Int. J. Electrochem. Sci., 10 (2015) 7563 - 7573

International Journal of

ELECTROCHEMICAL

SCIENCE
www.electrochemsci.org

Modification of Lithium lon Battery Separators by Electron
Beam Radiation Induced Grafting of Glycidyl Methacrylate
onto Porous PP Film

Jian-Hua zu®", Pu-Yin Wang', Fang-Dong Tang?, Lin-Feng He?, Feng-Hui Tian®

'School of Nuclear Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China
2Shanghai Institute of Measurement and Testing Technology, Shanghai 201203, China

3Institute of computational Science and Engineering, Qindao University, Qingdao 266071, China
“E-mail: zujianhua@sjtu.edu.cn

Received: 9 April 2015 / Accepted: 25 June 2015 / Published: 28 July 2015

In order to modify porous polypropylene (PP) film which is used as separator of lithium ion battery,
monomers glycidyl methacrylate (GMA) with epoxy groups were grafted onto porous PP film by
electron beam induced pre-irradiation technology. Firstly, the influences of reaction conditions such as
concentration of monomer, absorbed dose and temperature on grafting yield were carried out.
Secondly, the prepared graft copolymers PP-g-GMA were assembled to Lithium ion battery to make
clear the influence of modification of PP film on the property of Lithium ion batteries. The
performance test of Lithium ion battery showed that battery assembled with the grafted PP of grafting
yield 68.4% exhibited higher capacity and better cycling performance. Grafted PP with different
grafting yield was characterized by FTIR and differential scanning calorimetry technique. All results
further confirmed modification of porous PP film. The research provided a facile and effective way for
introducing poly glycidyl methacrylate (PGMA) chains onto PP film. Compared to the original PP
separators, the grafting of PGMA chains onto PP improved the affinity between the grafted PP and
liquid electrolyte, which benefited the increase of separators performances.

Keywords: Porous polypropylene film, Glycidyl methacrylate, Electron beam induced grafting,
Lithium ion battery separator

1. INTRODUCTION

A rapid increase has been found in the lithium ion battery market for portable power for
electronic products, for example, laptops, hybrid electric vehicles and electric vehicles. Separators are
important component of lithium ion battery. Micro-porous films made of polyolefins are widely used
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as separators for lithium ion battery because of their proper electrochemical and chemical
performances [1-2]. Although polypropylene separators have excellent stability, they are not able to be
completely wetted by electrolyte because of their hydrophobic nature [3-5]. The decrease in
performance may be due to leakage of the electrolyte solution from between electrodes. Therefore, the
modification of polyolefin separators is necessary to increase their adsorbability to electrolyte [6-7].

As for modification of polyolefin, radiation-induced graft method is better than other grafting
methods, such as using light and chemical initiator [8-9], because the high absorbed dose produced by
radiation can form many radicals [10-11]. This method has been used for the production of battery
separator [12-14]. Preparation of a separators can be carried by using various monomers [15].
Monomers with carboxyl groups or sulfonic groups are appropriate for the modification of the
separators which are used in aqueous electrolyte batteries [16-18], while monomers with ester groups
are appropriate for separators which are used in non-aqueous electrolyte batteries [19-20].

Radiation-induced graft includes simultaneous method and pre-irradiation method.
Simultaneous graft method has a limitation resulting from the formation of homopolymer, because
monomers are irradiated together with polymer backbone [21-22]. Therefore, in this paper we adopted
electron beam induced pre-irradiation grafting method for the preparation of composite separator with
PGMA graft chains. Gwon et al [24] and other groups [25-27] have studied the grafting of PMMA or
PGMA chains onto polyolefin for hydrophilicity and antifouling properties. In comparison, the method
used in our research has advantage of low-cost and good safety. Considering the comprehensive
application of PP separators in lithium ion battery and the necessary of improving their affinity to
liquid electrolyte, our work offers a simple and efficient ways for introducing PGMA graft chains onto
PP separators.

2. EXPERIMENTAL

2.1. Materials

A commercial porous PP film, with pore diameter 40-100 nm and thickness 12 um, was
supplied by Shenzhen Zhimeida new energy Co., Ltd. Glycidyl methacrylate (GMA) was purchased
from Aldrich and used directly. The liquid electrolyte (1.0M LiPFg DMC/EC=1:1) was produced by
Zhangjiagang Guotai-huarong New Chemical Materials Co., Ltd. Other chemicals, such as ammonium
ferrous sulfate and N, N-dimethylformamide (DMF) were analytical-reagent grade, and used without
purification.

2.2. Equipments

A2 MeV electron accelerator (GJ-2), located at Shanghai Applied Radiation Institute, was used to
irradiate PP film. The original PP and grafted PP were characterized by FTIR spectroscopy
(IRAffinity-1, Shimadu) respectively. The samples thermal properties were carried out by using a
differential scanning calorimeter (DSC200PC, Netzsch). The charge and discharge cycling test of Li-
ion cells assembled with modified PP were conducted by battery test equipment (LAND—CT2001A).
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2.3. Preparation of GMA-g-PP separators
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Figure 1. Preparation of GMA-g-PP separators by pre-irradiation grafting method

Figure 1 shows the synthesis process of GMA-g-PP separators by electron beam induced
grafting of GMA onto porous PP film. The porous PP films were sealed inside polyethylene bags
containing high purity N,. The sealed PP was irradiated by an dynamitron accelerator with current of 1
mA. The grafting process was performed in a tube where solvent DMF and monomer GMA were
firstly added. After bubbling with N, for 15 minutes, pre-irradiated PP was immersed in the Pyrex tube.
The mixture solution was bubbled with N, for 5 minutes, and then the Pyrex tube was sealed. The
grafting reaction was carried out in a water bath at constant temperature. After the reaction, the grafted
PP was removed, and washed throughout with a mixture of methanol and tetrahydrofuran (1:1) to
eliminate homopolymer or unreacted monomer which were adhere on the surface of the PP. Thereafter,
the grated PP was dried in a vacuum oven at 60°C until a constant weight was got. The grafting yield
could be calculated using the formula (1):

W,-W,
W

0

Grafting yield (%) =

X 100 1)

Where W, and Wy are the weights of original PP and GMA-g-PP, respectively.

The dried film was moved into a glove box and immersed in the electrolyte solution, 1 M LiPFg
in EC/DMC, for 15 min to absorb enough electrolyte solution. To study the difference between original
PP and grafted PP in Li-ion battery cell property, we assembled button type batteries using grafted PP
and original PP with an area of 0.78 cm?. Using Land battery test equipment, the charge and discharge
cycling test of the Li-ion cells were galvanostatically investigated. All tests of the cells were conducted
in the dry box filled with Ar.

3. RESULTS AND DISCUSSION

3.1. The influence of monomer concentration on grafting yield at different absorbed dose

Both absorbed dose and monomer concentration are very important factors which obviously
affect grafting yield.
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Figure 2. The effect of monomer concentration on grafting yield at different absorbed doses
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Figure 2, shows that the grafting yield increases quickly with the monomer concentration
within the scope of 5-15%, then decreases with increasing monomer concentration. The grafting
reaction depends mainly on the monomers available to the trapped radicals within porous PP. Higher is
monomer concentration, and more GMA is available to the PP substrate. With further increase of
monomer concentration, monomers tend to homopolymerize, which reduces the diffusion rate of
monomers, and the reaction probability between trapped radicals with monomers decreases. As a
result, the grafting yield decreases when monomer concentration is higher than 15%. At the same
monomer concentration, the higher is irradiation dose, higher grafting yield is achieved. This is due to
the participation of more radicals in the grafting reaction.

3.2. The influence of reaction temperature on grafting yield
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The effect of reaction temperature on grafting yield
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Figure 3 shows the relationship between grafting yield and grafting temperatures with 100 kGy
absorbed dose. The grafting yield increases with temperatures when temperatures are below 40°C. It
may be explained by the fact that decay rate of trapped radicals formed by electron beam radiation is
slow at low reaction temperature, so rate of monomer diffusion regulated and controlled the grafting
rate. At higher temperature more monomers can react with radicals, so highest grafting yields were
obtained at 40°C. The grafting yield decreases obviously over 40°C, which can be due to the fast decay
rate of the trapped radicals at high temperature. So, the grafting reaction is dominated by decaying rate
of the trapped radicals and the monomer diffusion rate. Higher temperature can accelerate diffusion
rate of monomer, at the same time which also increase the decay rate of the trapped radicals [28].

3.3. FTIR characterization

The structure of the original PP, graft copolymer GMA-g-PP was analyzed by FTIR.
Comparing the spectra (a) with (b) in Figure 4, there are some new absorption peaks in spectra (b), one
peak at 1732 cm™ stands for the C=O groups, and another peak at 902 cm™ corresponds to the
absorption of epoxy groups. The characteristic absorption peaks at 1143 cm™ and 1254 cm™ are
attributed to the symmetric stretching and asymmetric stretching vibration of C-O-C in grafted GMA
respectively. For original PP, there is only asymmetric stretching vibration of C-H in PP. All the
evidences clearly indicate PGMA chains are grafted onto the original PP.
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Figure 4. FTIR spectrum of original PP (a) and graft copolymer GMA-g-PP with grafting yield 68.4%
(b)

3.4. DSC thermograms

The changes of crystallinity and thermal behavior caused by grafting, were tested by
differential scanning calorimeter. All samples were loaded into the system at 20°C orderly, and
thermograms were ran under N, atmosphere in temperature range of 20-200°C with a heating rate of
20°C/min. The melting heat (AHp,) for all samples was calculated from the area under the thermograms
curves. Crystallinity of the grafted PP was calculated by the following formula:

AHp,

Crystallinity (%) = oh
100

X 100 2
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AHigg is the melting heat of PP with 100% crystallinity, which equals 207.1 J/g. Figure 5,
presents the DSC curves of the original PP (1), 13.8% GMA-g-PP (2), 30.1% GMA-g-PP (3), 68.4%
GMA-g-PP (4). For all samples, although the shape of the thermograms remains almost identical,
intensity of peaks decreases with the increase of the grafting yield. AHp, of all samples is obtained
from the area under the thermograms curves. From curves (1) to (4), the values of AH,, were 114.4,

67.6, 60.8 and 45.6 J/g, respectively.
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Figure 5. DSC curves of original PP and grafted PP with different grafting yield
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Figure 6. The influence of grafting yield on degree of crystallinity
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Figure 6 shows the relationship between degree of crystallinity of grafted PP obtained by
Eq.(2) and grafting yield. Degree of crystallinity obviously reduced with increasing grafting yield. The
grafting reaction occurred by the combination of amorphous poly glycidyl methacrylate chains in non-
crystalline region of the original PP. Grafted polyglycidyl methacrylate chains hence gave rise to
dilution effect on the intrinsic crystallinity of un-grafted PP, so AHn, and degree of crystallinity of
grafted PP decreased with increasing grafting yield. The reduction of crystallinity and introduction of
hydrophilic groups onto PP separator can obviously increase its absorbability towards liquid
electrolyte and improve the separator property.

3.5. Morphology

Figure 7 showed the SEM pictures of original PP separator and PP separators modified by
grafting of GMA with different grafting yield. The SEM images of original PP separator (Figure 7(a))
exhibited a net structure with a lot of pores which were distributed on the surface of original PP. Figure
7(b) indicated the formation of microporous structures on the surface of grafted PP. Comparing Figure
7(b) with Figure 7(a), it could be seen obviously that the surface of grafted PP separator became
rougher. These result revealed that hydrophilic GMA was grafted onto surface of PP separator.

Fig. 7

Figure 7. Typical SEM micrographs of the original PP separator (a) and grafted PP separator with
grafting yield 68.4% (b)

3.6. Thermal stability

Figure 8 demonstrated TGA curves of original PP (A), 30.1% GMA-g-PP (B) and 68.4%
GMA-g-PP (C). An obvious change was observed for the thermal behavior of GMA-g-PP. In Figure
8 (B) and 8 (C), loss in weight was found at three different temperature regions. The first loss in
weight at range of 30-140°C could be explained by the loss of water absorbed on the surface of PP.
The second loss in weight at range of 240-350°C was due to loss of carbonyl groups or epoxy groups
in graft copolymer. The third loss in weight which began at 350°C was attributed to the degradation of
main chains of PP. For original PP, weight loss was only found at one temperature region beginning at
280°C and ending at 440°C, which was due to the degradation of PP. Compared Figure 8 (B) with 8
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(C), the higher is grafting yield, the higher is residual weight. The results clearly indicate that graft
chain including epoxy groups provides catalytic impetus to the charring.
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Figure 8. Thermogravimetric curves of the original PP separator (A), grafted PP separators with
grafting yield 30.1% (B) and 68.4% (C)

3.7. Liquid electrolyte uptake
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Figure 9. The effect of grafting yield on liquid electrolyte uptake
Figure 9 shows the influence of grafting yield on electrolyte uptake which was measured at

room temperature. Electrolyte uptake increased with an increase of grafting yield up to 68.4%, beyond
which it decreased. At low grafting yield, the grafted PP could absorb much electrolyte because the
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surface of PP functionalized by GMA had better absorbability towards liquid electrolyte than original
PP separator. However, the decrease in electrolyte uptake at high grafting yield can be attribute to that
the grafted layer became more compact, that impeded the swelling of grafted layer and hindered the
diffusion of electrolyte inside of grafted layer [29].

3.8. Electrochemical property

In order to assess the electrochemical property of Li-ion cell, using grafted PP with different
grafting yield and original PP separator, we assembled Li/PPs/LiCoO; cells. Figure 10 exhibits the
relationship between discharge capacity and cycle numbers for the Li/PPs/LiCoO; cells be undergone
to 30 cycles when original PP and grafted PP were served as separator respectively.
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Figure 10. The charge and discharge capacities of cell assembled with original PP separator and
GMA-g-PP as a function of the cycle numbers

For all separators the initial specific capacities of testing cells were between 132.5 and 139.2
mAh/g. All cells assembled with original PP and GMA-g-PP separators indicated that the discharge
specific capacities during a cycle decreased gradually because of the Jahn-Teller distortion of the
cathode materials [30-31]. When cycling at 25°C, all of cells showed relatively stable charge/discharge
properties and had little capacity decay. After 30 cycles, the best cycling performance and the
minimum decay in the capacity was found for the testing cell assembled with grafted PP with grafting
yield 68.4%. The testing cell with original PP and grafted PP having grafting yield 121.6% showed
discharge capacity fading of 2.33% and 3.47% at 30th cycle respectively. The testing cell with grafted
separator having grafting yield 68.4% showed a discharge capacity decay of 1.56% at the 30th cycle. It
can be concluded that the capacity retention of grafted PP with grafting yield 68.4% was much better
than that of original PP and grafted PP with grafting yield 121.6%, and which showed discharge
capacity decreased at high grafting yield. This different property generally attributes to absorptivity of
electrolyte solution into the PP separators. The results are also consistent with the above results of
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liquid electrolyte uptake. The grafted PP with grafting yield of 68.4% showed a better absorbability to
a liquid electrolyte than original PP separator and grafted PP with grafting yield of 121.6%.

4. CONCLUSIONS

In practical application, Electron beam induced pre-irradiation grafting technique has been paid
much attention because less homopolymer is formed than simultaneous grafting technique and the grafting
can be conducted away from radiation sources at any time. Therefore, in this paper GMA-g-PP separators
were successfully prepared by electron beam induced radiation. When PP was irradiated at 50 kGy or
100 kGy, the maximum grafting yield was obtained at concentration of GMA 15%. Grafting yield
increased with increase of temperature until the maximal grafting yield 249.6% was attained at
temperature 40°C, and then the combination of monomer radicals with increasing temperature resulted
in lower graft yield.

The FT-IR test showed that GMA was covalently bound to original PP separator. Formation of
microporous structures on the surface of grafted PP were observed by introduction of graft copolymer
PGMA because the hydrophilic PGMA caused phase inversion during the grafting reaction. TGA
results indicated carbonyl groups and epoxy groups were successfully grafted onto the PP separator.
The degree of crystallinity decreased as grafting yield increased. The reduction of crystallinity can
obviously improve the compatibility between liquid electrolyte and separator and enhance separator
performance.

Most especially, the introduction of carbonyl groups and epoxy groups onto PP separator by pre-
irradiation method offered a novel and convenient way for increasing hydrophilicity of commercial Li-
ion battery separator. Electrolyte uptake increased with an increasing grafting yield up to 68.4% above
which it decreased because grafted chains on the surface of grafted PP become denser at higher
grafting yield. Li/PPs/LiCoO, cells fabricated by grafted PP separators with grafting yield 68.4%
showed the best cycle performance. Meanwhile, GMA is one of multifunctional monomers which have
easily modified epoxy groups. Considering the utilization of GMA-g-PP copolymer in other fields
such as waste water treatment, adsorption of metallic ions and so on, the results of this study provided
an effective approach for introducing reactive epoxy groups onto surfaces of polymers.

ACKNOWLEDGEMENTS
The financial support from the National Natural Science Foundation of China (Grand No. 91226111,

50303009, 11305102 and 20703027) is gratefully acknowledged.

Reference

1. P. Arora, Z. M. Zhang, Chem Rev, 104 ( 2004 ) 4419.

2. G. Venugopal, J. Moore, J. Howard, J Power Sources, 77 (1999) 34.
3. X. Li, G. Cheruvally, J. K. Kim, J Power Sources, 167 (2007) 491.
4. A. Saffar, P.J. Carreau, A. Ajji, J Membr Sci., 462 (2014) 50.



Int

. J. Electrochem. Sci., Vol. 10, 2015 7573

G.D. Kang, Y.M. Cao, J Membr Sci., 463 (2014) 145.

J.L. Gineste, G. Pourcelly, J Membr Sci., 107 (1995) 155.

N.K. Goel, Y.K. Bhardwaj, R. Manoharan, Express Polymer Letters, 3 (2009) 268.

M.D. Teli, J. Sheikh, Iran Polym J., 21 (2012) 43.

I. Gancarz, B. Marek, J. Kunick, J App Poly Sci .,116 (2010) 868.

M.M. Nasef, E.S. Hegazy, Prog Polym Sci., 29 (2004) 499.

M. Chelmecki, W.H. Meyer, G.Wegner, J App Poly Sci., 105 (2007) 25.

S.K. Kim, J.H. Ryu, H.D. Kwen, Polymer-Korea, 34 (2010) 126.

J.L. Shi, L.F. Fang, H. Li, J Membr Sci., 429 (2013) 355.

T. Mohammadi, V. Haddadiasl, Iran Polym J., 6 (1997) 43.

J.H. Choi, S.J. Gwon, J.Y. Shon, J Ind Eng Chem., 14 (2008) 116.

. A.S. Singha, A.K. Rana, Iran Polym J., 20 (2011) 913.

. A. Ciszewski, J. Kunicki, I. Gancarz, Electrochim Acta, 52 (2007) 5207.

B. Aydinli, T. Tincer, Radiat Phys Chem., 60 (2001) 237.

. S.J. Gwon, J.H. Choi, J.Y. Sohn, Nucl Instrum & Methods in Physics Research B, 266 (2008)
3387.

B. Oschmann, D. Bresser, M.N. Tahir, Macromolecular rapid communication, 34 (2013) 1693.

. M.M. Nasef, H. Saidi, H. Nor, Nucl Sci J Malaysia, 17 (1999) 27.

. S.J. Gwon, J.H. Chio, J.H. Shin, Nucl Instrum & Methods in Physics Research B, 266 (2008)
4994.

M.M. Nasef. E.S.A. Hegazy. Progress in Polymer Science, 29 (2004) 499.

S.G. Gwon, J.H. Choi, J.Y. Sohn. Journal of Industry and Engineering Chemistry, 5 (2009) 748.
S.N. Li, J.F. Wei, H. Yang, Polymer-plastics technology and engineering, 52 (2013) 427.

Q. Shi, J.Q. Meng, R.S. Xu, J Membr Sci., 444 (2013) 50.

. J.M. Ko, B.G. Min, D.W. Kim. Electrochimica ACTA. 50 (2004) 367.

. J.H Zu, J.Q. Zhang, G.S. Sun. Journal of Radioanalytical and Nuclear Chemistry. 279 (2009) 185.
. J.Y.Sohn, J.Y. Gwon, S.J. Choi, Nucl Instrum & Methods in Physics Research B, 266 (2008) 4994.

. N.T.K. Sundaram, A. Subramania, J Membr Sci., 289 ( 2007 ) 1.
. S.D. i, K. Gao, lonics,16 (2010) 555.

© 2015 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access

art

icle distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).


http://apps.webofknowledge.com/full_record.do?product=WOS&search_mode=Refine&qid=4&SID=1DLntFAR53CuGc3UEBj&page=2&doc=13&cacheurlFromRightClick=no
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=1CAgBI4UKxZqLj4OGI3&field=AU&value=Teli,%20MD
javascript:;
javascript:;
javascript:;
javascript:;
http://apps.webofknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=2&SID=2EGzZIRK8RPxnG6NBWs&page=1&doc=2&cacheurlFromRightClick=no
http://www.sciencedirect.com/science/journal/03767388/294/1
http://www.electrochemsci.org/

