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A B S T R A C T   

This work presents the preparation of novel solid polymer electrolytes based on flexible microporous aramids 
filled with photopolymerized ionic liquids and lithium salt. The materials combined a high ionic conductivity 
with the mechanical and thermal characteristics of the aramids, including also good flexibility and handleability. 
First, a simple casting process was followed to obtain microporous aramids with an interconnected channel 
morphology. In a second step, this channel structure was filled with a solution of non-commercial photo
polymerizable ionic liquid, commercial ionic liquids and the lithium salt, followed by UV irradiation to obtain 
the conducting aramids. Ionic conductivity of the materials was studied at 25 ◦C, and also in the temperature 
range between − 50 to 90 ◦C, together with SEM analyses of the filled porous structure and thermal properties, to 
fully characterize the photopolymerization process of the ionic liquids inside the porous structure. The materials 
showed high ionic conductivity values together with excellent thermal and mechanical properties, indicating 
their viability as flexible and thermally stable solid electrolytes.   

1. Introduction 

Solid-state polymer electrolytes for application in lithium batteries 
has become one of the most important research topics in the last decade, 
which is driven by the need to enhance their safety together with the 
development of flexible electrolytes with good electrochemical stability 
and high conductivity values [1,2]. Mainly, the fabrication of solid gel 
polymer electrolytes uses polyethylene oxide (PEO) to dissolve lithium 
salts [3], and following this research line, different approaches have 
been carried out to improve the ability to transport lithium ions, such as 
the addition of ceramic fillers [4] or carbon nanotubes [5]. One of the 
most promising researches to improve the performance of lithium metal 
polymer batteries is the addition of ionic liquids (ILs) [6,7]. In this sense, 
ILs can be employed as plasticizers, lowering the glass transition tem
perature of PEO improving the ionic mobility and, therefore, their ionic 
conductivity [8]. 

For this reason, ternary systems (polymer-lithium salt-IL) have been 
investigated, (in which PEO acts as host polymer), in terms of the 
different interaction mechanisms between all the components [9,10]. 

Among all the ILs investigated, imidazolium-based ILs present good 
miscibility with PEO, and ionic conductivity can be controlled with the 
quantity of IL [11]. However, there is a major disadvantage in the use of 
PEO, concerning its insufficient ionic conductivity derived from the 
crystallinity of the ethylene oxide sequences, which can restrain the 
ionic transition due to the stiff structure, especially at low temperature 
[12]. Then, different alternatives are currently being explored, 
employing other amorphous polymers such as poly(methyl methacry
late) or poly(methyl acrylate) [13]. 

Currently, the main research line to obtain highly efficient lithium 
batteries is focused in the design of solid electrolytes with electro
chemical characteristics comparable to those of liquid ones, the so called 
solid-gel electrolytes. These materials must combine high ionic diffu
sivity (and hence high ionic conductivity) and dimensional stability. In 
this field, one of the best candidates are polymer ionic liquids (PILs), in 
which ILs are chemically linked through different polymerization 
mechanisms [14]. Although different ILs have been employed to 
enhance ionic conductivity [7], imidazolium-based ILs have emerged as 
the ideal candidates to obtain highly efficient ion gel electrolytes 
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[15,16], related to their high thermal stability which is partly assigned 
to the aromatic nature of the ring as well as intermolecular hydrogen- 
bonding [17]. Moreover, imidazolium-based ionic liquids show high 
ionic conductivities reaching values of 10− 2 S/cm in addition to a suf
ficiently high value of electrochemical window for these compounds of 
about 4 V [18], that allows for a broad application range for solid 
polymer electrolytes device fabrication [19]. 

The literature regarding PILs is extensive [20]. For example, Washiro 
et al. [21] employed imidaziolium-based ionic liquids polymers with 
different hydrocarbon chain lengths, and Ahiara et al. [22] used PEO 
copolymers to prepare flexible polymer films to be used as solid elec
trolytes, but the obtained materials presented a low glass transition 
temperature, thus limiting drastically their applicability. Appetecchi 
et al., reported the electrochemical properties of ternary polymer elec
trolytes for lithium batteries based on a novel poly(dia
llyldimethylammonium) bis(trifluoromethanesulfonyl)imide, incorpora 
ting pyrrolidinium-based polymeric ionic liquids [23]. Also, our group 
has developed ion gel electrolytes using photopolymerizable ILs, such as 
1-(2-methacryloyloxy)ethyl-3-butylimidazolium bis(trifluoromethane 
sulfonyl) imide (IMMA), and a mixture of 1-ethyl-3-methylimidazolium 
bis(fluorosulfonyl)imide (EMIFSI) or 1-butyl-1-methylpyrrolidinium bis 
(fluorosulfonyl)imide (BMPFSI) and bis(trifluoromethane)sulfonimide 
lithium salt (LiTFSI), presenting high ionic conductivity at RT (≈ 10-2 S/ 
cm) and good thermal stability up to 200 ◦C [24]. Bearing all these ideas 
in mind, it is clear that there is a need to obtain new materials to be used 
as solid-gel electrolytes, combining different characteristics, such as 
high thermal resistance, high ionic conductivity in a wide range of 
temperatures, flexibility and mechanical stability. 

In parallel, our group has developed an easy method to obtain 
microporous aramids, based in the use of ILs to generate controlled 
porosity. These materials present exceptional mechanical and thermal 
stability (up to 350 ◦C), combined with low density (around 0.2 g/cm3, a 
reduction of 6 times respect to dense aramid) and excellent flexibility 
and handleability [25]. These materials can be employed as a polymeric 
scaffold in which polymerizable ionic liquids and lithium salts can be 
introduced, taking advantage of the surface porosity of the aramids. In a 
second phase, polymerization can take place inside the porous structure, 
obtaining a solid gel electrolyte with high ionic conductivity and 
excellent mechanical and thermal properties. The literature already 
shows several works in which porous polymers are employed as solid gel 
electrolytes in lithium ion batteries [26], mainly based in porous poly 
(vinylidene fluoride) (PVDF) [27,28], lithium poly[4-styrenesulfonyl 
(phenylsulfonyl)imide] [29] or poly(diallyldimethylammonium) bis 
(trifluoromethanesulfonyl)imide [30]. However, the basis of our 
approach is completely different, microporous aramids are employed as 
solid polymeric supports in which the photopolymerization of the IL is 
carried out inside the porous structure previously prepared. In this way, 
ion conductivity is also enhanced through physical methods, due to the 
specific porous morphology, in which their interconnected micro
channels would allow great ion mobility between the electrodes. 

Then, the main objective of this work is to develop new solid-gel 
polymeric materials based on photopolymerisation of ILs inside micro
porous aramids, having optimum properties to be used as highly ionic 
conductive solid electrolyte. In our approach, the porous aramid acts as 
a polymeric support and the ionic conductivity is related exclusively to 
the system lithium salts/ILs, which is introduced filling the inter
connected porous structure of the aramid, and photopolymerized af
terwards. This new material combines the excellent thermal and 
mechanical stability, good handleability and flexibility of the aramids, 
together with the excellent ionic conductivity provided by the ionic 
liquid, opening an interesting research field in which these materials 
could be used as solid polymeric electrolytes in Li-ion batteries. 

2. Experimental 

2.1. Materials 

All materials, reactants and solvents were used as received. Com
mercial poly(m-phenylene isophthalamide) (MPIA), aramid fiber 
Twaron® (nonwoven regular staple fiber of average length 6.4 mm, 4.94 
cN/dtex, ρ ≈ 1.38 g/cm3 and Tm > 400 ◦C), was used. Two different 
ionic liquids were employed: 1-ethyl-3-methylimidazolium bromide (IL) 
(≥97 %), purchased from Sigma-Aldrich, and 1-ethyl-3-methylimidazo
lium bis(trifluoromethane)sulfonamide (EMIM TFSI, 99.5 %) purchased 
from Solvionic. Ethyleneglycol dimethacrylate (EGDM, 98 %), cross
linker bis(trifluoromethane) sulfonamide lithium salt (LiTFSI, 99.95 %), 
and Irgacure 659 (photointiator, 98 %) were purchased from Sigma- 
Aldrich. 

2-bromoethanol (95 %), triethylamine (>99 %), methacryloyl chlo
ride (97 %), 1-butylimidazole (98 %), N,N-dimethylacetamide (DMAc, 
> 99 %) and dichloromethane (DCM, 99.99 %) were employed, all of 
them purchased from Sigma-Aldrich. Hydroquinone (99.5 %) was pur
chased from Panreac, and finally milliQ water and hexane (99.8 %), 
purchased from Scharlau, were used. 

2.2. Characterization and procedures 

SEM micrographs were taken using a Scanning Electronic Micro
scope JEOL JSM-6460LV. Aramid films were frozen in liquid nitrogen, 
fractured and gold coated in vacuum to assure the electrical conduc
tivity of the materials. For filled materials, SEM pictures were taken 
without gold coating. It has been observed, that the conditions of high 
vacuum of SEM analysis procedure did not affect to the liquid or poly
merized phase of aramid discs. Porous structure was characterized by 
determining the average bubble radius R and average cell density from 
SEM images was measured using ImageJ® software and consisted of 
counting the number of bubbles in each image ni and its radius Ri [31]. 
The average radius was calculated using Eq. (1), where N represents the 
bubble count. 

R =

∑N
i=1niRi

∑N
i=1ni

(1) 

Three different SEM images were analyzed from each material, and 
the data was averaged. The estimation of the cell density Nc was 
calculated using the Kumar’s approximation, as shown in Eq. (2), where 
n is the number of cells in the image and A is the area of the image. The 
description of the calculation method can be found in our previous work 
[32] 

Nc =
(n

A

)3/2
(2) 

Density was determined from the dimensions and weight of the 
samples, determining the thickness by directly using a digital 
micrometer. 

The thermogravimetric analysis data were recorded on a TA Instru
ment Q50 TGA analyzer. TGA tests were performed under O2 (synthetic 
air) atmosphere using the next procedure: first, samples were heated 
from RT to 100 ◦C at 10 ◦C/min, and then kept during 10 min to elim
inate the moisture content. Then, samples were heated up to 800 ◦C at 
10 ◦C/min. 

Differential Scanning Calorimetry (DSC) tests were performed in a 
DSC Q200 TA Instruments to evaluate the thermal transitions of the 
materials. First, after 5 min of stabilization at 30 ◦C, samples were 
heated to 250 ◦C at 15 ◦C/min. Then, the samples were stabilized for 5 
min at 250 ◦C and cooled down to − 80 ◦C to erase the thermal history. 
Then, a second heating ramp up to 250 ◦C was carried out at 15 ◦C/min. 
Finally, samples were cooled down to RT at 15 ◦C/min. All tests were 
performed under N2 atmosphere (flow rate 50 ml/min), with a mass 
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sample of approximately 15 mg. 
Ionic conductivity of the membranes was determined at RT and also 

in a temperature range from − 50 ◦C to 90 ◦C. The ionic conductivity 
behavior of the electrolytes was determined in a NOVOCONTROL GmbH 
Concept 40 broadband dielectric spectrometer in the frequency range 
between 1 and 107 Hz. Disk films of dimensions of 16 mm diameter and 
around 200 μm thickness were inserted between two gold-plated flat 
electrodes, the samples were cooled down to − 50 ◦C. Then, a frequency 
sweep was carried out every 10 ◦C heating up to 90 ◦C. 

The photopolymerization reactions were carried out in a Biolink™ 
BLX-365 type Bio-link apparatus (Vilbert Lourmat™) by irradiation with 
UV light (365 nm) for 55 min. 

2.3. Film preparation 

Firstly, the synthesis of the ionic liquid used in the photo
polymerizable formulation is described [15,23], (section 2.3.1). Sec
ondly, the fabrication of the microporous aramids is detailed (section 
2.3.2). To conclude, the filling and photopolymerization process of the 
formulation inside the porous structure of the aramids is described 
(section 2.3.3). 

2.3.1. Synthesis of the monomer 1-(2-methacryloyloxy)ethyl-3- 
butylimidazolium bis(trifluoromethane sulfonyl)imide (ILQ) 

1-(2-methacryloyloxy)ethyl-3-butylimidazolium bis(trifluoro
methane sulfonyl)imide monomer was employed as the imidazolium- 
based polymerizable ionic liquid. We will denote this monomer as 
(ILQ), to clearly differentiate it from the ionic liquid (1-ethyl-3-meth
ylimidazolium bromide, named as IL) employed to obtain the porous 
structure in the aramids. The synthesis process was carried out in three 
steps. First, the monomer 2-bromoethyl methacrylate (L1) was synthe
tized. Secondly, the monomer 1-(2-methacryloyloxy)ethyl-3-butylimi
dazolium bromide (L2) was obtained to finally prepare in the last step 
the 1-(2-methacryloyloxy)ethyl-3-butylimidazolium bis(trifluoro
methane sulfonyl)imide (ILQ). The synthesis procedure and character
ization results of each reaction product can be found in detail in one of 
our previous works [15]. 

2.3.2. Preparation of microporous aramid films 
The preparation of microporous aramid films firstly involves 

obtaining dense aramid films (pure aramid films filled with IL). Aramid 
fibers were dissolved in hot DMAc (60 ◦C), containing 2 % wt. of LiCl 
respect to the volume of DMAc to improve the solubility of aramid fiber 
in DMAc. To obtain the microporous structure, 1-ethyl-3-methylimida
zolium bromide (IL) was added to the solution in a proportion of 10/ 
90 wt (MPIA:LI) and stirred for 3 h. Then, the solution was poured into a 
glass plate of 20 × 20 cm and placed inside an oven at 85 ◦C during at 
least 24 h, until the complete evaporation of the solvent. Dense films 
were termed as 10ARA/90IL. 

Microporous aramid films were fabricated by simply washing dense 
films in distilled water at 80 ◦C for 4 h replacing the distilled water three 
times to remove the IL and at the same time, the possible traces of 
remaining solvent. Porous films after IL removal were denoted as 
(10ARA/90IL)-R. It is important to remark that the proportion of the IL 
was 10/90 wt (MPIA:LI) to assure the presence of an interconnected 
micro-channel porous structure after IL removal. Lower proportions of 
IL were already tested in a previous work, leading to closed-cell porosity 
that could limit the efficiency of the filling process [25]. Using this 
methodology, porous materials of around 100 cm2 were obtained. 

At least 5 discs of 16 mm diameter were punched from the porous 
film-shaped material to proceed afterwards to the filling and polymeri
zation of the formulation including ILQ inside the porous structure. 
Fig. S1 shows a photograph of aramid discs (pure aramid films without 
IL, dense aramid film filled with IL and porous aramid film after IL 
removal). It is observed that discs after IL removal present a high degree 
of opacity (Fig. S1c) evidencing the generation of a porous structure in 

which light is diffracted and reducing drastically the transparency 
observed in pure and dense aramids (Fig. S1a and b). Thicknesses of the 
discs were around 200 μm. 

Average density values were calculated from the individual mea
surement of at least three discs of each film (pure, dense and porous). 
Although many different works present the characterization of 
imidazolium-based ionic liquids [33], the literature does not indicate 
the density of this specific IL. However, we can estimate the density of 
the IL using the mixture’s law for two-phase materials, obtaining a 
density value of the IL around 1.19 g/cm3, lying in the range of typical 
density value reported for similar imidazolium-based ILs [34]. Density 
of porous aramids was decreased to 0.17 ± 0.04 g/cm3, thus a reduction 
by a factor of approximately 8 respect to pure MPIA. 

2.3.3. Photopolymerization process 
Table 1 shows the composition of the solution employed, in which 

ILQ corresponds to the synthesized polymerizable ILs, EMIM TFSI the 
commercial IL, LiTFSI the lithium salt and EGDM was included as 
crosslinker. All the compounds listed in Table 1 were transferred to a 
glass vial, degassed by nitrogen bubbling and sonicated for 10 min. 
Then, 1 ml of the solution was injected in a circular PTFE mold, and a 
porous aramid disc of 12 mm diameter was immersed into the prepared 
solution and maintained in dark and under an oxygen-free atmosphere 
for 72 h to facilitate a homogenous filling along the disc. 

After that, the filled aramid was taken out of the solution and then 
drained to remove the residual solution, and photopolymerized under 
nitrogen atmosphere, by irradiation with UV light (365 nm) at RT for 55 
min. Finally, the materials were dried in vacuum at 50 ◦C for 3 days to 
obtain the flexible solid electrolyte. These discs were named as ARAIMID. 

In a similar way, two supplementary materials were prepared, one of 
them polymerized only with the mixture of polymerizable ionic liquid, 
crosslinker and photoinitiator, without using EMIM TFSI and LiTFSI 
(named as ARAILQ-pol) and a second one, only filled (not polymerized) 
exclusively with the ionic liquid ILQ (named as ARAILQ-fil). It has to be 
pointed out that in the conditions used in this work, and during the time 
scale of analysis, it was no observed any visible evidence of leaking for 
the porous aramid membranes swollen with ionic liquid or photocurable 
composition. The comparative behavior of both materials will be 
analyzed to characterize the polymerization of the ionic liquid inside the 
porous structure. Density of the materials obtained was 1.16 g/cm3 for 
ARAILQ-fil samples, 1.42 g/cm3 for ARAILQ-pol samples and 1.35 g/cm3 in 
the case of ARAIMID samples. Comparing these values with the density of 
the initial porous material (ρ ≈ 0.17 g/cm3), it is confirmed that, in all 
the cases, the solution has effectively penetrated inside the porous 
channel structure. The films prepared, their composition and nomen
clature are summarized in Table 2. 

3. Results and discussion 

The results section is divided in four subsections. In section 3.1., the 
microporous structure of aramids after the IL removal is analyzed 
through SEM images and the morphological parameters are determined. 
The filling and photopolymerization process of the ionic liquid ILQ 

Table 1 
Composition of the photopolymerizable formula
tion used in the porous aramid swelling process.  

Material % wt. 

ILQ  24.54 
EMIM TFSI  55.26 
LiTFSI  20.20 
EGDM*  1.00 
Photoinitiator*  1.50  

* EGDM data is given in % mol with respect to 
% mol of comonomers and photoinitiator data is 
given in % wt. with respect to total weight. 
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inside the porous structure is described in section 3.2., paying attention 
to the TGA, SEM and weight determination results of ARAILQ-pol and 
ARAILQ-fil, to characterize the polymerization process. Finally, in section 
3.3 the ionic conductivity values of the materials are presented. 

3.1. Porous structure 

A homogeneous microporous structure was observed in the aramid 
discs after the IL removal. SEM observations were taken in the cross 
section and also in the surface of the materials, Fig. 1. 

Cross section SEM images of 10ARA/90IL-R discs show a homoge
neous open-cell microporous structure with an average pore diameter R 
around 700 nm and cell sizes of 1.5∙1013 cells/cm3, Fig. 1a and b. 
However, we must remark that the determination of the morphological 
parameters can be difficult in open-cell structures or in these morphol
ogies based on open interconnected micro channels. 

Fig. 1c and d present the SEM images of the surface of the porous 
aramids. In this case, a regular distribution of closed pores between 1 
and 2 μm of diameter is observed. It is important to remark that this 
surface porosity has been also observed in similar porous materials ob
tained using ILs, such as PMMA [35]. This porosity very likely promotes 
the filling of the materials with the ionic liquid solution. 

3.2. Study of photopolymerization process 

Radical photopolymerizable formulation including the ionic liquids 
was undertaken by irradiating the material embedded in the solution 
with UV light (365 nm) at RT. Polymerization time was fixed to 55 min 
[15,23]. This polymerization time assured that UV light penetrated in
side the whole thickness of the film (≈200 μm), and also guaranteed that 
the opacity of the materials due to the porosity did not affect to the 
polymerization efficiency. 

The characterization of the filled and polymerized aramids was 
carried out through different techniques. First, thermal stability of the 
aramids was analyzed by standard TGA measurements, in order to 
evaluate the different thermal behavior of filled and polymerized discs. 
TGA curves of all the materials prepared are presented in Fig. S2. The 
analysis of the onset degradation temperatures, Table 3, shows that the 
removal of IL is evidenced, by comparing the onset temperatures of 
10ARA/90IL and 10ARA/90IL-R (279 and 452 ◦C, respectively). Also, it 
can be observed an appreciable difference in the onset values from 
ARAILQ-fil (348 ◦C) and ARAILQ-pol (376 ◦C). This could indicate also the 
formation of a crosslinked structure in the ARAILQ-pol derived of the 
polymerization process of the ILQ. It is also noticed that in terms of 
thermal degradation, ARAIMID and ARAILQ-pol show the same behavior 

Table 2 
Composition and nomenclature of the films.  

Film Composition Characteristics 

MPIA IL ILQ EMIM TFSI LiTFSI EGDM Photoi 

10ARA/90IL ✓ ✓ – – – – – Dense (Aramid + IL) 
(10ARA/90IL-R ✓ – – – – – – Porous (After IL removal) 
ARAIMID ✓ – ✓ ✓ ✓ ✓ ✓ Filled with formulation (Table 1) and polymerized 
ARAILQ-fil ✓ – ✓ – – – – Filled with ILQ and non-polymerized 
ARAILQ-pol ✓ – ✓ – – ✓ ✓ Filled with ILQ and polymerized  

Fig. 1. SEM images of the 10ARA/90IL-R discs: a) and b) cross section; c) and d) surface.  
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(onset temperatures are 381 and 376 ◦C, respectively) as consequence of 
the polymerization of ILQ, since all the imidazolium ILs containing 
[TFSI] anion are the most stable ILs [36]. Also, the influence of the anion 
in the imidazolium ring of the ionic liquid is evidenced comparing the 
onset temperatures of 10ARA/90IL (279 ◦C) which contains 1-ethyl-3- 
methylimidazolium bromide, and ARAILQ-fil (348 ◦C), containing 1-(2- 
methacryloyloxy)ethyl-3-butylimidazolium bis(trifluoromethane sulfo
nyl)imide. In ARAIMID, ARAILQ-fil and ARAILQ-pol materials, the presence 
of the ILQ is detected, and onset temperature values are in the same 
range (between 350 ◦C and 380 ◦C), corresponding to degradation of the 
side groups (such as imidazolium cations) of the IL together with the 
degradation of the main chain of the aramid matrix. 

By DSC analysis, the glass transition of the polymerized ILQ 
embedded in the porous aramid ARAILQ-pol is detected around − 20 ◦C. 
This low glass transition value of the polymerized ionic liquid makes 
possible the ion transport inside the material, due to the good mobility of 
the polymer chains at RT. In the case of 10ARA/90IL, the melting point 
of 1-ethyl-3-methylimidazolium bromide is observed around 75 ◦C, 
close to the value reported in the bibliography by Fredlake et al. [17] and 
also of the same order that the value measured in our previous works in 
which porous aramids were also obtained using this specific ionic liquid 
[37]. It is also interesting to remark that no plasticization effect of the 
ionic liquids in the aramid matrix was observed, indicating that the role 
of the aramid is exclusively acting as support of the mixing of ionic 

liquids, obtaining a material in which aramid and ionic liquid phases are 
completely separated, without any chemical interaction. On the other 
hand, we could not observe any thermal transition associated to the 
ARAIMID film (composed of commercial ionic liquid EMIM TFSI and 
lithium salt LiTFSI together with polymerizable ionic liquid ILQ). 
Although we did expect to observe a similar transition to the one 
observed in in ARAILQ-pol film, it may be due to the low proportion of ILQ 
employed in the polymerizable solution (around 24 %, see Table 1), and 
this transition could not be detected. 

SEM observations of filled and polymerized aramids before and after 
washing with DCM were carried out to visually detect the presence of 
the polymerized ionic liquid ILQ, and the removal of the monomer with 
DCM. For comparison purposes, the SEM images of the initial porous 
aramid 10ARA/90IL-R, are included. 

Fig. 2 presents the SEM images of the cross section and surface of the 
starting porous aramid (10ARA/90IL)-R), the filled aramid (ARAILQ-fil) 
and the polymerized aramid (ARAILQ-pol). Fig. 2a and d show the porous 
morphology of the starting porous aramid, and after filling with the 
polymerizable ionic liquid ILQ after the immersion in the polymerizable 
solution, Fig. 2b and e of the ARAILQ-fil aramid. In the cross section and 
surface image, it is detected that the filling process is completed along 
the whole porous morphology. However, when polymerization occurs, 
the morphology observed changes drastically. In the cross-section image 
of ARAILQ-pol, Fig. 2c, the porous structure disappears, emerging a dense 
surface in which the polymerized ILQ is located in sub-micron regions. 
This region, distributed homogeneously, could correspond to fragments 
of aramid covered by the polymerized ILQ. On the contrary, surface 
morphology of the polymerized aramid, Fig. 2f of the ARAILQ-pol, does 
not differ greatly from the morphology observed in the filled aramid, 
Fig. 2e, and a dense surface morphology is detected. The difference 
between the cross-section and surface images in ARAILQ-pol aramid could 
be explained as follows, in the case of surface observations, there is a 
thin layer of IL polymerized homogeneously, Fig. 2f, but in the inner 
porosity, it could be observe that the pores have been completely filled 
with the IL, Fig. 2c. 

The effect of the washing process with DCM is presented in the SEM 

Table 3 
Thermal properties of aramids in oxidant atmosphere (synthetic air) 
(extrapolated onset temperature is defined as the temperature at which the 
decomposition of the material begins).  

Film Extrapolated onset temperatura 
(◦C) 

10ARA/90IL 279 
10ARA/90IL-R 452 
ARAIMID 381 
ARAILQ-fil 348 
ARAILQ-pol 376  

Fig. 2. SEM micrographs of the aramids: a) cross section of 10ARA/90IL-R; b) cross section of ARAILQ-fil; c) cross section of ARAILQ-pol; d) surface of (0ARA/90IL-R; e) 
surface of ARAILQ-fil; and f) Surface of ARAILQ-pol. 
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images in Fig. 3. Fig. 3a presents the surface of the filled aramid ARAILQ- 

fil after washing with DCM, in which the porosity surface is revealed 
again due to the removal of the ILQ monomer. On the other hand, Fig. 3b 
shows that washing with DCM does not affect the polymerized mem
brane ARAILQ-pol (no porosity appears, and dense surface is observed in 
the same way that in the filled aramid, see Fig. 2f). These results would 
confirm that photopolymerization of the ILQ monomer takes place in
side the porous structure of the aramids. 

Weight measurements were carried out to analyze two different 
phenomena. First, the filling ability of porous aramids is analyzed, 
which can be compared as an estimative process to the swelling per
centage in dense aramids. The second phenomenon is intended to study 
the efficiency of the photopolymerization of the ILQ inside the porous 
structure. This can be evidenced simply by measuring the weight vari
ation of a filled and a polymerized sample before and after washing with 
DCM. Due to the high solubility in DCM of the ILQ monomer and the 
insolubility of the polymerized ILQ, the polymerization process can be 
characterized. 

Beginning with the filling behavior, Table 4 presents the weight 
variation of a porous aramid disc (ARAIMID) before and after the filling 
process described in Section 3.2. Data presented in Table 4 results in a 
filling percentage of around 465 %. This value is considerably higher 
than filling percentages observed in dense aramids, which hardly exceed 
values around 10 % in aqueous solutions [38]. This data confirms the 
positive influence of the surface porosity in the filling ability of aramids, 
enhancing drastically the quantity of photopolymerizable formulation, 
and for instance the content of ionic-liquids (ILQ and EMIM TFSI) and 
Lithium salt, which could be embedded in the aramid porous structure. 

Secondly, the efficiency of the polymerization process is simply 
analyzed by measuring the quantity of unreacted ILQ monomer that is 
eliminated through washing the material in DCM. For this purpose, 
masses of ARAILQ-pol and ARAILQ-fil discs were measured before and after 
washing with DCM. Results showed that mass loss percentage in ARAILQ- 

fil was around 77 % in relation with the total weight of ARAILQ-fil disc, 
which corresponds to the ILQ monomer, and recovering fully the initial 
mass. On the other hand, mass loss percentage in ARAILQ-pol was prac
tically negligible (around 1.5 %), indicating the absence of unreacted 
monomer after the polymerization process. 

3.3. Ionic conductivity 

The values of conductivity (σ) at 25 ◦C in all the aramids prepared are 
listed in Table 5, and it was determined at the value of frequency where 
a maximum in tan δ graph was observed. Fig. S3 shows the conductivity 
and tan δ variation in the frequency range. 

The analysis of the results can be categorized in three groups, in 

terms of their conductivity values. In the first group, it could be 
compared the starting porous aramid, 10ARA/90IL-R, with a practically 
negligible ionic conductivity, together with the aramid with the com
mercial ionic liquid embedded, 10ARA/90IL, with a high conductivity 
value of 1.19 × 10-3 S/cm, owing to the ionic liquid phase distributed in 
the aramid matrix, which was observed through RAMAN mapping tests 
in our previous works [25]. Despite this good value, in these materials 
the liquid phase could migrate out of the membrane as time goes by. 
Also, the total amount of commercial ionic liquid in each membrane disc 
is too high, around 225 mg/disc. 

Secondly, it is therefore important to stand out the ionic conductivity 
values of only filled material (ARAILQ-fil) along with the aramid filled 
with the ionic liquid ILQ and polymerized (ARAILQ-pol). While the ionic 
conductivity of filled membrane (ARAILQ-fil) is in the range of the liquid 
electrolytes (0.244 × 10-3 S/cm), in the case of the polymerized aramid 
(ARAILQ-pol) the value drops down to 0.35 × 10-6 S/cm. This result would 
be due to the fact that in the case of ARAILQ-pol, the IL is anchored to the 
polymer matrix and the ionic mobility would be drastically hindered 
and as consequence, the ionic conductivity decreases [21] (see Fig. S4a 
of the ESI). 

Lastly, it must be stressed the ionic conductivity value of the porous 
aramid containing the polymerizable solution (ionic liquid ILQ and 
EMIM TFSI, and LiTFSI) and UV irradiated, ARAIMID. This is an inter
esting strategy in the preparation of IL-based electrolytes, in order to 
increase the solid electrolyte conductivity [15]. In this case, the presence 
of ILQ is of great importance, not only because of their well-known 
advantages as far as security risks, but also due to the good chemical 

Fig. 3. SEM micrographs of the surface aramids after washing with DCM. a)ARAILQ-fil; b)ARAILQ-pol.  

Table 4 
Filling percentage of porous aramid discs after the experimental procedure 
described in Section 3.2. (Discs immersed into photocurable solution and UV 
irradiated at 365 nm).  

Initial mass 
(mg) 

Final mass 
(mg) 

ILQ 
(mg) 

EMIM TFSI 
(mg) 

LiTFSI 
(mg) 

Filling 
(%) 

20 113 23 51 19 465  

Table 5 
Conductivity values obtained in aramids at 25 ◦C.  

Film σ (S/cm) 

10ARA/90IL 1.19 × 10-3 

10ARA/90IL-R 7.37 × 10-8 

ARAIMID 1.23 × 10-3 

ARAILQ-fil 0.24 × 10-3 

ARAILQ-pol 0.35 × 10-6  
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compatibility with the IL (EMIM TFSI) forming stable ion-gels with high 
conductivity values [20]. In this instance, a remarkable ionic conduc
tivity of up to 1.23 × 10-3 S/cm at 25 ◦C is obtained, very closely to their 
analogous aramid with ionic liquid (10ARA/90IL). Furthermore, this 
value is in the range of the liquid electrolytes, such as the conductivity at 
25 ◦C of liquids like EMIFSI (15.4 × 10-3 S/cm) [23], EMIMTFSI used in 
this work (5.3 × 10-3 S/cm) and for electrolytes based on EMIMTFSI and 
LiTFSI (values around 2.6–3.7 10-3 S/cm depending on the composition) 
[39]. In addition to this, the quantity of commercial IL in ARAIMID is 
considerably lower (around 70 mg). 

By comparing the ionic conductivity of the starting 10ARA/90IL and 
ARAIMID aramids, the obtained values are similar, even slightly higher in 
ARAIMID aramid. At this point, it is important to remark that the quantity 
of liquid IL (1-ethyl-3-methylimidazolium bromide) in 10ARA/90IL disc 
is around 225 mg (90% of the total weight), whereas this quantity in 
ARAIMID is considerably lower, around 70 mg (65% of the total weight). 
Also, it must pointed out that in in ARAIMID only 51 mg (45% of total 
weight) correspond to EMIMTFSI which remained as liquid phase in the 
membrane, since ILQ is photopolymerized. Moreover, in the case of 
10ARA/90IL, the conductivity at 25 ◦C of pure 1-ethyl-3-methylimida
zolium bromide is around 0.68 × 10-3 S/cm [40], whereas in the case 
of TFSI-based ionic liquids, this value is higher (between 3 and 10 × 10-3 

S/cm) [41]. This indicates that the process of filling and “in situ” pho
topolymerization through the interconnected microchannel porous 
structure can reduce drastically the amount of commercial ionic liquid 
necessary to obtain high-conductive materials, and for instance would 
contribute to develop safer systems. 

Thermal dependence of the ionic conductivity of ARAIMID was also 
analyzed, indicating a temperature dependence characteristic of a 
viscous liquid in which ionic conductivity is governed by viscosity (µ) of 
the system in the whole temperature range. Fig. S5 of the ESI shows the 
evolution of the ionic conductivity of ARAIMID between − 50 ◦C and 
90 ◦C, where the conductivity increased with temperature up to values 
around 10-2 S/cm. 

4. Conclusions 

This work presents a novel route to obtain flexible solid-gel polymer 
electrolytes based on porous aramids, and by using photopolymerization 
of ionic liquids to fill the porous structure. The membranes prepared 
combine the excellent thermal and mechanical properties of the aramids 
with high ionic conductivity values of ionic liquids. The determination 
of the ionic conductivity confirmed that values lied in the range of 
current solid-gel polymeric electrolytes reported in the literature. Also, 
the results would indicate that ion mobility is not only due to the 
intrinsic conductivity of the ionic liquid, but it is also enhanced by the 
interconnected porosity of the aramid, then increasing easily their effi
ciency as ion-conducting materials, suggesting a relation between the 
porous structure of the aramid and the ionic conductivity of the mem
brane. In addition, compared to other solid-gel polymer electrolytes, our 
method involves lower quantities of IL to obtain high ionic conductivity 
values, then improving the efficiency and safety of the polyelectrolytes 
employed in high-performance Li-ion batteries. 
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