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ABSTRACT 

Structural electrolytes were prepared using a fully formulated commercially available high 

performance epoxy resin (MTM57) and an ionic liquid based electrolyte: lithium 

bis(trifluoromethylsulfonyl)imide (LiTFSI) dissolved in 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide (EMIM-TFSI). Through a systematic study, the 

composition of the formulations was found to have a greater effect than the curing 

temperature on the morphology and properties of the resulting structural electrolytes. The 

presence of lithium salt is essential to form a structurally homogeneous electrolyte. 

Bicontinuous morphologies containing continuous (coarse) epoxy networks surrounded by 

connected spherical epoxy nodules were obtained with different length scales upon varying 

the lithium salt concentration. Increasing the LiTFSI concentration improved the miscibility 

of MTM57 with the electrolyte and decreased the characteristic length scale of the resulting 

bicontinuous microstructure. The properties of the structural electrolytes correlated with the 

morphology, showing increased Young’s modulus and decreased ionic conductivity with 

increasing lithium salt concentration. The miscibility of the epoxy system with the electrolyte 

was also improved by substitution of EMIM-TFSI with an equal weight of an aprotic organic 

solvent, propylene carbonate (PC); however, the window of PC concentrations which resulted 

in structural electrolytes with bicontinuous microstructures was very narrow; at PC 

concentrations above 1 wt.%, gel-like polymers with no permanent mesoporosity were 

obtained.   

KEYWORDS: microstructure; mechanical properties; ionic conductivity; multifunctional 

materials 
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INTRODUCTION 

Research on energy storage device components relies both on the modification of existing 

materials,
1-4

 and the development of new materials for electrodes, separators and 

electrolytes.
3, 5-9

 Developing electrolytes with significant load-bearing mechanical 

performance, termed structural electrolytes, offers potential benefits, such as improved safety 

and robustness,
6, 10, 11

 and new opportunities for multifunctional energy storage devices.
12

 The 

most promising route to combining high ionic conductivity with substantial mechanical 

properties is to create bicontinuous structures in which one phase provides mechanical 

strength and the other ion conduction; examples can be found in the literature based on 

different polymers and processes for microstructure formation.
9, 13-17

 Routes have been 

developed using both templating, sol-gel
15

 and high internal phase emulsion approaches,
9
 as 

well as non-templating, temperature or polymerization induced phase separation,
14, 16, 17

 

methods. Unfortunately, any direct comparison of techniques is difficult due to the different 

polymers and electrolytes used. Nevertheless, electrolytes obtained by the modification of 

epoxy/amine systems seem to be the most promising in terms of achieved levels of 

multifunctionality:
10

 the extent to which ionic conductivity can be improved relative to the 

associated decrease in mechanical performance compared to the purely structural epoxy 

resin.
18, 19

 The interest in epoxy/amine systems is also driven by the excellent set of specific 

properties of the cured resins, including excellent mechanical properties as well as thermal 

and chemical stability. It has been shown in the literature
10, 18

 that the properties of the final 

structural electrolytes are affected by the microstructure of the polymer phase. As epoxies 

have the ability to form bicontinuous structures via polymerization induced phase 

separation,
20-23

 this approach has been used to produce porous monoliths for chromatography 

and biomedical applications.
24

 Mixing epoxy resin with other compounds does not, however, 
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always result in a bicontinuous structure and there is no simple method to predict the phase 

behavior. Depending on composition and curing temperature, monoliths with different 

microstructures may be obtained, ranging from connected nodules, to 3D-bicontinuous 

networks, or any (multiphase) combination thereof.
25-27

 Initial solubility, type, molecular 

weight, amount of the second phase / porogen, as well as the epoxy/amine ratio and the 

curing temperature must all be considered. As a pertinent example,
20

 the morphology of 

blends of diglycidyl ether of bisphenol A (DGEBA) / bis (4-aminocyclohexyl)methane with 

polyethylene glycol (PEG) was transformed from a nodular microstructure into a 3D-

bicontinuous network when the curing temperature was raised from 90°C to 130°C. For 

blends of DGEBA/diethyltoluenediamine with a liquid rubber, carboxyl terminated poly(2-

ethyl hexyl acrylate)
28

 and DGEBA/ 2,2-bis(4-amino-cyclohexyl)methane with 

cyclohexane
29

, however, the curing temperature had no effect on the final microstructure. 

Upon mixing epoxy with carboxyl terminated poly(2-ethyl hexyl acrylate) in cyclohexane, 

the microstructure comprised droplets of the second component  randomly dispersed in the 

epoxy bulk.  

There is no simple relationship between molecular weight and the microstructure formed. 

Taking epoxy/PEG blends as an example, it might be expected that increasing the molecular 

weight of the PEG would increase miscibility of PEG/epoxy system due to the proportionate 

reduction in terminal hydroxyls and hence decreased polarity of the PEG. Varying the content 

and molecular weight (from 150 to 400 g/mol) of PEG in an epoxy/amine system generated 

materials with wide range of microstructures, from gels to fused nodules, 3D-bicontinuous 

networks, and combinations thereof. 3D-bicontinuous microstructures were formed in a wide 

range of concentrations when PEG200 was blended with epoxy/amine. 
20

 However, no phase 

separation was reported 
30

 for systems using PEG with a molecular weight below 800g/mol.  
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There are some previous examples of epoxy blends with ionic liquids (ILs),
18, 31-33

 mainly 

considering the use of ILs as curing agents, while the information about the resulting 

microstructures is surprisingly limited. ILs not only possess a wide range of remarkable 

properties, including high thermal stability, negligible vapor pressure, high ionic 

conductivity, broad liquid range, and excellent heat transfer properties,
34-39

 but also great 

versatility in applications. As well as the possibilities for tuning the IL properties, by varying 

the cation and anion
34, 40

,  the performance of the epoxy can be modulated, since many ILs 

can be used as curing agents.
31, 33, 41-44

 In addition, the properties/structure (morphology) of 

the epoxy/IL blends and resulting cured epoxies can be adjusted, for example to improve 

wear and scratch resistance,
32, 33

 thermal stability
44

 or ion conduction.
10, 18

 

In an earlier study, we described a strong effect of the morphology on the properties of 

electrolytes based on a blend of an epoxy/amine system and a lithium salt doped IL
10

; the 

conclusion was that a relatively coarse bicontinuous structure is the most promising for 

structural electrochemical applications. Here, we further tune the morphology to optimize the 

desirable combination of ionic conductivity and mechanical performance, using commercial 

epoxy resin and IL based electrolytes. The choice of the fully formulated commercially 

available epoxy, despite its complex composition, was primarily determined by its excellent 

mechanical performance and the possibility of straightforward scale up of any successful 

material. The effects of curing temperature and electrolyte composition on the morphology 

and properties will be discussed. The presented data also contribute to a better understanding 

of structure-property relationships of epoxy and IL based blends. 
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EXPERIMENTAL  

Materials 

A fully formulated epoxy-based resin was used; MTM57 (Cytec Industrial Materials) is a 

white paste resin with a viscosity of 4835 Pas typically used for composite manufacturing 

via the prepreg route, and the system contains epoxy and amine group(s) as the primary 

chemistry. 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI, 

99%, Iolitec), the corresponding lithium salt (LiTFSI, puriss., ≥99.0% (19
F-NMR, Aldrich)) 

and propylene carbonate (PC, Aldrich) were stored in a dry cabinet (over P2O5). All 

chemicals, including solvents for extraction and purification were used as received. 

Preparation of epoxy resin based electrolytes 

Prepared formulations were cured in two different shapes:  monoliths (dxh = 12x60 mm) 

and thin (2-3mm) plaques. High density polyethylene cylindrical shaped moulds were used to 

manufacture the monoliths and two glass slides treated with a mould release agent (Frekote 

700NC, LOCTITE), separated using a silicone rod spacer and held together using bulldog 

clips, were used for manufacturing thin (2-3 mm) plaques.  

The general preparation procedure can be described as follows: LiTFSI was dissolved in 

EMIM–TFSI, in an oven at 50°C. The prepared electrolyte solution was then added to the 

epoxy resin. For the preparation of structural electrolytes containing PC, the composition of 

the initial electrolyte solution was adjusted accordingly by replacing the required amount of 

IL by PC. The MTM57 to EMIM-TFSI (or EMIM-TFSI+PC) ratio was kept constant at 50:50 

wt.% (50MTM57) following earlier findings
10

. A jar containing the components was placed 

for 5 min in a fan convection oven (Carbolite PF30) at 75
°
C and then the components were 

mixed using a speedmixer TM DAC 150FVZ-K until a mixture with uniform consistency 

was obtained, usually after 4 min blending at 3000 rpm. Subsequently, the mixture was 

transferred into a preheated (75
°
C) mould and cured using the following cycle: ramp to 120°C 



7 

 

(if not specified otherwise) at 0.5°C/min; dwell at 120°C for 60 min (if not specified 

otherwise); ramp to room temperature at 3°C/min. The compositions of the studied 

formulations are summarized in Table 1 and 2. After removal from the oven, all samples 

were vacuum-bagged and stored in a dry cabinet. 

Table 1. Compositions of epoxy resin based formulations MTM57:EMIM-TFSI 50:50 wt.% 

with different concentrations of LiTFSI . 

Sample EMIM-TFSI 

+LiTFSI [g] 

LiTFSI  

[g] 

[LiTFSI] 

[mol/l] 

0.5M_50MTM57 16.382 1.917 0.5 

1.0M_50MTM57 17.765 3.835 1.0 

1.5M_50MTM57 19.147 5.752 1.5 

2.0M_50MTM57 20.529 7.670 2.0 

2.3M_50MTM57 21.359 8.844 2.3 

2.5M_50MTM57 21.912 9.587 2.5 

3.0M_50MTM57 23.294 11.505 3.0 

3.5M_50MTM57 24.677 13.422 3.5 

4.0M_50MTM57 26.056 15.334 4.0 

4.6M_50MTM57 27.712 17.648 4.6 

*The concentration of LiTFSI was calculated taking into account only the volume of 

EMIM-TFSI+LiTFSI and assuming that the volume of EMIM-TFSI did not change upon 

addition of LiTFSI. All calculations are made for 15.0 g MTM57. It should be noted that 

direct volumetric measurements are complicated by the high viscosity of MTM57. 

Table 2. Compositions of epoxy resin based formulations containing EMIM-TFSI, LiTFSI 

and different amounts of propylene carbonate (PC).  

Sample* EMIM-TFSI 

+PC+LiTFSI  

[g] 

EMIM-TFSI 

[g] 

LiTFSI  

[g] 

PC  

[g] 

1PC_50MTM57 21.425 10.881 8.765 0.153 

5PC_MTM57 21.573 10.507 8.844 0.756 

10PC_MTM57 21.768 9.962 9.115 1.51 

20PC_MTM57 21.914 8.440 9.509 3.451 

50PC_MTM57 22.757 5.569 10.252 7.617 

100PC_MTM57 23.319 0 11.309 14.998 
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*The concentration of LiTFSI in PC + EMIM-TFSI was kept constant at 2.3 mol/l and 

weight ratio MTM57: (PC+EMIM-TFSI) at 50:50 wt.% All calculations are made for 15.0 g 

MTM57. 

 

Characterization of structural electrolyte based on epoxy resin 

To perform studies on the monolithic samples, discs with a thickness of 2-3 mm were cut 

from the top and the bottom of the monolith using a dry band saw. Samples for ionic 

conductivity measurements were polished using 1200 grit sand paper to improve their finish. 

All samples were dried overnight at 80
o
C under reduced pressure before testing. For the 

Raman spectroscopy and ionic conductivity studies, all samples were stored in a glove box in 

argon atmosphere with less than 1 ppm H2O and 1 ppm O2. 

Raman spectra were collected at room temperature on a Stand Alone FT-Raman 

spectrometer (Bruker MultiRAM), using a Nd-YAG laser line at 1064 nm, to minimize 

detrimental luminescence. The resolution was set to 2 cm
-1

. The overlapping bands of interest 

were deconvoluted by fitting Voigt profiles using the PeakFit software. All Raman spectra 

were analyzed in the range 620-780 cm
-1

 and normalized to the 640 cm
-1

 band (from 625 to 

685 cm
-1

), which is characteristic only for MTM57. The deconvolution analysis concentrated 

on the TFSI mode due to contraction / expansion of the TFSI
-
 which provides a very strong 

Raman cross-section
45, 46

 within the range 777-720 cm
-1

; a band representing the “free” TFSI 

anions is found at ~743-737 cm
-1

, while the band at ~747-751 cm
-1

 corresponds to Li
+
-

coordinated TFSI anions (e.g. [Li(TFSI)2]
-
 species)

47
. Additionally, a minor band at 

approximately 739 cm
-1

, originating from MTM57, was included in the deconvolution. To 

compare the 50MTM57 samples with a reference sample (Li/EMIM-TFSI), all Raman 

spectra were normalized using the entire TFSI band around 740 cm
-1

. 
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The mole fraction of Li cations interacting with the resin was calculated indirectly, from 

the spectroscopic data for the TFSI bands using the equation below; 

“free” Li+
 fraction = (LiTFSImole fraction – 0.5 x coordinated TFSI

-
mole fraction) / LiTFSImole 

fraction
. 

The ionic conductivity of the cured formulations was studied using impedance 

spectroscopy in two steps. Initially, discs from the top and the bottom of all formulations 

were tested at room temperature (20-22°C) to check the bulk uniformity of the structural 

electrolytes. Subsequently, a systematic study of the structural electrolytes over a wide range 

of temperatures (-30°C to +60°C) was performed by dielectric spectroscopy using a 

Novocontrol broadband dielectric spectrometer in the frequency range of 10
-2

-10
7
 Hz. 

Structural electrolytes were placed between two stainless steel electrodes and loaded into a 

cryo-furnace under nitrogen. Data were collected during heating from -30°C to +60°C in 

10°C steps, with a stabilization time of 15 min at each temperature. The DC ionic 

conductivity data was extracted from the plateau region of each dielectric spectrum. 

The glass transition temperature (Tg) of the structural electrolytes was determined using 

differential thermal-mechanical analysis (DMTA) performed in three-point bending mode 

over the temperature range from 10 to 300°C and a frequency of 1 Hz. Tests were performed 

on rectangular samples, width 5.4-6.0 mm, thickness 2-3 mm and span width of 10 mm, cut 

from the plaques. The Tg values of the structural electrolyte, prior to extraction, were 

determined from the maximum in the tan δ curves.  

Mechanical performance of the cured formulations was characterized using three point 

bending tests at room temperature. Young’s modulus and the bending strength were 

determined using a Zwick testing frame equipped with a 1 kN load cell and an optical 

“Heidenhain” displacement transducer. Tests were performed on rectangular samples, length 



10 

 

30-35 mm, width 4 mm, thickness 2-3 mm, cut from the plaques. Young’s modulus was 

calculated from the slope of the initial linear part of the strain/stress response. 

To study the morphology and determine the polymer content, EMIM-TFSI and LiTFSI 

were extracted from the cured formulations as follows. A pre-weighed structural electrolyte, 

about 0.5 - 1.0 g, was placed in a glass vial filled with ethanol, which was changed twice a 

day, for at least one week, and subsequently dried in an oven at 70°C under reduced pressure 

to constant weight. The amount of electrolyte extracted from the sample was estimated from 

the change in mass.  

SEM (Jeol JSM 5610 LV) micrographs of samples after electrolyte extraction were 

recorded at an acceleration voltage of 15 kV. Cryofractured samples were mounted on the 

stub using a carbon adhesive and gold coated for 120 s in an argon atmosphere (Emitech 

550). To estimate the extent to which the microstructure became finer and more uniform, the 

size of the nodules was determined using the software ImageJ, measuring at least 100 

spherical nodules per sample.
26

  

 

RESULTS AND DISCUSSION 

Two main approaches were explored with the aim of producing structural electrolytes with 

bicontinuous structures; changing the epoxy curing rate by varying the curing temperature 

and increasing the solubility of the resin in the electrolyte.  

Effect of curing temperature on the morphology 

Varying the curing temperature from 80°C to 140°C did not lead to the desired 

microstructures, but did influence the stability of the blends; for example, formulations cured 

at 100°C and above resulted in macroscopically homogeneous samples, while formulations 

cured at 80°C formed macroscopically heterogeneous (grossly phase separated) samples, 

consisting of two clearly macroscopically separated phases, a polymer-rich upper and an 
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electrolyte-rich lower layer (further details of the curing procedure can be found in the 

Supporting Information, including SEM micrographs of samples cured at 100°C and 140°C, 

Figure SI 1). Whilst higher curing temperatures favor miscibility of the components, an 

effective bicontinuous structure relies on phase segregation of a miscible mixture during the 

curing process.
10

 The blend must initially form a stable emulsion or preferably a fully 

miscible molecular mixture at temperatures lower than the curing temperature which is 

subsequently destabilized, i.e. phase separates, during curing. Depending on the miscibility of 

MTM57 with electrolyte, two different types of microstructures were formed, as 

schematically shown in Figure. 1. In the case of full miscibility of the components (Figure. 

1a), pre-cure, a simple bicontinuous structure formed, whereas partial miscibility (Figure. 1b) 

led to the formation of more complex multiscale microstructures. 

 

Figure. 1. Schematic of the formation of different types of microstructures from (a) fully 

miscible and (b) partially miscible formulations. 

Effect of the LiTFSI concentration on the morphology and properties 

The addition of a lithium salt to an IL most often leads to a decrease in the total ionic 

conductivity because of the associated increase in viscosity and a reduction of the mobility of 

the carrier ions.
48-50

 Nevertheless, here, the presence of LiTFSI is essential, as it allows the 

formation of macroscopically homogeneous samples. In the absence of LiTFSI, 

macroscopically homogeneous samples were only obtained at high epoxy resin contents (>70 
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wt.% (70MTM57)); however, high resin content resulted in samples with microstructures 

(Figure 2) consisting of IL droplets dispersed in the bulk epoxy phase. This closed pore 

morphology resulted in materials with a high Young’s modulus of 2.29 ± 0.23 GPa and 

flexural strength of 115.5 ± 0.4 MPa, comparable to the neat MTM57 (Young’s modulus 2.73 

GPa and flexural strength 145.3 MPa), but negligible ionic conductivity of around 6x10
-

8
 mS/cm. 

 

Figure 2. SEM micrographs at different magnifications of structural electrolytes with 

MTM57:EMIM-TFSI ratio 70:30 wt.% (70MTM57) without LiTFSI, after EMIM-TFSI 

extraction. 

The importance of LiTFSI as a stabilizing or solubilizing component of the structural 

electrolyte correlates with literature showing that, for example, the presence of LiTFSI in ILs 

improved cellulose solubility.
49

 To identify the optimum LiTFSI concentration for the current 

system, the concentration of LiTFSI in EMIM-TFSI was varied from 0.5mol/l to 4.6 mol/l 

with the maximum concentration determined by the LiTFSI solubility limit. Increasing 

LiTFSI concentration was expected to improve the solubility of MTM57 in the electrolyte,
49

 

delaying the phase separation process occurring during curing, in turn leading to the 

formation of a finer bicontinuous pore structure. By monitoring the polymer content (Figure 

3) and ionic conductivity (Figure SI 2) of the top and bottom parts of the cylindrical structural 

electrolytes, it was clear that the LiTFSI concentration should be at least 2.3 mol/l to obtain a 
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macroscopically homogeneous cured material from 50:50 mixture of resin:IL (Figure 3, 

Figure SI 2). In addition, it was observed that an increase in the LiTFSI concentration led to 

an increase in the transparency of the MTM57+EMIM-TFSI+LiTFSI mixture prior to curing. 

The formulation containing 2.3 mol/l LiTFSI was a white viscous emulsion even at 70°C, 

while the formulation containing 4.6 mol/l LiTFSI was an amber colored viscous and visually 

transparent liquid even at 30°C. The increase in transparency suggests an increasing 

molecular miscibility which can be attributed to increased interactions between the 

components of the formulations; for example, Li
+
 can coordinate to the epoxy component. 

Specifically, when mixing LiTFSI with EMIM-TFSI, Li cations complex with TFSI anions of 

EMIM-TFSI to form [Li(TFSI)2]
-
,
47

 leaving the EMIM cations “free” to interact with 

amines
51

 and epoxies. Spectroscopic results presented below support these suggestions. 

  

Figure 3. Effect of LiTFSI concentration on the polymer content for 50MTM57 based 

structural electrolytes: ■ top part; □ bottom part of the sample;  theoretical value. 

The morphology of the structural electrolytes also showed a significant dependence on the 

LiTFSI concentration; for the macroscopically heterogeneous sample (grossly phase 

separated) containing 0.5 mol/l LiTFSI, there is a clear difference in morphology between the 

top and bottom parts in a single sample as shown in Figure 4. The top part consists of discrete 

spherical domains of the IL based electrolyte randomly dispersed in the continuous epoxy 
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matrix (Figure 4a), whilst the bottom part comprises a network of connected spherical epoxy 

nodules (Figure 4b).  

a  b 

Figure 4. SEM micrographs of 50MTM57 containing 0.5 mol/l LiTFSI in IL based 

electrolyte (0.5M_50MTM57): a – top part; b – bottom part of the sample. Images were taken 

after extraction of the EMIM-TFSI+LiTFSI electrolyte. 

Samples with LiTFSI concentrations of 2.3 mol/l or higher all have a combination of two 

morphologies. A continuous epoxy phase (coarse phase), the cross section (100±60 μm) of 

which exhibit discrete spherical pores with an average pore size of 1.6±0.5 μm similar to 

those observed in the top part of the 0.5M_50MTM57 sample (Figure 4a), is surrounded by a 

network of connected spherical nodules with diameter 3.4±0.6 μm. Further increases in the 

LiTFSI concentration caused the structural features of both phases to become finer and more 

uniform (Figure 5, Figure SI 4). A reduction in the length scale of the microstructural features 

was anticipated since increasing LiTFSI concentration increased miscibility of the 

components and, therefore, reduced the driving force for phase segregation in the window 

available for curing. 
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  a 

  b 

  c 

  d 

Figure 5. SEM micrographs of 50MTM57 structural electrolytes containing IL based 

electrolytes with different LiTFSI concentrations: a - 2.3 mol/l; b – 3.0 mol/l; c - 4.0 mol/l; d 



16 

 

– 4.6 mol/l. Two different magnifications are presented for each sample and all images were 

obtained after extraction of the EMIM-TFSI+LiTFSI electrolyte. 

Since the ionic conductivity depends on the type and concentration of charge carriers, the 

nature of the LiTFSI interaction with the bulk TFSI anions is of interest. Raman spectroscopy 

analysis shows that the number of “free” TFSI anions in the structural 50MTM57 electrolytes 

decreased with increasing LiTFSI concentration, most likely due to the formation of 

[Li(TFSI)2]
-
 complexes (Figure 6).

47
 The molar fraction of Li cations interacting with the 

resin (Figure 7) was indirectly determined using the spectroscopic data (Table 3). The 

percentage of “free” TFSI anions for the structural electrolytes was 2-6 times higher than for 

the reference sample (EMIM-TFSI+LiTFSI). This striking difference suggests that the Li 

cations prefer to interact with functional groups of the epoxy resin rather than forming 

[Li(TFSI)2]
- 
complexes. The data indicate that dynamic cross-links are formed between the 

epoxy and the Li cations 
52, 53

 due to electrostatic interactions resulting in temporary 

connections, which may further influence the resulting morphologies (Figure 5) and are 

consistent with the suggestion that most of the ionic conductivity is carried by the TFSI and 

EMIM ions, rather than by the Li cations. The maximum interaction between the Li cations 

and the epoxy is observed at 3.5 mol/l LiTFSI (Figure 7); thereafter, the formation of 

[Li(TFSI)2]
-
 complexes starts to dominate leading to a dramatic drop in the ionic conductivity 

and an increase in mechanical performance as discussed below (Figure 11). The increase in 

[Li(TFSI)2]
-
 complex formation also led to an increasing concentration of “free” EMIM 

cations relative to all other species, promoting additional reactions with epoxy resin, as it is 

known
31

 that imidazole and its derivatives can act as a catalyst for the epoxy ring opening 

polymerization.
20
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Table 3 Results of the deconvolution analysis of the Raman spectra. 

[LiTFSI] 

[mol/l] 

LiTFSI 

mole 

fraction 

Amount of TFSI 

top part (t) 

Amount of TFSI 

bottom part (b) 

Reference 

sample 

b/t  

740 cm
-1 

band 

ratio “Free” 
Li

+ 

coord. 
“Free” 

Li
+ 

coord. 
“Free” 

Li
+ 

coord. 

2.3 0.37 79% 21% 80% 20% 38% 62% 1.40 

3.0 0.43 74% 26% 73% 27% - - 1.09 

3.5 0.47 67% 33% 66% 34% 30% 70% 1.04 

4.0 0.50 63% 37% 63% 37% - - 1.01 

4.6 0.55 51% 49% 51% 49% 9% 91%* 1.02 

* - LiTFSI crystallized out of solution during the measurement. 

 

Figure 6. The mole fraction of Li
+
 interacting with the resin as a function of the LiTFSI mole 

fraction. Literature data were extracted from ref. 47. Slope 0 (y=1): represents a theoretical 

situation in which Li
+
 does not interact with TFSI; slope 1: represents a theoretical situation 

in which each Li
+
 interacts only with one TFSI anion; slope 2: represents a theoretical 

situation in which each Li
+
 interacts with two TFSI anions. 
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Figure 7. Plot of “free” Li+
 fraction as a function of LiTFSI mole fraction. (■– sample, □ – 

reference (EMIM-TFSI+LiTFSI only)). 

In order to characterize the ion conductivity of the prepared structural electrolytes, 

temperature dependent measurements were carried out using dielectric spectroscopy (Figure 

8). The ionic conductivity increases with increasing temperature in a non-linear fashion, 

following the traditional polymer electrolyte VTF behavior and thus suggesting that the ion 

transport is coupled to the relaxation dynamics of the matrix. The decrease in ionic 

conductivity with increasing LiTFSI concentration was expected due to the increase in 

viscosity of the electrolyte, reduction of the mobility of the carrier ions, the increased 

aggregation of charge carriers,
48, 50, 54

 as well as the reduced microstructural length scale, 

which all may alter the transport properties.  Although the microstructure must also 

contribute, the increase in storage modulus determined from the DMTA experiments 

(0.31 GPa at 2.3 mol/l LiTSFI to 0.89 GPa at 4.6 mol/l) could indicate an increased crosslink 

density and reduced chain mobility. The average molecular weight between crosslinks (Mc) 

was calculated (Table SI1) using simple rubber elasticity theory, which is widely used for 

epoxy based systems.
55, 56

 It is to be expected that the sample with the likely highest 

crosslinking density and lowest chain mobility, 4.6 mol/l LiTFSI, will have the lowest ionic 

conductivity, as indeed observed. 
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Three point bending tests (Figure 9) also confirmed that increasing the LiTFSI content led 

to increased stiffness, elongation at break, and strength. The improvements are mainly 

manifested between 3.0 and 4.0 mol/l LiTFSI (Figure 10). The increase of the mechanical 

performance with the LiTFSI concentration can be explained by a combination of two 

factors. One is the increase in effective crosslinking density / reduction of Mc , as discussed 

above. Another factor is the change in the microstructure (Figure 5, Figure SI 3), more 

specifically the reduction of the continuous (coarse) epoxy phase dimensions and increase of 

their number per area as determined from the SEM micrographs. 

 

Figure 8. Temperature dependence of ionic conductivity for 50MTM57 structural 

electrolytes containing IL based electrolytes with different LiTFSI concentrations. As these 

samples are all macroscopically homogeneous, only results for the bottom of the samples are 

shown. 
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Figure 9. Typical stress-strain curves as a function of the LiTFSI concentration for 

50MTM57 structural electrolytes. 

 

Figure 10. Effect of LiTFSI concentration on Young's modulus and strength for structural 

50MTM57 electrolytes. 

The relationship between the Young’s modulus and the room temperature ionic 

conductivity of these 50MTM57 structural electrolytes with different concentrations of 

LiTFSI show a typical inversely-related trend such that an increase in the mechanical 

performance leads to a drop in the ionic conductivity (Figure 11). However, the effect of the 

LiTFSI concentration was more pronounced on ionic conductivity, for which values varied in 

two orders of magnitude range, compared to mechanical properties, for which all values were 

of the same order of magnitude.  
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Figure 11. Ionic conductivity and Young’s modulus as functions of LiTFSI concentration in 

the 50MTM57 structural electrolytes. 

 

Effect of organic solvent addition on the morphology and properties 

The MTM57 resin must be miscible with the IL based electrolyte in order to generate a 

favorable morphology, which requires use of LiTFSI, but at the same time this addition tends 

to reduce the ionic conductivity through the formation of [Li(TFSI)2]
- 
complexes; for this 

reason, other routes to compatibilization are of interest. One possibility is the addition of an 

organic solvent with a high dielectric constant,
57

 and good electrochemical stability, such as 

propylene carbonate (PC). Substituting 5 wt.% or more of EMIM-TFSI with an equal amount 

of PC changed the appearance of the uncured mixtures, from white highly viscous pastes to 

amber-colored transparent viscous liquids. After curing, the monoliths with 1 wt.% PC were 

white solids, indicating macro-phase separation, while samples containing only LiTFSI in PC 

(no EMIM-TFSI) as the electrolyte were amber-colored nearly transparent rubber like 

materials (Figure SI 4). The observed formation of a rubbery gel-like material suggests that 

the solubility of MTM57 in the electrolyte increased with PC content, not only prior to curing 

but also in the early stages of the curing process, preventing phase separation. The 

morphology of the structural electrolyte prepared with 1 wt.% PC added to the formulation 
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containing 2.3 mol/l LiTFSI (1PC_50MTM57) (Figure 12) resembles that of the structural 

electrolyte with 4.6 mol/l LiTFSI (4.6M_50MTM57) (Figure 5; Figure 12a). In other words, 

PC seems to play a similar role to that of a high concentration of LiTFSI. The gelled samples 

containing more than 5 wt.% PC do not possess any permanent porosity, as detectable by 

SEM after extraction of the electrolyte (Figure 12b). 

 a 

 b 

Figure 12. SEM micrographs of structural electrolytes with 2.3 mol/l LiTFSI 

(2.3M_50MTM57) containing 1 wt.% (a) and 5 wt.% (b) PC. Two magnifications are 

presented for each sample; all images were taken after extraction of the EMIM-TFSI+LiTFSI 

electrolyte. 

The similar ionic conductivity of the top and the bottom parts of the monoliths showed that 

all samples were macroscopically homogeneous (Figure SI 5). Temperature dependent 

measurements showed that the VTF behavior is retained, with decreased curvature and 

increased slope for the 5 wt.% PC electrolyte (Figure 13). Substitution of 1 wt.% EMIM-
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TFSI by 1 wt.% PC led to a decrease of the room temperature ionic conductivity for the 

resulting structural electrolyte; from 0.43 mS/cm to 0.15 mS/cm. This outcome was 

somewhat unexpected, as previous literature suggests that PC can interact with Li
+
 reducing 

formation of [Li(TFSI)2]
- 
complexes.

57, 58
 Since the [Li(TFSI)2]

-
 complexes are responsible 

for the increase in viscosity and the decrease in ionic conductivity of LiTFSI-doped IL, a 

reduction of their number might be expected to improve ionic conductivity. For the structural 

electrolyte containing 1 wt.% PC, the proportion of “free” TFSI anions was 89%, which is 

slightly higher than for the analogous sample without any PC (2.3M_50MTM57 approx. 

80%). This change suggests that PC indeed coordinate Li cations leading to a reduction of 

[Li(TFSI)2]
-
 complexes formation, thereby releasing two TFSI anions per PC-coordinated 

Li
+
. The decrease in ionic conductivity observed may be due to various factors, including 

swelling of the epoxy chains by the electrolyte, potential reactions of the cyclic carbonate 

with the primary amine of the formulation leading to the formation of hydroxyl-urethane 

groups
59

, or the decreased microstructural length scale. PC also had a plasticizing effect as the 

Tg decrease from 111°C for 2.3M_50MTM57 to 65°C upon addition of 1 wt.% PC.  

 

Figure 13. Temperature dependence of the ionic conductivity of structural electrolytes based 

on 2.3M_50MTM57 containing different amounts of PC. 
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However, if structural electrolytes with similar characteristic microstructural length scales 

(with diameter of the coarse epoxy phase around 2-4 μm), are compared, i.e. 4.6M_MTM57 

with 1PC_50MTM57, the latter has a higher ionic conductivity. This improvement can be 

attributed to a combination of a reduced viscosity and the changes in the charge carrier 

species. The addition of 5 wt.% of PC resulted in a sample with an order of magnitude lower 

ionic conductivity, in this case due to the absence of any permanent porosity (Figure 12).  

Replacing only 1 wt.% IL with PC also led to a significant improvement in the overall 

mechanical performance. The Young’s modulus increased from 0.23 ± 0.07GPa to 0.90 ± 

0.03 GPa which may be caused by the decrease of the size scale of the coarse continuous 

epoxy phase from ~100 µm to ~2 µm (Figure 4 and Figure 12), since the average molecular 

weight between crosslinks (Mc) value decreased only slightly from 4576 g/mol to 4489 g/mol 

and Tg is significantly lower with PC (65°C compared to 2.3M_50MTM57 111°C). The 

Young’s modulus for 4.6M_50MTM57 (0.52 GPa) fits this trend, with an intermediate value 

between those for structural electrolytes 2.3M_50MTM57 with and without PC. 

 

CONCLUSIONS 

The morphology of structural electrolytes, based on a fully-formulated, commercially-

available epoxy resin MTM57 and IL based electrolyte, depends on the miscibility of the 

components prior to and during curing, which in turn depends on the composition and curing 

temperature. The effect of the morphology on the properties of the resulting structural 

electrolytes was studied in detail. The composition played a more significant role in 

determining the morphology than the curing temperature. Samples cured below 100°C 

underwent a dramatic phase separation resulting in macroscopically heterogeneous materials. 

An increase in the LiTFSI concentration in the IL based electrolyte (EMIM-TFSI+LiTFSI) 

led to the formation of stabilized, macroscopically homogeneous materials and gradually 
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finer microstructures. Increased mechanical properties and an associated reduction in ionic 

conductivities were explained by a combination of factors including changes in morphology, 

increases in (dynamic) cross-linking density, and altered Li
+
-TFSI interactions. The addition 

of PC, an organic solvent with high dielectric constant, resulted in an increased solubility of 

MTM57 in the IL electrolyte and, after curing, resulted in structural electrolytes with a wide 

range of physical properties, from white solids to amber-colored rubber-like materials. 

Changes in the microstructure, including a decreased characteristic length scale, led to a four-

fold improvement in the Young’s modulus accompanied by a three-fold reduction in the ionic 

conductivity. These structural electrolytes show ionic conductivities suitable for applications 

in structural energy storage devices across a wide temperature range. The addition of aprotic 

solvents and different salts might allow for further optimization of the morphology and 

properties. In general, a homogeneous bicontinuous network of two pure and distinct phases 

is desirable, one for mechanical performance and one for ionic transport, at a characteristic 

length scale defined by the other features within the device (for example, the diameter of 

reinforcing fibre electrodes). To achieve this bicontinuous structure, an initially miscible 

system must switch to very low miscibility during curing, leading to phase separation into the 

desired structure. Additional hierarchical features created by a more complex phase behavior 

may be advantageous, particularly for maximizing the ion transport
10

 and different property 

envelopes will indeed be needed for structural batteries and supercapacitors, respectively, or 

indeed potential application as robust electrolytes for more conventional electrochemical 

devices. 
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