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Lithium (Li) ion batteries have played a great role in modern society as being extensively used in commercial

electronic products, electric vehicles, and energy storage systems. However, battery safety issues have gained

growing concerns as there might be thermal runaway, fire or even explosion under external abuse. To tackle

these safety issues, developing non-flammable electrolytes is a promising strategy. However, the balance

between the flame-retarding effect and the electrochemical performance of electrolytes remains a great

challenge. Herein, we evaluate the function of ethoxy (pentafluoro) cyclotriphosphazene (PFPN) as an

effective flame-retarding additive for lithium-ion batteries. The flammability of electrolytes is greatly

suppressed with the introduction of a small amount of PFPN. Moreover, PFPN exhibited excellent

compatibility with LiFePO4 (LFP) cathode and graphite (Gr) anode, the electrochemical performances of

LFPjLi and GrjLi half cells are virtually unaffected. Scanning electron microscope (SEM) and X-ray

photoelectron spectroscopy (XPS) reveal the stable interphase between PFPN-containing electrolyte and

LFP and Gr electrodes. Fourier transform infrared spectroscopy (FT-IR), Raman and nuclear magnetic

resonance (NMR) spectra demonstrate the introduction of PFPN only exhibits negligible influence on the

solvation structure of electrolyte. Benefiting from these merits of PFPN, the LFPjGr cell shows desirable

long-term cycling performance, which demonstrates great potential for practical application.
1. Introduction

Li ion batteries have played a great role in our daily life, such as
commercial electronic products, electric vehicles, and energy
storage systems. However, the common electrolyte of Li ion
batteries is mainly composed of Li salt (typically, LiPF6 is used),
carbonate solvents and other additives, and these carbonate
solvents could be ignited steadily when a battery thermal runaway
happens, which further lead to re disaster or even explosion.1–3

To tackle these safety issues, one promising strategy is to develop
non-ammable electrolyte, and much progress has been made.

Applying ame retardant additive to formulate non-ammable
electrolyte has long been regarded as an ideal routine, as a small
amount of additive will not bring great change to the physico-
chemical property of electrolyte, while the ammability could be
highly suppressed.4–6 Among the ame-retarding additives,
phosphates were the most studied, and a serial of compounds
were found to exhibited excellent ame retardant capability, such
as trimethyl phosphate (TMP),7,8 triphenyl phosphate (TTP),9 tri-
methyl phosphite (TMPi),10 tris(2,2,2-triuoroethyl) phosphate
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the Royal Society of Chemistry
(TFEP),11 etc. Nevertheless, these phosphate-based additives were
found to present poor reduction stability, which leads to severe
side reactions when contact with Gr anode.12–14 Balancing the
ame-retarding effect and the electrochemical performance of
electrolytes remains a great challenge till now.15–18

Herein, ethoxy (pentauoro) cyclotriphosphazene (PFPN)
was applied as the ame-retarding additive for Li ion battery
electrolyte. The ammability of electrolyte was greatly sup-
pressed with introduction of only 3 wt% PFPN. The compati-
bility of PFPN-containing electrolyte was studied in LFPjLi and
GrjLi half cells, both exhibited comparable performance to base
electrolyte. SEM and XPS revealed PFPN helped to form stable
electrode/electrolyte interphase, thus prevent continuous para-
sitic reactions. FT-IR, Raman and NMR spectra demonstrated
the electrolyte solvation structure was not greatly changed with
PFPN additive. Beneting from these merits of PFPN, LFPjGr
cell presented desirable long-term stability, which demon-
strates great potential for practical application.
2. Experimental sections
2.1 Materials

TMP (99.8%), TEP (99.8%), TMPi (99.8%), TEPi (99.8%) and
PFPN (99.9%) were purchased from DoDo Chem and used as
received. 1 M LiPF6 in EC : DMC (v/v= 1 : 1) was purchased from
RSC Adv., 2024, 14, 11533–11540 | 11533
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Zhangjiagang Guotai Huarong New Chemical Materials Co.,
Ltd, and used as the base electrolyte.

2.2 Preparation of electrolyte and electrode

All the electrolytes used in experiments were prepared by add-
ing a certain amount of additive to the base electrolyte, and
stirred at room temperature for 24 h before use.

Commercial LFP (LF0608) and Gr (SM0205) electrodes were
purchased from Canrd Company, the active material ratios were
91.5% and 95.7% respectively. The areal capacity was
∼1.58 mA h cm−2 (∼10.5 mg cm−2) for LFP, and
∼1.89 mA h cm−2 (∼5.55 mg cm−2). All the electrodes were
vacuum dried for 12 hours before use.

2.3 Electrochemical measurement

Cycling tests of CR2032 coin cells were conducted on LAND
electrochemical testing system (LANHE, China). The LFPjLi and
LFPjGr cells were cycled between 4.0 and 2.5 V, and three
formation cycle at 0.1C were conducted for each cell. The GrjLi
cells were cycled between 1.5 and 0.005 V, and three formation
cycle at 0.2C were conducted for each cell.

The electrochemical stability of electrolyte was determined
by linear sweep voltammetry (LSV) test, where Al foil was used as
the working electrode, and Li foil was used as counter electrode
and reference electrode. The potential range was set from open-
circuit potential (OCP) to 6.0 V (vs. Li+/Li), and the scanning rate
was 1 mV s−1.

2.4 Characterization

Morphology was observed on scanning electronmicroscope (SEM,
ZEISS Merlin Compact). Surface species on the anode were
determined by X-ray photoelectron spectroscopy (XPS, Thermo
scientic ESCALAB250Xi, USA), and monochromatic Al-Ka was
used as the X-ray source. The electrodes acquired from cycled cells
were thoroughly washed with DMCbefore transferred to an argon-
lled vessel for SEM and XPS characterization. The FT-IR and
Raman spectra were conducted with NICOLET 5700 FT-IR Spec-
trometer and Renishaw InVa Raman spectrometer respectively.
The NMR spectra were conducted with BRUKER AVANCE 400.

The self-extinguishing time (SET) test was conducted by
adding a certain amount of electrolyte into a dry watch glass
and recording the burning time aer ignition. The SET was
calculated as following:

SET ¼ t

m

where t is the burning time, and m is the mass of electrolyte, and
each electrolyte was tested for three time to ensure data reliability.

The ionic conductivity of electrolyte was directly tested with
DDBJ-350 (Leici Company, China) at room temperature.

3. Results and discussion
3.1 Flame-retarding effect of PFPN

To examine the ame retardant effect of PFPN, it was added into
the base electrolyte (1 M LiPF6 EC : DMC (v/v = 1 : 1)) for self-
11534 | RSC Adv., 2024, 14, 11533–11540
extinguishing time (SET) test, and other common ame-
retarding additives were also studied for comparison. As is
shown in Fig. 1a, the base electrolyte exhibited a SET of 53.4 s
g−1, indicating the high ammability of it. When ame-
retarding additives were added, the SETs of electrolytes
showed distinct drop, and it presented a clear relationship with
the content of additive. Nevertheless, the SETs were still as high
as ∼20 s g−1 even with 20 wt% content for the common ame-
retarding additives (TMP, TEP, TMPi and TEPi), demonstrating
the inadequate ame retardancy. According to previous
reports,12,13 higher content of ame-retarding additives would
lead to worse electrochemical performance, as the additives
usually possessed poor reduction stability. In order to prevent
the degradation of cycling performance, it was necessary to
develop additive with higher ame-retarding efficiency or better
compatibility. In sharp contrast to the common additives, the
electrolyte would not be ignited when 5 wt% PFPN was added,
and the contents to realize a SET lower than 20 s g−1 or 10 s g−1

were only 1 wt% and 3 wt%. Fig. 1b shows the structures of each
additive, and the superior ame retardancy of PFPN should be
mainly originated from the phosphonitrile structure. According
to previous reports,19–21 the good ame-retardant effect and
thermal stability of uorinated cyclophosphazene come from
its high P content and the synergistic effect between P, F, and N,
and that the F helps improve the battery's electrochemical
performance and overall cycling stability. The ammability
comparison of base electrolyte with/without 3 wt% PFPN was
also provided in Fig. 1c, and it could be seen that the ame was
strong and continuous for the base electrolyte, while only part
of the 3% PFPN electrolyte was ignited for a short time. Apart
from lowering the extinguishing time, the released heat was
also much lower, which would greatly decrease the possibility of
safety hazard.
3.2 Electrochemical performance of PFPN-containing
electrolyte

In addition to the ame retardancy, the inuences on other
electrolyte properties were also important for developing an
ideal ame-retarding additive. The ionic conductivity of elec-
trolyte with various ame-retarding additives was rst evalu-
ated, and the result is shown in Fig. 2a. In terms of the overall
trend, all the ionic conductivities decreased as more additives
were used. It was surprising to nd that PFPN not only
possessed highly ame-retarding efficiency, it also exhibited
little effect on ionic conductivity. In details, the ionic conduc-
tivity could maintain >9 mS cm−1 with a SET of 0–20 s g−1,
which is already sufficient for most application scenarios.
Considering both the ame retardancy and ionic conductivity,
3 wt% PFPN-containing electrolyte was selected as the opti-
mized recipe, and its electrochemical stability was also exam-
ined. As is shown in Fig. 2b, the 3% PFPN electrolyte showed
a small peak around 4.2 V, which should be ascribe to the
oxidation of PFPN. Nevertheless, the introduction of PFPN will
not greatly affect the stability of cathode-electrolyte interphase,
and this would be conrmed later in the cycling test and XPS
characterization.
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 (a) SET of electrolytes with different flame-retarding additives. (b) Structures of different flame-retarding additive. (c) Flammability of base
electrolyte with/without 3 wt% PFPN.

Fig. 2 (a) Ionic conductivities of electrolytes with various flame-retarding additives. (b and c) Electrochemical stability of base and 3% PFPN
electrolyte.
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LFPjLi and GrjLi half cells were assembled for the evaluation
of electrochemical performance of 3% PFPN electrolyte, and the
result was shown in Fig. 3. As is shown in Fig. 3a, the cycling
performance of LFPjLi cell with 3% PFPN electrolyte was quite
similar to the cell with base electrolyte. Both cells exhibited
stable discharge capacity, and negligible deterioration was
observed even aer 100 cycles. Therefore, PFPN should possess
good compatibility with LFP cathode, and this conrmed the
oxidation of PFPN (Fig. 2c) would not be a great issue. Fig. 3b
shows the evolution of polarization during cycling, and the
stable curves fully demonstrated the stability of cathode–elec-
trolyte interphase.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The stability of anode–electrolyte interphase is also of great
importance, as most ame-retarding additives were found to
form unstable solid electrolyte interphase (SEI), which further
lead to degradation of cycling performance and thus hinder the
practical application. Fig. 3c shows the electrochemical
performance of GrjLi cell with base and 3% PFPN electrolyte,
and it could be seen that the addition of PFPN would lead to
slightly lower capacity during the rst few cycles. However, the
capacity became stable aer the initial period, and little
difference was observed during the following cycles. This
phenomenon suggested that PFPN might be reduced in the
initial cycles, but a stable SEI could be formed and prevent
RSC Adv., 2024, 14, 11533–11540 | 11535



Fig. 3 (a and c) Cycling performances of LFPjLi and GrjLi cells with different electrolytes. (b and d) Voltage profiles of LFPjLi and GrjLi cell with 3%
PFPN electrolyte.
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continuous side reactions. This assumption was further sup-
ported by the voltage proles of GrjLi cell (Fig. 3d), where the
polarization curves did not change greatly from 5th to 50th
cycle.
3.3 Interphase characterization of PFPN-containing
electrolyte

Considering the desirable electrochemical performance and
electrode compatibility, it is necessary to explore the underlying
mechanism. To achieve this target, LFP and Gr electrodes aer
50 cycles in base and 3% PFPN electrolyte were acquired from
the corresponding half cells, and wash thoroughly with DMC to
remove the residual electrolyte. Aer that, the electrodes were
vacuum dried and transferred in Ar-lled container for SEM and
XPS tests. According to previous reports,22–24 the morphology of
cathode/anode interface would be greatly changed if there were
severe side reactions of electrolyte. However, Fig. 4 showed that
the morphology of LFP electrode before and aer cycling did
not change greatly. Additionally, Gr electrodes cycled in base or
3% PFPN electrolyte were also quite similar, thus the anode–
electrolyte interphase should not be evidently affected by the
PFPN. Nevertheless, it is still necessary to study the compati-
bility with other characterizations.

Besides the morphology of electrode, understanding the
composition evolution of electrode–electrolyte interphase is
also of great importance, thus the LFP and Gr electrodes aer 50
cycles were examined by XPS test. As is shown in Fig. 5a, there
11536 | RSC Adv., 2024, 14, 11533–11540
was no great change with the introduction of 3 wt% PFPN,
except the signal of LFP was slightly decreased, suggesting the
thickness of CEI might be higher.2 The N 1s spectra (Fig. 5b)
also showed similar trend, as LiNxOy was detected for 3% PFPN
group.25 Nevertheless, the composition of CEI was generally
stable as is depicted in Fig. 5c, and this should contribute to the
good compatibility between 3% PFPN electrolyte and LFP
cathode. The inuence on SEI structure was also examined, and
some interesting results were found. As is shown is Fig. 5d,
there was weak signal of LiPxFy and LiPxOyFz for base group,
which should be derived from the decomposition of PF6

−.
However, these signals disappeared when PFPN was added.
Fig. 5e exhibited there were N-containing species (LiNxOy and
Li3N) formed, both were reported to enhance the stability of
SEI.26,27 Overall, these changes of SEI were also reected in
Fig. 5f, and it was evident to see there were more N and less P
content. Considering the harmful effect of traditional ame-
retardant additive was originated from the P-containing
species, this specic N-rich SEI should contribute to the supe-
rior compatibility of 3% PFPN electrolyte and Gr anode.

Based on the above characterization and analysis, it could be
concluded that 3% PFPN electrolyte exhibited excellent ame-
retarding efficiency and desirable compatibility toward LFP
and Gr electrodes. Consequently, the solvation structure of
PFPN-containing electrolyte was studied to better understand
the excellent performance. As is shown in Fig. 6a and b, the
coordination of state of EC and DMC were studied by FT-IR
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 SEM images of LFP and Gr electrodes cycled 50 times (a and c) base electrolyte and (b and d) 3% PFPN electrolyte.

Fig. 5 XPS profile of LFP and Gr electrodes after 50 cycles (a and d) P 2p, (b and e) N 1s spectra and (c and f) atomic percentage profile.
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spectra, and the main signals were labeled according to
previous reports.28,29 It was found that the introduction of 0–
5 wt% PFPN showed negligible inuence. This result suggested
PFPN did not participate in the solvation shell of Li+ greatly,
which should be an important reason for the excellent
compatibility of PFPN-containing electrolyte. Raman spectra
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Fig. 6c and d) also showed similar observation, where the
coordination states of EC and DMC were only slightly
changed.30,31 Additionally, the NMR tests were also conducted,
and some subtle changes were found. As is shown in Fig. 6e and
f, adding PFPN led to increasing downeld shi for 7Li NMR
and 13C NMR spectra. Nevertheless, these small changes also
RSC Adv., 2024, 14, 11533–11540 | 11537



Fig. 6 Solvation structure characterizations of base and PFPN-containing electrolytes (a and b) FT-IR spectra, (c and d) Raman spectra and (e and
f) NMR spectra.

Fig. 7 Electrochemical performance of LFPjGr cells with different electrolytes: (a) long-term cycling and (b) rate performance.
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conrmed that PFPN did not present a profound impact on the
solvation structure of electrolyte.

To examine the inuence of PFPN-containing electrolyte on
full cells, LFPjGr full cells were assembled for electrochemical
performance test. As is shown in Fig. 7a, the cell with 3% PFPN
electrolyte showed comparable cycling performance to that with
base electrolyte, and the discharge capacity retention rates aer
100 cycles were 97.34% for base electrolyte and 97.25% for 3%
PFPN electrolyte, which once again demonstrated the great
electrolyte–electrode compatibility. Additionally, the rate
performance was also studied to ensure the application in
various scenarios, and it was surprising to nd that 3% PFPN
electrolyte exhibited similar performance even at 5C current
density. Combined with the previous SEM and XPS analysis, we
believe the desirable rate performance should be attributed to
the formation of N-containing SEI species.
11538 | RSC Adv., 2024, 14, 11533–11540
4. Conclusion

In summary, PFPN was proposed as a ame-retarding additive
for Li ion battery electrolyte, and the ammability of electro-
lyte was greatly suppressed with only 3 wt% content. The
compatibility of 3% PFPN electrolyte was studied in LFPjLi and
GrjLi half cells, both exhibited comparable performance to
base electrolyte. SEM and XPS revealed PFPN could form stable
electrode/electrolyte interphase, thus prevent continuous
parasitic reactions, and the formation of N-containing SEI
species was found to be benecial for Gr anode. FT-IR, Raman
and NMR spectra demonstrated PFPN did not present great
inuence on the solvation structure of electrolyte. Beneting
from the excellent compatibility of PFPN, LFPjGr cell pre-
sented desirable long-term stability and rate performance,
which demonstrates great potential for practical application
© 2024 The Author(s). Published by the Royal Society of Chemistry
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and provides a guideline for designing compatible non-
ammable electrolyte.
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