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Abstract 9 

Advanced aerospace vehicular concepts require advances in many existing technologies, 10 
including space power and energy storage systems. Batteries represent one of the major 11 
areas in need of improvement, both in terms of energy density and safety, with growing 12 
concerns over the fire safety of commercial lithium-ion batteries. This has prompted ef- 13 
forts to develop nonflammable battery components, namely the electrolyte and separator. 14 
Existing commercial lithium-ion batteries utilize polyolefin microporous membranes as 15 
separators with an electrolyte consisting of a lithium salt dissolved in a mixture of cyclic 16 
carbonate solvents. This separator/electrolyte combination has ionic conductivities in the 17 
range of 10−2 to 10−3 S/cm. However, the cyclic carbonate solvents are inherently flammable. 18 
Room-temperature ionic liquids (RTILs) appear to be a safer alternative. They offer good 19 
ionic conductivities and are inherently nonvolatile and nonflammable, giving them a 20 
safety advantage. However, many promising RTILs for battery electrolytes are not com- 21 
patible with commercial polyolefin separator materials. Alternative separator materials, 22 
such as polyimides, are nonflammable and are capable of accepting RTILs into their struc- 23 
ture. Polyimide gels, with a composition of 4,4′-oxydianiline, 3,3′,4,4′-tetracarboxylic di- 24 
anhydride and cross-linked with Desmodur N3300A, possess an open-porous, fibrillar 25 
network architecture which offers a high degree of porosity (typically greater than 85% 26 
porosity) for lithium-ion transport and conduction, as well as good mechanical properties. 27 
Furthermore, these polyimide gels are compatible with selected imidazolium-based RTILs. 28 
Nonflammable separator/electrolyte systems with room-temperature conductivities in 29 
the range of 10−3 S/cm have been evaluated. It has been demonstrated that 1-ethyl-3-me- 30 
thylimidazolium bis(trifluoromethylsulfonyl)imide was the most promising among six 31 
RTILs screened, in terms of both ionic conductivity and constant current cycling. 32 
 33 
Keywords: polyimide; polyimide aerogel; polyimide sol-gel; polyimide gel separator; 34 
room temperature ionic liquids; ionic conductivity. 35 
 36 
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A separator is a critical component used in batteries. It is a membrane that maintains 38 
a fixed distance between the anode and cathode while permitting ionic transport. It is 39 
fabricated to be as thin as possible to ensure minimal contribution to the overall cell mass, 40 
thereby maximizing the specific energy achievable by the cell. Ideally, battery separators 41 
for lithium-based batteries should possess the following properties: chemical stability, a 42 
thickness of 1 mil or less, at least 40% porosity, mechanical strength, wettability for chosen 43 
electrolytes, and dimensional stability [1,2].   44 

To date, inexpensive and commonly used separators are polyolefin in composition 45 
such as Celgard® (low melting point ~130 ºC), used in lithium-ion batteries [4]. Celgard® 46 
separators range in thickness from 20 to 25 µm. Polyolefin separators are typically used 47 
with electrolyte compositions including ethylene carbonate (EC), dimethyl carbonate 48 
(DMC) or propylene carbonate (PC), solvents suitable for both dissolving the lithium salt 49 
and wetting the polyolefin separator[5]. This separator/electrolyte combination exhibits 50 
ionic conductivities ranging from 1 × 10−3 S/cm to 1 × 10−2 S/cm at room temperature. How- 51 
ever, polyolefin separators have melting points below the thermal runaway temperature 52 
of lithium-ion batteries, poor thermal stability and inherent flammability [6]. Efforts to 53 
improve the performance of separators by reducing flammability and shrinkage, while 54 
improving ionic conductivity, have been intensively investigated [7].   55 

Several polymer substrates like polyacrylonitrile (PAN) and its composites [8–10] have 56 
been of interest due to their higher porosity (> 68%) and higher mechanical strength than 57 
most Celgard® separators (porosity > 45%) [1]. Other materials explored include poly(vi- 58 
nylidene fluoride) [11,12], the copolymer poly(methyl methacrylate)-poly(vinylidene fluo- 59 
ride) [13], poly(m-phenylene isophthalamide) [14] and poly(arylene ether nitrile) [15], for 60 
instance. While these materials exhibit improved properties, the carbonate-based electro- 61 
lytes or wetting solvents still impose a flammability risk [6]. 62 

Room-temperature ionic liquids (RTILs) are another class of electrolytes considered 63 
as replacements for conventional carbonate-based electrolytes. RTILs are salt-like liquids 64 
composed of cations and anions that are molten at or near ambient temperature. Depend- 65 
ing on the chemical structure and cation/anion type, RTILs can have viscosities up to ~860 66 
cP at 20 °C [16,17]. They can exhibit high ionic conductivity (up to 10−2 S/cm) and wide 67 
electrochemical windows [18,19] and, more notably, they are known for being nonvolatile 68 
[20,21] and thermally stable above 200 ºC to 400 °C [22,23]. However, it has been found 69 
that several RTILs have poor wettability on polyolefin separators, largely due to the high 70 
contact angles at the RTIL/separator interface, which lowers the effective ionic conductiv- 71 
ity [24,25]. Carbonate solvents such as ethylene carbonate or propylene carbonate have 72 
been added in an attempt to improve the wettability of RTILs [26,27].   73 

Contact angle measurements for separators with improved wetting properties for 74 
RTILs have been widely investigated [24,25,28,29]. Research on electrospun polyacryloni- 75 
trile microfiber (PAN) separators has shown better wetting with 1-methyl-1-propylpyr- 76 
rolidinium bis(trifluoromethylsulfonyl)imide (PYR13-TFSI) or 1-methyl-1-propylpyrroli- 77 
dinium bis(fluorosulfonyl)imide (PYR13-FSI) (in 1:1 ethylene carbonate and diethyl car- 78 
bonate) compared to Celgard polypropylene (PP) separators, due to their higher porosity, 79 
83% vs. 39%, respectively [26]. A study conducted by Caimi et al [28] showed an improve- 80 
ment in contact angle when SiO2 nanoparticles (10 wt%) were incorporated into 81 
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poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) in PYR1308b and sodium 82 
dodecyl sulfate was used as a wetting agent. The type of anion used, such as bis(trifluo- 83 
romethanesulfonyl)imide (TFSI−) or tetrafluoroborate (BF4−), also contributes to RTIL up- 84 
take [30]. Cheruvally et al [30] demonstrated that electrospun poly(vinylidene fluoride- 85 
co-hexafluoropropylene), PVDF-HFP, membranes could absorb 750% of 1-butyl-3-me- 86 
thylimidazolium (BMI) with TFSI− and 600% of BMI with BF4−. Both systems exhibited 87 
similar conductivities of 2.3 × 10−3 S/cm at 25 °C. The ability of the PVDF-HFP membrane 88 
to retain a large volume of BMI was attributed to its high surface area with an average 89 
fiber diameter of < 1 µm, which helped to reduce electrolyte leakage.   90 

Over the last decade, interest in separators with high porosity and high surface area 91 
has expanded to aromatic polyimide aerogels. Numerous studies have focused on the 92 
synthesis and development of polyimide aerogels having improved mechanical strength, 93 
up to 200 MPa [31,32] and excellent thermal stability with onsets of decomposition rang- 94 
ing from 460 °C – 610 °C [31–33] higher than those of ionic liquids [22,23]. Polyimide aer- 95 
ogels are an interesting choice as a porous scaffold that serves as both a battery separator 96 
and an electrolyte reservoir due to their high porosity (85% – 95%) and smaller pore sizes. 97 
This also improves suppression of lithium dendrites [34,35]. In addition, the high degra- 98 
dation temperature of polyimide aerogels could, in principle, improve battery perfor- 99 
mance at elevated temperatures, above 300 ºC, for long durations [36–38], thereby decreas- 100 
ing flammability and thermal runaway risks [37,39]. With a wide selection of monomers, 101 
the backbone structures of aromatic polyimide aerogels can be tailored to make flexible or 102 
rigid substrates [31,37] of varying thicknesses with tunable hydrophobicity and wettabil- 103 
ity to suit different types of electrolytes, RTILs in particular [34]. Nevertheless, the elec- 104 
trochemical properties of these cross-linked polyimide aerogels have typically been eval- 105 
uated using electrolytes based on RTILs in mixtures of diethyl carbonate and ethylene 106 
carbonate [36,39].   107 

In our previous study, the pore structures of a polyimide gel and its corresponding 108 
aerogel composed of the diamine 4,4′-oxydianiline (ODA), the dianhydride biphenyl- 109 
3,3′,4,4′-tetracarboxylic dianhydride (BPDA), and the triisocyanate cross-linker Desmodur 110 
N3300A were investigated using small-angle neutron scattering (SANS) [40]. The experi- 111 
ment was performed on a polyimide aerogel and on polyimide gels solvated with H2O, 112 
D2O and three different RTILs (1-ethyl-3-methylimidazolium bis(trifluoromethyl- 113 
sulfonyl)imide, 1-methyl-1-propylpyrrolidinium bis(trifluoromethylsulfonyl)imide, and 114 
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide). The data confirmed 115 
collapse of some of the polyimide aerogel struts and pores during the supercritical drying 116 
process, leading to a lower volume fraction of solvent in the solvated polyimide aerogels 117 
when compared to the solvent-exchanged gels.   118 

Herein, we present the development of battery separators based on highly porous 119 
polyimide sol-gels that are compatible with several RTILs, resulting in ionic conductivities 120 
of up to 10−3 S/cm. Based on the SANS results [40] ionic conductivities of six selected im- 121 
idazolium-based RTILs (Table 1) with 10 wt% lithium bis(trifluoromethanesulfonyl)imide 122 
(LiTFSI, (CF3SO2)2N−) salt were screened using the porous ODA/BPDA/N3300A cross- 123 
linked gel as the separator. The tetrafluoroborate (BF4−) anion was also tested and com- 124 
pared to the most effective RTIL/LiTFSI salt. The effect of separator thickness for the 125 
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highly porous and tortuous polyimide gel framework on ionic conductivity and constant 126 
current cycling is also discussed.  127 

2. Results and Discussion 128 

The physical, thermal, and morphological properties of ODA/BPDA/N3300A polyi- 129 
mide (PI) gels and aerogels have been well studied [31,40]. Mechanism for the polyimide 130 
reaction is as presented in Scheme 1 [40]. Displayed in Fig. 1a is the PI sol-gel film in 131 
EMIM/TFSI and LiTFSI solution, and Fig. 1b shows the PI aerogel film after supercritical 132 
drying. The cast PI aerogel film was very flexible. The BET surface areas and porosities 133 
measured for PI aerogels synthesized in this study were 419 m2/g and 91% for n = 30, and 134 
344 m2/g and 87% for n = 60. The thermal stability of the cross-linked PI aerogels was de- 135 
termined using thermogravimetric analysis (TGA) in N2. There was about a 0.5% weight 136 
loss up to 210 °C, indicating a very small degree of incomplete imidization. Although the 137 
amount of the cross-linker N3300A in the formulations was small, a slight drop at around 138 
255 °C was likely due to the decomposition of its aliphatic segments [41,42]. The cross- 139 
linked polyimide aerogel had an onset decomposition temperature, Td, of 570 °C with a 140 
high char yield (67.6%), as shown in Figure 2a. 141 

 142 

Scheme 1. Mechanism for ODA-BPDA based polyimide gel, cross-linked with N3300A (Ref. 40). 143 
 144 

 145 

 146 

 147 

Figure 1. Pictures of a) PI gel film in EMIM/TFSI and LiTFSI solution and b) aerogel film. 148 
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 149 

Figure 2. TGA of a) ODA/BPDA/N3300A aerogel with n of 60 and b) EMIM/LiTFSI (Ref. 40) in N2. 150 

During the film casting process, the exposed top surface of the gel pores partially 151 
collapsed and formed a thin skin on the outer surface. In addition, during the supercritical 152 
drying process, the PI aerogel underwent some shrinkage due to a reduction of polymer 153 
struts [40], further densifying the film surfaces. Figure 3a shows SEM images of the film, 154 
highlighting differences between the top side and the pore structure underneath the film 155 
surface. Figure 3b shows the SEM image of the film cross-section, and Figures 3c–d (at 156 
different magnifications) reveal the retained pore structure underneath the skin layer. 157 
Therefore, depending on the thickness of the film, a PI aerogel separator can exhibit dif- 158 
ferent pore volumes and thus different capacities to serve as an ionic liquid reservoir. 159 

 160 

a)  b)  161 

c) d)  162 

Figure 3. SEM images of a) formation of thin skin on the top surface of the PI aerogel film, b) cross- 163 
section of the PI aerogel film, c) and d) pore structures of the PI aerogel underneath the skin layer 164 
(at different magnifications). 165 

The hierarchical pore structure formed in the ODA/BPDA/N3300A aerogel was 166 
shown to have lower porosity compared to the gel in the solvated state [40]. Hence, the 167 
purpose of this study is to examine the impact of the nanopore structure in the polyimide 168 
gel separator on lithium-ion transport and conduction using six different room-tempera- 169 
ture ionic liquids (RTILs). The ionic liquids in Table 1 were examined in this study with 170 
their corresponding salt types, LiTFSI vs. LiBF4.  171 
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Shown in Table 2 are 10 experimental runs with polyimide sol-gel films formulated 172 
with n = 30 and n = 60, at different film thicknesses, imbibed with RTILs and 10 wt% LiTFSI 173 
or LiBF4 and their corresponding ionic conductivities, measured at 25 °C. The imidazo- 174 
lium-based RTILs were selected based on their viscosities, which ranged from 27.9 cP to 175 
56.0 cP, and their ionic conductivities, which ranged from 2.6 mS/cm to 14.1 mS/cm, meas- 176 
ured at 20 °C to 30 °C (Table 1). The time required for RTILs with higher viscosities to 177 
diffuse into the polyimide gel films was longer than for those with lower viscosities. For 178 
instance, it took approximately 2 days or more for RTILs B and C to fully imbibe into the 179 
polyimide gel films, while it took one day or less for the others to complete a similar pro- 180 
cess. 181 

The synthetic route and process to produce for polyimide gel is reported in the Ex- 182 
perimental. The complete removal of acetone after solvent exchange with ILs was verified 183 
by TGA. Shown in Figure 2c is the TGA plot of 1-ethyl-3-methylimidazolium bis(trifluo- 184 
romethylsulfonyl)imide (EMIM/TFSI) with 10 wt% LiTFSI after acetone removal. No 185 
weight loss attributable to acetone was observed. Only ~0.5 wt% weight loss occurred be- 186 
tween 110 °C and 325 °C before the first onset of decomposition of EMIM/TFSI at 370 °C, 187 
perhaps due to residual moisture from the LiTFSI. 188 

 189 
Table 1. Chemical structure, ionic conductivity, viscosity and density of ionic liquids. Data obtained 190 
from IoLiTec, Inc. technical data sheets. 191 
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F 
 

14.1 (25 °C) 
33.8 

(25°C) 
1.28 

 
N/A 

N/A: not available 192 
 193 
Ionic conductivities (IC) of the polyimide gel films with n = 30, cast from the same 194 

batch, were tested in five ionic liquids A–E (runs 1–5), as reported in Table 2. These ionic 195 
liquids had the same anion, (CF3SO2)2N− (TFSI−), for comparison. Therefore, the differences 196 
in ionic conductivities arise mainly from changes in cation interactions with the polyimide 197 
gel separator. The commonly used LiTFSI salt was chosen for this study. Figure 4 is a bar 198 
chart representing the IC of the neat ILs (data obtained from IoLiTec, Inc. technical data 199 
sheets), the measured ICs of the polyimide (PI) gel separator/IL systems, and the corre- 200 
sponding thicknesses of the polyimide gel film separators. Once fully imbibed with ILs, 201 
the polyimide gel separators swelled to different thicknesses, suggesting that they ab- 202 
sorbed different amounts of IL within their pores and skeletal framework, depending on 203 
the chemical structure of the ILs [34]. In general, the ionic conductivity of an RTIL de- 204 
creases when a Li salt is added, which is in agreement with most ILs tested [24,29,43]. One 205 
exception observed was the increase in IC of RTIL D (run 4) upon addition of LiTFSI salt. 206 
However, as seen in Figure 4, the differences in thickness of the polyimide gel separators 207 
imbibed in RTIL/LiTFSI were relatively small when compared to the percentage loss of IC. 208 
Thus, this suggests that there is a chemical and/or phase interaction between the polyi- 209 
mide gel separator and these ionic liquids complexed with LiTFSI salt. This behavior war- 210 
rants further investigation. 211 

 212 
Table 2. Screening results of ionic conductivity of polyimide sol-gels with different repeating unit, 213 
n, and thicknesses in various ILs. 214 

Run # 
RTIL 
Type 

n 
Ionic conductivity 

of RTIL solvated PI 
gel (mS/cm) 

Loss in ionic 
conductivity 

(%) 

Film thickness of 
RTIL solvated PI 

gel (cm) 

1a A 30 4.19 (-) 42.4 0.0774 

2a B 30 1.49 (-) 66.2 0.0738 

3a C 30 2.37 (-) 50.7 0.0702 

4a D 30 3.91 (+) 41.7 0.0834 

5a E 30 5.57 (-) 16.0 0.0742 

6b 

7b* 

8c 

9 

E 

60 

60 

60 

60 

3.23 

2.84 

2.54 

1.69 

(-) 51.3 

(-) 57.2 

(-) 61.7 

(-) 74.5 

0.0158 

0.0158 

0.0087 

0.0036 

1-ethyl-3-methylimidazolium tetraflouroborate

N N
BF4

-
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10c F 60 3.76 (-) 73.3 0.0076 

a From same batch of film cast with n = 30 215 
b From same batch of film cast with n = 60 216 
b* Ionic conductivities measured 4 months after preparation 217 
c From same batch of film cast with n = 60 218 

 219 

Figure 4. Comparison of neat ILs and IL + Li salt/PI gel separators and gel film thickness measured 220 
at room temperature (25 °C). Specimens were from the same batch of gel film cast with the same 221 
initial thickness and n = 30 (runs 1–5). 222 

Based on the ionic conductivity performance from experiments 1–5, it was deter- 223 
mined that the polyimide gel separator with RTIL-E complexed with 10 wt% LiTFSI 224 
demonstrated the best combination of properties for coin-cell performance testing (Figure 225 
5). The two dominant factors determining ionic conductivity within the PI gel separators 226 
are the film thickness and the pore structure within the gel. This claim was further evalu- 227 
ated by examining three additional polyimide gel films with n = 60 and thicknesses of 158 228 
µm (run 6), 87 µm (run 8), and 36 µm (run 9). Each gel film was fully imbibed with ionic 229 
liquid E and 10 wt% LiTFSI.  230 

All data were analyzed using Design-Expert software. The results suggested that the 231 
separator thickness had a significant effect on ionic conductivity (R2 = 0.9451, standard 232 
deviation = 0.3935), as shown in Figure 5, whereas the backbone chain length (n) did not. 233 
As the thickness of the gel film decreased from 745 µm to 36 µm, a drop in IC was ob- 234 
served, from (−)16% down to (−)74.45% (Table 2, runs 5–9). The skin that formed on top of 235 
the gel film may have contributed to this drop as a result of partial blockage of ion 236 
transport between the two electrodes. Note that ion-transporting channels between these 237 
separators can change as a function of surface area and porosity. 238 

An additional experiment was performed to measure the ionic conductivity of a sep- 239 
arator with a thickness of 158 µm, fully imbibed with ionic liquid E, after 4 months in 240 
storage (run 7). The results showed a slight drop in ionic conductivity, from 3.23 mS/cm 241 
(run 6) to 2.84 mS/cm (run 7). The decrease in IC was most likely due to moisture absorp- 242 
tion. 243 
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 245 

Figure 5. Ionic conductivity of EMIM/LiTFSI (RTIL-E) in polyimide gel separators of different thick- 246 
nesses (blue bars) and corresponding IC on a PI gel separator after 4 months (red bar) (R2 = 0.9451, 247 
std. dev. = 0.3935). 248 

Similar to RTIL-E (EMIM/TFSI), which uses bis(trifluoromethylsulfonyl)imide 249 
(TFSI−) as an anion, the ionic liquid EMIM/BF4 with tetrafluoroborate (BF4−) as an anion 250 
(RTIL-F) is also of interest in several studies, perhaps due to its higher IC and lower vis- 251 
cosity [24,40]. As seen in Table 1 and presented in Figure 6, EMIM/BF4 has the highest 252 
ionic conductivity among all ILs examined. When tested with the polyimide sol-gel film 253 
as the separator, RTIL-F (run 10) exhibited higher ionic conductivity than RTIL-E (run 8), 254 
3.76 mS/cm vs. 2.54 mS/cm, despite its larger drop from the initial neat-IL value, (−)73.3% 255 
vs. (−)61.7%, respectively. Based on the film thicknesses (Table 2), it is interesting to note 256 
that the PI gel film separator imbibed with EMIM/TFSI (run 8) was thicker than that with 257 
EMIM/BF4 (run 10). This observation is in agreement with results found by Cheruvally et 258 
al [30]. 259 

 260 

Figure 6. Comparison of neat EMIM/TFSI (RTIL-E) and EMIM/BF4 (RTIL-F) and their corresponding 261 
RTIL/PI gel separators and gel film thickness measured at room temperature (25 °C). Specimens 262 
were from the same batch of gel film cast with the same initial thickness and n = 60. 263 

Coin cells with active carbon as positive electrode, Li metal as negative electrode and 264 
PI gel imbibed with RTIL/LiTFSI salt serving as dual function of separator and electrolyte 265 
were fabricated and tested under constant current cycling. Additional coin cells were 266 
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tested to elucidate differences between PI gels imbibed with ionic liquid solutions E and 267 
F (Figure 7). The cells were charged up to 4.5 V and then discharged to 2.0 V at a rate of 268 
50 mA/g. The response curves of voltage (red) vs. constant current (blue are plotted in 269 
Figure 7. As seen in Figure 7a, the coin cells with PI gel imbibed with EMIM/TFSI+LiTFSI 270 
salt cycled well. However, those with PI gel imbibed with EMIM/BF4 +LiTFSI salt showed 271 
a depressed voltage profile and the voltage dropped immediately after the initial dis- 272 
charge, as shown in Figure 7b. This phenomenon indicates that the rapid voltage drop 273 
was caused by contact/cell internal resistance (IR). A possible reason is the incompatibility 274 
of the BF4− anion with Li metal, forming a resistive layer on the Li metal surface. 275 

Displayed in Figure 8 are pictures of the lithium metal foils dipped in EMIM/TFSI 276 
(Fig. 8a) and EMIM/BF4 (Fig. 8b). While EMIM/TFSI remained clear and Li metal was sta- 277 
ble over time, the EMIM/BF4 ionic liquid changed color and became progressively more 278 
yellow after 24 h. This could explain the voltage decay due to decomposition at the Li 279 
metal surface in the EMIM/BF4 solution. This perceptible reaction merits further investi- 280 
gation. 281 
 282 

a) b)  283 
Figure 7. Cycling tests of coin cells with polyimide gels imbibed with IL/Li salt as separators: (a) 284 
EMIM/TFSI and (b) EMIM/BF4. 285 

 286 

 287 
Figure 8. Li metal foils soaking in a) EMIM/TFSI and in b) EMIM/BF4. 288 

 289 

3. Conclusions 290 

A polyimide gel separator based on BPDA/ODA/N3300A has been successfully 291 
synthesized and was evaluated by imbibed with six RTIL conducting electrolytes com- 292 
prising imidazolium cations with 10 wt% LiTFSI salt. These RTIL/TFSI-solvated PI gels 293 
demonstrated ionic conductivities over 1 × 10−3 S/cm, in the range suitable as a replace- 294 
ment for current standard polyolefin microporous membranes. Furthermore, the polyi- 295 
mide sol-gel materials exhibit onset decomposition temperatures of ~570 °C. The ionic 296 
conductivity and constant current cycling performance of room-temperature ionic liquid 297 
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E, EMIM/TFSI, were found to be the best among the systems examined for this polyimide 298 
gel separator. The ionic conductivity decreased as the thickness of the polyimide gel sep- 299 
arator decreased in these experiments, consistent with the presence of a surface skin and 300 
changes in effective transport pathways. The anion type, TFSI− vs. BF4−, also played a key 301 
role in ionic conductivity as well as in the electrochemical stability of the system with this 302 
polyimide gel separator.   303 

The preparation and use of this sol-gel were also advantageous in that they allowed 304 
us to bypass the time-consuming supercritical CO2 extraction needed to create dry aero- 305 
gels. Another favorable feature of this direct RTIL penetration procedure is the elimina- 306 
tion of additional wetting components such as carbonate solvents. 307 

 308 

4. Materials and Methods 309 

4.1. Materials 310 

The diamine 4,4′-oxydianiline (ODA) was purchased from Wakayama Seika Kogyo 311 
Co., Ltd. The dianhydride biphenyl-3,3′,4,4′-tetracarboxylic dianhydride (BPDA) was pur- 312 
chased from UBE America, Inc. The trifunctional cross-linker, triisocyanate Desmodur 313 
N3300A, was purchased from Bayer Material Science. N-methylpyrrolidone (NMP) was 314 
purchased from Tedia. Acetic anhydride (AA), triethylamine (TEA), lithium bis(trifluoro- 315 
methanesulfonyl)imide (LiTFSI) salt, Li metal, and polyvinylidene fluoride (PVDF) were 316 
all purchased from Sigma-Aldrich. Acetone was purchased from Fisher Chemical. The 317 
high surface area active carbon powder was purchased from MTI. Six imidazolium-based 318 
RTILs with relatively low viscosities used in the experiments were obtained from IoLiTec, 319 
Inc. Chemical structures of these ionic liquids and their properties are presented in Table 320 
1. The dianhydride BPDA was vacuum dried at 135 °C overnight prior to synthesis, and 321 
the active carbon was dried at 100 °C under vacuum overnight before use. All other rea- 322 
gents were used as received with no further purification. 323 

 324 
4.2. Preparation of Polyimide Gels 325 

The polyimide gel was formulated as described in our previous investigations [31,40]. 326 
The backbone of the polyimide aerogel was synthesized with n equivalents of the dianhy- 327 
dride BPDA and n+1 equivalents of the diamine ODA, then cross-linked with the trifunc- 328 
tional isocyanate monomer N3300A to form a three-dimensional network. The polyimide 329 
backbone chain length was formulated with n = 30 and n = 60 between cross-links. The 330 
reaction was carried out in the polar aprotic solvent NMP and chemically imidized at 331 
room temperature using acetic anhydride (AA) as a water scavenger and triethylamine 332 
(TEA) as a catalyst.   333 

The synthesis for n = 60, for example, is as follows: BPDA (3.15 g, 10.7 mmol) was 334 
added to a solution of ODA (2.18 g, 10.9 mmol) in 38.8 mL of NMP. The mixture was 335 
stirred for 15 minutes until homogeneous. Acetic anhydride (8.10 mL) and TEA (3.0 mL) 336 
were added sequentially and stirred for ten minutes. Next, N3300A (0.060 g, 0.119 mmol), 337 
dissolved in 5 mL NMP, was added. The mixture was stirred for another 10 minutes before 338 
being cast into a thin film. This thin gel film was then aged for 12–18 hours at room tem- 339 
perature in a closed container. The gel film, still in NMP, was then washed with a 50/50 340 
volume-percent mixture of NMP/acetone followed by four subsequent washes with ace- 341 
tone. Both the thin polyimide gel films with n = 30 and n = 60 were stored in acetone until 342 
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they were ready for solvent exchange with RTILs or supercritical drying to produce pol- 343 
yimide aerogels.  344 

It is important to reduce the thickness of the separator as much as possible since the 345 
thickness of the internal components within a cell has a dramatic effect on the specific 346 
energy of the battery. Although the ODA/BPDA/N3300A-based gel film formulation was 347 
castable, obtaining thinner films depended strongly on the viscosity of the polyamic acid 348 
solution. For example, the viscosity of a cross-linked polyamic acid solution with n = 30 349 
remained low for ~10 minutes after the cross-linker N3300A was added, but increased 350 
rapidly as the gelation point was approached, making it difficult to cast a film larger than 351 
2.5 in. × 5 in. Our preliminary work showed that a more controllable viscous solution 352 
could be achieved by formulating a gel with a longer chain length, thus limiting the 353 
amount of spreading during film casting. With n = 60, the viscosity was consistent for at 354 
least 15 minutes after the cross-linking reaction started, providing a larger processing win- 355 
dow to produce a 1-foot by 10-foot sheet of gel film from a continuous cast on a pilot scale. 356 

 357 
4.3. Properties of Polyimide Aerogel Films 358 

The polyimide aerogel film was obtained using a supercritical CO2 extraction method. 359 
Any residual solvent in the aerogel films was removed by further outgassing in an oven 360 
at 80 ºC overnight under full vacuum. Brunauer–Emmett–Teller (BET) surface area data 361 
were obtained from a Micromeritics ASAP 2020 chemisorption apparatus. Morphologies 362 
of the aerogel films were examined using a Hitachi S-4700-11 field emission scanning elec- 363 
tron microscope. The percent porosity was calculated from the measured bulk density (ρb) 364 
and skeletal density (ρs) using equation (1):  365 

 366 
       Porosity (%) = (1 − ρb/ρs) × 100%                (1) 367 

 368 
4.4. Preparation of Electrolyte Solvated Polyimide Gels 369 

The ionic liquid (IL) solution with 10 wt% LiTFSI salt (0.5289 M) was prepared in a 370 
humidity-controlled dry room and mixed at room temperature overnight. The IL/Li salt 371 
mixture was then added directly to the acetone-saturated polyimide gel film. The films 372 
initially floated on the top layer because of the differences in density and viscosity be- 373 
tween the IL/Li salt solution and acetone. The gel film slowly sank to the bottom of the 374 
container over a period of one to three days, indicating that the gel was saturated with the 375 
electrolyte. The acetone was then removed by allowing the open container to stand in air 376 
for 48 hours, permitting the acetone to evaporate and leaving only the polyimide gel im- 377 
bibed with the IL/Li salt.  378 

 379 
4.5. Preparation of Electrodes and Fabrication of Lab Cells 380 

The active carbon, Super P carbon, and PVDF were dry mixed in a weight ratio of 381 
90:5:5. Next, NMP (with PVDF:NMP at ~1:50 by weight) was added to the well-mixed 382 
powder. The mixture was stirred at 800 rpm overnight to ensure that the slurry was ho- 383 
mogeneous. The prepared slurry was cast on an aluminum foil substrate to a typical thick- 384 
ness of 5 mils. The aluminum foil coated with the slurry was dried at 70 ºC under a hood. 385 
The remaining NMP was removed in an oven at 110 oC overnight under a full vacuum.  386 
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The dried cathode/electrode described above, Li metal anode, and the polyimide gel 387 
imbibed with RTIL/Li salt as a separator were assembled and crimped into lab cells, i.e., 388 
coin cells (2325), in an Ar-filled glove box located in a dry room. The fabricated coin cells 389 
were then subjected to electrochemical cycling tests. 390 

 391 
4.6. Ionic Conductivity Measurement 392 

The ionic conductivity (σ, in S cm−1) of the electrolyte-solvated polyimide gels was 393 
determined using electrochemical impedance spectroscopy (EIS) at room temperature. 394 
The prepared RTIL-solvated polyimide gel was first cut into 0.5-inch diameter round sam- 395 
ples (area A = 1.266 cm2). Any electrolyte outside the gel was wiped off using Kimwipes, 396 
and then the thickness (L) of the gel film was measured. The gel film was sandwiched 397 
between two stainless steel (SS) blocking disks with a diameter of 0.5 inches. Pressure was 398 
applied to ensure good contact between the gel film and the two SS electrodes (SS | poly- 399 
imide gel film | SS). EIS was then measured using a Solartron SI-1287 potentiostat in com- 400 
bination with a Solartron 1255B frequency response analyzer in the frequency range of 106 401 
– 1 Hz with a 10 mV AC amplitude perturbation. The data were plotted in Nyquist form, 402 
and the overall resistance of the polyimide gel film (Rbulk) was determined from the inter- 403 
cept of the semicircle with the real axis, Zreal. The σ of the polyimide gel samples was cal- 404 
culated based on the thickness (L, in cm), surface area (A, in cm2), and Rbulk (Ω) using 405 
equation (2):   406 

σ = L / (Rbulk × A)            (2)   407 
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