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Abstract

Li-ion batteries (LIBs) are seeing increasingly widespread adoption across consumer electronics,
electric vehicles, and grid-scale energy storage systems, yet their susceptibility to thermal runaway
remains a concern. This study evaluates ethoxy(pentafluoro)cyclotriphosphazene (PFPN) as an
electrolyte additive to improve electrolyte flammability and thermal stability without compromising
electrochemical performance. Electrolyte flammability was quantified using Self-Extinguishing Time
(SET) measurements, which revealed that PFPN significantly suppresses combustion. At 4 wt%
PFPN, 67% of electrolyte samples failed to ignite despite extended ignition exposure, and the average
SET decreased by 43% (from 51 s g™ to 29 s g™). Differential Scanning Calorimetry (DSC) further
demonstrated improved thermal stability, with the onset of solvent decomposition delayed by ~30
°C at 4 wt% PFPN. Ionic conductivity modestly decreases (11%, from 10.26 to 9.12 mS cm™ at 4 wt%
PFPN). Electrochemical testing showed negligible impact on battery performance. Graphite| |Li and
NMC8111! ILi half-cells containing PFPN exhibited comparable capacity retention to baseline cells.
NMC811! | Graphite pouch cells were used to further evaluate extended cycling and rate capability,
PFPN containing cells demonstrated similar capacities even after prolonged cycling and high-rate
operation. Overall, PEPN provides effective flame retardance at concentrations as low as 4 wt% while
maintaining electrochemical compatibility, making it a promising additive for enhancing thermal
stability of LIB electrolytes.

Keywords: Li-ion battery; flame-retardant electrolyte additive; PFPN; flammability; thermal stability;
thermal runaway

1. Introduction

The demand for Li-ion batteries (LIBs) has increased exponentially over the past two decades
due to its broad application in electric vehicles (EVs), consumer electronics and large-scale energy
storage systems. LIBs are the preferred choice for EVs due to their high energy density, long cycle
life, low self-discharge, and low environmental impact. LIBs are the central component of EVs which
govern the performance, durability, and cost of the vehicle and nearly 41% of malfunctions in EVs
are due to Battery failures [1].

As EVs are becoming ubiquitous, the demand for batteries with higher energy density, faster
chemical kinetics, and improved thermal management is also growing. An increase in capacity and
charging rates is accompanied by greater heat generation, can place greater demands on thermal
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management. Sources of heat in LIB can predominantly be classified into two types, namely
reversible heat and irreversible heat. Reversible heat generation occurs due to entropy changes and
irreversible heat generation in LIBs is due to resistive ohmic losses, overpotential and charge
diffusion limitation [2]. In addition, heat generated from the exothermic side reactions exacerbate the
condition. If the heat dissipation is insufficient, the temperature of the cell rises resulting in the
decomposition of solid electrolyte interphase (SEI) on the anode. This leads to undesired exothermic
side reactions between electrolyte and anode material. This further increases the temperature of the
cell, initiating a reaction between cathode and electrolyte that leads to the decomposition of cathode
material. The exothermic reactions between the cathode and the electrolyte release oxygen and add
heat to the cascade reactions that lead to thermal runaway. A comparative study on heat generation
from undesired side reactions has been performed by Hou et al. [3]. The contribution of each
component in total heat generation was studied by removing one of the three components from the
cell and testing the partial cells in an accelerating rate calorimeter (ARC). It was observed that most
of the heat generation is due to cathode and anode reaction during the thermal runway event.
However, interaction of electrolyte with anode and cathode generates 100% heat at 130.2 °C and
92.6% at 206 °C, respectively. These side reactions serve as the primary trigger for thermal runaway.
Consequently, ensuring the stability of electrolyte is crucial for improving LIB thermal stability. At
the component level, the most common mitigation strategies involve electrolyte modifications,
including the use of solid electrolytes in solid-state batteries, promoting a stable SEI layer, and
reducing electrolyte flammability through flame-retardant (FR) additives. The latter has garnered
significant attention due to its effectiveness in reducing the flammability of electrolyte with minimal
design impact, though it can have adverse effects on the electrochemical performance of the cells.
While the direct link between electrolyte flammability and cell-level thermal runaway mitigation
remains an active area of research, recent studies have begun to correlate reduced-flammability
electrolytes with increased trigger temperatures, lower peak runaway temperatures, and suppressed
propagation in pouch and cylindrical cells [4-6]. In the present work, we focus on systematically
evaluating the flammability and thermal stability of FR-containing electrolyte, which is expected to
contribute to improved battery thermal stability and motivates future cell-level validation studies [4—
6].

Phosphorus-containing additives are widely used as flame-retardant for electrolytes due to their
effectiveness in reducing flammability and their environmental compatibility. The drawbacks of P-
additives are high cost and high viscosity that impact ionic conductivity of the electrolyte [7].
Preventing fire requires inhibiting one of the three essential components of combustion: fuel,
oxidizer, and heat [8]. Phosphorus-based additives are known to act primarily by suppressing
oxidation reactions at elevated temperatures. They suppress flammability by releasing phosphorus-
containing species that interfere with chain-propagating combustion reactions. In addition, certain
phosphorus-based additives are known to interact with electrolyte decomposition products such as
PFs, a strong Lewis acid that accelerates solvent degradation, resulting in improved thermal and
chemical stability that can be comparatively assessed by DSC. The effects of several P-based additives
on the flammability of electrolyte have been studied experimentally in the past. Dagger et al. [9]
investigated the effect of several P-based FR additives on flammability and electrochemical stability
of the electrolyte (1M LiPF6 in EC: DMC 1:1 wt%). Nitrogen-containing cyclophosphazene additives,
particularly PFPN and FPPN, were identified as the most effective in enhancing thermal stability. All
tested additives exhibited oxidative stability against a model Pt electrode, although partial electrolyte
decomposition was observed during the initial cycles. Li et al. [10] studied the effects of PFPN on
flammability and electrochemical performance of LIB cells. The addition of 5% PFPN reduced the
SET by 91% and 10% made the electrolyte non-flammable. Interestingly, the addition of PFPN
increased the capacity retention and coulombic efficiency by up to 30 cycles. PFPN has also been used
to create high capacity 4.6 V cells using LiFSi salt and FEC and PFPN as a solvent. Excellent capacity
retention was obtained from the Graphite and NMC811 cells [11].
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Most of the past studies with P-additives were done with standard metal oxide cathodes and
their compatible electrolytes. New Nickel-rich cathodes offer significantly higher specific capacity of
cells, though they are more susceptible to thermal runaway. Thus, a detailed study of P-additives
with a compatible electrolyte such as 1M LiPF6 in EC:EMC:DMC with 1% of VC is important for the
development of more thermally stable high-capacity LIBs. In the present study, the effectiveness of
PFPN in reducing the flammability of electrolyte and its effects on the electrochemical performance
was studied.

2. Materials and Methods

2.1. Materials and Sourcing

The baseline electrolyte was a commercial solution of 1.0 M lithium hexafluorophosphate (LiPFs)
in a 1:1:1 volume ratio of ethylene carbonate (EC), dimethyl carbonate (DMC), and ethyl methyl
carbonate (EMC), containing 1.0% vinyl carbonate (VC) as an additive. The electrolyte was purchased
from MTI Corporation (Richmond, CA, USA). The fire-retardant additive evaluated in this study,
ethoxy(pentafluoro)cyclotriphosphazene (PFPN, 98% purity), was obtained from BLDpharm
(Shanghai, China). PFPN is a phosphorus-nitrogen heterocyclic compound, reported to act as an
effective flame suppressant in organic electrolytes.

\ / (o}
2N
E p P F [o]
N N {
Mag //N 2 2 /\o o/

(a) 7 X (b) (c) (o} (d)

Figure 1. Chemical structures of (a) PEPN and the electrolyte solvents (b) EC (c¢) DMC (d) EMC.

2.2. Self-Extinguishing Time Test

The Self-Extinguishing Times (SET) test enables us to evaluate an FR additive’s performance by
measuring the time that an ignited electrolyte sample takes to extinguish itself. A watch glass with a
diameter of 6 cm was used to immobilize the electrolyte. A micropipette was used to transfer 400 uL
(approximately 0.5g) of electrolyte sample onto the watch glass [12]. The watch glass was placed on
a mass balance that recorded the mass of the sample. The test was conducted in an enclosure to
eliminate external airflow disturbances, under ambient atmospheric conditions at room temperature.
A butane flame torch with a narrow and consistent flame was used to ignite the sample. The ignitor
was maintained at a distance such that the ignition flame was not licking the sample or consuming
the electrolyte but only providing the ignition temperature [13,14].

Combustion was captured using a high-speed camera; the interval between the removal of the
ignition source and the complete extinction of the flame was measured and defined as the burn time.
The burn time was normalized against the mass of the sample to give us the SET in s/g.

Ten samples were tested for each PFPN concentration. For the samples that did not ignite within
3 seconds, the exposure to the ignition source was increased progressively to 5 and 8 seconds. The
sample was considered ignited only if a sustained flame was observed for at least 5 s.

2.3. Differential Scanning Calorimetry

Differential scanning calorimetry measurements were performed using a TA Instruments DSC
Q2000 (TA Instruments, New Castle, DE, USA). Approximately 5 mg of electrolyte was hermetically
sealed in gold-plated crucibles designed to withstand pressures up to 300 bar. The samples were
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sealed in an Argon filled glovebox and the crucibles were weighed before and after the test to ensure
there was no leakage. Nitrogen flowing at 40.0 ml/min was used as the purge gas. The temperature
ramp was set to 10.0 °C min~?*
thermal events without introducing noise [15].

, since this heating rate provided sufficient resolution to detect any

2.4. Ionic Conductivity Measurement

The ionic conductivity of the electrolyte was measured using Electrochemical Impedance
Spectroscopy (EIS). EIS measurements were performed using a Bio-Logic VSP-300 potentiostat (Bio-
Logic Science Instruments, Seyssinet-Pariset, France). An AC voltage of 5 mV was applied over a
frequency range of 1 MHz to 1 Hz and the EIS data was collected at six points per decade. The
electrolyte was hermetically sealed in the cylindrical volume between two titanium electrodes inside
a PTFE Swagelok conductivity cell. The conductivity cells were assembled in an argon-filled glovebox
and subsequently transferred to a temperature-controlled chamber, enabling the measurement of
ionic conductivity over a temperature range of —40 to 50 °C.

2.5. Electrochemical Performance Tests

Electrochemical cell performance of the electrolyte was tested with created coin half cells and
purchased dry pouch cells. Coin-type (2032) half cells were created in an Ar-filled glove box with
NMC811 cathode and graphite anode purchased from MTI Corporation. The purchased electrodes
were vacuum dried in a vacuum oven for 24 h at 100 °C prior to use, to ensure removal of moisture.
Each half cell used Li-metal as the reference electrode and Polypropylene (PP) separator. Each half
cell was filled with 40 uL of electrolyte containing varying amount of PFPN. After preparation, the
coin cells were allowed to rest at 50 °C for 24 h for wetting the electrodes were charged and
discharged at 0.1 C for 2 cycles to promote SEI layer formation. Constant-current charge-discharge
tests were carried out using a battery cycler (Arbin instruments). The NMC811 cathode half cells were
cycled between the cut-off voltages of 3 V and 4.4 V, and the graphite half cells were cycled between
0.01 Vand 1 V. All coin cells were charged and discharged at 0.1 C at room temperature. To test the
effect of PFPN containing electrolyte on full cells, 1.1 ml of modified electrolyte was injected in dry
pouch cells (LiFun technologies, China) and vacuum sealed the pouch inside a glove box. The
capacity of the pouch cells was 0.25 Ah when charged up to 4.4 V. The pouch cells were then rested
in an oven at 60 °C for 24 h followed by charging to 3.5 V at 0.04 C and then to 4.1 V at 0.1 C to
promote SEI layer formation. The pouch cells were charged and discharged at 0.1 C at room
temperature and at 1 C to test extended cycling, between 3 to 4.2 V.

3. Results and Discussion

3.1. Self-Extinguishing Time

The SET test was employed to comparatively assess the flammability of the electrolyte as a
function of PFPN concentration. In the absence of PFPN, all baseline electrolyte samples readily
ignited with just 3 s of exposure to the ignition source and exhibited sustained combustion, with an
average SET of 51 s/g. As shown in Figure 2, with the addition of 1 wt% PFPN, the SET slightly
decreased to 49 s/g. At 2 wt% PFPN, the SET dropped by 19% to 41 s/g, and a notable increase in
ignition resistance was observed as 40% of the samples failed to ignite. At a concentration of 4 wt%
PFPN, the electrolyte exhibits markedly higher ignition resistance. Despite extending the ignition
exposure to 5 s, 67% of the samples did not ignite. Among the samples that did ignite, the average
SET further decreased to 29 s/g, corresponding to a 43% reduction compared to the baseline.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Self-extinguishing Time of Electrolyte with different concentrations of PFPN.

Prior studies of phosphorus- and fluorine-based flame-retardant additives have generally
attributed the observed reduction in flame persistence to a combination of radical scavenging,
thermal quenching, and dilution effects. Electrolyte combustion is fundamentally driven by radical-
mediated reactions; disrupting this radical chain reaction is therefore essential for effective flame
suppression [8,16]. PFPN generates phosphorus-based radicals such as POe, which are known to
scavenge He and OHe radicals and form more stable, less reactive species. Additionally, the fluorine
atoms in PFPN release Fe¢ radicals, which also bind with He radicals, preventing them from reacting
with O, and continuing the combustion process [17].

3.2. Differential Scanning Calorimetry

A DSC test helps identify and isolate the different stages of the thermal decomposition of an
electrolyte and determine the inherent thermal stability of an electrolyte. In the DSC test, when an
electrolyte sample is subjected to a temperature range, two prominent thermal events are observed
(Figure 3). The first is an endothermic peak that corresponds to a phase transition and decomposition
of LiPF6, producing PF5 gas [18,19] observed at 250 °C. The second is a highly exothermic
decomposition of carbonate solvents (EC, DEC, DMC) via ring-opening and polymerization reactions
known to be catalyzed by the PF5 produced by the decomposition of the salt [20]; this peak is
observed to start at 270 °C for the baseline electrolyte. Inhibiting or delaying these decomposition
reactions could significantly enhance the thermal stability of the battery electrolyte. In a DSC test, this
enhancement in thermal stability is demonstrated as a shift in the onset temperature of solvent
decomposition. The addition of PFPN shifts both thermal events; it shifts the onset of the thermal
decomposition by 21°C with the addition of just 1% PFPN. It further shifts by 7°C with the addition
of 2% PFPN, with the addition of 4% PFPN a total shift of 30°C from the baseline electrolyte is
observed which marks a significant improvement in the thermal stability.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Thermal decomposition characteristics of electrolytes containing varying concentrations of PFPN.

3.3. Ionic Conductivity

Ionic conductivity of the electrolytes was measured using electrochemical impedance
spectroscopy (EIS), and the results are summarized in Table 1, which shows the effect of introducing
PFPN to the electrolyte. At room temperature, the baseline electrolyte exhibits a conductivity of 10.26
mS/cm, the addition of 4 wt% PFPN reduces it to 9.12 mS/cm, corresponding to an 11% decrease. This
decrease is primarily due to the higher viscosity and lower dielectric constant of PFPN, which hinders
ion mobility [21-23]. While the incorporation of PFPN results in a marginal drop in ionic
conductivity, the values remain within a reasonable range for practical operation.

To examine how conductivity varies with temperature and whether PFPN exerts a similar effect
across the entire range, measurements were conducted from —40 °C to 50 °C. As expected,
conductivity increased with temperature for all samples. A consistent trend of reduced conductivity
with increasing PFPN concentration was observed across the entire range, as seen in Figure 4. These
measurements indicate that PFPN only modestly impacts ionic transport, largely because of the low

concentrations employed.

vy lonic Conductivity vs Temperature

|~@~Baseline Electrolyte
~l - 1% PFPN
12 -A-2% PFPN

10}

lonic Conductivity (mS/cm)

L
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Figure 4. Ionic conductivity of Electrolyte at different temperatures.
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Table 1. Ionic Conductivity of Electrolyte at 25°C with different PFPN concentrations.
PFPN C tati t
on(;e)r ation (w 0% PFPN 1% PFPN 2% PFPN 4% PFPN
()

Ionic Conductivit

onic Conductivity 10.26 10.02 9.88 9.12
(mS/cm)

3.4. Coin cell Cycling

The electrochemical performance of the electrolyte containing varying percentage of PFPN was
tested with coin half cells and a 0.25 Ah pouch cell. Cells containing electrolytes with 1% and 2%
PFPN additives were compared against a baseline cell containing 0% PFPN. Each coin cell underwent
a standard formation process to ensure electrode wetting and SEI layer development, allowing the
cells to reach their maximum capacity. These formation cycles were omitted from the data to enable
better comparison of cycling performance.

Fig 5(a) and (b) show the results of cycling the anode and cathode half cells with electrolyte
containing 0%, 1% and 2% PFPN, at a constant current of 0.1 C rate with upper and lower cut-off
voltages of 3V and 4.4 V for the cathode and 0.01 V and 1 V for the anode half-cells. The initial specific
discharge capacity of the anode half-cell was 339.1, 338.8 and 338.2 mAh/g for 0%, 1% and 2% PFPN
and it remains nearly constant through the 20 cycles. The secondary axis of plot (a) and (b) in Figure
5 indicates the coulombic efficiencies of the cells. The coulombic efficiencies of the anode half-cell
remain stable throughout the cycling process at 99.8% for all three cells.
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Figure 5. (a) Anode and (b) Cathode Half-cell cycling results.

Figure 5 (b) shows results from the constant current charge-discharge cycling of cathode half-
cells at a 0.1 C or 20 cycles. The initial specific discharge capacity of the cathode half-cell was 206.07,
200.2 and 206.07 mAh/g for 0%, 1% and 2% PFPN. After 20 cycles the discharge capacity was 199.32,
195.14 and 199.32 mAh/g for 0%, 1% and 2% PFPN. The coulombic efficiencies of the cathode half-
cells during the first charge and discharge cycle were 99.64%, 97.18% and 99.23% for the electrolyte
containing 0%, 1% and 2% PFPN and at the 20t cycle the efficiencies were 99.86%, 99.42% and 97.32%.
The results highlight that no considerable change in discharge capacity during constant current
charge discharge cycling was observed due to the addition of PFPN.

Figure 6 shows the voltage profile during charging and discharging the half coin cells containing
0%, 1% and 2% PFPN additive in the electrolyte. The graphite anode half cells were cycled between
0.01 and 1 V. During the first cycle, the cells with base electrolyte and the cells with electrolyte
containing 1% and 2% PFPN were charged to was 339.1, 338.8 and 338.2 mAh/g. The addition of 2%
of PFPN to the electrolyte reached marginally higher capacity. Similarly, the discharge capacity was

also observed to be very similar, showing that addition of up to 2% PFPN did not degrade the initial
capacity of the cells.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Charge discharge voltage profile of Anode half-cell at (a) 1st and (b) 20th cycle and Cathode half-cell
at (c) Ist and (d) 20th cycle.

Figure 6 (c) and (d) show the charge discharge curve of NMC 811 half cells during cycle 1 and
20. The specific charge capacity of the cathode half-cell with base electrolyte reached 202 mAh/g
whereas, cells with 1% and 2% PFPN reached 193 and 198 mAh/g. Similarly, the discharge capacity
was observed to be 202, 193 and 191 mAh/g for base cell and cells with 1%, and 2% PFPN. The same
trend was observed in the charge and discharge capacity of the cells after 20 cycles. The cells
containing 0%, 1% and 2% PFPN retained 97%, 100% and 96% of the initial discharge capacity. Thus,
the addition of PFPN has no significant impact on the capacity of both cathode and anode half-cells.
A small increase in the activation overpotential was observed between 1st and 20t cycles.

3.5. Pouch cell Cycling

The effect of PFPN on discharge capacity and coulombic efficiency of NMC8111| Graphite
pouch cell is presented in Fig. 7. Cells with electrolyte containing 0% and 2 % PFPN were cycled at
0.1 Cand 1 C. It is evident that the addition of PFPN did not have significant change in capacity up
to 50 cycles. Initial capacity of the cell containing 0% PFPN and 2% PFPN were 0.22 and 0.21 Ah, and
both retain 100% of their capacity. Similarly, no significant reduction in coulombic efficiency was
observed due to addition of flame retardant PFPN in the base electrolyte. The cells were cycled for
500 cycles at a higher rate to compare effects of PFPN on long-term cycle life for the cell. At 1C, the
initial capacity of the cell with base electrolyte reached 0.097 Ah which reduced in the first 200 cycles
and retained 70% capacity after 500 cycles. The periodic fluctuation in the cell capacity is attributed
to the diurnal temperature changes that affect the cell performance. The Cells containing 2% PFPN
followed the same trend. The initial capacity of the cell with 2% PFPN reached the capacity of 0.088
Ah which had slower decrease than the base electrolyte to a capacity of 0.063 Ah after 500 cycles,
retaining 72% of the initial capacity.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Pouch cell (a) short-term and (b) extended cycling results.

3.6. Rate Capability

The rate performance of full pouch cells, (NMC 811! Graphite) were tested with 0% and 2%
PFPN. Both the cells were tested at C-rates ranging from 0.1 C to 2 C and finally again at 0.1 C,
between 3 to 4.2 V and the results are compared in Fig. 7. As the C-rate increases, a drop in discharge
capacities is observed. The discharge capacities recover back to the initial values, and the C-rate is
brought back to 0.1C.

The average discharge capacity of the cell without PFPN is 225 mAh during the initial 5 cycles
at 0.1C. For the cell containing 2% PFPN it drops down slightly to 215 mAh. The presence of 2% PFPN
is observed to bring about a similar reduction in capacity over the other C-rates. Interestingly this
reduction in capacity seems to be less prominent at higher C-rates. Enhanced stability and uniformity
of the SEI layer brought about by the presence of PFPN in the electrolyte [23] can suppress the
harmful side reactions, maintaining the cyclable lithium content.
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Figure 8. Pouch cell rate capability test results.

4. Conclusions

This work shows that PFPN is a promising electrolyte additive for improving electrolyte
flammability resistance and thermal stability, with minimal penalties to Li-ion transport and
electrochemical performance. Using the SET measurements, we find that PFPN suppresses ignition
and shortens flame persistence: at 2 wt% PFPN, SET drops by ~19% and many samples resist ignition;
at 4 wt%, 67% of samples do not ignite even with extended exposure and the average SET decreases
by 43% relative to baseline. DSC supports these gains in stability, with the onset of solvent
decomposition delayed by up to ~30 °C as PFPN concentration increases to 4 wt%. Ionic conductivity
decreases modestly (=11% at 4 wt%), remaining within a practical range for operation.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Electrochemical testing across graphitel ILi and NMC811|ILi half-cells, as well as
NMC811! Igraphite pouch cells, indicates that PFPN (<2 wt%) maintains capacity, coulombic
efficiency, and rate capability comparable to the baseline. Short-term cycling shows negligible
differences, and extended 1 C cycling to 500 cycles exhibits similar or slightly improved capacity
retention with 2 wt% PFPN. Taken together, these trends suggest that low-dose PFPN (=2 wt%) offers
a practical method to improve electrolyte stability in Ni-rich cathode LIBs.

Overall, the results indicate that PFPN effectively improves electrolyte stability while
maintaining electrochemical compatibility. The findings highlight the potential of phosphorus-
nitrogen flame-retardant additives to enhance the intrinsic thermal stability of next-generation LIBs
without compromising performance. While reduced electrolyte flammability and enhanced thermal
stability are expected to contribute to improved battery thermal stability, direct validation of these
effects on cell-level thermal runaway behavior remains an important topic for future work.
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