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Thermal stability of LiPFg-based electrolyte (1M LiPFs/EC+DMC) was studied by in-situ FTIR spec-
troscopy and C80 calorimetry, which indicated that the electrolyte underwent furious polymerization
and decomposition reactions and sharp heat flow was generated below 225°C. The thermal sta-
bility of the electrolyte in contact with various delithiated cathodes (LixCoO,, LixNipgC0015Alp0502,
LixNi;3Co1/3Mny 302, LixMn;04, LixNio5Mng 502, LixNigsMn1504 and LixFePO4) was also investigated by
C80 calorimetry. The results show that the cathode materials except for LiyFePO,4 usually have an enhance-
ment effect on the decomposition of the electrolyte, but Liy,FePO4 exhibits a suppression effect on the
reactions of the electrolyte. LiyFePO, is found to be with excellent thermal stability. Among the other cath-
odes, LixCoO3, LixNiggC0g15Alp.0502, LixNig5Mngs0, and LiyNigsMn;504 promote the decomposition of
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Electrolyte
Cathode electrolyte by releasing oxygen and thus considered not favorable for safety, but LiyNi;;3Coq3Mny 30, with
Safety alesser reaction heat and LiyMn, 04 with even less heat flow in the low temperature range (50-225°C) are

believed as promising cathodes for better safety. By comparing X-ray diffraction (XRD) patterns of these
cathode materials at room temperature and those heated to 300 °C in the presence of the electrolyte, we
have found that Li,FePO4 only has experienced tiny structure change, which is greatly different from the

other cathode materials.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Lithium-ion batteries are now widely used in portable 3C (com-
puter, communication, consumer electronics) products owing to
their high energy density. Large-sized lithium-ion batteries and bat-
tery packs are also very attractive for electric vehicles (EV), hybrid
electric vehicle (HEV) and plug-in hybrid electric vehicle (PHEV)
applications. However, safety concern has become one of the most
important issues for the development of lithium-ion batteries,
because under some abusive conditions, catastrophic reactions
between active electrodes and electrolyte result in thermal run-
away that drives the flammable electrolyte into fire or explosion.
Much effort has been devoted to alleviate the safety issue. Highly
safe electrolyte systems such as nonflammable electrolytes [1-8]
and ionic liquid electrolytes [9-15] are the direct solutions of this
pressing issue. However, some obstacles seem to be inevitable. For
example, most nonflammable electrolytes and ionic liquid elec-
trolytes are either incompatible with electrode materials or too
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expensive to be accepted. Thus, the priority consideration should
be to prevent the appearance of thermal runaway.

The thermal runaway of Li-ion batteries usually appears when
heat output of battery system exceeds thermal dissipation. Under
some abusive conditions, exothermic reactions take place among
the flammable electrolyte, highly oxidative cathode material and
reductive anode material, and the heat generation further acceler-
ates more exothermic reactions which may eventually result in the
thermal runaway. Usually the thermal stability of electrolyte and
exothermic reactions between electrolyte and cathode material at
elevated temperature are considered as the main contributors to
the thermal runaway [16]. The thermal stability of electrolyte has
been widely studied by calorimetry and spectroscopy. Yamaki [17]
studied the thermal behavior of various electrolyte systems by dif-
ferential scanning calorimetry (DSC), and Lucht [18] investigated
the reaction mechanism of electrolyte at elevated temperature
(85-100°C) by nuclear magnetic resonance (NMR) spectroscopy
and gas chromatography with mass selective detection (GC-MS).
However, the exothermic reactions related to those exothermic pro-
cesses in the calorimetric studies are still unclear and ambiguous.
It is mostly necessary to decipher the exothermic reaction mecha-
nism of electrolyte using some on-line measurements, which has
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important significance for exploring novel electrolytes for the next
generation of Li-ion batteries.

In literature, the thermal stability of electrolyte against lithi-
ated cathodes has been usually studied by DSC and accelerating
rate calorimetry (ARC) [19-25]. But the sensitivities of DSC and
ARC are not high enough to evaluate the thermal hazards for com-
plex reactive substance in the lower temperature range, i.e. from
room temperature to 300°C, especially for confirming the onset
temperature, which is a significant index for evaluating thermal
stability. Using the C80 calorimeter with high sensitivity, however,
the reaction can easily be detected in the lower temperature range
and the identified onset temperature is more accurate than those
obtained by DSC and ARC [26]. Recently various cathode materials
have widely been studied in academic and industrial laboratories,
and also researchers are ceaselessly engaged in the search for new
materials for Li-ion batteries. Although the thermal stability of
most cathodes has been reported [23-25], the results from differ-
ent groups, even using different measurements, such as DSC or ARC,
cannot be used for an objective comparison with each other. So it is
necessary to evaluate thermal stability of various cathode materials
in commercial electrolyte for finding suitable materials or guiding
new material design in order to improve the safety characteristic of
Li-ion batteries.

In-situ Fourier transform infrared spectrometer (FTIR) is an effi-
cient measurement for illuminating thermal reaction mechanism of
polymer materials [27,28], herein we also believe that it is a promis-
ing measurement for investigating thermal stability of electrolyte
of Li-ion batteries. In this paper, thermal stability of commercial
LiPFg-based electrolyte is first investigated by in-situ FTIR along
with C80 calorimetry, and then the exothermic reaction mech-
anism is presumed. Based on the results of thermal stability of
the electrolyte, effect of seven delithiated cathode materials those
have been paid much attention to in the Li-ion battery industry,
LiXCOOZ (LCO), LiXNio_gC00.15A10_o502 (GeI’IZ), LiXNi1/3CO1/3M1‘11/302
(L333), LiXMI‘l204 (LMO), LixNi0.5MI’10.502 (LNMO), LiXNiO.SMI’l1.504
(LNM30) and LixFePQOg4 (LFPO), is compared on the thermal stability
of the LiPFg-based electrolyte by C80 calorimetry under the same
conditions, in order to direct the research of new cathode materials
and design highly safe Li-ion batteries.

2. Experimental

1M LiPFg/ethylene carbonate (EC)+dimethyl carbonate (DMC)
(1:1, w/w) was commercially available products made by Zhangji-
agang Guotai-Huarong Co., Ltd. Except LiNigs5Mn;504, other
cathode materials were all obtained from commercial prod-
ucts. LiCOOZ, LiMH204, LiNi]/3CO]/3MH]/302, LiNiO.sMI’lOf,Oz and
LiFePO4 were purchased from several Chinese corporations, and
LiNig gCog15Alp 050, was supplied by Argonne National Labora-
tory. LiNig 5Mn; 504 was prepared by a radiated polymer gel (RPG)
method, and more details were described elsewhere [29,30]. Com-
posite electrodes consisting of cathode powder (84 wt.%), acetylene
black (8 wt.%) and poly(vinylidene fluoride) (PVDF) (8 wt.%) were
made by a tape-casting process on aluminum foils. CR2032 coin
cells with Li foil anode were assembled in an argon-filled glove
box (MBraun Labmaster 130) and then cycled twice on a multi-
channel battery cycler (Neware BTS2300, Shenzhen) at a current
of 0.2mA cm~2, followed by charged to some upper cut-off volt-
age, especially 4.2V for LCO and LFPO, 4.3 V for LMO, 4.5 V for Gen2,
L333 and LNMO, 5.0 V for LNM30. All charged cells were then trans-
ferred into the glove box for the C80 sample preparation. After the
cell disassembly, the positive electrode was taken out and rinsed
with DMC to remove the original electrolyte from the surface of
electrode, then dried to remove DMC before the cathode materials
(containing acetylene black and PVDF) were scraped from the Al
current collector. 23 mg cathode material and 50 mg electrolyte of

1M LiPFg/EC+DMC were added into a stainless sample tube, and
then the samples were sealed for the calorimetry measurement by
a Setaram C80 calorimeter (Calvet). All the procedure was operated
in the glove box to make sure the argon circumstance. The calorime-
try measurements were carried out at a heating rate of 0.2 °Cmin~!
from room temperature to 300°C, and the C80 calculations were
based on the weight of the electrolyte.

In-situ FTIR spectra were recorded using a Bruker Vector-22 IR
spectrophotometer equipped with a high temperature cell (HTC-3)
controlled by an automatic temperature controller (Harrick Scien-
tific Products, Inc.). Electrolyte was dripped into a homemade KBr
sample cell in the glove box, and then the sample cell was taken out
from the glove box and placed into the HTC-3 cell. The temperature
of the cell was raised at a heating rate of about 2°Cmin~!. Dynamic
FTIR spectra were recorded on line during the thermal reaction of
electrolyte with the temperature rising.

The crystalline structure of the delithiated cathode was char-
acterized by X-ray diffraction (XRD) using a diffractometer (Philips
X'Pert Pro Super, Cu Ka radiation). Followed by opening the charged
cells and taking the electrodes out, some electrode laminates were
measured directly without further treatment, but others were
added with alittle electrolyte and then heated to 300 °Cin an argon-
filled sealed container. The diffraction patterns were recorded at
room temperature in the 26 range from 10° to 80°.

3. Results and discussion

The in-situ FTIR spectra of the electrolyte of 1 M LiPFg/EC + DMC
heated to different temperatures are shown in Fig. 1a. The signals
in the range of 2750-3300 cm~! correspond to the stretching mode
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Fig. 1. In-situ FTIR spectra of (a) the LiPFg electrolyte of 1M LiPFg/EC+DMC (1:1)
and (b) the solvents of EC+DMC (1:1) heated to different temperatures.
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Fig.2. C80 heat flow curves of 1 M LiPFg/EC + DMC electrolyte and EC + DMC solvents
at a heating rate of 0.2 °Cmin~'. The mass of sample is 1.0 g.

of C-H bands in the carbonate compounds (EC and DMC). At 30°C,
the peak at 3003 cm~! is related to CH, groups of EC, and the peaks
at 2934cm~! and 2852cm~! belong to the CHs groups of DMC.
The three signals have not changed when the temperature rises to
90°C, which suggests that the carbonates have not been involved
in any reaction. But when the temperature exceeds 150 °C, signifi-
cant changes appear. The peak at 3003 cm~! weakens gradually and
vanishes at 220°C along with a new signal at 2958 cm~! appears
and becomes gradually stronger, which may be attributed to the
ring-opening polymerization of EC[31]. At the temperature range of
150-250°C, there is no obvious change of the signals at 2925 cm™!
and 2852cm~1. At 300°C, the signals at 2958 cm~1, 2925 cm™!
and 2852 cm~! weaken obviously compared with the spectrum at
250°C, and a new signal at 2800cm~"! appears. As for the spectra
in the range of 1000-1900 cm~!, there is also no obvious difference
between the signals at 30°C and at 90 °C, but the whole intensity
of the spectra is decreased at elevated temperatures above 90°C
mainly because some reaction products reduce the transparency
of the sample cell at above 150°C and perhaps DMC with a boil-
ing point of 90 °C partly escapes from the sample cell without high
pressure-proof performance. Around 1800 cm~!, the strong peaks
originate from the typical stretching mode of carbonyl groups of
carbonates. At 150 °C, the signals at 1800 cm~! and 1770 cm~! obvi-
ously weaken but the signal at 1850cm! still keeps intensive.
The change of those signals compared with at 90°C, is attributed
to the ring-opening polymerization of EC, and the weakened sig-
nals at 1000-1200cm~! corresponding to the ring structure of EC
also indicate that the ring-opening reaction has occurred, which
is consistent with the change of signals at 3003 cm~!. When the
temperature increases from 150 °C to 250 °C, especially from 220°C
to 250°C, the peak at 1820cm~! weakens and eventually van-
ishes, which suggests that the carbonate group (—0—C(=0)—0—)
has undergone a decomposition reaction with CO, released. Thus,
based on all the spectra at different temperatures, it can be con-
cluded that below 220°C the main reaction is the ring-opening
reaction of EC, while the carbonate group (—O—C(=0)—0—) decom-
poses and releases CO, above 220 °C. The in-situ FTIR spectra of the
solvent of EC+DMC heated to different temperatures are shown in
Fig. 1b, in order to investigate the role of LiPFg in the ring-opening
reaction of EC. Below 250°C, the spectra have no special change
with temperature elevated, which indicates that the ring-opening
reaction of EC would not occur without LiPFg.

Fig. 2 shows the heat flow curves of 1g electrolyte of 1M
LiPFg/EC+DMC and 1g solvent of EC+DMC measured from the
C80 calorimetry. The onset temperature of the electrolyte is about
202°C, and a strong exothermic peak appears at 215°C, which
means that some reactions have been induced around this tem-
perature. After about 225 °C, a mild exothermic process takes place

in a wide temperature range with a relatively lower heat flow.
Here we believe that the former process (before 225 °C) with the
stronger heat generation corresponding to the exothermic reactions
is the major factor for thermal stability of Li-ion batteries compared
with the latter process, from the standpoint of electrolyte. After
the calorimetry measurement, the C80 sample cell was opened
and quite a little black solid residua were found. The FTIR spec-
tra of the residua (not shown here) is found basically consistent
with the spectra at 300°C (in Fig. 1a). As the calorimetric study is
combined with the results of in-situ FTIR spectra, we agree with
the similar reaction mechanism proposed by Sloop [31]. The catas-
trophic reactions probably include the open-ring polymerization of
EC that usually produces rather large reaction heat in a short period.
And after 225°C, the products obtained earlier undergo a series
of decomposition with heat generated slowly. Compared with the
electrolyte, the solvent of EC+DMC has negligible heat flow, espe-
cially below 250°C, which is also consistent with the in-situ FTIR
results (Fig. 1b).

Based on the studies about the thermal reaction mech-
anism of electrolyte, effect of several cathode materials on
the thermal characteristic of the electrolyte has been inves-
tigated by C80 calorimtery. The cathode materials have been
divided into three categories: cobalt-based metal oxides
(LiCOOZ, LiNi0.3C00_15A10_0502, LiNi1/3C01/3Mn1/302) (Fig. 3&),
manganese-based metal oxides (LiMn;Og4, LiNig5Mngs50-,
LiNig5sMny504, LiNij;3C013Mny;302) (Fig. 3b) and olivine
phosphate (LiFePO4) (Fig. 3c). All of these cathode materials
are used for C80 calorimetry after they have been charged
to a certain state. At the charge state, LiCoO, is transformed
to Lig5C00,, LiNiggCog15Alp.0s02 to Lig33NipgC0015Al0.0502,
LiNi]/3CO1/3MI‘1]/302 to Li0_3Ni1/3C01/3Mn1/302, LiMn,04 to
LioMl’l204, LiNi0_5Mno_502 to Li0_33Ni0.5Mn0_502, LiNiO'SMH1.504
to LioNiO‘SMH].504, and LIFEPO4 to LioFEPOAL All of the lithium
contents are calculated based on their respective discharge capac-
ity. The ratio between the mass of the electrolyte and cathode
in the C80 test is controlled at about 2:1, which is much higher
than that in commercial Li-ion batteries. However, the higher
mass ratio between electrolyte and cathode was recommended
by Aurbach and co-workers [32] to investigate the interaction
between the transition metal ions dissolved from the cathodes
and the electrolyte. And we also find that a cathode solid sample
alone shows much less thermal effect than pure electrolyte below
225°C (Fig. 4) [33,34], which is also validated by the Dahn’s work
[20,35] and the Amine’s work [36]. Here more attention was
focused on the effect of various cathode materials on the thermal
stability of electrolyte. Consequently, despite the fact that the
electrolyte/cathode ratio herein is high compared with practical
systems, the results presented in Fig. 3 are still meaningful.

Fig. 3a shows the heat flow curves of the Co-based cathode
materials with the electrolyte, from which the boundary of 225°C
exists distinctly as in the case of the electrolyte alone (Fig. 4). Com-
pared with the electrolyte, the coexisting systems of cathode and
electrolyte exhibit lower onset temperatures of exothermic peaks.
For LCO and L333, the main exothermic peaks appear at the same
position of about 215 °C, which is consistent with that of the elec-
trolyte alone. What is different from the electrolyte alone is the
small exothermic peak before the main peak when the cathode
materials are introduced, which perhaps is the result of decom-
position of the cathodes. As for the cathode material of Gen2, the
main exothermic peak is at 198 °C, much lower than that (215°C)
for the electrolyte, together with a relatively small peak appearing
at 210°C. We believe that some violent reactions between the Gen2
cathode and the electrolyte should be responsible for it, or that oxy-
gen liberated from the cathode results in the combustion reaction
of the electrolyte [37]. After 225°C, there is another exothermic
peak for all of the three systems, among which, the systems con-
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Fig. 3. C80 heat flow curves of coexistence systems of 50 mg electrolyte (1M
LiPFg/EC+DMC) and 23 mg delithiated cathode materials at a heating rate of
0.2°Cmin~'. (a) Co-based cathode materials containing LCO (cut-off at 4.2 V), Gen2
(cut-off at 4.5V) and L333 (cut-off at 4.5V), (b) Mn-based cathode materials con-
taining LMO (cut-off at 4.3 V), LNMO (cut-off at 4.5V), LNM30 (cut-off at 5.0 V) and
L333 (cut-off at 4.5V) and (c) olivine phosphate LFPO (cut-off at 4.2 V).
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Fig. 4. C80 heat flow curves of 1 M LiPFg/EC+DMC electrolyte, LCO (cut-off at 4.2V,
[33]) and LMO (cut-off at 4.3V, [34]) at a heating rate of 0.2°Cmin~"'. The values of
heat flow for LCO and LMO were evaluated from the sample weight of LCO and LMO.

taining Gen2 and L333 have lower heat flow values than that of
LCO.

Fig. 3b shows the heat flow curves of the Mn-based cathode
materials with the electrolyte. It can be found easily that their onset
temperatures are usually lower than those for the systems contain-
ing the Co-based cathode materials, which may be because Mn ion
is more severely dissolved in the electrolyte than Co ion, especially
for materials with the spinel structure (LMO and LNM30). The first
peak temperatures of the spinel cathodes of LMO and LNM30O are
152°C and 106 °C, respectively. Two distinct exothermic processes
for the spinel Mn-based cathode systems appear below the 225°C,
and the temperatures of peaks are quite lower than that of the corre-
sponding peak of pure electrolyte. Different from the two Mn-based
cathodes mentioned above, LNMO with the layered structure gives
rise to a specially strong exothermic peak around 200 °C along with
a negligible exothermic process before, similar as the system of
L333. The exothermic peak at 200°C is believed to be associated
with the similar effect of Gen2 on the electrolyte decomposition
with the 198 °C exothermic peak. Among the Mn-based cathodes,
LMO shows always the relatively lower heat flow before 225°C,
which is mainly because no oxygen released at the lower tempera-
ture (<225 °C) induces combustion reaction of electrolyte, although
many other reactions have taken place with a relative moderate
grade.

Fig. 3c shows the heat flow curve of olivine phosphate cathode
material, LFPO, with the electrolyte. Obviously, there is a negligible
heat released below 225 °C for the LFPO system, and the onset tem-
perature of significant heat generation is 218 °C. During the whole
testing process, the heat flow always keeps at a low level. Based on
the thermal characteristic of pure electrolyte, LFPO seemingly has
a suppressive effect on the decomposition of electrolyte, which can
also be concluded from the ARC results of and Jiang and Dahn’s work

Details on C80 results of the LiPFg-based electrolyte with or without seven cathode materials. The sign “*” shows the maximal exothermic peak. All calculations are based on

the weight of the electrolyte.

Cathode Upper cut-off voltage (V) Onset temperature (°C) Exothermic peak (°C) Reaction heat (Jg')
50-225°C 50-300°C

Electrolyte - 202 215* 258 612
LCO 4.2 168 193 212* 240 358 692
Gen2 4.5 176 198* 210 244 318 522
L333 4.5 146 191 215* 252 255 600
LMO 43 110 152 186  248,272* 308 638
LNMO 4.5 115 202* 248 378 595
LNM30 5.0 78 106 150* 240 485 630
LFPO 4.2 218 246 268* 285 35 260
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Fig. 5. XRD patterns of various cathodes at room temperature and heated to 300°C. (a) LCO, (b) Gen2, (c) L333, (d) LMO, (e) LNMO, (f) LNM30 and (g) LFPO.

[35]. In that reference paper, the mixture of 100 mg fully delithi-
ated state (FePO4) and 100 mg electrolyte of 1M LiPFg/EC+ DEC
electrolyte usually had much lower self-heating rate than 100 mg
electrolyte alone at the same temperature, despite the fact that
the former had a lower onset temperature. We surmise that some
active groups (e.g. unsaturated PO43~) on the surface of LFPO would
capture the Lewis acid PF5 in the electrolyte, while PFs5 is widely
considered as a catalyst of the decomposition reaction of the elec-

trolyte [31]. The exact reason for the suppressive effect of LFPO on
the exothermic reactions of LiPFg-based electrolyte is beyond the
range of this paper and should be a subject of further study.
Details on C80 results of electrolyte with or without seven cath-
ode materials are compared in Table 1. Here two indicators, we
think, are closely related to the possibility of thermal runaway
of a lithium-ion battery. One is the reaction heat released before
225°C, which is affected directly by reactions between the cathode
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used and electrolyte. The thermal runaway of the battery mostly
occurs below 200°C, so it is less important to discuss the reac-
tion heat at higher temperature (>225 °C). Since the main reaction
of electrolyte and effect of cathode are reflected at this range of
temperature (<225°C) based on the C80 results above, the reac-
tion heat released before 225°C is considered as one of the most
important indicator for evaluating the thermal stability of Li-ion
batteries. The other important indicator is the maximal heat flow.
Since thermal runaway appears when the heat generation sur-
passes the heat dissipation which is decided by the structure of
batteries, the heat collected during the maximal heat flow would
be the biggest challenge for exceeding heat dissipation that may
turn into the battery runaway. Hence, the battery with lower heat
flow is considered to be safer. Besides the two indicators men-
tioned above, the onset temperature of total heat generation and
the temperatures corresponding to exothermal peaks also have very
important effect on the thermal stability of Li-ion batteries. Among
seven cathode materials investigated in this study, there is no doubt
that LFPO is the optimal choice for the safety characteristic of Li-
ion batteries, owing to its suppressive effect on the decomposition
of electrolyte. On the other hand, the L333 system has the lower
reaction heat of 255]/g during the appointed range of tempera-
ture (50-225 °C), equal to the reaction heat of the electrolyte alone,
which indicates that L333 has good thermal stability and decompo-
sition reactions with oxygen released do not appear below 225°C.
Thus L333 is also considered as a promising cathode for Li-ion bat-
teries with improved safety characteristic. The LMO system exhibits
quite lower heat flow before 225°C and the maximal heat flow is
just one third of that of the L333 system. Thus, LMO is also con-
sidered to be quite safe, even though the onset temperature of the
LMO systemis quite low (110 °C). Furthermore, it can be found easily
that Mn-based cathode systems have the lower onset temperature,
which is perhaps attributed to the higher solubility of Mn ion in the
electrolyte, and 5V cathode material LNM3O0 has the worst thermal
stability.

In order to investigate the structure change of the cathode mate-
rials after the C80 calorimetry, the XRD patterns of the cathodes at
room temperature and heated to 300 °C, are parallelized in Fig. 5.
Here the reaction mechanisms between cathodes and electrolyte
are not discussed in detail, and instead the structure stability of
cathode materials in the presence of electrolyte at elevated temper-
ature is our major concern. Some new phases are always produced
after the reaction between cathode materials and electrolyte at ele-
vated temperature, along with the structure change of the original
cathode materials. Compared with other cathode materials, LCO

and LMO have more obvious structure change that the original
peaks become weaker and broader after the high temperature reac-
tions. As for L333, Gen2 and LNMO, their original patterns keep
sharp and robust, though many new phases appear, which is likely
because NiO phase is formed on the surface of cathode materials
with oxygen released, but the bulk still keeps stable [36,37]. There-
fore, for those materials, their surface area would have significant
effect on their thermal stability. And LNM30 we synthesized by RPG
method with high surface area shows very bad thermal stability and
more new phases seemingly appear (Fig. 5f). However, LFPO with
high surface area, which is usually present as the agglomerates of
nanometer particles, still keeps excellent thermal stability and the
structure only has tiny change in the electrolyte with temperature
rising to 300°C.

4. Conclusions

Thermal stability of commercial LiPFg-based electrolyte is first
investigated by in-situ FTIR spectroscopy along with C80 calorime-
try. Strong exothermic reactions in the LiPFg-based electrolyte
happen below 225 °C, which is mainly related to the ring-opening
reactions of EC and decomposition of polymeric products. The
nature of the cathode material has a major impact on the decom-
position of electrolyte, which is embodied below 225 °C. LCO, Gen2,
LNMO and LNM30 can release oxygen at elevated temperature and
further induce the combustion reaction of LiPFg-based electrolyte.
Among the cathode materials mentioned, LNM30 has the worst
thermal stability, with the much lower onset temperature and more
heat generation below 225 °C. Nevertheless, the reactivity between
LMO and electrolyte is more moderate with the lower heat flow, and
L333 also has good thermal characteristic with the lower reaction
heat below 225 °C. Above all, LFPO has excellent thermal stability
against LiPFg-based electrolyte, and it can inhibit the decomposi-
tion of electrolyte and has experienced tiny structure change after
being heated to 300°C.
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