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Abstract

:

For the first time, we succeeded in manufacturing a 2-hydroxyethyl cellulose (HEC)-based composite membrane with improved thermal stability, for use as a battery separator, coating a HEC polymer solution to a polypropylene (PP) support and using a vacuum-assisted process. A HEC polymer solution was prepared by utilizing HEC and lactic acid (LA) as a plasticizer. A vacuum-assisted process was used to move ethanol, which a mobile phase to permeate a plasticized region in the HEC polymer side for pore formation. The pores formed with uniform nano sizes, and areas in which some large pores formed were observed. The thermal stability of the composites was measured using TGA. The thermal decomposition temperatures were measured at about 250 °C for the neat HEC, about 210 °C for the HEC/LA film, and about 335 °C for the HEC/LA/PP membrane before the process. After the vacuum-assisted process, the first and second thermal decomposition were observed at about 360 °C and 450 °C, respectively. The HEC/LA/PP membrane after the process showed greater thermal stability than before the process. This means that the adhesion between the HEC polymer and the PP support was created through the rearrangement of the HEC chain, as LA escaped after the process, and it was seen indirectly that the mechanical strength was enhanced. In particular, the surface of the membrane was observed by SEM to investigate whether the HEC penetrated into the PP to block its pores, and whether the HEC region collapsed. Furthermore, the interaction of the HEC chain with the additives and the rearrangement of the HEC was confirmed using FT-IR. As a result, we demonstrated that the mechanical strength and thermal stability of the manufactured HEC/LA/PP membrane were enhanced.
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1. Introduction


Recently, the battery industry has become very important through the rapid development of electric vehicles and portable electronic devices [1,2]. In particular, lithium-ion batteries (LIBs) are among the most widely used power sources for energy-storage systems due to their long lifespan, low self-discharge, and high energy density [3]. However, LIBs are less thermally stable than other battery systems. Therefore, many fire accidents caused by electric vehicles and mobile phones have recently occurred [4]. The major reason for this is presumed to be the separator, which porous the polymer membrane is used to prevent direct contact between the cathode and the anode [5]. The separators used in LIBs are polyolefin materials, such as polyethylene and polypropylene. These materials offer many advantages, such as chemical stability and uniform pore distribution, but they also have low electrolyte absorption and ionic conductivity, and their low thermal stability causes internal short circuits and safety issues at high temperatures [6,7,8,9]. Therefore, it is important to develop separators with good thermal stability and mechanical properties [10].



There are two ways to solve the problems described above. The first involves manufacturing a composite separator by coating an organic/inorganic material on the surface of a polyolefin separator [11]. In the case of a separator coated with Al2O3, it is more hydrophilic than PE-separator surfaces, the wettability is improved by polar liquid electrolytes. Improved wettability affects both liquid-electrolyte absorption and ionic conductivity. In addition, the interfacial resistance of the battery is reduced, and the battery has the ability to retain more electrolytes in the separator than when PE separators are used. Therefore, ion shortage and leakage can be prevented [12]. However, these methods do not solve all problems. Another option is to develop a new type of membrane. The polyimide (PI)/SiO2 composite separator not only combines the excellent thermal stability of polymers, but also exhibits the high wettability and excellent mechanical properties of silica [13]. The silica layer imparts hydrophilicity to the outside of the composite separator and greatly improves the wettability of liquid-electrolyte diffusion. However, this is an expensive method due to the electrospinning and the various other processes involved. Therefore, studies on the manufacturing of separators have been actively conducted, with a particular focus on cellulose series, which are cheap and eco-friendly biodegradable natural polymers with high wettability, and good thermal stability [14,15,16,17].



On the other hand, porous polymer membranes that uses a battery separator are produced in various ways, and various manufacturing methods are being developed. In particular, the phase-inversion method is mainly used in the field of membrane manufacturing. Non-solvent-induced phase separation (NIPS) and thermally induced phase separation (TIPS) are generated through interactions between polymers and solvents. In NIPS, an asymmetrically shaped surface is created, while in TIPS, a porous and symmetrical structure is created. The use of NIPS is effective in reducing the ion-migration resistance inside the battery due to changes in the electrolyte concentration inside the separator. The TIPS method is relatively simple and easy to manufacture, since a separation membrane is formed in the process of mixing and cooling the polymer solution. In addition, it has the advantages of good reproducibility and the low occurrence of defects. However, both methods have the disadvantage that pores are randomly formed and the curve is very large, meaning that the movement distance of the lithium ions becomes long [18]. This affects the charging speed of the battery. In order to increase the charging speed of the battery, there is a method for reducing the moving distance by making the pore shape of the separator straight. The track-etch method [19] previously used for manufacturing straight-shaped pores, is a very expensive process using radiation.



Therefore, in our laboratory, a new approach was found, in which a linear separator is manufactured cellulose acetate (CA)/specific additives composite membrane with a hydraulic method and specific additives. In this process, metal salts are used as additives. However, it has a disadvantage, in that the cost is high. Additionally, many salts, such as Zn and Ni, are utilized, and the required energy is relatively high [20,21]. Furthermore, there is an additional disadvantage in that it is difficult to apply uniform pressure, and the associated costs are relatively high. In addition, CA with a molecular weight of 30,000 g/mol was used, and its mechanical strength is confirmed to be weak. To solve these problems, a new cellulose-based material should be developed and it was necessary to introduce new methods, and eco-friendly additives and processes are required.



Therefore, in this study, the aim was to form pores in a separator using 2-hydroxyethyl cellulose (HEC), a cellulose-based material, and lactic acid (LA), an eco-friendly plasticizer. In addition, a vacuum-assisted process was used to support for pore formation using instead of the hydraulic method to reduce costs. HEC with a molecular weight of 90,000 g/mol was used to increase the mechanical strength, which is a disadvantage of CA, 2-hydroxyethyl cellulose (HEC) with a molecular weight of 90,000 g/mol was used. Due to its strong viscosity, HEC is a good candidate for ultra-thin coating due to its strong viscosity [22]. Lactic acid (LA), a plasticizing agent, causes a hydration effect through its strong interaction with water molecules used as a solvent [23]. Therefore, LA was dispersed between the HEC chains to form hydrated parts of various sizes, and it was intended to be converted into pores through the vacuum method. It was confirmed through SEM images that the LA was well dispersed, and uniform pores are formed. In addition, lactic acid is an eco-friendly material produced through fermentation [24,25], and has the advantage of reducing process costs, and is environmentally friendly. Thus, the aim of this study was to analyze the characteristics of porous membranes manufactured using the vacuum-assisted process, which has more advantages than the hydraulic process, and to confirm that it offers improved physicochemical properties.




2. Results and Discussion


2.1. Ethanol-Flux Data of the HEC/LA/PP Membrane


Table 1 shows the flux data of the ethanol for the mobile phase, during which pores formed in the membrane. These values were determined by the formation of pores in the HEC/LA/PP membrane by the ethanol, the size and number of pores, and the tortuosity inside the membrane. The higher the ethanol-flux value, the faster the ethanol flow. This means that the pore size was large and the internal tortuosity was small. Four reproducible experiments were conducted to obtain the average value. It seems that pores formed in the HEC/LA film and connected to the pores of the PP support. The reason for the formation of pores in the film was that solvation occurred around the lactic acid used as the additive and surrounded the solvent molecules, creating a flexible part. If the flexible phase was inserted and processed using the pressure difference, the channels were connected, since less energy was required to move the flexible phase to the open pores of the PP support than to the blocked parts. In the manufactured separator, the HEC/LA and PP were not separated, even without the use of an adhesive. During the vacuum-assisted process, as the pores were connected, a small amount of HEC/LA permeated into the pores of the PP, the contact-surface area was widened, and bonds appeared to form through the physical interaction between the PP and the HEC/LA. Since HEC/LA is hydrophilic and PP is hydrophobic, it was expected that the film might fall off when the method was applied. However, for the same reasons as those described above, the membrane shape was successfully maintained.




2.2. Scanning-Electron Microscope


Scanning-electron microscopy (SEM) was used to identify the pores on the film side and the PP side of the HEC/LA/PP composite. As shown in Figure 1a, the entire surface of the film was coated smoothly before the process. At this point, pores had not formed, and the surface was coated smoothly overall. Figure 1b is an enlarged image of Figure 1a. It was confirmed that the numerous round dots on the film surface were evenly spread over the LA plasticized portion.



Figure 2a,b are the PP surface before the application of the method. Since the PP was pressed while it was coated, it was slightly flattened. When coated, the HEC/LA slightly penetrated the PP, but the pores did not collapse. If the pores had collapsed, it could not have been used as a separator, since there would have been no space for the lithium ions to move.



Figure 3a–d are images of the HEC/LA/PP membrane’s surface after the vacuum-assisted method was applied. On the surface of the HEC/LA/PP membrane after process, small pores were uniformly formed, as shown in Figure 3a,b. These were distinctly different from those on the surface of the membrane in Figure 1a,b. Furthermore, as shown in Figure 3c,d, large pores partially formed, and the HEC region did not collapse and maintained its morphology, despite the pore formation. Examining the data in Table 1 and the presence or absence of pores in the surface of the membrane, it was confirmed that the pores of the membrane and the pores of the PP were connected, allowing the ethanol to pass through. Furthermore, it was demonstrated that the LA was dispersed well in the HEC, as shown in Figure 1a,b.



By examining Figure 4a,b a picture of the PP side after applying the vacuum-assisted process, it can be confirmed that pores were still observable in the PP. After the vacuum-assisted-method, the maintenance of the film indicated that the HEC/LA polymer permeated into the pores of the PP and did not block them.




2.3. TGA


The thermal stability of the HEC/LA/PP was investigated through a TGA analysis of the PP, HEC, and HEC/LA (Figure 5a). In Figure 5b, the decomposition temperature of the HEC itself was about 100 °C in the first section and 250 °C for the second. The decomposition temperature of the HEC/LA was about 110 °C in the first section, about 160 °C in the second, and about 210 °C in the third. Since the first decomposition temperature of HEC/LA had a similar decomposition temperature to the pure HEC in the first section, it was thought that the remaining oligomers or solvents decomposed first and, in the second step, it was caused by LA with a low melting point. In the third, it can be seen that the decomposition temperature of the HEC was similar to the secondary decomposition temperature of the HEC/LA and HEC. Comparing the two graphs of the HEC and HEC/LA, it was confirmed that the thermal stability was lower than when the LA was added. When the LA was added to the polymer chains, the polymer was plasticized as the distance between the polymer chains. This induces the decrease of interaction force between the polymer chains. At this point, when exposed to high temperatures, the polymer chains moved more freely, since the LA-added polymers had more free volume than the pure HEC. As a result, the HEC polymer became decomposed more quickly than the pure HEC.



HEC/LA/PP_A decomposition took place at about 114 °C in the first section and at about 335 °C in the second, and in HEC/LA/PP_B, the first and second decompositions were observed at about 360 °C and 450 °C, respectively. The first thermal decomposition of the HEC/LA/PP_A was that of the HEC/LA region. This was attributed to the weight loss due to the evaporation of the remaining solvent or LA in the HEC chain. The second thermal decomposition of the HEC/LA/PP_A featured the decomposition of the HEC and PP. It was confirmed that the HEC and PP were thermally decomposed simultaneously. This seemed to promote the thermal decomposition of the PP support of the HEC, which had a lower thermal decomposition temperature than the PP. As the molten HEC penetrated into the pores of the PP support, it transferred heat directly into the PP. This made the chain of the PP flexible and movable. Therefore, in the HEC/LA/PP_A, the HEC and PP were thermally decomposed together.



The HEC/LA/PP_B thermally decomposed at 360 °C, which was 25 °C higher than the HEC/LA/PP_A. This means that the HEC penetrated into the PP support and adhered to the PP chains. In the first decomposition section, the weight reduced due to the thermal decomposition of the HEC. Subsequently, as the secondary decomposition occurred, similarly to the decomposition temperature of the PP, it can be considered that the PP, as the support of HEC/LA/PP_B, was thermally degraded. Comparing the situations before and after the process, the thermal stability increased after the process. Furthermore, it seems that the LA escaped after the process and that the thermal stability recovered through the recombination of the polymer chains. In other words, as the LA escaped from the HEC polymers during the process, the HEC penetrated further into the PP support and the chains were rearranged, physically attaching to the PP. It was considered that the HEC/LA/PP_B improved the thermal stability. In addition, it was seen indirectly that the mechanical strength was enhanced.



Therefore, the manufacturing of an HEC-based composite membrane for application in battery separators was successful. The LA plasticized the HEC by interfering with the interaction between the HEC chains, escaping through this process, and the HEC rearranged. These findings are confirmed in the following section, on the FT-IR.




2.4. Fourier-Transform Infrared Spectroscopy


To analyze the rearrangement of the HEC and the interaction force between the HEC chain and the LA was observed using FT-IR spectroscopy. (Figure 6) The hydroxy group and the ether group, which were functional groups of the HEC, were investigated (Figure 7a,c) Furthermore, in Figure 7b, since the carbonyl group was found only on the HEC/LA/PP_B graph and was not found on the HEC/LA/PP_A graph, it was considered that the LA was almost entirely escaped during the vacuum-assisted process.



2.4.1. Hydroxy Group


The hydroxy group was deconvolved to analyze the change in coordination in detail. (Figure 8 and Table 2) Comparing the PP/HEC and PP/HEC/LA_A, the peak of 3425 cm−1, the dominant peak of hydroxyl group, shifted to 3419 cm−1, and the area ratio increased from 56.070% to 62.064%. The peak of 3270 cm−1, a relatively low wavenumber, shifted to 3254 cm−1, and its area ratio decreased from 43.930% to 37.936% after the addition of the LA. This means that the LA was evenly dispersed and hindered the interactions between the HEC chains, resulting in weaker hydroxy bonding between the polymer chains. Thus, the vibrations of the OH bonds in each chain were enhanced. After the application of the vacuum-assisted method, the dominant peak shifted to 3430 cm−1 and the area ratio was partially restored, to 51%. The peak with the relatively low wavenumber shifted from 3254 cm−1 to 3283 cm−1, and the ratio of the area changed from 37.936% to 49.290%. It was confirmed that the rearrangement between the HEC polymer chains occurred, since the LA escaped. By comparing the wavenumbers of the neat HEC/PP and HEC/LA/PP_B, it was found that the overall increase was due to the escape of the LA, which caused the bond to be weaker than in the initial state, and the hydroxy bonding became stronger. The polymer chains tended to move into an enthalpy-stabilized state. As pores formed in the HEC region, rearrangement occurred, and the interaction between the chains was strengthened, maintaining the morphology of the HEC film.




2.4.2. Ether Group


Deconvolution was performed to analyze the change in the ether group in detail (Figure 9 and Table 3). Comparing the HEC/PP and HEC/LA/PP_A, there were few changes in the wavenumber overall. However, when the areas of each peak were compared, the area ratios of the peaks, with wavenumbers of 1057~1058 cm−1 and of 1110~1112 cm−1 increased, and the other peak decreased, resulting in a decrease in the difference between the area ratios. As the LA was added to the HEC polymer chains, the distance between the polymer chains increased and the interaction forces between the ether bonds in each chain weakened. This showed the same pattern as the change in the IR spectra of the hydroxy group of the HEC when the LA was added to the HEC. In addition, it was confirmed that after the process, the area ratio of the dominant peak increased from 38.196% to 40.696%, and the area ratio of the peaks with wavenumbers of 1057~1058 cm−1 decreased from 23.874% to 21.703%. However, even when the LA between the HEC chains escaped from the HEC/LA/PP membrane through the process, only slight changes in the wavenumbers of all the peaks were observed. This was considered to have been due to the fact that the ether group in the HEC could not affect the rearrangement of the HEC as the LA escaped from the HEC/LA/PP membrane during the process. Therefore, the rearrangement of the HEC seems to have occurred with the hydroxy group.






3. Experimental Methods


3.1. Materials


The 2-Hydroxyethyl cellulose (Mn: ~90,000 g/mol) was purchased from Sigma Aldrich CO (St. Louis, MO, USA). Acetone, glycerin, and lactic acid were purchased from Daejung Chemical and Metals (Siheung, Republic of Korea). Polypropylene prefilter which pore sizes of 0.6 μm was purchased from Merck Millipore Ltd. (Darmstadt, Germany) All chemicals were used as received.




3.2. Membrane Preparation


A 7-wt% HEC polymer solution was prepared by dissolving hydroxyethyl cellulose polymer into a co-solvent (Acetone: H2O = 8:2 wt/wt%) with 0.5 mol ratio of lactic acid per 1 mol of monomeric unit in HEC. This was stirred at room temperature using a stirrer for 18 h. The propylene support was soaked in 5 M of glycerin solution for 1 h and dried in a hot oven at 70 °C. The PP support was attached to the glass plate. The HEC/LA solution was coated on the polypropylene support to a thickness of 300 μm using a doctor blade. The residual solvent was removed through drying for 30 min at humidity conditions of both 25 °C and 50%.




3.3. Formation and Connection of Pores Using Vacuum-Assisted Process


The prepared composite was carried out using to the vacuum-assisted process for pore formation such as Scheme 1. The experiment was conducted by installing the experimental device and connecting it to the aspirator (Scheme 1a). At this point, the coating part was facing upward, so that the separator would not be damaged during the process (Scheme 1b). Ethanol was used a mobile phase to form the pore in the composite instead of water since HEC is hydrophilic and the coating can be peeled off. When a vacuum was applied, ethanol was forced to move vertically on the HEC side of the composite (Scheme 1c). It pierced the plasticized part of the HEC and generated the formation of pores. The average ethanol-flux data of HEC/LA/PP composite were measured and expressed by LMH (L/m2h). The membrane, which was successfully tested, was dried in a vacuum oven for more than 4 days for analysis.




3.4. Characterization


To analyze the physicochemical properties of the membrane, TGA, FT-IR, and SEM were used. The surface of HEC/LA/PP membrane film was coated twice with magnetron sputter coater (MSC-101, JEOL, Seoul, Republic of Korea) and observed at a voltage of 16 kV with SEM (JSM-5600LV, JEOL, Seoul, Republic of Korea) magnified 400–5500 times. The TGA (Universal V4.5A, TA instrument, Seoul, Republic of Korea) was used to measure the thermal stability of the prepared HEC/LA/PP membrane, while the temperature was increased from room temperature to 800 °C at 10 °C per minute under a nitrogen atmosphere. The balance gas flow was 40.0 mL/min and the sample gas flow was 60.0 mL/min. The interaction force between the functional groups of HEC and LA was measured by scanning 16 times at a resolution of 4 cm−1 in the range of 4000 to 400 cm−1 wavenumber with a FT-IR spectrometer (VERTEX 70/70V FT-IR spectrometer, Bruker Optics, Gwangmyeng, Republic of Korea).





4. Conclusions


In this study, HEC-polymer-based experiments were conducted to improve the thermal stability and mechanical strength by using a PP as a support. In the SEM image, uniform nano-sized pores on the surface of the membrane were observed. Furthermore, it was confirmed that the HEC region of the membrane did not collapse before or after the coating process, even though pores formed, and it was observed that the pores in the PP region of the membrane were not blocked. To measure the thermal stability, an analysis was performed using a TGA instrument. The thermal stability was higher in the HEC/LA/PP membrane after the process than in the neat HEC and in the HEC/LA/PP composite before the process. The interaction between the HEC and the LA was analyzed using FT-IR. It was confirmed that before the process, the LA interfered with the interaction between the polymer chains, weakening the hydroxy bonding between them. After the process, the bond between the chains was restored through the rearrangement of the HEC, so that the film form could be maintained. Through the TGA and FT-IR analyses, it was confirmed that the HEC/LA/PP membrane adhered to the PP through the rearrangement of the HEC polymer. This increased the thermal stability of the composite.



As a result, we succeeded in making a porous membrane based on a HEC polymer with enhanced physicochemical properties by using a vacuum-assisted process. The success of the manufacturing of the vacuum-assisted-process-based membrane means that it is possible to manufacture battery separators more economically than with the hydraulic method over a large area, and that the pore size can be created uniformly. Furthermore, it is possible to manufacture a composite in which two polymers are attached without using additional adhesives. If this method were to be applied in the battery industry, additional processes and costs due to the introduction of adhesives would be reduced, and separators could be manufactured through a simple process.
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Figure 1. (a) HEC side of HEC/LA/PP membrane before process (×1200), and (b) enlargement of (a) (×4000). 
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Figure 2. (a) PP side of HEC/LA/PP membrane before process (×400), and (b) enlargement of (a) (×1200). 
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Figure 3. (a) HEC side of HEC/LA/PP membrane after process (×1500), (b) enlargement of (a) (×4500), (c) other side of HEC/LA/PP membrane after process (×3700), and (d) enlargement of other side (×5500). 
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Figure 4. (a) PP side of HEC/LA/PP membrane after process (×430), and (b) enlargement of (a) (×1200). 
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Figure 5. (a) TGA data of PP, HEC, and HEC/LA, and (b) enlargement of (a). HEC/LA/PP_A = before vacuum-assisted process, and HEC/LA/PP_B = after vacuum-assisted process. 
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Figure 6. Fourier-transform infrared (FT-IR) spectra of the composites. 
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Figure 7. FT-IR spectra: (a) ether group, (b) carbonyl group, and (c) hydroxy group. 
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Figure 8. FT-IR: Deconvoluted FT-IR of hydroxy group of (a) neat HEC/PP, (b) HEC/LA/PP_A, and (c) HEC/LA/PP_B. 
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Figure 9. FT-IR: deconvoluted FT-IR of ether groups of (a) neat HEC/PP, (b) HEC/LA/PP_A, and (c) HEC/LA/PP_B. 
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Scheme 1. Vacuum-assisted process. The experiment was conducted by installing the experimental device and connecting it to the aspirator (a). The coating part was facing upward, so that the separator would not be damaged during the process (b). When a vacuum was applied, ethanol was forced to move vertically on the HEC side of the composite (c). 
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Table 1. Value of ethanol flux.
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	Category
	Data





	Average ethanol flux (L/m2h)
	77.1



	Standard deviation
	5.3
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Table 2. Area percentage of hydroxy group in FT-IR.
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	Wavenumber (cm−1)
	HEC/PP
	HEC/LA/PP_A.HEC
	HEC/LA/PP_B.HEC





	3254~3283 cm−1
	43.930%
	37.936%
	49.290%



	3419~3430 cm−1
	56.070%
	62.064%
	50.710%
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Table 3. Area percentage of ether group in FT-IR.






Table 3. Area percentage of ether group in FT-IR.





	Wavenumber (cm−1)
	HEC/PP
	HEC/LA/PP_A.HEC
	HEC/LA/PP_B.HEC





	1015~1016 cm−1
	38.196%
	34.952%
	40.696%



	1057~1058 cm−1
	23.874%
	29.294%
	21.703%



	1110~1112 cm−1
	37.930%
	35.754%
	37.600%
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