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ABSTRACT

As the energy density of lithium-ion batteries (LIBs) continues to increase, various separators are being developed to with

the aim of improving the safety performance. Although poly(imide) (PI)-based separators are widely used, it is difficult to

control their pore size and distribution, and this may further increase the risk associated. Herein, a melamine phosphonic

acid (MP)-coated PI separator that can effectively control the pore structure of the substrate is suggested as a remedy. After

the MP material is embedded into the PI separator with a simple one-step casting process, it effectively clogs the large pores

of the PI separator, preventing the occurrence of internal short circuits during charging. It is anticipated that the MP material

can also suppress rapid thermal runaway upon cycling due to its ability to reduce the internal temperature of the LIB cell

caused by the desirable endothermic behavior around 300oC. According to experiments, the MP-coated PI separator not

only decreases the thermal shrinkage rate better than commercial poly(ethylene) (PE) separators but also exhibits a desir-

able Gurley number (109.6 s/100 cc) and electrolyte uptake rate (240%), which is unique. The proposed separator is elec-

trochemically stable in the range 0.0–5.0 V (vs. Li/Li+), which is the typical working potential of conventional electrode

materials. In practice, the MP-coated PI separator exhibits stable cycling performance in a graphite–LiNi0.83Co0.10Mn0.07O2

full cell without an internal short circuit (retention: 90.3%).
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1. Introduction

The use of thermally stable separators in lithium-

ion batteries (LIBs) has increased in recent years,

given the continuing attempts to increase their energy

density [1–4]. Many advanced electrode materials

must offer a high specific capacity and working

potential [5–10]; this further increases the need to

ensure the safety of high-density LIBs as they may

cause severe accidents with abnormal use [11–15].

Therefore, to improve the safety of LIBs, the use of

separators has garnered significant attention over the

past few years. 

The separator is located between the electrodes to

prevent electron migration, and several insulating

materials have been developed [16–18]. The most

frequent types are made from poly(olefin)-based

poly(ethylene) (PE) and poly(propylene) (PP), as

they provide effective insulation (~1014 Ω cm) and

can be mass-produced [19–24]. Moreover, as these

polymeric materials are cost-effective compared to

other insulating materials, poly(olefin)-based materi-

als have served as a core separator since the first

commercialization of LIBs [25–27]. 

Although poly(olefin)-based materials, especially

in PE, have been used in LIBs, their relatively unsta-

ble thermal behaviors still remain a limitation. Note

that the cells could be ignited by abnormal use, then

the temperature of the cells is rapidly increased by
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combustion reaction with flammable electrolytes at

early state [28–32] because PE separators are only

thermally stable up to approximately 130oC [33–36].

When the PE separator is melted in the cell, electrons

in each electrode can move from electrode to elec-

trode because each electrode is no longer physically

separated. This further leads to severe thermal run-

away of LIBs via a sudden exothermic reaction. It

should be noted that with the increasing energy den-

sity of LIBs, safety risks also increase significantly;

therefore, cost-effective separators with more reliable

thermal stability are urgently needed. 

Herein, we propose poly(imide) (PI)-based separa-

tor, which can greatly improve the safety of LIBs in

Fig. 1(a). The PI separator is thermally stable above

250oC [37–40]; hence, it is anticipated that electric

circuit can be prevented even at a high temperature,

thereby allowing the safety of LIBs. However, the

current PI separator is composed of large pores: even

if PI separators are thermally stable, large pores are

involved with the electric short circuit at the cell

assembling stage, therefore, it is difficult to maintain

stable cycling behavior. This means that relatively

large pores of the PI separator should be clogged in

order to allow stable cycling of LIBs. In this respect,

the PI separator is modified by embedding the

melamine phosphonic acid (MP) to reduce the pore size

of the PI separator. Notably, the MP not only clogs the

large pore of the PI separator but also contributes to

increasing the safety of LIBs: when the MP is exposed

to high temperature (around 300oC), it is decomposed

by endothermic reaction (can act as a heat absorbent),

thereby decreasing the temperature of the cell. Based on

these considerations, a size-controlled MP-coated PI

separator is prepared and its physical and electrochemi-

cal behaviors are elucidated.

2. Experimental

To prepare the MP material, 12.6 g of melamine

Fig. 1. (a) Scheme for the preparation of MP-coated PI separator. SEM images of (b) PE, (c) PI, and (d) MP-coated PI

separators.
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(Sigma-Aldrich, 0.1 mol) and 7.9 g of phenylphos-

phonic acid (Sigma-Aldrich) were dissolved in

50 mL water. The mixture was then stirred at 80oC

for 12 h, and the solid products were filtrated and

decanted with the water and ethanol to remove resid-

ual impurities. The solids products were dried at

80oC for 12 h. The MP products were then milled at

450 rpm for 5 h to control the particle size. For coat-

ing the MP materials onto the PI separator, a coating

solution was prepared using 0.05 g MP, 0.2 g

poly(vinylidene fluoride-co-hexafluoropropylene)

(PVDF-HFP, Sigma-Aldrich), and 2.5 mL of N-methyl

pyrrolidone (NMP, Sigma-Aldrich). The mixture was

stirred for 1 h, and the slurry was cast onto the PI sep-

arator. The MP-coated PI separator was dried at 60oC

for 12 h and subsequently further dried at 60oC for 12

h in a vacuum oven. The loading density of MP mate-

rials onto the PI separators is 0.85 mg cm–2.

The surface morphologies were then characterized

via scanning electron microscopy (SEM; JSM-

7800F, JEOL), and the thermal behaviors of MP

products were characterized by differential scanning

calorimetry (DSC; Sinco M&T) at a heating rate of

10oC min−1 from room temperature to 400oC in N2

atmosphere. To measure the shrinkage behavior, each

separator (19 pi) was placed in an oven wherein the

temperature was controlled for 30 min each at 80,

135, 150, 180, and 200oC. To estimate the effect of

MP materials on the porous structure of the PI sep-

arator, the Gurley number (GN) of each separator

was measured using a Gurley densometer (Gurley

Precision Instruments). The GN values indicate the

time it takes 100 seconds of air to pass from one side

to the other between separators: the smaller the GN

value, the more pore structures are developed. The

mechanical properties of each separator were mea-

sured using a tensile tester (JSV H1000, Coretech)

using a 2.0 × 5.0 cm area of each separator. To quan-

tify the rate of electrolyte uptake, 19 pi separators

were immersed in an electrolyte (EC:EMC=1:2 (v/

v%) + 1 M LiPF6, Donghwa Electrolyte) for 1 h and

dried for 1 h. The rate of electrolyte uptake was cal-

culated by subtracting the weight of the dried separa-

tor from that of the wetted separator and dividing it

by the weight of the dried separator.

Linear sweep voltammetry (LSV, Biologic) was

performed using a cell assembled with stainless steel

(working electrode), Li metal (counter and reference

electrodes), and each separator. The cells were then

scanned from 2.5 to 0.0 V (vs. Li/Li+) and from 3.0 to

5.0 V (vs. Li/Li+) at a rate of 0.1 mV s–1. To evaluate

the electrochemical performance, a cathode slurry

was prepared with 1.8 g LiNi0.83Co0.10Mn0.07O2

(NCM; L&F materials), 0.1 g of poly(vinylidene flu-

oride) (Kureha), and 0.1 g of a carbon-conducting

agent (Super-C, C-NERGY), dispersed in 1.8 mL N-

methyl pyrrolidone (Sigma-Aldrich). It was stirred

for 1 h and cast onto an Al current collector. The

NCM cathode was dried at 120oC in a vacuum oven

for 12 h. For the anode, 1.95 g graphite (BTR), 0.04 g

styrene butadiene rubber (ZEON), and 0.02 g car-

boxymethyl cellulose (Daicel Fine Chem Ltd.) were

dispersed in 2.0 mL of water, and it was further agi-

tated for 30 min. The slurries were then coated on a

Cu current collector and further dried at 110oC for

11 h in a vacuum oven. The full-cells were assembled

with NCM cathode, graphite anode, electrolyte, and

each separator. The full-cells were cycled from 2.8

and 4.2 V with a current rate of 0.1 C for two cycles

(formation step), and the current rate was subse-

quently increased to 1.0 C.

3. Results and Discussion

After the coating process, the surface morpholo-

gies of the PE-, PI-, and MP-coated PI separators

were examined using SEM in Fig. 1(b). In the PE

separator, the inner pore evenly existed at sizes less

than 1 μm, which should effectively prevent internal

short circuits between electrodes. In contrast, the

pore sizes in the PI separator were larger, and their

distribution was not uniformly controlled, which is

inherently inappropriate for LIBs. In the MP-coated

PI separator, extremely large pores were clogged

well, and the surface morphologies became more reg-

ular afterward. This indicates that an MP-coated PI

separator can be used as an alternative separator for

LIBs.

To elucidate the role of the MP coating, the DSC

profile was examined in Fig. 2(a). When the tempera-

ture was increased from room temperature to 400oC,

three sharp peaks were observed in the DSC profile at

293.2, 327.1, and 371.4oC, indicating endothermic

reactions. Notably, phenylphosphonic acid com-

posed of MP material thermally decomposes at

293.2oC [41]. As a result, it forms an H3PO4 product

via H2O and LiPO3 intermediates [42]. Furthermore,

near 327.1oC, the thermal decomposition of H3PO4
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and ammonia from the MP material occurs with a

noticeable endothermic reaction [43]. Then, the CN

functional group thermally decomposes in the second

thermal decomposition step, resulting in the forma-

tion of HCN gas [44]. This process requires a large

amount of endothermic heat, which is expected to

effectively suppress any thermal runaway behavior of

the LIB cell.

In our test, embedding the MP material into the

separator improved its shrinkage behavior in Fig.

2(b). To evaluate this behavior more thoroughly, each

separator was placed in an oven at the relevant tem-

perature for 30 min, and the changes in dimensions

were monitored accordingly. Until 135oC, there were

negligible changes to the separator dimensions,

regardless of the substrate or MP coating. However,

the PE separator shrunk severely after 150oC from

80.1% at 150oC to 0.8% at 200oC. Alternatively, the

MP-coated PI separators exhibited stable shrinkage

behaviors, even after 200oC, due to the thermally sta-

ble PI substrate offering enhanced thermal stability.

Therefore, an additional evaluation of the shrinkage

behavior of the MP-coated PE separator was per-

formed to evaluate these differences. Interestingly,

the MP-coated PE separator shrunk after 150oC at a

rate similar to (but not larger than) the PE separator.

Specifically, the shrinkage rate of the MP-coated PE

separator was 29.0% at 150oC and reached 36.0% at

200oC, which is a much less dangerous shrinkage

rate. This indicates that the MP coating is effective in

improving the thermal properties of separators.

The physical and mechanical properties of each

separator were characterized as shown in Fig. 3(a).

According to the GN, the commercialized PE separa-

tor exhibited a value of 235.7 s/100 cc, meaning that it

takes 235.7 s for air to permeate and traverse the sep-

arator. The PI separator showed a GN of 4.4 s/100 cc,

indicating a far more rapid permeation due to the

larger pores, which could potentially cause internal

short circuits [45–47]. In contrast, the GN of the MP-

coated PI separator was well controlled, showing a

GN of 109.6 s/100 cc, which indicated that the inner

pores of the PI separator were well-clogged. From

tensile strength tests in Fig. 3(b), the PE separator

exhibited an ultimate strength of 79.7 MPa as the

polyolefin substrate was tied well together. In con-

trast, the PI separator revealed a severely decreased

ultimate strength (0.59 MPa) as it was prepared by an

electrospinning process, which does not offer high

mechanical properties [48–50]. Nevertheless, the

ultimate strength markedly increased in the MP-

coated PI separator (26.5 MPa), indicating improved

mechanical properties.

The wettability of each separator was also exam-

ined in Fig. 3(c). Each separator was placed on a

desk, the electrolyte (0.1 mL) was dropped, and

changes in the surface of each separator were moni-

tored for 1 min. After the dropwise addition of the

electrolyte, most of the PE separator was wetted;

however, the outer side of the separator was not prop-

erly wetted after 1 min. Recalling that the PE separa-

tor is composed of dense inner pores, more time was

Fig. 2. (a) DSC curve of the MP; (b) thermal shrinkage behaviors of PE, MP-coated PE, PI, and MP-coated PI separators.
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needed for wetting. On the other hand, the electrolyte

immediately soaked into the PI-based separator due

to its large pores. After a sufficient wettability period

in Fig. 3(d), the PE separator showed an electrolyte

uptake rate of 179%, indicating moderate compatibil-

ity between the electrolyte and separator [51,52].

Interestingly, the PI separator exhibited a low electro-

lyte uptake of 58%, and this may be attributed to the

large pores, providing an unfavorable absorption

environment. Hence, most of the electrolytes could

not be stored within the PI separator. In contrast, the

MP-coated PI separator exhibited an electrolyte

uptake rate of 240%, indicating that Li+ migration

was greatly facilitated. Because a PVDF binder was

used to embed the MP material onto the PI separator,

electrolyte uptake was likely accelerated [53,54].

The electrochemical behaviors of each separator

were analyzed using LSV, as shown in Fig. 4. In both

cathodic and anodic polarizations in Fig. 4(a,b), no

distinctive current associated with irreversible

decomposition was observed in the PE separator. The

PI separator was difficult to evaluate with LSV as an

internal short circuit occurred (its open circuit poten-

tial was immediately dropped to 0.0 V (vs. Li/Li+)

once the cell was fabricated). However, the MP-

coated PI separator exhibited stable open-circuit

potential with stable electrochemical behaviors in

both the cathodic and anodic polarizations. In sum-

mary, the MP material did not cause any trade-off

effects in terms of irreversible electrochemical

decomposition upon cycling. This behavior was also

observed in the graphite/NCM full cells, as shown in

Fig. 4(c,d). During the initial cycle, cells MP-coated

PI separators displayed normal voltage profiles. In

contrast, a severe internal short circuit was observed

in the cell with the PI separator, which was predict-

able. This suggests that the individual use of a PI sep-

arator does not ensure prolonged and stable cycling

Fig. 3. Physicochemical properties of each separator: (a) Gurley number, (b) tensile strength, (c) electrolyte wettability, and

(d) electrolyte uptake (black: PE, grey: PI, and red: MP-coated PI separators).
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performance. As such, the MP-coated PI separator

exhibited stable cycling behaviors and offered a

retention rate of 90.3% after 100 cycles [55,56].

From these results, it can be concluded that the MP-

coated PI separator is highly compatible with LIBs

due to its improved thermal, mechanical, and electro-

chemical performance.

4. Conclusions

In this study, we characterized an MP-coated PI

separator that effectively controls the thermal stabil-

ity of LiBs based on its desirable endothermic reac-

tions. The MP material clogs the larger pores of the

PI separator, effectively preventing internal short cir-

cuits during charging. Hence, it is anticipated that the

MP addition will strongly reduce the opportunity for

runaway thermal reactions owing to its desirable

endothermic behaviors at ~300oC. The MP-coated PI

separator exhibited a lower thermal shrinkage rate

compared to the commercial PE separator, indicating

a proper GN value, in addition to superior wettability

with conventional electrolytes and their uptake rate.

The MP-coated PI separator was stable in the range

0.0–5.0 V (vs. Li/Li+), which is the typical potential

range for LIBs. In practice, the MP-coated PI separa-

tor exhibited stable cycling performance with a

graphite/NCM full cell without an internal short cir-

cuit, which further demonstrates the efficacy of the

MP solution. 
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