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Abstract We studied microporous poly(acrylonitrile-methyl methacrylate), AMMA, membrane as the separator of Li/LiMn2 O4 cell. The porous AMMA membrane was prepared by the phase inversion method with N,N-dimethylformamide (DMF) as the solvent and water as the non-solvent. We observed that morphology of the resulting membrane was strongly affected by the concentration of polymer solution: low concentration produced finger-like pores with dense skin on two surfaces of the membrane, while high concentration yielded open voids with dense layer on the other surface of the membrane. Regardless of their morphology, both membranes could be rapidly wetted by the liquid electrolyte (1.0 m LiBF4 dissolved in 1:3 wt.% mixture of ethylene carbonate (EC) and ␥-butyrolactone (GBL)), and could be swollen at elevated temperatures, which resulted in the formation of a microporous gel electrolyte (MGE). It was shown that the resulting MGE not only had high ionic conductivity and but also had good compatibility with metal lithium even at 60 ◦ C. Cyclic voltammetric test showed that the MGE had an electrochemical window of 4.9 V versus Li+ /Li. At room temperature, the Li/MGE/LiMn2 O4 cell showed excellent cycliability with a specific capacity of 121–125 mA h g−1 LiMn2 O4 . It was shown that even at 60 ◦ C good mechanical strength of the MGE remained. Therefore, the MGE is suitable for the application of battery separator at elevated temperatures. © 2004 Elsevier Ltd. All rights reserved. Keywords: Poly(acrylonitrile-methyl methacrylate); Microporous membrane; Gel polymer electrolyte; Microporous gel electrolyte; Separator



1. Introduction The conventional separator used in rechargeable lithium and lithium-ion batteries has been microporous polyolefin membrane, such as polypropylene (Celgard® ) and polyethylene (Tonen® ). These membranes are difficult to wet in polar electrolyte solvents, such as ethylene carbonate (EC), propylene carbonate (PC), and ␥-butyrolactone (GBL), because of their very low polarity [1]. Therefore, much research has been undertaken recently to search for the alternative separators, which not only are miscible with the polar liquid electrolytes and but also are stable with the electrode materials [2–17]. For the polymer materials used in the porous membranes, nearly all the previous works were focused on either poly(vinylidene fluoride) (PVdF)-based polymers or their blends with other polymers. The porous structure of the membranes is generally created by the phase inversion ∗ Corresponding author. Tel.: +1-301-394-0981; fax: +1-301-394-0273. E-mail address: [email protected] (S.S. Zhang).
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method. In this method, the micro pores are formed through solvent exchange when a polymer thin solution is immersed into a non-solvent coagulation bath [18,19]. It has been reported that PVdF-based membranes are miscible with liquid electrolytes and can be swollen in them [2–12]. Therefore, a multiphase electrolyte consisting of liquid electrolyte and polymer gel electrolyte is often formed when PVdF-based membranes are used as the battery separator. Depending on the degree of swelling and on the uptake of liquid electrolyte, the resulting electrolyte also could contain some pores [2,6,12,14,17]. Therefore, it can be called microporous gel electrolyte (MGE), which is characterized by its combined advantages of the liquid electrolyte (high conductivity), polymer gel electrolyte (good adhesion to the electrodes), and polymer solid electrolyte (good dimensional stability). As a separator material, PVdF-based polymers still have disadvantages. First, they are potentially instable to the negative electrode of the lithium and lithium-ion batteries. The F–C bonds in them may react with lithium and lithiated graphite to form more stable LiF and >C=CF–
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unsaturated bonds [20,21], which not only deteriorate battery performance but also raise safety concerns because of thermal runaway caused by the highly exothermic reactions. Second, PVdF-based polymers are soluble in liquid electrolytes [22], which results in a loss in the mechanical strength of the separator or even causes the battery internal short-circuit. Aiming at resolving these problems, we found that poly(acrylonitrile-methyl methacrylate), AMMA, is a good substitute for the PVdF-based polymers [23,24]. We observed most of the advantages of PVdF in the places where AMMA was used as the electrode binder [23] and the gel electrolyte matrix [24]. Therefore, in this work we used the phase inversion method to make microporous AMMA membrane. We studied the fabrication and property of the AMMA-based MGE and evaluated its application in the rechargeable Li/LiMn2 O4 battery.



2. Experimental Poly(acrylonitrile-methyl methacrylate) (AN:MMA = 94:6, MW = 100,000) was purchased from Polysciences, Inc. and used as received. Microporous membrane was prepared by the phase inversion method as follows. AMMA powder was dissolved into N,N-dimethylformamide (DMF) to make a homogenous solution by stirring and heating at 80 ◦ C. The resulting solution was cast onto an Al foil using a doctor blade with a gap of 0.24 mm, immediately followed by immersion of the polymer dope into a coagulation bath filled with deionized water to precipitate the polymer. Because of the fast exchange between the solvent (DMF) and the coagulation medium (water), a microporous structure was formed in seconds and the membrane was peeled off the substrate (Al foil). The obtained membrane was rinsed with deionized water for 10 min and dried at 90 ◦ C under vacuum for 16 h. The dried membrane, typically having a thickness of 0.095–0.105 mm and an opaque appearance because of its porous structure, was cut into small discs of 2.85 cm2 (diameter = 0.75 in.) for future characterization and use. The membrane morphology was observed via a Hitachi S-4500 Scanning Electron Microscope. Cross-sectional samples of the membranes were made by breaking them in liquid nitrogen. A solution of 1.0 m LiBF4 dissolved in 1:3 (wt.%) mixture of ethylene carbonate and ␥-butyrolactone was used as the liquid electrolyte. The MGE film was prepared through two steps. First, the microporous membrane was wetted completely by dipping it into the liquid electrolyte for 30 s. Then, the wetted membrane was pressed lightly between two sheets of filter papers to remove excess liquid electrolyte on the surface, followed by heating it to 80 ◦ C for 20 min. To measure ionic conductivity, the MGE film was sandwiched between two stainless steel plates and sealed in a 2325-type button cell can. The conductivity was calculated from the impedance of the cell. In the same way, we assembled Li/MGE/Li symmetric cell for evaluation of the compatibility of the MGE and metal lithium.



A cathode film composed of 85% LiMn2 O4 , 8% carbon black, and 7% AMMA, coated on an aluminum foil was used to assemble Li/MGE/LiMn2 O4 cell. The cathode film was dried at 110 ◦ C under vacuum for 16 h and cut into discs of 1.27 cm2 . The cell was made by laminating anode, microporous membrane and cathode in sequence, followed by activating it with 150 l of the liquid electrolyte. After sealing, the cell was heated to 80 ◦ C for 20 min to promote formation of the MGE. The Li cell was cycled between 3.5 and 4.2 V at 0.5 mA (equal to 0.57 C) on a Maccor Series 4000 tester. A Tenney Environmental Oven Series 942 was used to control the temperature of the tests. A Solartron SI 1287 Electrochemical Interface and a SI 1260 Impedance/GainPhase Analyzer were employed for measuring impedance and performing cyclic voltammetric test. The impedances of the cells were measured over the frequency from 100 kHz to 0.01 Hz with an ac oscillation of 10 mV. The obtained impedance spectra were analyzed with ZView software (Scribner Associates, Inc.).



3. Results and discussion 3.1. Morphology of the porous membrane Fig. 1 shows micrographs of the porous AMMA membranes prepared by the phase inversion method from polymer solutions with different concentrations. Regardless of the concentration of polymer solution, texture of the porous membranes is asymmetric. Membrane A, prepared from 10 wt.% of AMMA solution, consists of numerous finger-like voids sandwiched between two thin and dense skins (Figs. 1a and b). While membrane B, prepared from 15 wt.% of AMMA solution, consists of two asymmetric layers. That is, the top layer (skin) contains numerous open voids (Fig. 1c), which are drop-like and extend to about half of the thickness of the membrane (Fig. 1d), while the bottom layer, which was faced to the Al substrate in the phase inversion process, shows sponge-like porous texture (Fig. 1d). The formation of the above asymmetric structure is probably a result of the syneresis pressure affecting the nucleation and growth of polymer precipitation [25]. In the very first moment of the contact between polymer solution and non-solvent, the polymer is rapidly precipitated out of the solution, which induces formation of the syneresis pressure within the polymer solution. Strength of the syneresis pressure is associated with the concentration of polymer solution. In the case of 10 wt.%, the formed syneresis pressure is too small to produce porous structure. Therefore, a dense skin is first formed in the interface area between the polymer solution and the non-solvent, which subsequently becomes a barrier against the further phase inversion. As a result, phase inversion beneath the skin is slowed down and large cavities are developed in the body of the membrane. For the opposite reason, open-void
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Fig. 1. Micrographs of the porous membranes prepared by the phase inversion method from the solutions with AMMA concentration of 10 wt.% (membrane A) and 15 wt.% (membrane B), respectively. (a) surface of A, (b) cross-section of A, (c) surface of B, and (d) cross-section and surface of B.



structure is formed when the concentration of polymer solution is increased, for example at 15 wt.%. 3.2. Fabrication and ionic conductivity of the MGE In spite of the significantly different texture of membranes A and B, their wettability with liquid electrolyte was found to be nearly the same. In contact with the liquid electrolyte, both membranes were wetted in a few seconds. This advantage can be attributed to the excellent affinity of the AMMA material to the electrolyte solvents. Because of



its high porosity, membrane A could absorb 390 ± 5 wt.% of liquid electrolyte versus the weight of the dried membrane. Initially, the absorbed liquid electrolyte is trapped within the membrane as liquid droplets, part of which can be squeezed out when a pressure is applied on the membrane. However, the formation of MGE upon heating can permanently trap the liquid electrolyte. To confirm the formation of the MGE, we treated membrane A by wetting it with the liquid electrolyte and then naturally drying it at 80 ◦ C in a glove-box anti-chamber. Fig. 2 shows micrographs of the surface and cross-section of the resulting membrane. It is



Fig. 2. Micrographs of membrane A, which was treated by first wetting it with the liquid electrolyte and then drying it to 80 ◦ C in a glove-box anti-chamber. (a) Surface and (b) cross-section.



3342



S.S. Zhang et al. / Electrochimica Acta 49 (2004) 3339–3345



Fig. 3. Arrhenius plots of the ionic conductivity of liquid electrolyte, MGE and the conventional GPE, in which the MGE and GPE contained the same amount (394 wt.%) of liquid electrolyte. The liquid electrolyte was a solution of 1.0 m LiBF4 dissolved into a 1:3 (wt.%) mixture of ethylene carbonate and ␥-butyrolactone.



shown that the surface has porous structure composed of numerous interconnected objects whose shapes are more or less spherical. Between the interconnected objects, white salt particles (LiBF4 ) are present (Fig. 2a). The body is very dense, but some small voids are still present (Fig. 2b). This observation indicates that the condition of heating to 80 ◦ C can make AMMA polymer swollen or dissolved in the liquid electrolyte. Re-precipitation of the polymer out of the solution results in the formation of a dense and transparent polymer film. Therefore, the multiphase MGE can be easily fabricated by the heating of an electrolyte-wetted porous membrane. In a practical fabrication of the batteries, this process can be performed in situ after the battery assembly is activated with the liquid electrolyte. Fig. 3 compares ionic conductivities of liquid electrolyte, MGE and the conventional gel polymer electrolyte (GPE), in which the MGE and GPE contained the same amount of liquid electrolyte (394 wt.% versus the weight of the dried polymer). At low temperatures, the MGE exhibits a much higher conductivity than the GPE. This can be attributed to the multiphase structure of the MGE, in which two ion-conducting domains of the liquid electrolyte and the gel electrolyte coexist. In such a case, ionic conductivity of the MGE is dominated by the liquid electrolyte [17,24]. In the GPE, the liquid electrolyte is plasticized into polymer to form a highly viscous gel matrix. As a result, the mobility of lithium ions is decreased and the ionic conductivity of the GPE is reduced. On the contrary, at elevated temperatures the liquid electrolyte trapped in the MGE probably becomes discontinuous so that lower ionic conductivity occurs because the pathways of ionic conduction are interrupted [16,26]. This explains the crossover of ionic conductivity of the MGE and GPE in Fig. 3.



Fig. 4. Change in the EIS of the symmetric lithium cells with storage time at 60 ◦ C. (a) Li/MGE/Li cell; (b) Li/liquid electrolyte/Li cell, in which liquid electrolyte was immobilized in a Celgard® 3500 membrane.



different storage time at 60 ◦ C. Regardless of storage time, EIS of the MGE cell are composed of three overlapped semicircles, while those of the liquid electrolyte cell are composed of two overlapped semicircles. In reference to the literature [27,28], such EIS can be described by an equivalent circuit, as shown in Fig. 5. The Rb is bulk resistance of the electrolyte, Zp is the impedance of the passivation layer formed on the surface of metal lithium, which consists of resistance (Rp ) of the passivation layer and its related capacitance (Cp ), and Zf is the Faradic impedance containing



3.3. Stability of the MGE against metal lithium Fig. 4 plots electrochemical impedance spectroscopes (EIS) of the symmetric Li cells, which were recorded after



Fig. 5. Equivalent circuit used for the analyses of EIS in Fig. 4. The shown EIS was recorded from the Li/MGE/Li cell after being stored at 60 ◦ C for 1 h.
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Fig. 6. Time dependence of the Rb and Rp of the symmetric Li cells at 60 ◦ C. (1) Rb of the MGE cell, (2) Rp of the MGE cell, (3) Rb of the liquid electrolyte cell, and (4) Rp of the liquid electrolyte cell. Note that liquid electrolyte was immobilized in a Celgard® 3500 membrane.



the impedances of charge-transfer (Zct ) and ionic diffusion (Zd ) in the interface between the electrolyte and lithium electrode. Because ionic diffusion in the liquid electrolyte is much faster than in the MGE, the Zct and Zd in the liquid electrolyte cell are merged into a semicircle (see Fig. 4b). Based on Fig. 5, the Rb and Rp of the symmetric Li cells were fitted and plotted versus storage time in Fig. 6. Because the MGE has lower conductivity and higher thickness, the Rb of the MGE cell is higher than that of the liquid electrolyte cell. During storage, the Rb of the MGE cell constantly remained at 2.8 . This observation can be ascribed to the stable ionic conductivity of the MGE. In the MGE, the liquid electrolyte is either plasticized into polymer matrix or trapped in the voids with gel polymer electrolyte wells. Therefore, the liquid electrolyte does not lose during the storage at 60 ◦ C and the ionic conductivity remains. There is a significant difference in the time dependence of the Rp between the MGE and liquid electrolyte cells. Initially, the MGE cell shows higher Rp than the liquid electrolyte cell, and it increases much slower with the storage time (Fig. 6). This observation reveals that the liquid electrolyte in the MGE is more stable than in the liquid state. Upon contact of the fresh lithium and electrolyte, chemical reactions between them immediately take place. The resulting products accumulate on the surface of the metal lithium to form a passivation layer, which subsequently protects lithium from the further reactions. Therefore, for both the MGE and liquid electrolyte cells, increasing rate of the Rp decreases with the storage time.
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Fig. 7. Anodic stability of the MGE with respect to the LiMn2 O4 cathode, which was recorded by first cyclically scanning between 3.0 and 4.3 V and then linearly sweeping to 6.5 V at 0.02 V s−1 .



substrate as the working electrode to evaluate oxidization stability of the MGE. Fig. 7 shows current–potential response of the LiMn2 O4 electrode in the MGE, which was recorded at a scanning rate of 0.02 V s−1 . First, we see that the cathode could cycle reversibly between 3.5 and 4.2 V with a high coulomb efficiency of 93.8% (first cycle), as shown by two pairs of reversible redox current peaks. Second, the anodic (oxidization) current decreased to background as the potential increased to 4.3 V. This fact indicates that in the MGE the cathode active material can be fully utilized without any oxidization of the MGE. Third, the anodic current stabilized at the background until 4.9 V and still remained at low levels with the anodic current showing a board peak as the potential scanned toward more positive direction. This implies that the Al current collector can be passivated well with the MGE, and that the MGE itself is very stable on the surface of the passivated Al substrate. 3.5. Cyclability of Li/MGE/LiMn2 O4 cell Fig. 8 compares cycling performance of the MGE and liquid electrolyte Li/LiMn2 O4 cells. At room temperature, both cells could cycle with an initial capacity of



3.4. Electrochemical stability of the MGE Electrochemical stability of the electrolyte is affected not only by the electrolyte’s components, but also by property of the working electrode, such as the surface reactivity and catalytic effect. Therefore, in this work we directly used a cathode with LiMn2 O4 active material coated onto an Al



Fig. 8. Comparison of cycling performance of the MGE and liquid electrolyte Li/LiMn2 O4 cells. Both cells were cycled between 3.5 and 4.2 V at Ic = Id = 0.5 mA (equal to 0.57C rate).
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electrolyte. By heating the electrolyte-wetted membrane, a microporous gel electrolyte, which combines the advantages of liquid electrolyte (high conductivity), gel polymer electrolyte (good adhesion), and solid polymer electrolyte (good mechanical strength at elevated temperatures), can be fabricated. The resulting MGE not only has high ionic conductivity, but also shows excellent electrochemical stability. Even at 60 ◦ C, the MGE maintains its good mechanical strength. Therefore, the MGE is suitable for the applications of battery separator at elevated temperatures.



Fig. 9. Discharge voltage curves of the MGE Li/LiMn2 O4 cell at various current rate. All charges were performed at 0.5 mA (0.57 C), and the discharge voltage limit was 3.3 V.



121–125 mA h g−1 LiMn2 O4 and retained an excellent capacity retention. When cycling at 60 ◦ C, both cells suffered an accelerated capacity fading. This is due to degradation of the lattice structure of LiMn2 O4 active material such as chemical dissolution [29,30] and irreversible phase transition [31,32]. Nevertheless, at 60 ◦ C the MGE cell showed nearly the same cycleability as the liquid electrolyte cell that used the conventional Celgard® separator. This fact reveals that at 60 ◦ C the MGE is still able to serve as a separator without significant loss in the mechanical strength. Therefore, the MGE is suitable for the applications at elevated temperatures, at which many GPE are unable to serve as the battery separator because of a fatal loss in the mechanical strength. Fig. 9 shows discharge voltage curves of the MGE Li/LiMn2 O4 cell at various current rates. It is estimated that at 3 mA (equal to 3.4 C), the MGE cell still retained 86% of discharge capacity, as compared to that at 0.5 mA. This good rate performance can be ascribed to the high ionic conductivity of the MGE and especially to the low interfacial contact resistance between the electrodes and the MGE because of the good adhesion of the MGE. Thickness of the AMMA membrane used in the present work is 0.095–0.105 mm, around four times higher than the thickness of the commercial Celgard® membrane. Therefore, there is a large room for the improvement on rate performance of the MGE batteries simply by reducing thickness of the microporous AMMA membrane.



4. Conclusions In this work, we found that the morphology of the microporous AMMA membranes prepared by the phase version method is vastly affected by the concentration of polymer solution. Low concentration favors forming a skin-covered membrane while high concentration favors forming an open-void membrane. Regardless of the morphology, the porous membranes have excellent wettability with the liquid
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