PC and the standard electrolyte
LP40 at (@) T, = 40 °C and (b) Ts = 60 °C. The first three cycles are
formation cycles at C/10, followed by three formation cycles at C/5. After
formation, the cells were charged using a C/2 CCCV protocol and
discharged at a C/2 CC rate. In (a), the data represent the mean of two
independently tested cells per configuration. In (b), the data are based on a
single cell per configuration due to a limited number of available test
channels. Cells with LiBOB-DMA-based electrolytes exhibit substantially
higher stability at elevated temperatures compared to those containing
LP40.

strongly accelerated at elevated temperatures. In contrast, the
cells containing the LiBOB-DMA-based electrolytes continue to
exhibit an almost linear capacity fade, even at 60 °C. After 240
cycles, these cells still retain 71% of their initial capacity,
demonstrationg the significantly improved thermal stability
of the LiBOB-DMA systems at high operating temperatures.
3.2.3 Low temperature (10 °C). Finally, the cycling perfor-
mance at 10 °C was investigated, and the results are shown
in Fig. 5. The absolute usable capacity of the LIBOB-DMA cells
is lower than that of the LP40 cells at this temperature, in
contrast to the behavior observed at higher temperatures. This
reduction is primarily due to the lower ionic conductivity of the
LiBOB-DMA-based electrolytes at low temperatures. Neverthe-
less, the LiBOB-DMA cells still exhibit slightly better capacity
retention over the first 100 cycles compared to the LP40 cell,
although the differences are considerably smaller than at
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Fig. 5 Specific discharge capacity of NCM/graphite cells containing 0.7 m
LiBOB in DMA:EC, 0.7 m LiBOB in DMA:PC and the standard electrolyte
LP40 at T4 = 10 °C. The first three cycles are formation cycles at C/10,
followed by three formation cycles at C/5. After formation, the cells were
charged using a C/2 CCCV protocol and discharged at a C/2 CC rate. The
data represent the mean of two independently tested cells per configu-
ration. Cells with LIBOB-DMA-based electrolytes exhibit a slightly lower
capacity loss compared to cells with the LP40 electrolyte.

elevated temperatures. After 100 cycles, the LIBOB-DMA cells
retain at least 97% of their initial capacity, whereas the LP40
cells retain 96%.

3.2.4. Overall temperature-dependent cycling stability. The
cycling results at different temperatures consistently demon-
strate that the new LiBOB-DMA-based electrolyte provides
enhanced stability and reduced degradation compared to the
standard LP40 electrolyte. This effect becomes more pro-
nounced at elevated temperatures, making the new electrolytes
clearly superior to conventional standard electrolytes already at
operating temperatures of 40 °C. The enhanced stability not
only helps to maintain the usable capacity but is also expected
to improve the long-term cycle life of the cells. Notably, even at
25 °C, the capacity retention curves of the LiBOB-DMA-based
electrolyte and LP40 intersect at approximately 400 cycles, after
which the DMA-based system exhibits a consistently higher
remaining capacity, indicating a long-term stability advantage
also under moderate operating conditions. This improved
performance can be attributed to the absence of LiPF,, which
begins to decompose already at temperatures around 55 °C** or
even lower.*® In contrast, LiBOB exhibits significantly higher
thermal stability and decomposes at temperatures exceeding
300 °C," thereby effectively suppressing salt-driven degrada-
tion reactions within the investigated temperature range.

3.3 Voltage profiles at different temperatures

The stability of the electrolytes is also reflected in the voltage
profiles at different temperatures, as shown in Fig. 6. Both the
voltage behavior and the extractable capacity of the cells change
only slightly over the considered temperature range of 20 to
60 °C. Only at 10 °C is a noticeable drop in voltage and capacity
observed, which can be attributed to the lower ionic conductiv-
ity of the electrolyte at low temperatures. In the figure, a
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Fig. 6 Voltage profiles of a NCM/graphite cell with 0.7 m LiBOB in
DMA:EC (60:40 wt) at different temperatures and a C-rate of C/4. The
maximum extractable capacity is observed at 60 °C. Even at 10 °C, a large
fraction of this capacity remains accessible. The experiment was per-
formed three times independently, and the data shown represent a
representative measurement.

representative measurement is shown. A total of three
independent measurements were performed, and Table 4 sum-
marizes the corresponding mean values and standard
deviations.

3.4 C-rate performance of LiBOB-DMA-based cells

The rate capability of the LiBOB-DMA-based electrolyte was
evaluated by cycling NCM/graphite cells at various discharge C-
rates at 25 °C, as shown in Fig. 7. The cells were discharged at
different C-rates of C/10, C/4, C/2, 1C, 1.5C and 2C, while after
each discharge they were recharged under identical conditions
using a C/6 constant-current step followed by a constant-voltage
phase. This procedure ensured that each subsequent discharge
started from a comparable and well-defined state of charge.

The experiment was performed three times independently.
The data shown in Fig. 7 represent a representative measure-
ment, while the corresponding mean values and standard
deviations of the three independent cells are summarized in
Table 5.

The results indicate stable electrochemical performance at
moderate discharge rates, with more than 90% of the capacity
remaining accessible up to a discharge rate of 1C, compared to
the capacity at C/10. At higher C-rates, the extractable capacity

Table 4 Values represent mean + standard deviation of the specific
capacity of three independently tested NCM/graphite cells with 0.7 m
LiBOB in DMA:EC (60:40 wt) at different temperatures and a C-rate of
C/4

Temperature/°C Specific capacity/mAh g~
10 131 £ 3

20 135£3

30 138 £ 4

40 140 + 4

50 141 £3

60 144 + 4
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Fig. 7 Voltage profiles and specific discharge capacity of a NCM/graphite
cell with 0.7 m LiBOB in DMA:EC (60:40 wt) electrolyte at T = 25 °C,
recorded at C-rates of C/10, C/4, C/2, 1C, 1.5C and 2C. Up to a C-rate of
1C, more than 90% of the discharge capacity remains accessible, whereas
at higher C-rates a pronounced reduction in transferable charge is
observed. The experiment was performed three times independently,
and the data shown represent a representative measurement.

Table 5 Values represent mean + standard deviation of the specific
capacity of three independently tested NCM/graphite cells with 0.7 m
LiBOB in DMA:EC (60 :40 wt) at different C-rates at T = 25 °C

C-rate Specific capacity/mAh g~*
C/10 137 £ 3

C/4 136 £3

C/2 134 £ 3

1C 126 + 6

1.5C 113+ 7

2C 99 + 7

decreases significantly, which can be attributed to increased
polarization and kinetic limitations under elevated current
densities.

3.5 Post-mortem SEM analysis

Fig. 8 and 9 show SEM images of the investigated electrodes,
providing an overview of the electrode morphology and local
surface features. Samples (a/d) correspond to pristine electro-
des, (b/e) represent electrodes from a cell with 0.7 m LiBOB in
DMA:EC electrolyte after formation, and (c/f) show electrodes
from a cell with 0.7 m LiBOB in DMA:EC electrolyte after 1000
cycles at 25 °C (cell shown in Fig. 3(b)). The macroscopic
photograph of the graphite electrode after 1000 cycles shown
in Fig. 9, reveals a heterogeneous surface appearance, with
some regions showing a light gray discoloration, while other
regions retain the characteristic black color of graphite. There-
fore, SEM images were acquired from two distinct regions of
interest, which are marked on the electrode surface.

The pristine NCM electrode (Fig. 8(a)) consists of homoge-
neous spherical secondary particles with smooth surfaces and
no visible defects. After formation (Fig. 8(b)), minor changes
are observed, while the overall morphology remains essentially

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 SEM images of NCM and graphite electrodes. (a)-(c) NCM electrode and (d)—(f) graphite electrode. (a/d) Pristine electrodes, (b/e) after formation
in 0.7 m LIBOB in DMA:EC electrolyte, and (c/f) after 1000 cycles at 25 °C in 0.7 m LiBOB in DMA:EC electrolyte.
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F e

Fig. 9

Images of the graphite electrode after 1000 cycles at 25 °C in 0.7 m LiBOB in DMA:EC electrolyte. The macroscopic image of the cycled graphite

electrode shows non-uniform surface appearance. Dark (top) and bright (bottom) regions were selected for SEM analysis at different magnifications.

unchanged, without clear structural differences compared to
the pristine state. After 1000 cycles (Fig. 8(c)), the NCM elec-
trode shows only subtle ageing effects, and the overall particle
morphology is largely preserved, with no pronounced structural
degradation evident.

The pristine graphite electrode (Fig. 8(d)) shows well-defined
graphite flakes with clean and homogeneous surfaces. After

© 2026 The Author(s). Published by the Royal Society of Chemistry

formation (Fig. 8(e)), a distinct surface layer covering the
graphite particles is visible, while the underlying graphite
structure remains observable in the background. After 1000
cycles, the graphite electrode shows clear spatial heterogeneity.
The dark region (Fig. 9(top)) retains clearly distinguishable
graphite flakes with only limited surface coverage. Compared
to the pristine electrode, however, the surface appears rougher
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and more porous. In contrast, the bright region (Fig. 9(bottom))
shows a pronounced surface layer covering the graphite flakes,
resulting in a strongly modified surface appearance. The mor-
phology is consistent with commonly reported ageing phenom-
ena in graphite electrodes, showing a dense surface layer with
almost no visible pores, indicative of SEI thickening. In addi-
tion, pronounced through-going cracks are observed across the
field of view, distinct from pre-existing interparticle gaps,
suggesting mechanically induced degradation. Thus, the con-
trast between the two macroscopically distinct regions of the
graphite electrode after 1000 cycles is also reflected in the
corresponding SEM images, indicating locally varying ageing
behaviour that persists from the macroscopic to the
microscopic scale.

3.6 Flash point and conductivity

One of the primary motivations behind the development of the
new electrolyte formulation is the substantial improvement of
its intrinsic fire safety. Conventional carbonate-based electro-
lytes such as LP40 exhibit a relatively low flash point
of approximately Tgp &~ 37 °C, which represents a significant
safety concern, particularly under abusive or high-temperature
operating conditions. In practical battery operation, cell tem-
peratures can readily exceed 50 °C,'° and in the presence of
mechanical damage or internal short circuits this can promote
the formation and ignition of flammable vapors.

In contrast, the newly developed DMA-based solvent systems
DMA:EC (60:40 wt) and DMA: PC (60:40 wt) exhibit substan-
tially higher flash points than the conventional reference
electrolyte. Measurements performed according to ISO 3679
yield flash points of Tgppmarc = 135 & 2 °C for the DMA:EC
mixture and Tgp pmapc = 123 £ 2 °C for the DMA:PC mixture.
Relative to LP40 Trp 1pso = 37 £ 2 °C, this represents an increase
of 98 K and 86 K, respectively.

These significantly elevated flash points demonstrate the
enhanced intrinsic safety of the DMA-based solvent systems
and indicate a considerably reduced flammability risk under
practical battery operating conditions. This is particularly
important given that the maximum working temperatures of
lithium-ion cells are typically around 60 °C. Under these con-
ditions, the DMA-based electrolytes remain far below their
ignition thresholds, thereby providing a substantially enlarged
safety margin compared to conventional carbonate-based sys-
tems. As a result, the risk of electrolyte ignition and the onset of
thermal runaway is significantly reduced, especially under
abusive or failure conditions such as overheating or mechanical
damage.

Fig. 10 summarizes the temperature-dependent ionic con-
ductivity of the two DMA-based electrolytes in comparison with
the reference electrolyte LP40. Over the entire investigated
temperature range from 5 °C to 60 °C, the conductivities of
0.7 m LiBOB in DMA:EC (60:40 wt) and 0.7 m LiBOB in
DMA:PC (60:40 wt) are nearly identical, indicating that EC
and PC exert a very similar influence on ion transport in the
DMA-based solvent system. At T = 25 °C, the ionic conductivity
amounts to 2.7 mS cm ' for the DMA-EC and DMA-PC
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Fig. 10 lonic conductivity of 0.7 m LiBOB in DMA:EC (60:40 wt), 0.7 m

LiIBOB in DMA: PC (60:40 wt), and the reference electrolyte LP40 in the
temperature range from 5 °C to 60 °C. The conductivities of the DMA-
based electrolytes are approximately two to three times lower than that of
LP40, but remain within the same order of magnitude. Values represent
the mean of two independently performed measurements.

electrolytes, respectively, whereas the reference electrolyte
LP40 exhibits significantly higher values of 7.7 mS cm ™" under
the same conditions.

Although the conductivities of the DMA-based electrolytes
are approximately two to three times lower than that of LP40,
they remain within the same order of magnitude across the
entire temperature window. This suggests that the reduced
conductivity does not originate from a fundamentally different
transport mechanism, but rather from the higher viscosity and
the distinct solvation environment of the DMA-based solvent
mixtures, combined with the use of a different conducting salt,
LiBOB instead of LiPFg, which is known to exhibit lower ionic
dissociation and mobility in solution.

3.7 Physicochemical properties and electrolyte composition

To further characterize the electrolyte systems, relevant physi-
cochemical properties of the most promising formulations
were examined in more detail. In the following, the DMA-EC
(60:40 wt) electrolyte with 0.7 m LiBOB is compared to the
reference electrolyte LP40, as both systems showed representa-
tive electrochemical behavior in the previous sections. Table 6
summarizes the temperature-dependent density, viscosity, and
ionic conductivity of both electrolytes between 15 and 45 °C.
The density of the DMA-based electrolyte is slightly lower than
that of LP40 across the entire temperature range, while both
systems show the expected linear decrease with increasing
temperature.

The viscosity of the LIBOB-DMA-EC electrolyte is consider-
ably higher than that of LP40, roughly by a factor of two over the
full temperature range. This higher viscosity is in line with the
lower ionic conductivity of the DMA-based system and contri-
butes to the increased overpotentials and reduced rate cap-
ability at ambient and lower temperatures. Although the ionic
conductivity of the DMA-based electrolyte is consistently lower

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Temperature-dependent density (p),
conductivity (k) of LP40 and 0.7 m LiBOB in DMA:EC (60:40 wt). The
DMA-based electrolyte is marked as DMA*. Uncertainties: density +
0.0005 g cm~3, viscosity + 0.2 mPa s, conductivity = 0.02 mS cm

viscosity (1), and ionic

—1

1

plg em™3 n/mPa s x/mS em”™
T/°C LP40 DMA* LP40 DMA* LP40 DMA*
15 1.236 1.227 5.4 13.6 6.22 1.96
25 1.225 1.217 4.4 9.6 7.71 2.77
35 1.214 1.207 3.5 6.8 9.25 3.62
45 1.205 1.197 3.1 5.3 10.89 4.61

than that of LP40, the values remain within the same order of
magnitude. This suggests that, despite reduced ion mobility
due to higher viscosity and differences in solvation, ionic
transport is still sufficient for practical cell operation.
Additional gas chromatography (GC) measurements were
performed to assess the composition and possible decomposi-
tion products of the electrolytes. Fig. 11 shows representative
chromatograms of dichloromethane (DCM), LP40, and the
LiBOB-DMA-EC system. The peak at 5.4 min corresponds to
CHCIl; as the main impurity in the solvent CH,Cl,. DEC (7.5
min) and EC (10.5 min) (LP40) as well as EC and DMA (15.0
min, DMA-based electrolyte) can clearly be observed in the
electrolytes. In LP40, minor early-eluting peaks can be attrib-
uted to decomposition products such as POFj;, indicating initial
LiPF¢ degradation. In contrast, no comparable peaks are
observed for the DMA-based electrolyte, suggesting improved
chemical stability under the investigated conditions. Since the
samples were filtered through DCM prior to analysis to pre-
cipitate the poorly soluble conducting salt, non-volatile and
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sparingly soluble species are not detected. Under the applied
conditions, impurities can typically be detected down to con-
centrations in the range of a few hundred ppm.

3.8 Linear sweep voltammetry

The electrochemical stability of the DMA-based electrolyte was
further evaluated by linear sweep voltammetry (LSV) and com-
pared to the reference electrolyte LP40. Lithium metal was used
as both counter and reference electrode. The measurements
were initiated at the open-circuit voltage (OCV). For oxidation
stability, NCM622 was employed as the working electrode and
the potential was swept anodically up to 6.0 V vs. Li/Li"
(Fig. 12(a)).

In the anodic scans, both electrolytes show an increase in
current starting at approximately 3.6 V vs. Li/Li", which is
attributed to the delithiation of the NCM622 electrode. Since
no universally defined cut-off current density exists for deter-
mining the oxidative stability limit, a value of 0.5 mA cm ™ (at a
scan rate of 0.1 mV s ') was selected based on previously
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Fig. 11 Gas chromatograms of DCM (top), LP40 (middle), and the 0.7 m
LiBOB in DMA: EC (60:40 wt) electrolyte (bottom). The main peaks are
assigned to CHCls (reference), DEC and EC (LP40), and EC and DMA
(DMA-based electrolyte). Minor early-eluting peaks in LP40 (marked a and
b) are tentatively assigned to decomposition products, including POFs and
silicon-containing species. Additional minor peaks could not be unam-
biguously assigned.
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using lithium metal as both counter and reference electrodes. (a) Oxida-
tion stability determined with NCM622 as the working electrode. The
oxidative stability limits of the electrolytes, defined at a current density of
0.5 mA cm™2 are indicated by dashed lines. (b) Reduction stability
determined with graphite as the working electrode.
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reported criteria.*® Using this threshold, the oxidative stability
limits are determined to be approximately 5.35 V for LP40 and
5.65 V for the DMA-based electrolyte. The oxidative stability
limit determined for LP40 is consistent with previously
reported values for carbonate-based LiPF, electrolytes on cath-
ode working electrodes, which typically lie in the range of 5.2—
5.5 V vs. Li/Li*.** Independent of the selected current criterion,
the earlier and more pronounced current increase observed for
LP40 indicates a higher susceptibility to oxidative electrolyte
decomposition compared to the DMA-based electrolyte. These
results suggest an improved oxidative stability of the DMA-
based electrolyte, reflected by the delayed onset of anodic
current increase and the higher apparent oxidation stability
limit compared to LP40.

For reduction stability, graphite was used as the working
electrode and the potential was swept cathodically down to
0.01 V vs. Li/Li" (Fig. 12(b)). The cathodic LSV profiles exhibit
distinct reduction features for the two electrolytes. For the
LiBOB-based electrolyte, a pronounced increase in reduction
current is observed at approximately 1.8-1.6 V vs. Li/Li", which
is consistent with the reported reduction of LiBOB and the
onset of LiBOB-derived interphase formation on graphite.*® In
contrast, the corresponding reduction feature for LP40 appears
at lower potentials of approximately 0.8-0.6 V vs. Li/Li’, in
agreement with the reduction of carbonate solvents typically
associated with SEI formation in LiPF¢-based electrolytes.*® At
potentials below approximately 0.25 V vs. Li/Li", both electro-
lytes show the characteristic current increase associated with
graphite lithiation.

3.9 Differential scanning calorimetry

The thermal behavior of the electrolyte 0.7 m LiBOB in DMA:
EC (60:40 wt) and the conventional reference electrolyte
LP40 is shown in Fig. 13. Owing to instrumental limitations,
the complete temperature range could not be covered in a
single DSC measurement. Therefore, separate DSC experiments
were performed for the high-temperature range (35 to 400 °C,
Fig. 13(a)) and the low-temperature range (—135 to 70 °C,
Fig. 13(b)). The heat flow signal (endothermic direction
upward) is plotted as a function of temperature.

Fig. 13(a) shows the DSC thermograms obtained in the high-
temperature range. The sample masses were highly compar-
able, with 4.4 mg for LP40 and 4.6 mg for the DMA-based
electrolyte, ensuring a consistent basis for comparison. The
thermogram of LP40 reveals the onset of thermal events at
comparatively low temperatures. An initial endothermic transi-
tion is observed with a maximum at 224 °C, which is subse-
quently followed by a pronounced exothermic decomposition
process peaking at 253 °C. This sequence indicates limited
thermal stability and the occurrence of early-stage decomposi-
tion reactions in the conventional electrolyte system. In com-
parison, the DMA-based electrolyte exhibits a markedly
delayed onset of thermal activity. The first detectable endother-
mic process appears at significantly higher temperature,
with a peak at 308 °C, consistent with literature reports on
the endothermic decomposition of LiBOB." At higher
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Fig. 13 Differential scanning calorimetry (DSC) curves of the 0.7 m LiBOB
in DMA: EC (60 : 40 wt) electrolyte and the reference electrolyte LP40. The
heat flow signal (endothermic up) is plotted as a function of temperature.
(a) High-temperature range; samples were measured under comparable
mass conditions (DMA-based electrolyte: 4.6 mg; LP40: 4.4 mgq) at a
heating rate of 5 °C min~. (b) Low-temperature range; samples were
measured under comparable mass conditions (DMA-based electrolyte:
36.33 mg; LP40: 36.7 mg) at a heating rate of 10 °C min™™%.

temperatures, a subsequent exothermic event is observed, char-
acterized by a small peak at 332 °C. The pronounced shift of both
endothermic and exothermic features toward higher temperatures
demonstrates an improved thermal stability of the DMA-based
electrolyte relative to LP40. In particular, the delayed onset of
exothermic decomposition is of relevance for thermal stability, as
such exothermic processes are directly associated with heat
release and can therefore be considered critical indicators for
the thermal safety window of the electrolyte system.

Fig. 13(b) presents the DSC thermograms recorded in the
low-temperature range. For LP40, the glass transition tempera-
ture (T,) is determined to be —110.4 °C, while the liquidus
temperature (7Tjiq) is observed at —0.6 °C. In contrast, the DMA-
based electrolyte exhibits a significantly higher glass transition
temperature of —59.3 °C, whereas the liquidus temperature
remains comparable at 2.4 °C. The pronounced increase in T,
for the LiBOB-containing DMA electrolyte indicates reduced
molecular mobility and stronger intermolecular interactions
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compared to LP40. This behavior may be attributed to differ-
ences in ion-solvent interactions and solvent composition
between the two electrolyte systems. Consequently, the DMA-
based electrolyte is expected to exhibit reduced ionic transport
at low temperatures, which is consistent with the lower con-
ductivity observed in conductivity measurements. Despite the
higher T, both electrolytes exhibit similar Tj;q values and
remain liquid near room temperature, indicating that the
DMA-based formulation retains practical applicability despite
its less favorable low-temperature characteristics.

3.10 Thermal abuse test

The thermal safety of the newly developed electrolyte system
was evaluated using heat-wait-seek (HWS) experiments carried
out in an accelerating rate calorimeter. Coin cells based on an
NCM/graphite configuration were prepared using the newly
developed electrolyte consisting of 0.7 m LiBOB in DMA:EC
(60:40 wt). For reference measurements, cells containing the
commercial electrolyte LP40 as well as an electrolyte composed
of 1 m LiPF4 in EC:PC (50:50 wt), ie., without linear carbo-
nates, were prepared and tested under identical conditions.
Following the formation procedure, all cells were charged to a
fully charged state (100% state of charge). During the HWS
experiments, the cell temperature was increased stepwise in
increments of 5 °C. Each heating step was followed by a 20 min
(quasi-)adiabatic hold to allow detection of potential self-heating
behavior in the absence of external energy input. The onset of self-
heating indicates exothermic processes occurring inside the cell.

Fig. 14 compares the thermal response of NCM/graphite
cells containing the different electrolyte systems under HWS
conditions. For all investigated cells, pronounced exothermic
reactions are observed at temperatures of approximately
175 °C, which can be attributed to the onset of cathode
decomposition and associated reactions.’*> These processes
represent a common high-temperature failure mechanism,
primarily driven by cathode decomposition, with the electrolyte
formulation influencing the onset and severity of the exother-
mic reactions.

At lower temperatures, however, clear differences between
the electrolyte systems become apparent. Cells containing
LiPF¢-based electrolytes, including both LP40 (Fig. 14(a)) and
the EC:PC formulation without linear carbonates (Fig. 14(b)),
exhibit an earlier onset of self-sustained temperature increase
at around 110 °C. This behavior indicates the occurrence of
exothermic reactions well below the cathode decomposition
temperature and is typically associated with the thermal
instability and decomposition of the SEI, which acts as a
primary trigger for thermal runaway.>>*® Once initiated, this
self-heating proceeds without external energy input, thereby
posing a significant safety risk.

In contrast, the cell employing the LiBOB-DMA-based
electrolyte (Fig. 14(c)) does not show any self-sustained exother-
mic behavior in this lower temperature regime. The absence
of measurable self-heating up to substantially higher tempera-
tures demonstrates a delayed onset of electrolyte-driven
exothermic reactions. This behavior highlights the improved
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Fig. 14 Thermal abuse behavior of NCM/graphite cells containing (a)
LP40 (b) 1 m LiPFg in EC: PC (50:50 wt) and (c) 0.7 m LiBOB in DMA: EC
(60:40 wt). All cells exhibit exothermic reactions starting at approximately
175 °C. In addition, cells containing LiPFg-based electrolytes show an
earlier onset of a self-sustained temperature increase at approximately
110 °C.
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intrinsic thermal stability of the LiBOB-DMA electrolyte system
and results in a significantly enlarged safety margin against
thermally induced failure compared to conventional LiPFe-
based electrolytes.

4 Conclusion

In this work, a fluorine-free electrolyte system based on the
solvent DMA and the lithium salt LiBOB, optimized for NCM/
graphite lithium-ion cells, was developed and systematically
evaluated with respect to electrochemical performance, physi-
cochemical properties, thermal stability, and safety-relevant
properties. By combining DMA with suitable co-solvents (EC
and PC) and deliberately avoiding linear carbonates, electro-
lytes with sufficient ionic conductivity over a wide temperature
range were obtained, despite the intrinsically higher viscosity of
the ester-based solvent system. Compared to LP40, the DMA-
based electrolyte exhibits an approximately twofold higher
viscosity and an ionic conductivity reduced by a factor of two
to three. This lower conductivity contributes to increased
polarization and explains the slightly reduced initial usable
capacities observed at 10 and 25 °C. Nevertheless, the achieved
conductivity remains sufficient for stable cell operation, and
this initial limitation is more than compensated by the mark-
edly improved cycling stability of the LiBOB-DMA-based elec-
trolytes. At 25 °C, the cell containing 0.7 m LiBOB in DMA: EC
(60: 40 wt) electrolyte demonstrates superior long-term cycling
stability compared to LP40, retaining over 80% of its initial
post-formation capacity after 1000 cycles. In contrast, LP40
retains only about 50%, with the capacity curves crossing after
approximately 400 cycles. The faster degradation of LP40 may
be associated with the limited chemical stability of LiPF¢-based
carbonate electrolytes. The detection of POF;-related decom-
position products by GC is consistent with LiPFs degradation
pathways, which could contribute to interfacial side reactions
and impedance growth during prolonged cycling.’* At elevated
temperatures (40-60 °C), the LiBOB-DMA-based cells deliver
higher discharge capacities from the outset and show substan-
tially slower degradation than LP40. While the LiBOB-DMA
cells do experience somewhat faster degradation at elevated
temperatures compared to 25 °C, the increase is much less
pronounced than for LP40. In particular, at 60 °C, LP40 cells
retain only about 40% of their initial capacity after 240 cycles,
whereas the LIBOB-DMA cells still maintain over 70%, high-
lighting the pronounced high-temperature stability of the DMA-
based electrolyte system.

DSC measurements further confirmed the improved ther-
mal stability of the LiBOB-DMA-based electrolyte, with
decomposition-related thermal events shifted to significantly
higher temperatures compared to LP40. While the higher glass
transition temperature indicates reduced low-temperature ion
mobility, the comparable liquidus temperatures demonstrate
the suitability of the DMA-based electrolyte for practical oper-
ating conditions.

Safety-relevant investigations further emphasize the advan-
tages of the LiBOB-DMA-based electrolyte. The flash point of
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the DMA: EC (60 : 40 wt) solvent mixture is 135 °C, nearly 100 K
higher than that of the conventional carbonate-based reference
electrolyte LP40, thereby providing a substantially enlarged
safety margin under abusive thermal conditions. Heat-wait-
seek tests in an ARC reveal that cells with LiPF4-based electro-
Iytes initiate exothermic self-heating reactions at temperatures
around 110 °C, which can be assigned to SEI decomposition.
In contrast, no such early self-heating is observed for the
LiBOB-DMA-based electrolyte, with exothermic reactions
occurring only at higher temperatures in the range of cathode
decomposition.

Overall, the results demonstrate that the LiBOB-DMA elec-
trolyte system offers a compelling combination of enhanced
thermal safety, high electrochemical stability, and long-term
cycling performance. These findings underscore the potential
of DMA-based, fluorine-free electrolytes as viable alternatives to
conventional LiPFs-carbonate-based systems, particularly for
lithium-ion batteries intended for operation under elevated
temperatures or increased safety requirements.
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