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Current options for forming ionic liquid-based solid electrolytes
(ionogels) often involve slow processes; however, by leveraging the
inherent ability of the ionic liquid to harness the energy of microwave
irradiation, a gel-forming, thermal polymerization can be achieved in a
matter of seconds. The resulting ionogel electrolyte exhibits compa-
rable electrical and mechanical performance to gels produced via
conventional fabrication techniques.

Solid electrolytes comprised mainly of nonvolatile, room
temperature ionic liquids with a small amount of a solid sup-
porting scaffold material, termed ionogels, are currently being
investigated for a variety of electronic device applications,
including:  transistors,”® electrochemical capacitors,**®
batteries,”® and solar cells.® Ionogels offer the many benefits of
ionic liquid electrolytes (nonvolatility, ionic conductivity, wide
electrochemical window) in a leak-proof, solid form.>*® In this
report, a simple microwave heating method that can be used to
realize the rapid formation of an ionogel (less than 30 s) is
presented. The great utility of microwave technology has already
been demonstrated in the use of ionic liquids as solvents for
polymer synthesis.**>*?* The ability of a solvent to absorb energy
via microwave irradiation allows for a swift temperature rise in
the liquid; this effect can be enhanced for solvents that exhibit
ionic conductivity."*** Among the many advantages of micro-
wave heating are decreased reaction times and an even heat
distribution in the reaction medium, ie. no wall effects.*
Microwave heating of several common ionic liquids has been
well-studied;*»*>'"* however, to date, there have been no
known reports of the use of microwave irradiation to create a
free-standing, solid ionogel electrolyte.

Although several ionogel fabrication strategies have been
reported in recent years, most of these require a processing time
measured in several minutes to hours to achieve a gel (Fig. 1). In
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cases where drying or vacuum treatment steps are employed to
remove volatile co-solvents or other gelation reaction byprod-
ucts, total gel formation times can be several days. Common
ionogel fabrication methods include: use of a co-solvent to blend
in a polymer support,>>?*>* initiation of a spontaneous sol-gel
reaction to produce an inorganic support,>?° stirring in an
assembly of fumed silica particles,”?® and either UV-initi-
ated®***® or thermally-initiated*® polymerization/crosslinking
of a reactive monomer inside the ionic liquid. Additionally,
chemical vapor deposition and alternative polymerization strat-
egies that require on the order of minutes have been repor-
ted.*"** UV-initiated polymerizations can also be employed to
create ionogels in several minutes according to some reports;****
however, this is still not as rapid as is demonstrated here for
microwave processing (Fig. 1), which can be as fast as 10-25 s.

The microwave-enabled ionogel fabrication approach
described here enables one to dramatically reduce the time
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Fig.1 A comparison of the ranges of typical ionogel formation times
(in seconds) reported for various fabrication techniques: microwave-
assisted polymerization (this work), UV-initiated polymerization,®*°~33
fumed silica addition,?-%° sol-gel scaffold,®-2¢ thermally-initiated
polymerization,34-4° and polymer/cosolvent blends.3520:2
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typically required for a thermally-initiated free radical poly-
merization/crosslinking reaction inside the ionic liquid due to
extremely rapid heating. The ability to rapidly heat a liquid via
microwave irradiation is driven by interactions between the
wave and a molecular dipole. When a molecule absorbs
microwave energy, its dipole shifts to align with the electric
field; this shift creates friction between adjacent molecules,
resulting in the dissipation of some energy as heat. The pre-
dicted rate of temperature rise can be expressed as:'®

AT weoe”|E?

; 2Co 1)

where AT/t is the time rate of temperature change, w is the
angular frequency of the microwave radiation, ¢, is the vacuum
permittivity, ¢’ the imaginary part of the liquid complex relative
permittivity (evaluated at frequency w), |E| is the electromag-
netic field strength, p is the liquid density, and Cp is the liquid
specific heat capacity. As the dielectric loss tangent is directly
proportional to ¢, its magnitude reflects the relative efficiency
by which electromagnetic energy can be converted into heat. It
should be noted that commercial domestic microwave ovens
operate at a frequency of 2.45 GHz. Table 1 summarizes three
important parameters that determine the expected temperature
rise for one of the most commonly studied ionic liquids, 1-ethyl-
3-methylimidazolium-bis(trifluoromethanesulfonyl)imide (EMI
TFSI), as well as for water.

Using eqn (1), it follows that the predicted microwave heat-
ing rate of EMI TFSI is approximately 40% higher than that of
water for a given electric field strength. Although its ¢” value at
2.45 GHz is slightly lower than that of water, the smaller density-
specific heat capacity product of EMI TFSI facilitates a greater
temperature rise per amount of microwave energy absorbed.
For ionic liquids, one major advantage of using microwave
heating is that their ionic conductivity facilitates strong electric
dipole perturbations by the applied field. Thus, ionic liquids
respond strongly to low frequency microwaves, such as those
used in domestic microwaves. The result is a dramatic rate of
ionic liquid temperature rise, which has been reported to
exceed 10 °C s~ .7 Combined with these extremely rapid heat-
ing rates, the nonvolatile nature of ionic liquids allows for
thermally-driven reactions to occur swiftly at high tempera-
tures. A general hallmark of microwave heating as a technique
is the lack of physical contact required between the heat source
and the liquid; bypassing this conventional thermal conduction
step can eliminate the time required for heat transfer within the
reaction volume. The combination of all these factors high-
lights the outstanding ability to perform a rapid thermal poly-
merization of a reactive monomer within an ionic liquid to form
an ionogel.

Table 1 Parameters relevant to predicted microwave heating rates

Liquid ¢ at 2.45 GHz p(gem™>) Ce(JgtoCc™
EMI TFSI 8% 1.52¢ 1.30¢
Water 120 1.00 4.19

@ Ref. 18. ? Ref. 16. © Ref. 43.
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In order to demonstrate the feasibility of microwave-assisted
ionogel formation, EMI TFSI was selected as the ionic liquid
solvent. While a detailed procedure can be found in the ESI,T a
brief description follows here. A solution containing requisite
amounts of the ionic liquid, AIBN (thermal initiator) and
poly(ethylene glycol) diacrylate (PEGDA) monomer (575 ¢
mol ') were prepared. The solution contained approximately
25 wt% PEGDA, as lower scaffold amounts did not reliably
produce free-standing gels wvia the microwave-assisted
approach. Solutions were sonicated to aid in mixing and to
degas. Liquid precursor solution was heated inside a commer-
cial domestic microwave oven using “on” pulses of 5 s duration
and a total heating time of 10 s to 25 s. A pulsing strategy was
employed in order to prevent overheating and subsequent
thermal decomposition of the solution. All of the preceding
steps were conducted under ambient laboratory conditions.
The resulting ionogel material is an optically clear, free-
standing solid.

The ionogel was found to contain a highly polymerized
scaffold, as determined by FTIR spectroscopy (Fig. 2). The
acrylate double bond (CH,=CH) of the PEGDA monomer
exhibits two distinct peaks in the FTIR spectra, highlighted by
the vertical dotted lines in Fig. 2 at 810 cm ™" and 1410 cm ™.
Comparison of the three spectra shown in Fig. 2 reveals the
absence of these peaks for the ionogel, as well as for neat EMI
TFSI.

The mechanical and electrical responses of PEGDA-sup-
ported EMI TFSI ionogels fabricated via microwave-assisted
thermal polymerization were characterized in order to validate
this method as a means of producing ionogels with properties
similar to those produced by a previously-reported technique
(UV-initiated polymerization/crosslinking).>” The ionic conduc-
tivity of the ionogel was measured to be 3.3 mS cm ' by AC
impedance spectroscopy (Fig. S17); the corresponding value for
EMI TFSI was 9.7 mS cm ™. A reduction in ionic conductivity of
the ionogel compared to the neat ionic liquid is typically
observed upon the addition of the scaffold material.*”***
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Fig. 2 FTIR spectra of the PEGDA monomer (blue), neat EMI TFSI
(green), and a microwave-synthesized ionogel (red).
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Compared to the ionic conductivity of an ionogel with a UV-
polymerized scaffold of the same PEGDA mass fraction (~2 mS
em ™ 1),* the conductivity was ~65% greater for the microwave-
synthesized ionogel.

Mechanical characterization of the ionogel was performed
via compression testing. Compression was chosen over tensile
testing because it is believed to be more representative of the
type of deformation an ionogel would experience in many
device applications (e.g. normal force applied to a thin film
battery). Compressive loading and unloading data for a micro-
wave-synthesized ionogel are shown in Fig. 3.

The stress-strain data indicate highly elastic deformation up
to at least 15% strain, as confirmed by minimal hysteresis
between the loading and unloading curves. These microwave-
synthesized PEGDA ionogels (25 wt% scaffold) exhibit Young's
moduli of approximately 200 kPa to 500 kPa (5-10% strain
regime), based on measurements made using several samples
fabricated under identical conditions. It should be noted that
the modulus value of a UV-cured ionogel containing 25 wt%
PEGDA is approximately 6 MPa,*® which is at least one order of
magnitude larger by comparison. This difference may be
explained by an enhanced degree of interchain crosslinking for
the UV-cured PEGDA scaffold in EMI TFSI compared to the
scaffold formed under extremely rapid heating via the micro-
wave-assisted thermal polymerization conditions employed
here. This conclusion is also supported by the observation that
PEGDA contents lower than 25 wt% did not result in reliable
microwave-synthesized ionogels using the procedure outlined
here, while the minimum amount of PEGDA needed to form a
free-standing ionogel by the UV-curing approach is only ~5
wt%.*>* While beyond the scope of this present study, the exact
temperature versus time heating profile is also believed to play
an important role in the scaffold polymerization. In addition to
any changes in the initiation/propagation/termination rate
constants with temperature, it has been previously found that
the ionic liquid viscosity (which also varies strongly with
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Fig. 3 Compressive stress—strain characteristics of a microwave-
synthesized ionogel, which exhibits elastic behavior up to 15% strain.
Inset: photograph of a representative microwave-synthesized ionogel
(scale bar = 2 mm).
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Fig. 4 Cyclic voltammograms of a microwave-synthesized ionogel
between glassy carbon electrodes at two different voltage sweep
rates.

temperature) can be a determining factor in the scaffold
formation of UV-polymerized PEGDA ionogels, where the
moduli are reflective of the effective crosslink densities.*>**

The capacitive nature of the microwave-synthesized ionogel
was verified by two-electrode cyclic voltammetry (CV). Fig. 4
displays CV spectra recorded at two different voltage sweep rates
for an ionogel sandwiched between glassy carbon electrodes. An
approximate specific device capacitance of 6 pF cm™> can be
extracted from the CV data (by dividing the average 0 V bias
current magnitude by the sweep rate), which is consistent with
such devices.*>** The slightly sloped shape of the faster scan
rate spectrum can be attributed to resistance in both the ionogel
material and the testing setup. Importantly, the lack of redox
current peaks near £1 V indicates that there is no significant
amount of water present, despite fabrication and testing under
ambient conditions. Taken collectively, these observations
confirm that the microwave-synthesized ionogel performs in a
manner that is largely consistent with similar gels produced
using one of the standard ionogel fabrication methods (UV-
curing).

Conclusions

Microwave heating has been successfully used to fabricate an
ionogel for the first time. Extremely rapid heating due to the
ability of the ionic liquid to absorb microwave energy has
enabled gelation in as little as 10 s. This timescale is signifi-
cantly swifter than any other known method for producing
ionogels. EMI TFSI has been employed as a model ionic liquid
to demonstrate the feasibility of rapid thermal polymerization
of PEGDA within the liquid volume, forming a solid, supporting
scaffold. Microwave-synthesized ionogels exhibit electrical and
mechanical properties that are comparable to those of ionogels
fabricated by other methods. Further control of the microwave-
assisted heating profile may lead to even faster fabrication
times for high performance, solid ionogel electrolytes.
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