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Abstract To enhance the thermal stability of graphite

electrodes for lithium-ion batteries, 4-isopropyl phenyl

diphenyl phosphate (IPPP) was investigated as an additive in

the electrolyte of 1.0 M LiPF6 in ethylene carbonate and

diethyl carbonate (1:1 in weight). The electrochemical per-

formance of Li/IPPP-electrolyte/C half cells was evaluated.

The thermal behavior of LixC6 and LixC6-IPPP-electrolytes

were examined using a C80 micro-calorimeter. Electrolytes

with 5 and 10% IPPP improve the thermal stability of the

graphite electrode in the tests. The electrochemical perfor-

mance of Li/IPPP-electrolyte/C cells is not degraded by the

addition of this amount of IPPP to the electrolyte.

Keywords Lithium-ion battery � Graphite �
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1 Introduction

Lithium-ion batteries have a very high energy density,

which is four times of that of lead-acid batteries and two to

three times of that of nickel–cadmium and nickel–metal

hydride batteries. They also have the potential to be one of

the lowest cost battery systems [1, 2]. Therefore, lithium-

ion battery technology has developed rapidly in the past

three decades [3–6]. A lithium-ion cell consists of flam-

mable organic electrolyte and electrodes. Under normal or

abusive conditions, fire and explosion may be caused.

Thus, the high safety of lithium-ion batteries is an essential

requirement for their further development, especially for

larger size unit [7–10].

Graphite remains the main choice for anode material in

rechargeable lithium-ion batteries because of its high

capacity, flat voltage and low cost. However, it is very

sensitive to the electrolyte, and if this is not judiciously

selected, it may hinder reversible lithium intercalation into

the graphite and cause unacceptable capacity loss in the

first cycle [11]. The solid electrolyte interphase (SEI)

formed on the graphite surface has a crucial impact on

battery performance and safety [12, 13]. It is reported that

the SEI layer may start to decompose at very low tem-

peratures, even below 60 �C [13, 14] and this provides the

necessary energy for thermal runaway [11, 13]. Therefore,

the safety maybe improved by inhibiting this process or

reducing the heat generation of the reaction [15, 16].

A perfect additive should be able to reduce the lithium-

ion battery thermal hazard without deleteriously affecting

its original electrochemical performance. Many electrolyte

additives have been explored, as reviewed by Zhang [17].

According to the additive functionality, they can be divided

into six categories: (1) SEI forming improver, (2) cathode

protection agent, (3) LiPF6 salt stabilizer, (4) safety pro-

tection agent, (5) Li deposition improver, and (6) other

agents such as solution enhancer, Al corrosion inhibitor

and wetting agent [17]. 4-Isopropyl phenyl diphenyl

phosphate (IPPP) is a new flame retardant agent with good

compatibility, anti-flammability and thermal stability [18].

Its molecular formula is C21H21O4P and the chemical

structure is shown in Fig. 1.
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In our previous study, we reported the use of IPPP as a

flame retardant additive for lithium-ion battery electrolytes

[18]. The addition of IPPP to the electrolyte reduces its

flammability, and delays the onset temperature of the major

exothermal reactions. The IPPP effect on the cathode was

also studied in enhancing thermal stability [19, 20]. How-

ever, the impact of IPPP on graphite anodes in lithium-ion

batteries is unclear. Therefore, the effects of IPPP on the

thermal stability and electrochemical performance of

graphite anodes were studied in this work.

2 Experimental

IPPP (Lianrui Chemical Co.), carbonate solvents (Guotai-

Huarong New Chemical Materials Co.) and LiPF6 (Tianjin

Jinniu Power Sources Material Co.) were used as received.

The solution of 1.0 M LiPF6/ethylene carbonate (EC) ?

diethyl carbonate (DEC) (1:1 wt%) was prepared in an

argon glove box (MBraun Labmaster 130) and used as a

standard electrolyte. The graphite electrode used in this

study consisted of a mixture of graphite (Hongyuan Carbon

Industry Co., Ltd) and polyvinylidene fluoride (PVDF)

binder.

The effect of IPPP additive on the cell performance was

tested in CR2032 coin cells. The graphite laminate was

made of 92% graphite and 8% PVDF binder on copper foil.

A Celgard 2400 polyethylene separator (20 lm thick) was

used. The graphite laminate was dried 10 h in vacuum at

70 �C and handled in the argon filled glove box (MBraun

Labmaster 130, \1 ppm O2 and H2O). Then graphite

electrodes were punched in disk-shaped pieces of 14 mm

diameter and 400 lm thickness. The Li/C cells were

assembled with these disks, which provided samples for a

C80 experiment. The cells were cycled on a multi-channel

battery cycler (Neware BTS-6V10 mA, Shenzhen) at room

temperature, between 3.0 V and 0 V at 0.2 mA cm-2

current density. Alternating current (AC) impedance mea-

surement was also carried out on the cells with a CHI 604A

Electrochemical Workstation. The frequency range and

voltage amplitude were set as 10–0.01 Hz and 5 mV,

respectively.

The charged cells were then disassembled in an argon

filled glove box. To remove the electrolyte from the elec-

trode, the wet charged electrode powder was placed into a

bottle. To this bottle a portion of dimethyl carbonate

(DMC), a volatile organic solvent, was added and the bottle

was then shaken by hand. The sample was then decanted

and the DMC rinsing procedure was repeated. After the

second decanting, the sample was dried to remove the

DMC solvent. As DMC can lead to partial dissolution of

the polymeric components of the SEI, which in turn may

decrease the integrity and real thermal stability of the SEI,

the DMC rinsing procedure was repeated not more than

twice. After drying, the electrode material was scraped

from the current collectors carefully for thermal testing.

To characterize the thermal stability of the electrodes in

the presence of electrolyte, approximately equal amounts

of electrode material (including PVDF) and 1.0 M LiPF6/

EC ? DEC electrolyte were transferred into a high-pres-

sure stainless steel vessel (8.5 ml in volume) of a micro-

calorimeter (Setaram C80) sealed in argon atmosphere. The

weight of each sample (vessel ? sample) was measured

before and after the experiment to verify that the system

was hermetically sealed. The weight was constant in all

cases, indicating that there were no leaks during the

experiments. The measurements were carried out using a

heating rate set at 0.2 �C min-1 in the temperature range

30–300 �C in an argon filled vessel. The thermal effects of

sample with temperature were thus recorded automatically,

and the C80 calculations were based on dry film weight of

the electrode material.

3 Results and discussion

3.1 Electrochemical performance

of Li/IPPP-electrolyte/C cells

Figure 2 shows the first discharge/charge plots of Li/IPPP-

electrolyte/C cells. The cells were cycled between 3.0 V

and 0 V at a 0.2 mA cm-2 discharge/charge current den-

sity. The specific capacity losses in the first cycle for the of

Li/C cells with 5, 10, and 15% IPPP content in the elec-

trolyte are 41.1 mAh g-1, 39.2 mAh g-1 and 39.7 mAh

g-1, respectively, which are little different from them of

Li/C cells without IPPP in the electrolyte (43.0 mAh g-1).

Therefore, the results indicate that IPPP has little influence

on the capacity losses for the first cycle of Li/IPPP-elec-

trolyte/C cells. When the IPPP content increases to 20% in

the electrolyte, the capacity loss reaches 50.3 mAh g-1,

and the increased capacity loss indicates that more lithium

is consumed and the reversible capacity is decreased.

Fig. 1 Chemical structure of IPPP
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Hence, IPPP has little influence on the first cycle perfor-

mance of graphite anode assembled cells, and 5–15% IPPP

content in electrolyte is an acceptable concentration judged

by this point.

In order to reveal the IPPP effect on cycle efficiency of

Li/IPPP-electrolyte/C cells, the cells were cycled between

3.0 V and 0 V at a 0.2 mA cm-2 discharge/charge current

density, and the results are shown in Fig. 3. Without IPPP

in the electrolyte, the cycling efficiency of a Li/C cell is

99.7% in average level, and the standard deviation is 0.83.

When IPPP is added to the electrolyte, the average cycling

efficiencies of the cells are 98.0, 99.5, 99.7, and 105.3%

corresponding to 5, 10, 15, and 20% IPPP content in the

electrolyte, respectively, and the standard deviations of the

cycling efficiencies increase to 2.07, 4.18, 4.01 and 9.43,

respectively. Thus, increase in cycle number, causes the

cycling efficiency to fluctuate more and its standard devi-

ation increases with increasing IPPP content. The cycling

efficiency of Li/20% IPPP-electrolyte/C cell increases

significantly after the 32nd cycle, which may be caused by

inhibition of the growth of the SEI film. Efficiency over

100% may be attributed to breakdown of the newly formed

film on the graphite, and then the intercalated lithium to

moving out and accounting for more capacity. The IPPP

content electrolytes with 5, 10, and 15% show little influ-

ence on the Li/C cell cycling performance and thus, IPPP

content below 15% in electrolyte is acceptable.

Figure 4 shows the discharge capacity plots of Li/IPPP-

electrolyte/C cells. The cells were cycled between 3.0 V

and 0 V at a 0.2 mA cm-2 discharge/charge current den-

sity. Without the presence of IPPP in the electrolyte, the

discharge specific capacity of Li/C cell decreases with

increase in cycle number, and the average specific capacity

is 326.0 mAh g-1 with 12.2 standard deviation for the first

43rd cycles. The specific capacity of the Li/C cell increases

with addition of 5 and 10% IPPP. For the Li/C cells with 5

and 10% IPPP content electrolyte, the average specific

capacities are 331.6 and 328.7 mAh g-1, with standard

deviation of 14.6 and 26.0, respectively. The increased

standard deviations may be caused by the formation of new

products on the anode surface by the reactions of IPPP with

lithium or electrolyte. The newly formed film blocks the

Lithium-ion transfer between the electrolyte and graphite

layer. Once the blocked Lithium-ions break out from the

film, they result in larger standard deviation of specific
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Fig. 2 First discharge/charge plots of Li/C cells with different IPPP

content in 1.0 M LiPF6/EC ? DEC (1:1 wt%) electrolyte. The cells

were cycled between 3.0 V and 0 V at a 0.2 mA cm-2 discharge/

charge current density (the lines were moved upwards 0.5 in turn for

clear)
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Fig. 3 Cycle efficiencies of Li/C cells with different IPPP content in

1.0 M LiPF6/EC ? DEC (1:1 wt%) electrolyte. The cells were cycled

between 3.0 V and 0 V at a 0.2 mA cm-2 discharge/charge current

density (the lines were moved upwards 10 in turn for clear)
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Fig. 4 Discharge capacities of Li/C cells with different IPPP content

in 1.0 M LiPF6/EC ? DEC (1:1 wt%) electrolyte. The cells were

cycled between 3.0 V and 0 V at a 0.2 mA cm-2 discharge/charge

current density
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capacity. The specific capacity decreases to 321.4 mAh g-1

when 15% IPPP is added to the electrolyte. Its standard

deviation (12.3) is very close to that of Li/C cells without

IPPP. After the 30th cycle, its specific capacity fluctuates

significantly with the standard deviation of 16.7. When the

IPPP content reaches 20%, the specific capacity of the Li/C

cell fluctuates significantly in the first several cycles. After

the 14th cycle, the capacity drops rapidly. At the 32nd

cycle, the capacity drops to 251.2 mAh g-1. The decreased

capacity may be due to the blocking of Lithium-ion transfer

between electrode and electrolyte by the newly formed

film. After the 32nd cycle, the specific capacity is larger

than the theoretical capacity (372 mAh g-1). This was also

shown in Fig. 3. This phenomenon may be caused by the

bursting out of a large amount of embedded lithium-ions in

the graphite layers after the blocking SEI film is broken

down. From the above results it is speculated that the SEI

film formed together with IPPP inhibits the transfer of

Lithium-ions between the graphite electrode and electro-

lyte. When the amount of intercalated lithium reaches a

certain level, the film is broken down and the embedded

lithium bursts out from the graphite layer very easily,

causing the large capacity increase as shown in Fig. 4.

Figure 5 shows the AC impedance test results of Li/C

cells with different IPPP content in 1.0 M LiPF6/EC ? DEC

(1:1 wt%) electrolyte. The cells were cycled three times

between 3.0 V and 0 V and then discharged to approxi-

mately 0 V. The high frequency semicircle is attributed to

the lithium transport through the SEI film of the graphite

electrode [21, 22]. Only one semicircle exception for the

Li/10% IPPP-electrolyte/C cell was detected, which indi-

cates that a stable SEI film is formed on the graphite surface.

The AC impedance of the SEI film is stable and changes very

little with the increase in IPPP content in the electrolyte. The

AC impedance decreases a little when the IPPP content is

10% in the electrolyte, possibly because 10% IPPP is close to

the reactants equivalent ratio. Therefore, the cell assembled

using 10% IPPP-added electrolyte has the lowest AC

impedance. The SEI film on the anode surface consists of

Li3PO4 and the oxidation products of IPPP at the discharged

states [18, 23]. Therefore, after the addition of IPPP, the SEI

film is more stable with less AC impedance increase.

In summary, when the IPPP content in the electrolyte is

over 15%, the SEI film formed on the anode is difficult for

lithium-ion to pass through, and the specific capacity

fluctuates greatly, but with little specific capacity losses.

The specific capacity of Li/IPPP-electrolyte/C cells

increases when the IPPP content is below 10% because the

newly formed SEI film is more permeable at this IPPP

content range. Therefore, the addition of 5 and 10% IPPP

to the electrolyte does not worsen the electrochemical

performance of Li/C cells.

3.2 Thermal stability of lithiated graphite

The anode plays a key role for the thermal runaway of

lithium-ion battery, as the SEI formed on the anode surface

decomposes at low temperature. The IPPP influence on the

LixC6 thermal stability is shown in Fig. 6. The LixC6 were

obtained from corresponding Li/IPPP-electrolyte/C cells at

approximately 0 V. The single Li0.84C6 obtained from a

Li/C cell without IPPP in the electrolyte decomposes at

47 �C. As for the lithiated graphite obtained from Li/5%

IPPP-electrolyte/C cells, its SEI film decomposes at 79 �C.

The more IPPP is added into the electrolyte, the higher

onset temperature of the exothermic reaction between LixC6

and electrolyte is detected. At 10, 15, and 20% IPPP the
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onset temperatures are 130, 123, and 181 �C, respectively.

The results indicate that IPPP restrains the decomposition of

LixC6 effectively, and the heat generation decreases greatly.

The heat generation was calculated based on the C80 data

[24–26]. It was found that, the heat generation is reduced

from -491 J g-1 (0% IPPP) to -43.4 J g-1 (5% IPPP),

-13.1 J g-1 (10% IPPP), -126.7 J g-1 (15% IPPP) and

-8.2 J g-1 (20% IPPP), and the total heat generation is

reduced from -1,339.0 J g-1(0% IPPP) to -715.9 J g-1

(5% IPPP), -596.3 J g-1(10% IPPP), -713.6 J g-1 (15%

IPPP) and -587.8 J g-1(20% IPPP), respectively. There-

fore, IPPP improves the thermal stability of LixC6 anodes

significantly.

In the actual lithium-ion battery system, the electrolyte

coexists with anode, and therefore, the thermal stability of

such coexisting system is closely related to the safety of

lithium-ion batteries. Figure 7 shows the heat flow plots

of LixC6-IPPP-electrolyte at a 0.2 �C min-1 heating rate.

The LixC6 was obtained from Li/IPPP-electrolyte/C cells at

approximately 0 V, and the IPPP content in the electrolyte

correspond to that of Li/IPPP-electrolyte/C cells. Three to

four exothermic peaks were detected, which are attribut-

able to SEI breakdown, lithium-electrolyte reaction, new

SEI film breakdown and Li2CO3 formation reactions

overlapped with PVDF reactions, respectively [13]. The

LixC6 and electrolyte system starts to release heat at 60 �C

by the breakdown of SEI film, and reaches its exothermic

peak temperature at 102 �C with a heat generation of

-495.5 J g-1. Once the IPPP is added to the electrolyte,

the onset temperatures of SEI breakdown in the coexisting

system increase to 85, 88, 90, and 89 �C for 5% IPPP, 10%

IPPP, 15% IPPP and 20% IPPP-electrolyte, respectively.

Furthermore, the heat generation of SEI decomposition is

reduced to -46.7, -18.2, -16.6, and -22.6 J g-1 for 5,

10, 15, and 20% IPPP-added electrolytes, respectively. The

results indicate that 5% IPPP in the coexisting system

delays the onset temperature of SEI decomposition by

approximately 17 �C, and the heat generation is reduced

from -495.5 J g-1 to -46.7 J g-1.

It is concluded that, by the addition of IPPP to the

electrolyte, the onset temperature of SEI decomposition is

significantly delayed and the total heat generation is sig-

nificantly reduced. The using of IPPP reduces the

possibility of the following exothermic reactions and thus

the thermal stability of the whole lithium-ion battery sys-

tem is improved.

4 Conclusions

The effects of the addition of IPPP to the electrolyte on the

electrochemical and thermal stability performance of

graphite anodes were studied. The electrochemical tests

show that when less than 10% IPPP is added to the elec-

trolyte, the electrochemical performance of graphite is

similar to the case when no IPPP is added. When the IPPP

content is more than 15%, the newly formed SEI film is too

robust for lithium-ions to transfer between the electrodes and

electrolyte, causing large fluctuations in cycle specific

capacity. The thermal stability test results show that IPPP

improves the thermal stability of lithiated graphite anodes

effectively. The addition of 5% IPPP inhibits the decompo-

sition of SEI films significantly. Based on electrochemical

performance and thermal stability studies, it is concluded

that the addition of 5 and 10% IPPP to the electrolyte has

almost no impact on the electrochemical performance of

graphite anodes, but improves its thermal stability signifi-

cantly; thus, it is an excellent choice of electrolyte additive.
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