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A B S T R A C T

The thermal stabilities of delithiated LiNi0.5Co0.2Mn0.3O2 (L523), delithiated LiMn2O4 (LMO), and
delithiated LiFePO4 (LFP) for lithium ion batteries with bare electrode, solvent and different
concentration of electrolyte under delithiated state have been investigated by using differential
scanning calorimetry (DSC) and ex X-ray diffraction (XRD). The LFP has the best thermal stability, follows
by the LMO and then the L523. The existing of solvent facilitates the decomposition of materials. The
addition of Li salt in solvent can further accelerate the thermal decomposition of LMO and LFP; but hold
back the decomposition of L523 at some extent that although the total reaction heat grown by 297 J g�1,
the first exothermic peak (ca. 279 �C) moves backwards comparing with L523 and solvent coexisting
system (ca. 255.7 �C). As increasing the ratio of electrode material quality to electrolyte, the total
exothermic quantity of L523 and LMO becomes large, meanwhile the unit mass exothermic quantity of
the L523 varies with little dropping tendency, and that of the LMO decreases obviously. However, for the
LFP, the total exothermic quantity decreases and the unit mass exothermic quantity decreases more
obviously. Also, the XRD patterns of the three samples at ambient temperature and after 350 �C
processing with existing of solvent or electrolyte suggest that the L532, LMO and LFP suffer evident
structure changes since their pristine peaks become broader, weaker and splitting or disappearing at high
temperature.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to its excellent energy density and easy portability than all
other rechargeable cells, lithium ion batteries are now extensively
applied in the portable digital electronic products such as camera,
laptops and so on [1–10]. As extending the lithium ion battery to
large electric vehicle, hybrid electric vehicle, plug-in hybrid
electric vehicle, communications engineering and national defense
fields, the performance, especially safety performance, becomes
the first concern problem for the application of lithium ion
batteries [11–16]. The safety problems existing in the electronic
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products may bring disastrous consequences for electric instru-
ments.

As a result of rapid input of specific energy, at an extreme
condition, the battery will be induced to occur internal physical or
chemical reactions and produce a large amount of heat, causing the
battery temperature rise rapidly, which will accelerate the
reactions out of control, resulting in the thermal runaway of the
battery [17,18]. There are studies shown that when the tempera-
ture of the lithium ion battery reaches to 80 �C, it is likely to trigger
a thermal runaway, eventually leading to burning and explosion of
the battery [19]. The experimental and simulation work of Maleki
et al. [20,21] have indicated that the reactions between the cathode
material and the liquid organic electrolyte govern the exothermal
reaction behavior and finally result in a thermal runaway. Because
of the high potential of cathode materials and flammable organic
electrolyte, the explosion and burning questions are easy produced
when the heat producing speed is faster than the cooling speed.

Since the rapid response between cathode materials and
electrolyte is the main reason for the thermal runaway, exploring
the essences of thermal property for popular cathode materials is
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particularly important to ensure the safety of the whole battery.
The thermal stability of usual cathode coexisting with electrolyte
has been widely investigated by calorimeter instruments and
spectrometers. Xiang [22] explored the thermal behavior of several
cathode materials by differential scanning calorimetry (DSC) and
in-situ fourier transform infrared spectroscopy (FTIR) spectra, and
Park [23] studied the thermal reactions of olivine at a broad
temperature (50–700 �C) by XRD and DSC characterizations. The
DSC behaviors of L523 [24], LMO [25], and olivine [23] have also
been investigated by people. However, the exothermic peaks
related to which components of electrolyte and the exothermic
peaks whether or not related to the content of electrolyte are still
undefined and ambiguous. Therefore, it is quite necessary to
analyze the every exothermic peak of cathode coexisting with
electrolyte by varying the components of electrolyte and exclusive
method, which has important influence on improving the safety of
Li-ion batteries in practical use.

In this work, we explore the thermal behaviors of several wide-
used cathode materials including L523, LMO, and LFP with
different lithium salt amounts, different ratios of electrolyte
contents by DSC and ex-XRD. The relations between the cathode
and electrolyte components as well as between each exothermic
peak and electrolyte component amount for thermal stability are
comprehensively investigated.

2. Experimental

2.1. Materials preparation

The L523 was obtained from Ningbo Jinhe New Materials Co.,
Ltd; the LMO was acquired from Qingdao LNCM Co., Ltd; and the
LFP was purchased from Shenzhen Dynanonic Co., Ltd.

Preparation for the delithiated samples using for DSC/thermal
gravity analysis (TGA) measurements were as follows. First, the
button cell was tested for one cycle and then charged to full
delithiated state (4.3 V) at 0.5C. Second, electrode pole piece was
obtained by disassembling the charged cell in an inert atmosphere.
Fig. 1. SEM pictures of L523 (a
Third, the pole piece was cleaned several times with dimethyl
carbonate (DMC) and spontaneously dried in an inert atmosphere.
Finally, the material powders extracted from pole piece and
electrolyte were encapsulated in company in a gold-plated
stainless steel crucible in an inert atmosphere. The ratio of
electrode materials to electrolyte was 1 mg of electrode materials
per milliliter electrolyte. In the course of DSC test, the stainless
steel crucible system was keeping in a sealed state without air
contact and quality loss.

2.2. Materials characterization

Rigaku miniflex 600 were used to obtain the XRD results with
Cu Ka radiation ran at 40 kV and 15 mA sweeping from 10� to 90� at
2� min�1 with 0.02� step size. The morphology of materials were
portrayed by the field emission scanning electron microscopy
(SEM, HITACHI S-4800), and the surface elemental distribution of
particles were got by the energy dispersive X-ray spectroscopy
(EDS, OXFORD 7593-H, an appendage of SEM) with an acceleration
voltage of 20 kV. The thermal behaviors of electrode materials
were gained by the DSC/thermogravimetry (TG) (STA 449 F3
Jupiter Netzsch) from 50 �C to 350 �C by 5 �C min�1 heating speed.

In DSC and ex-XRD tests, the blending solvent of ethylene
carbonate (EC) and DMC with the weight ratio of 1: 1 is denoted as
solvent, the electrolyte consisting of 1 M LiPF6 salt dissolved in a
mixture solvent of EC and DMC with the weight ratio of 1: 1 is
marked as 1 M electrolyte, and the electrolyte consisting of 2 M
LiPF6 salt dissolved in a mixture solvent of EC and DMC with the
weight ratio of 1:1 is labelled as 2 M electrolyte.

2.3. Electrochemical measurements

The electrochemical performances of all samples were assessed
by using a CR2016 coin- type cells. The electrode plate was got by
unfolding a sizing agent consisting of 85 wt% active material, 8 wt%
acetylene black, 2 wt% graphite black and 5 wt% polyvinylidene
difluoride (PVDF) binder scattered in 1-methyl pyrrolidione liquid
), LMO (b) and LFP (c–d).



Fig. 3. First charge-discharge curves of materials at 0.5C at 3.0–4.3 V.
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onto the surface of aluminum foil by using a coating machine. The
12 mm electrode was punched by a mold, pressed at 10 tons/
1.13 cm2 and dried in a vacuum oven at 100 �C for 12 h to remove
residual solvent and water. The evaluated CR2016 button cells were
fabricated by intercalating a porous polyethylene separator
between the Li metal foil and electrode in an Ar-filled glove box.
The electrolyte during electrochemical test was 1.0 M LiPF6 salt
dissolved in a mixture solvent of EC/DMC (w/w, 1:1).

A constant current and constant voltage charging pattern (CC-
CV) and specific constant current discharging model were used for
batteries between 3.0–4.3 V at ambient temperature on the
NEWARE BTS type battery charger (Shenzhen, China). For instance,
the batteries were first charged by constant current to 4.3 V at 1C,
and after arriving 4.3 V the voltage was held at 4.3 V until the
current reduced slowly to one-tenth of constant current process.
The current values at all sorts of rates were configured on account
of the practical capacity of the L523 (150 mAh g�1), LMO (110 mAh
g�1) and LFP (150 mAh g�1). All the tests were proceeded at room
temperature unless otherwise stated.

3. Results and discussion

3.1. Structural representation and electrochemical behavior

The SEM graphs of the L523 (a), LMO (b), and LFP (c,d) samples are
presented in Fig. 1, respectively. The L523 particles are sphere-like
shapes in a size ranging from 4 mm to 10 mm (Fig. 1a). The LMO are
irregular large particles (Fig.1b), between 10 mm and 40 mm. The LFP
(Fig. 1c–d) are flake-like submicron particles, ca. 200–500 nm.

The XRD figure of the commercial sample powders is portrayed
in Fig. 2. The L523 display a specific layer structure belonging to a
hexagonal NaFeO2 structure (a R3m lattice spacing) without
impure peaks appearing, [6] the LMO exhibit a spinel structure
basing on Fd3 m space group, and the LFP present an orthogonal
olivine structure pertaining to Pnma space group. There are no
impurity peaks emerged in all three materials, indicating that the
crystal forms of the three sample are excellent.

The first charging-discharging curves of the three materials at
0.5 C with the voltage ranging from 3.0 to 4.3 V are shown in Fig. 3.
The L523 has experienced two processes in charge/discharge
processes, corresponding to the redox of Ni2+/Ni3+ (3.7–3.9 V) and
Ni3+/Ni4+ (3.9 V to 4.4 V). The plateaus of L523 is not obvious with a
sequential voltage decreasing appearance which is the feature of
layer structure for LiNixCoyMn1-x-yO2 [6]. The first charging and
discharging capacities of the L523 are 176.6 mAh g�1 and
151.7 mAh g�1, respectively, with the coulomb efficiency of
Fig. 2. XRD pattern of samples.
86.0%. The low coulomb efficiency of the L523 in first cycle is
generally considered as the following two reasons. One view is the
solid electrolyte interphase (SEI) formation on the surface of the
electrode or inadequate infiltration between electrode materials
and electrolyte [26]. Another view is that lithium ions beyond 3a
position can not intercalate back into material after deintercalating
from crystal lattice [27]. Two plateaus locating at 3.9 V and 4.1 V are
observed for the LMO. The first charging and discharging capacities
of the LMO are 109.5 mAh g�1 and 106.1 mAh g�1, respectively, with
the high coulomb efficiency up to 96.9%, which means good
reversibility. There is an obvious platform near 3.5 V for the LFP,
corresponding to the redox of Fe2+/Fe3+. The first charging and
discharging capacities of the LFP are 152.2 mAh g�1 and 130.2 mAh
g�1, respectively, with the coulomb efficiency of 85.5%.

3.2. Thermal analysis

3.2.1. Electrolyte
The DSCcurves of pure1 M electrolyte andbare solvents free from

Li salt are shown in Fig. 4. The electrolyte has an obvious exothermic
peak, the initialexothermal temperature is262.2 �C and the peak isat
281.2 �C, while for the solvent at 100–350 �C range there is no
apparent heat release, indicating that the addition of LiPF6 arouses
some exothermic reactions between lithium salts and solvents.

In the heating process, the PF5 (a strong Lewis acid) is produced
by LiPF6 decomposition and the PF5 will offend the lone pair
Fig. 4. DSC curves of 1 M electrolyte and solvents (EC + DMC) at 5 �C min�1 heating
rate.
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electrons of oxygen atoms in the EC, which will result in the
destroying of loop structure and then the ring-opening reaction
will happen, and finally, the above reaction products will occur
polymerization, such as Eqs. (1)–(3) shown, accompanying heat
release. Meanwhile, the PF5 will react with trace water in
electrolyte, resulting in corrosive HF. This series of reactions lead
to the poor thermal stability of electrolyte [28–30].

(1)
(2)

(3)
3.2.2. L523
The thermal stability of delithiated L523 (charged to 4.3 V)

without electrolyte was studied by DSC/TG test as shown in Fig. 5a.
Heat quantity of bare L523 is very small, the biggest heat flow is
only 0.7 W g�1, and exothermic peak locates at 331.4 �C. The DSC
results of the delithiated L523 electrode coexisting with solvent,
the 1 M electrolyte and the 2 M electrolyte, respectively, with the
ratio of 1 mg: 1 mL are displayed in Fig. 5b. As adding solvent into
delithiated L523 system, the thermal stability of system decreases
obviously since the exothermic peak temperature declines from
331.4 �C to ca. 255.7 �C and the biggest heat flow rises from
0.7 W g�1 to 4.0 W g�1. The heat release of L523 coexisting with the
1 M electrolyte is up to 1234 J g�1. This is because delithiated L523
is unstable at high temperatures with O2releasing which will oxidize
solvents and sent out a lot of heat. Meanwhile the reducing
environment of solvent can promote the decomposition of L523,
causing the exothermic peak emerged in advance. For the L523 and
the 1 M electrolyte coexisting system, the first exothermic peak (ca.
279 �C) moves backwards comparing with L523 and solvent
coexisting system (ca. 255.7 �C), which illustrate the addition of
lithium salt into solvent has certain inhibitoryeffect on the oxidation
reaction of delithiated L523 with solvent. This is because the L523
Fig. 5. DSC curves of (a) bare delithiated L523 (charged to 4.3 V), (b) delithiated L523 (ch
sealed crucible.
can lower the HF amount in electrolyte by Li+/H+ exchange at 160–
200 �C, while the LMO can not reduce the HF content, so a series of
reactions will happen, leading the exothermic peak in advance [11].

Two exothermic peaks appear in the L523 and the 1 M
electrolyte coexisting system. When the Li salt concentration is
increased to 2 M, the total Reaction heat increases by 173 J g�1, the
first peak area grows, and the second peak area decreases
accompanying by maximal heat flow dropping from 9.8 to
5.2 W g�1, which suggest the first peak is related to the amount
of LiPF6. The first peak consumes the L523 content, because the
L523 amount is excess comparing with Li salt during reaction.
Baba’s study [31] also suggests there are two exothermic peaks for
Li0.49CoO2 and electrolyte coexisting system in DSC curve, and the
low peak is attributed to the oxidization of solvent on the surface of
material. The second peak area decreases because the first peak
makes some L523 reduction, resulting in reducing the amount of
O2 releasing in the back process. Meanwhile the solvent in the
system is excess, and the heat quantity of oxidizing solvent is
reduced. The specific data are shown in Table S1.

According to our previous study, the exchange reaction occurs
between H+ from HF and Li+ in the L523 [11]. Therefore, if H+ enters
into the crystal lattice of the material, once encountering with the
electrons produced by solvent oxidization on the surface of material,
the material will be reduced and produce H2O at the same time.
When the temperature exceeds 200 �C, the H2O releasing from body
phase will react with PF5 produced by LiPF6 decomposition to
generate more H+, then the above reactions will continue. The
increasing of LiPF6 will result in the growth of generated H+, so the
first peak will grow along with the increasing of LiPF6 content.
Meanwhile, at this temperature the exothermic reaction also occurs
by electrolyte itself, therefore, the first exothermic peak should be
attributed to both the oxidation reaction between material and
electrolyte and the reaction by electrolyte itself.
arged to 4.3 V) coexisting with bare solvent, 1 M electrolyte and 2 M electrolyte in a



Fig. 6. DSC profiles of delithiated L523 in 3 mL electrolyte with different weights.

Fig. 8. DSC profiles of delithiated LMO in 3 mL electrolyte with different weight.
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In order to further investigate the effect of Li salt and electrolyte
amounts on the thermal stability of L523, we studied the
thermostability of different L523 contents in 3 mL electrolyte
shown in Fig. 6. With the increasing of L523 amount, the first
exothermic peak has little changes and the second peak grows
stronger, which further suggest the first peak is related to the LiPF6
amount. The first peak undergoes little changes along with the
increase of L523 since the LiPF6 amount is the same in the 3 mL
electrolyte closed system. Meanwhile the second peak area
increases, because the increasing content of L523 will release
more O2 to oxidize solvents. The heat quantity of each system is
presented in Table S2, showing that with the increasing of L523
content, the total heat quantity grows, and heat quantity of unit
mass has a small decreasing tendency.

3.2.3. LMO
The DSC curve of bare delithiated LMO is shown in Fig. 7a. The

heat quantity of bare LMO is very small, only 0.4 W g�1, and
exothermic peak is located at 269.9 �C. The thermal performance of
delithiated LMO coexisting with solvent, the 1 M electrolyte and
the 2 M electrolyte with the ratio of 1 mg: 1 mL are presented in
Fig. 7b. [11] The detailed data are presented in Table S3. For the
delithiated LMO/solvent system, an intense exothermic reaction
occurs at 243.6 �C with the 4.968 W g�1 heat flow, which is
attributed to the reaction between solvent and O2 released by LMO
decomposition at high temperature.
Fig. 7. DSC curves of (a) delithiated LMO; (b) delithiated LMO c
After addition of LiPF6 in solvent, the initial exothermal
temperature of LMO/electrolyte system significantly decreases.
When the concentration of LiPF6 is increased from 1 M to 2 M, the
onset exothermal temperature is dropped from 162.4 to 157.6 �C,
and total quantity of heat grows from 1157 J g�1 to 1447 J g�1. Also,
the heat flow between 160 and 200 �C rises, while the exothermic
peak area around 270 �C decreases. This is because that the
exothermic behavior between 160 and 200 �C is connected to the
HF amount in electrolyte, [11] and the increasing of Li salt
concentration results in the growth of HF in electrolyte, so the heat
flow before 200 �C rises along with Li salt concentration increasing.
The exothermic behavior between 160 and 200 �C expends some
LMO, which leads to the reducing of the releasing O2 content, so the
heat quantity around 270 �C decreases. In general, although LMO/
electrolyte has lower onset exothermic temperature than L523/
electrolyte, the heat quantity release of LMO/electrolyte system is
far less than that of L523, especially for the heat flow, therefore, the
thermal stability of LMO is better than L523.

The DSC profiles of 3 mL electrolyte with different quality of
delithiated LMO (charged to 4.3 V) are shown in Fig. 8. With the
increasing of electrode material quality, the behavior of LMO is
obvious different from that of the L523. The onset exothermic
temperature moves to low temperature, which may be ascribed to
the combined action of HF in electrolyte and decomposition
product of electrolyte. Generally, there are three peaks of the LMO/
electrolyte coexisting system for DSC curves. However, when the
quantity of LMO is small, the peak around 270 �C disappears, which
oexisting with solvent, 1 M electrolyte and 2 M electrolyte.



Fig. 10. DSC curves of delithiated LFP in 3 mL electrolyte with different weights.

Fig. 11. Ex-XRD data of delithiated L523 at ambient temperature and L523
coexisting with or without electrolyte at 350 �C.
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may be attributed that these little LMO is all consumed before
270 �C by the reaction between material and electrolyte. Therefore,
for 0.75 mg LMO coexisting with 3 mL electrolyte system, there are
only two exothermal peaks appearing. With the LMO amount
increasing, the peak area at 270 �C increases gradually, which is
related to the further oxidation reaction between the LMO and
electrolyte. The detailed thermal data of the 3 mL electrolyte with
different quality of the LMO are shown in Table S4. It is can be seen
that along with increase of the LMO quality in the closed system,
the total heat quantity increases, but the heat release of unit mass
electrode material reduces.

3.2.4. LFP
The thermal behavior of delithiated LFP (charged to 4.3 V) is

exhibited in Fig. 9a, which suggests a good thermal stability of bare
LFP without any apparent heat peak appearing among 100–350 �C.
The DSC curves of delithiated LFP together with solvent, the 1 M
electrolyte and the 2 M electrolyte with the ratio of 1 mg: 1 mL are
presented in Fig. 9b. The LFP/solvent coexistence system has good
thermal stability, and the initial exothermic temperature is above
330 �C which may be ascribed to the oxidation of electrolyte.

For the LFP coexisting with the 1 M electrolyte system, the
initial exothermal temperature is decreased to 225 �C, which
illustrates the joining of lithium salt is disadvantageous to the
thermal stability of the system. With the lithium salt concentration
increasing from 1 M to 2 M, the peak between 225 and 325 �C
grows, and the total heat quantity increases from 525 J g�1 to
781 J g�1, which may be associated with lithium salt content.
Comparing the thermal behaviors of LFP/1 M electrolyte system
with the bare solvent system (Fig. 4), it can be seen that the joining
of LFP can slow the catalytic decomposition of electrolyte itself, so
the heat flow becomes relatively small, also the heat quantity is
less than the single electrolyte, although the addition of LFP make
the initial exothermal temperature in advance.

The DSC results of 3 mL electrolyte accompanying with different
qualities of LFP (charged to 4.3 V) are shown in Fig. 10. The specific
thermodynamic data of 3 mL electrolyte/LFP system are shown in
Table S5. With the increasing of LFP amount, the initial exothermal
temperature has no obvious change, but total heat has a tendency
to decrease, and the heat release of unit mass electrode materials
reduces more obviously. This is different with that of the LMO and
the L523. Similar results are also reported by Xiang, [22] that LFP
can suppress the decomposition of electrolyte because of the
presence of covalent bonds [23] existing in its structure. People
believe that the Lewis acid PF5 in the electrolyte is captured by
some reactive groups (e.g. unsaturated PO4

3�) on the surface of LFP,
which can catalyze electrolyte decomposition [32].
Fig. 9. DSC curves of (a) LFP (charged to 4.3 V); (b) delithiated LFP
3.3. Ex-XRD technology research for the structure changes of materials
at high temperature

In order to further study the structural changes of fully
delithiated material with solvent and different concentration of
 coexisting with solvent, 1 M electrolyte and 2 M electrolyte.



Fig. 13. Ex-XRD data of delithiated LFP at ambient temperature and delithiated LFP
coexisting with or without electrolyte at 350 �C.
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electrolyte at high temperature, the delithiated materials coex-
isting with the bare organic solvents or the electrolyte were first
heated to 350 �C at a sealed state with the DSC test method and
then spontaneously cooled to ambient temperature. Finally, the
related reactive products are got out from the closed crucible in an
inert atmosphere and covered with polyimide tape on carry sheet
glass to hold back direct touching water and air during measuring
process. The ex-XRD curve of delithiated L523 at ambient
temperature labeling as RT, the delithiated L523 at 350 �C marking
as 350 �C, and the delithiated L523 together with electrolyte
system at 350 �C denoting as 350 �C + electrolyte are presented in
Fig. 11. It is can be seen that for 350 �C sample (in the absence of
electrolyte at 350 �C), the original separate (108) and (110) peaks
merge into a peak, which illustrates the formation of spinel LiM2O4

phase. For the L523 coexisting with electrolyte, its structure has
obvious changes. There are a lot of new phases formed, such as MO
and LiF, which suggest that the electrolyte promotes the
decomposition of material, the L523 is decomposed into MO rock
salt phase, and the LiF is generated by LiPF6 decomposition. All
these results are consistent with Cho’s [24] reports.

The preservation of delithiated LMO structure coexisting with
or without electrolyte at high temperature were proved by ex-XRD
shown in Fig. 12. In the absence of electrolyte, the bare material is
partly decomposed into Mn3O4, which is in accordance with Yang’s
results [33]. The formation of Mn3O4 implies that the average
valence state of Mn state decreases, illustrating the reduction of
Mn. It may be attribute that redox reaction happens between
conducting agent (C, acetylene black) in the electrode material or
binder (PVDF) and delithiated LMO. Yang’s mass spectrometry
results have shown the generation of CO2 generated at this
temperature. In the presence of electrolyte, the delithiated LMO is
further decomposed into MnO (JCPDS No.01-075-0625), Mn2O3

(JCPDS No.006-0540) and MnCO3 (JCPDS No.01-086-0172) etc. This
is because the presence of solvent can provide a rich electronic
environment, which bring out that the delithiated LMO is easy
access to electrons, accompanying the oxidation of electrolyte. The
generation of MnF2 (JCPDS No. 01-080-2217) is caused by LiPF6
decomposition. The PF5 decomposition product of LiPF6 reacts with
trace of water in electrolyte to produce the HF, and HF will react
with MnO generated by delithiated LMO decomposition to form
MnF2.

The ex-XRD results of delithiated LFP coexisting with or without
electrolyte at 350 �C are shown in Fig. 13. The results show that the
structure of single LFP material does not happen obvious change
after heated to 350 �C, so the bare LFP shows good thermal stability.
Fig. 12. Ex-XRD data of bare delithiated LMO at ambient temperature and
delithiated LMO coexisting with or without electrolyte at 350 �C.
However, the LFP coexisting with electrolyte system after heated to
350 �C, the great changes have taken place. The research results
suggest that the LFP may decompose into Fe2P2O7 [23] at 350 �C
due to the catalytic effect of the electrolyte. Comparing Figs. 9 and
13, it is can be concluded that although accompanying phase
transformation during heat process, the delithiated olivines
behave good thermally stable because of the presence of covalent
bonds [23] existing in its structure.

4. Conclusions

In this work, we presented a systemic study for the thermal
stability of delithiated L523, delithiated LMO and delithiated LFP
with solvent and electrolyte of varying concentration. It has been
preliminarily revealed by varying the components of electrolyte
and exclusive method that the exothermic peaks whether or not
related to the amount of electrolyte and which components of
electrolyte were responsible for the exothermic peaks. The LFP has
the best thermal stability, followed by the LMO and the L523 of the
worst. The existence of solvent promoted the decomposition of
materials. The addition of Li salt in solvent could further accelerate
the thermal decomposition of LMO and LFP; but impeded the
decomposition of L523 at some extent that although the total
reaction heat increases by 297 J g�1, the first exothermic peak (ca.
279 �C) shifted backwards comparing with L523 and solvent
coexisting system (ca. 255.7 �C). As increasing the ratio of electrode
material quality to electrolyte, the total exothermic quantity of
L523 and LMO turned large, meanwhile the unit mass exothermic
quantity of the L523 changed with little declining tendency, and
that of the LMO dropped obviously. However, for the LFP, the total
exothermic quantity decreased and the unit mass exothermic
quantity decreased more obviously. Also, the XRD patterns of the
three samples at ambient temperature and to be heated to 350 �C
with existing of solvent or electrolyte indicated that the L532, LMO
and LFP suffered evident structure changes since their pristine
peaks became broader, weaker and splitting or disappearing after
heated to 350 �C.

(1) For the bare materials: after heated to 350 �C, the LFP has the
best thermal stability, followed by the LMO and then the L523.
After heated to 350 �C, the structure of LFP did not happen any
change and the LMO mainly kept basic structure with a small
amount of Mn3O4 generating, which might be the result of
redox reactions between LMO and carbon in cathode, but for
the L523, it transformed to spinel phase.
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(2) Comparing with the bare materials, the material and solvent
coexisting system has larger heat flow and larger total heat
release, suggesting the addition of solvent promotes the
decomposition of materials.

(3) In the material and electrolyte coexisting system, the addition
of Li salt could further promote the decomposition of LMO and
LFP, but inhibited the decomposition of L523 to some extent.
Although the total reaction heat increased by 297 J g�1, the first
exothermic peak (ca. 279 �C) of L523 and the 1 M electrolyte
coexisting system moved backwards comparing with that of
the L523 and solvent coexisting system which may be
attributed that the L523 can lower the HF amount in electrolyte
by Li+/H+ exchange. The first peak area was related to the LiPF6
amount, while the second peak area was bound up with L523
amount positively. For the LMO, the heat flow before 200 �C
rose along with Li salt concentration increasing and the heat
quantity around 270 �C shown a positive correlation to the LMO
amounts. For the LFP, the peak between 225–325 �C was
positively associated with lithium salt content. The addition of
LFP can slow the catalytic decomposition of electrolyte itself
because of the presence of covalent bonds existing in its
structure, so the heat quantity was even less than that of the
single electrolyte, although the addition of LFP made the initial
exothermal temperature in advance.

(4) Adding different quality of electrode materials in 3 mL
electrolyte, the DSC results shown that with the raising of
electrode material quality, the total exothermic quantity of
L523 and the LMO turned large; but the exothermic quantity of
the unit mass for the L523 changed little, and that for the LMO
decreased obviously. The total exothermic quantity of the LFP
decreased, and the exothermic quantity of unit mass decreased
more obviously. Therefore, on the premise of guarantee the
battery performance, less electrolyte should be used in lithium
ion batteries as far as possible.

(5) In the electrolyte and electrode system at high temperature,
the L523 decomposed into rock salt phase MO, the delithiated
LMO decomposed into MnO, Mn2O3 and MnCO3; and the LFP
may decompose into Fe2P2O7 due to the catalytic effect of the
electrolyte.
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