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New Concepts Statement

We report the piezoelectric response of a solvate ionic liquid (SIL), consisting of lithium 

bis(trifluoromethanesulfonyl)imide (LiTFSI) solvated by triethylene glycol dimethyl ether (G3); a 

characteristic never observed in this liquid-at-room-temperature salt in its solvated form. SIL’s are 

seeing a rapid uptake in energy storage due to their highly desirable properties such as broad thermal 

and chemical stability. A piezoelectric effect was recently discovered in pure ionic liquids, followed by 

a qualitative analysis and demonstration of the underlining liquid-to-crystalline phase conversion 

following pressurisation and depressurisation. The electromechanical responsiveness following 

applied stress was investigated in [Li-G3]TFSI, as well as a part solid polymer electrolyte commonly 

used in energy storage devices. Carbon fibre-based supercapacitors are multifunctional materials that 

can be used in load-bearing applications whilst supporting charge transfer and storage reactions. 

Novel applications for these liquids in composite electrochemical devices rely on their piezoelectric 

properties to complement traditional charge processes through layered ordering of SIL chains, thus 

improving efficiency without adding to weight. The observed phenomena suggest that SILs can act as 

smart materials, responding to mechanical stimuli following direct a piezoelectric effect. This 

characteristic could be harnessed to develop innovative, efficient, and safe energy storage 

composites.
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Abstract

Solvate ionic liquids (SILs) are a class of ionic liquids where the liquid-state salt is chelated by a 

coordinating solvent, and of interest due to their advantageous properties such as low vapour 

pressure and superb thermal and chemical stability for energy storage applications. The 

electromechanical and piezoelectric effect were studied in lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) solvated by triethylene glycol dimethyl ether (triglyme, G3), forming [Li-G3]TFSI. These effects 

were also investigated in full solid polymer electrolyte (SPE) used in energy storage devices, consisting 

of [Li-G3]TFSI paired with an epoxy-based resin system. The SIL’s electromechanical response was first 

established in isolation, as well as within the SPE. Experimental data demonstrates the effect of a 

major part of the SPE contributing to the electrical potential generation during application of force 

and subsequent pressurisation as well as depressurisation, underlined by a direct piezoelectric effect. 

SPE response to applied load is explored after recent discovery of liquid-to-crystalline phase transition 

following pressurisation in pure ionic liquids. This finding has the potential to ameliorate the 

performance of energy storage composites via additional effects of charging such as device by 

subjecting it to stress, leading to increased efficiency. Results to date show a bulk potential difference 

across the SIL of up to 150 mV, while the SPE potential response is scaled down due to significantly 

lower volume of SIL at the interface (~30 mV). Nevertheless, such findings can still significantly affect 

the performance of carbon fibre (CF)-based structural supercapacitors and batteries that are able to 

store and release electrical energy whilst simultaneously contributing to load-bearing performance.

Keywords: 

Solvate ionic liquids, ionic liquids, piezoelectric effect, solid polymer electrolytes
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1 Introduction

Solvate ionic liquids (SILs) are a subset of ionic liquids (ILs), where the traditional chemical composition 

is altered by the incorporation of cationic hosts (typically oligoethers).1 The typical SIL structure 

includes chelated alkali metal cation such as lithium, with a coordinated ether-based solvent, creating 

a charge diffuse cation, and a similarly soft counterion.2 In addition to offering the same advantages 

as traditional ILs in terms of their high ionic conductivity, wide electrochemical window, near-zero 

vapour pressure, and thermal stability, SILs obviate some of the limitations associated with traditional 

ILs, namely their chemical instability, presence of impurities derived from multistep synthesis, 

prohibitive cost, and less efficient ion transport.3-7 Due to this hybrid system where additional 

properties are derived from the polyether, an additional dimension enables fine tuning for specific 

applications such as electrolytes for alkali metal ion batteries and supercapacitors.8, 9 Unique 

properties of SILs include high resistance to electrochemical oxidation of the cation complex due to 

attenuation of the highest occupied molecular orbital (HOMO) energy level of oligo-glyme through 

complexation with lithium,9, 10 lithium transport via ligand exchange, as well as lithium acceleration 

(i.e. autonomous and rapid movement of lithium in contrast with oligo-glyme and anion 

constituents).11

When combining these SILs with a thermoset resin system, ionic gels are formed.12, 13 In these ternary 

solid polymer electrolytes (SPEs), SILs also act as a plasticising agent and facilitator of fast ion transport, 

via their decoupling from the segmental motion of the polymer.14 These SPEs also display lower ionic 

conductivity but higher Young’s modulus with low SIL content and vice versa with respect to pure SIL.15 

However, this inverse relationship is not proportional, with marginal improvements in mechanical 

properties following a reduction of SIL content down to 50% w/w.16 Nevertheless, this trade-off and 

focus on property enhancement is the main driver in selection of SIL proportion within a thermoset 

polymer system, with 70% w/w being prominent in literature.17-20

A recent study evaluated a flexible structural supercapacitor (SSC) device encapsulated in an SPE based 

on bicontinuous SIL/epoxy resin system using surface-functionalised CF as electrodes (Fig. 2-G-i), 

grafted with conductive and redox-active poly(o-phenylenediamine), resulting in significant 

pseudocapacitive improvements.17 A large change in capacitance was observed when device was 

subjected to deformation at varying angles, with the largest capacitive enhancement observed at 

angles between 90° and 135°. This capacitance then reverted to original value when device was 

returned to its flat form. The mechanism for this enhancement was unknown and thus of interest for 

further exploration.
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Recent work of Hossain et al.21 demonstrated a piezoelectric effect in ionic liquids via the application 

of pressure. Subsequent in-depth investigations from Hossain et al.22 then revealed the mechanism 

behind this direct piezoelectric effect and attributed it to a liquid-to-crystalline phase transition in 

response to the applied pressure, observed via high-pressure X-ray diffraction (XRD). We hypothesised 

that this piezoelectric response is resulting from the compression and tension of the SIL within the 

polymer electrolyte, may be providing an additive contribution to the higher specific capacitance. To 

test this hypothesis, it had to be determined if the SILs used in the polymer electrolytes in the 

previously described SSCs also displayed this piezoelectric phenomenon, and if so, on what scale and 

how reliably. Moreover, if this unusual effect is observed for SILs, does it translate to a polymer 

electrolyte blend. However, the use of a neat ionic liquid in such a system to harvest energy is difficult 

to imagine. Whereas the incorporation of these piezo-responsive liquids into a polymer may provide 

a simple and convenient means to manipulate these substances for energy harvesting.

In this work, we show that it is not only possible to harvest energy from a pure SIL, but also from a 

biphasic system of SIL and epoxy resin, bringing the possibility of incorporation of electromechanical 

responsive liquids to the composites space. Typical composite structure involves a reinforcing fibre 

(e.g. carbon fibre), within a matrix that is often a thermosetting resin. Proposed focus should therefore 

be turned to enabling multifunctional materials and further research into ‘mass-less’ structural energy 

storage, as well as practical uses in industries such as renewable energy, electric vehicles, and 

aerospace. Such a transient piezoelectric effect can enable faster charging structural electrochemical 

devices in the future and providing greater energy density of charge storage devices within the same 

footprint. Furthermore, it can guide manufacture of devices, whose tailored design and 

physicochemical impact of the tuneable liquid components on their performance, govern more 

efficient electrochemical devices in the future via self-charging capabilities, as well as enabling 

pathways for structural health monitoring applications, and enhanced sensitivity of existing pressure 

sensors.

2 Experimental Methods

2.1 Synthesis of SILs

All chemicals and solvents were purchased from Sigma-Aldrich Australia (Merck Group, United States) 

and used without further purification. RIM935 epoxy resin and RIM936 hardener were obtained from 

Ironbark Composites (Australia). [Li-G3]TFSI was synthesised according to previously published 

reports,11 combining triethylene glycol dimethyl ether (G3 or triglyme) with lithium bis-

(trifluoromethanesulfonyl)imide (LiTFSI) at a molar ratio of 1 to 1.5, providing 2.67 ether oxygen atoms 
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per lithium atom (Fig. 1-A). Reactants were stirred at room temperature for two days and 

subsequently dried under high vacuum, stirring for 1 h at 140 °C to remove any residual water.

2.2 Compression and OCP Measurements

Aluminium cylinder was manufactured with a tight-fitting plunger (Fig. 1-A). Aluminium rods were 

parted off and resurfaced on a Wabeco D6000 (Walter Blombach GmbH, Germany) metal lathe. Rod 

was then drilled into, leaving a 30 mm recess, and the inside diameter increased to 15.22±0.04 mm 

using a boring bar with HSS steel to ensure a liquid tight, but not airtight seal with the additively 

manufactured plunger made from polylactic acid (PLA) on ISO 52900 material extrusion (MEX) 3D 

printing machine Prusa i3 Mk4 (Prusa Research, Czech Republic). A slot was manufactured to accept a 

rubber seal on the end, ensuring tighter fit. Copper wire (r = 0.5 mm), serving as the electrode, was 

attached to the bottom of the cylinder, and coated with an 8331D - Silver Conductive Epoxy Adhesive 

(M.G. Chemicals, Canada) to ensure good contact with the aluminium cylinder. Another piece of 

copper wire (r = 0.5 mm) was inserted through the PLA plunger, ensuring contact with the IL during 

compression. Cyclic compressive testing was performed on an Instron universal testing system series 

5967 load frame, fitted with a 1 kN load cell (Illinois Tool Works Inc., United States). Upon application 

of compressive loads of up to 3.3 MPa, open circuit potential (OCP) was monitored within the cylinder 

and recorded with the Autolab PGSTAT204 portable potentiostat (Metrohm, Switzerland) at a 

sampling rate of 40 S/s. Increasing force was applied in duplicates, followed by two rounds of lower 

initial force. Displacement rate of 5 mm/s was used throughout the study to ensure quick 

pressurisation. A constant pre-load of 2.5 N prevented contact electrification effects between surfaces.

2.3 Bicontinuous Electrolyte Preparation

Synthesis was published previously and full characterisation was also performed.16 Briefly, synthesised 

[Li-G3]TFSI (1:1.5) was mixed with RIM935/936H epoxy resin system in a 7:3 ratio by adding non-

degassed, pre-mixed resin and hardener into the SIL and thoroughly mixing. Since SIL significantly 

shortens cure times,23 with this particular SPE formulation seeing an 88.5% reduction in gel-time,16 

SPE was poured directly into the aluminium cylinder and kept for 72 hours in a desiccator prior to 

testing to ensure full cure.

2.4 Scanning Electron Microscopy (SEM)

SEM was used to study the surface morphology of SPE to characterize its nano- and mesoporous 

structure (Fig. 2-A). The samples were first prepared on a CUT 5062 rotary microtome (SLEE medical 

GmbH, Germany) to obtain thin slices with a thickness of 50 µm. These were then sputter coated with 
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a Leica EM ACE600 (Leica Microsystems, Germany) using 5 nm thick gold sputtering, and imaged using 

a field emission scanning electron microscope JSM-7800F (JEOL Ltd., Japan) at 3 keV.

3 Results and Discussion

Of initial focus was to determine if the neat SILs displayed a similar piezoelectric effect as those 

reported by Hossein et al.21 as the SILs were not part of their study. Our testing apparatus needed 

significant optimisation to ensure the plunger allowed gaseous headspace passage without SIL leakage 

under pressure. To achieve this, the SIL's viscosity was increased by adding a super-stoichiometric 

amount of LiTFSI in a 1.5:1 ratio with triglyme.11

When evaluated as the neat SIL, a consistent potential response was observed with the application of 

pressure. A wide range of forces (250-600 N; 1.37-3.30 MPa) was first applied, resulting in a consistent 

OCP output of around 150 mV (Fig. 1-B). The application of increasing forces to the SIL in smaller step 

sizes showed a distinct and proportional increase in electrical potential output (Fig. 1-C), though the 

authors considered that the systematic increase in potential may be due to the accumulation of charge 

from previous pressure applications. Therefore, after a series of pressures was applied to the SIL, a 

significantly reduced load was applied (Fig. 1-C, dashed vertical line), correlating to a proportionally 

smaller potential response. It was observed that the output reduced from 95 mV to 39 mV when the 

force was reduced from 197 N (1.08 MPa) to 56 N (0.31 MPa). This behaviour aligns with Hossain et 

al.22, suggesting that the SIL crystallises within the polymer under pressure and reverts to a solution 

when pressure is removed. Thus, the output appears related to the degree of crystallisation. At forces 

exceeding 200 N (1.10 MPa) up to 600 N (3.30 MPa), the OCP response plateaued around 150 mV (Fig. 

1-B), indicating a pressure limit to the generated potential when induced crystallisation reaches 

saturation under these test conditions.

These results show a lower OCP magnitude (197 N, 95 mV), compared with Hossain et al.21, 22 (e.g. 200 

N, 3,380 mV). This discrepancy is attributed to (i) solvated nature of the SIL vs. pure IL and (ii) 

differences in volume used (200 µL vs. 5 mL) that results in considerable variations in resistance. 

However, the transient phase transition effect remains the same. Using a lower volume increases 

electrical potential due to an interface-dominated response,24 which is significantly larger than the 

bulk potential observed with 5 mL, corresponding to a 25x volume increase.

Individual waveforms (Fig. 1-D) show the OCP response to pressurisation (first peak) and 

depressurisation (second, smaller peak). The depressurisation during the retract phase, corresponding 

to a negative applied force, results in a positive measured potential. Studies have shown some ILs can 

form crystal structures under pressure,25 with some only displaying crystal polymorphism during 
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decompression,26 or a combination of both. The evolution of OCP over time and pressure stimulus 

shows a clear compression and decompression peak. This suggests that [Li-G3]TFSI responds to both 

pressurisation and depressurisation steps, and is proportionally pressure-dependent at approximately 

4.8 mV per every 10 N of applied force, R2 = 0.97304 (Fig. 1-E).

Fig. 1. A) Schematic representation of the internal components of the testing apparatus linked to a 

potentiostat via copper wire (in orange), and showing the liquid component’s SIL structure; B) OCP plot 

as a function of time, compressing the SIL at 250-600 N (1.37-3.30 MPa); C) Dual y-axis plot of applied 

force (olive green) and OCP (cyan) as a function of time, compressing the SIL at increasing force in 

duplicates, two rounds of lower initial force (past dashed vertical line), and displacement of 5 mm/s, 

with a pre-load of 2.5 N; D) OCP plot as a function of time, focusing on one representative event 

(force/OCP pair) from C and an inset schematic of events occurring during one OCP response overlayed 

on scatter point data; E) Scatter plot of OCP response (cyan) as a function of applied force (olive green), 

showing a linear relationship via fitted model, R2 = 0.97304.

When the SPE, a bicontinuous electrolyte consisting of SIL and epoxy resin, was subjected to a similar 

compression testing, an OCP response was observed (Fig. 2-B). Albeit at a smaller scale with a 3x 

smaller response generated (noting the SPE was more compressible than pure SIL). This is likely due 

to the reduced amount of ionic liquid present within the testing chamber and at the interface, as it 

comprises 70% of the polymer-SIL mixture (Fig. 2-A, top surface). It is also possible that within the 

porous polymer network some pockets of SIL may not connect within the bicontinuous phase and 

therefore do not contribute to the final potential output, thus suppressing the observed response.

Page 7 of 16 Materials Horizons



7

An unusual peak shape was observed in the SPE testing waveform (Fig. 2-D), showing a second small 

spike after initial pressurisation and depressurisation. This second peak, occurring about 0.2 seconds 

after maximum potential response, likely correlates to plunger recession. This may also indicate a 

delayed SIL continuous-phase reorganisation within the mesopore structure. Since the SPE is more 

compressible than pure SIL, energy absorption also plays a role in pressure dissipation, thus resulting 

in lower effective (operating) pressure SIL within the SPE is experiencing. SPE exhibits the complex 

waveform of OCP as during depressurisation/release the epoxy phase rebounds, inducing turbulent 

flow and resulting in 2nd order charge effects.

As expected, an asymptotic fit of the scatter plot of peak-to-peak OCP as a function of force suggests 

a pressure limit to the degree of generated electrical potential when the amount of induced 

crystallisation reaches a saturation point under these test conditions (Fig. 2-C). A linear pressure-

dependence was not observed at the selected pressures and is thought to occur at much lower 

pressures when applied force is below 20 N. Similarly, pure SIL also reached such OCP plateau, 

however only above 250 N (1.37 MPa) (Fig. 1-B) due to inherent differences in relative amount of SIL 

undergoing piezoelectric effect when comparing pure SIL and SPE.

To deconvolute the OCP responses between applied stress and its release, a 2-second hold was 

introduced to the applied force. Figure 2-E shows the response of neat SIL, with only two 

representative events plotted for clarity. Of note, similar trends in waveform shape and OCP 

progression over time was observed with SPE (Fig. 2-F), enabling translation of the phase-transitory 

effects from neat SIL to the SPE. From a fluid dynamics perspective, a pressurised hold of two seconds 

enables separation of peaks that contribute to the total OCP response of one cycle with a turbulent-

stationary-turbulent flow pattern. The applied pressure resulted in fluid flow that is a competition 

between interactions in the liquid phase and at the fluid/solid body interface, leading to shearing at 

the weakest interface.27 However, no direct relationship between friction and turbulent flow during 

shearing was found. Displacement of the plunger during compression testing of SIL was on the scale 

of 0.44±0.14 mm, with the 2-second hold for SIL testing showing a displacement of 0.44±0.13 mm. 

Nevertheless, the bulk of change in displacement with SIL testing can be attributed to the elastomer 

seal used on the plunger, so pressure-induced crystallisation would still be considered the main 

contributor to the OCP response as opposed to flow-induced friction against the confinement walls of 

the aluminium cylinder. Events occurring during the 2-second hold testing of pure SIL show a clear 

double peak response (Fig. 2-E), in the same manner as before without the 2-second hold (Fig. 1-D).

The SPE showed larger displacement (0.78±0.32 mm) and even greater with a 2-second hold 

(0.90±0.31 mm), indicating higher compressibility and complex OCP waveforms due to 2nd order 
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charge effects during epoxy phase depressurisation. The 2-second hold allows equilibrium, eliminating 

this effect (Fig. 2-F). The SPE voltage equilibrates faster with less SIL ordering and smaller pore volume, 

leading to less flow/convection and sharper features (Fig. 2-F) compared to broader peaks (Fig. 2-E). 

This is due to the epoxy phase absorbing compressive load off the incompressible SIL.

Previous studies have investigated the phase behaviour of ILs under pressure. Yoshimura et al.25 

observed vibrational changes in the CH stretching spectrum above 4 GPa, without crystallisation up to 

5.5 GPa. Takekiyo et al.28 and Su et al.29 observed pressure-induced partial crystallisation in different 

ILs. These findings therefore suggest that the liquid-to-crystalline phase transition and piezoelectric 

effect in ILs are pressure-dependent and linked to molecular structure. Various techniques, including 

small-angle X-ray scattering, have revealed structural changes in pressurised ILs, particularly when 

pressurised with gases like carbon dioxide.30 Multiple phase transitions and crystallisation under 

extreme pressure conditions have been detected, indicating that phase-change induced potential 

response is possible, but transient.26, 29 Moreover, applying pressure to a liquid in a confined space can 

result in structural changes and modifications in the friction force and electric field within a confined 

system, and it is also heavily dependent on the fluid’s molecular structure.31 An increase in applied 

pressure can lead to changes in the ILs viscosity, density, and flow patterns, with liquids possibly 

exhibiting non-Newtonian behaviour. Due to spatial restriction in confined environments, ILs interact 

strongly with solid surfaces (i.e. in this instance plunger and cylinder aluminium walls) which has a 

pronounced effect on their phase transition behaviour, molecular organisation near surface walls, 

wetting ability, and ionic interactions.32

SIL usage within nano- and mesoporous matrices enable integration of their properties into soft 

polymers, whilst providing structural support for more efficient ion-transfer at longer distances (e.g. 

across the dielectric separator in energy storage devices). SILs prevent the solid network from 

collapsing onto itself during its rapid cure,23 while the network confines the IL in order to ensure its 

consistent function.32

Similar SIL-infused SPEs have been effectively used in structural energy storage composites, utilising 

CF electrodes and glass fibre separators (Fig. 2-G-i). When subjected to deformation, such as bending, 

the CF electrodes inside the bend point experience compressive forces, while those on the outside 

face tensile forces (Fig. 2-G-ii). This dual-force scenario creates a unique environment for the 

nanoconfined SIL within the SPE. The SIL, confined within the pores of the SPE, undergoes compression 

from both the CF electrodes at the interface and the surrounding SPE’s epoxy matrix. This compression 

impacts the SIL's structural and electrical properties. Due to the continuous nature of the SIL phase 

and its inherent ionic conductivity, these mechanical deformations induce a transient piezoelectric 
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effect, generating potential differences. This critical phenomenon enables detection and harnessing 

of electrical potential from mechanical strain. Detecting these potential differences can enhance 

structural energy storage devices, converting deformation into usable electrical energy (Fig. 2-G). This 

integration of mechanical responsiveness and energy storage advances the development of 

multifunctional materials and devices.

Fig. 2. A) Schematic representation of porous bicontinuous solid polymer electrolyte, with an inset 

figure of an SEM image showing surface topography; B) Dual y-axis plot of applied force (olive green) 

and OCP (cyan) as a function of time, compressing the SPE at increasing force in duplicates, two rounds 

of lower initial force, and displacement of 5 mm/s, with a constant pre-load of 2.5 N; C) Scatter plot of 

OCP response (cyan) as a function of applied force (olive green), showing an exponential asymptotic 

relationship via fitted model, R2 = 0.37103, reaching a pressure limit to the SPE in this system; D) OCP 
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plot as a function of time, focusing on one representative event (force/OCP pair) from B; E) Dual y-axis 

plot of applied force (olive green) and OCP (cyan) as a function of time, showing two events of the 

whole test procedure for clarity, compressing the SIL; F) Dual y-axis plot of applied force (olive green) 

and OCP (cyan) as a function of time, showing only two events of the whole test procedure for clarity, 

compressing the SPE. All inset schematics are showing events occurring during one OCP response 

overlayed on scatter point data; G-i) Structural supercapacitor (SSC) showing the layup of CF-based 

supercapacitor; G-ii) SSC being bent with direction of tension and compression forces, with the inset 

figure showing the difference in thickness at the bend point (i.e. layers coming closer together at bend 

point only).

This structure organisation due to ion-paired dipolar species in highly organised stacks was observed 

by others as well, with the structure spanning anywhere between several nm to 1 µm.33-36 Piezoelectric 

response is also further complicated by the fact that ILs undergo stable and ordered structuring and 

generate significant endogenous electric fields that last for prolonged periods of time following the 

removal of external potential.37 This electric field is responsible for the increasing OCP, and a need to 

baseline subtract the data becomes necessary when comparing OCP response to applied stress. This 

general upwards trend in OCP was also observed by Hossain et al.21 Additionally, microstructure of 

dielectric and electrode materials and their interactions at the interface level can be significantly 

tweaked by the internal electric field formation.38 Using a piezoelectric separator and mechanically 

responsive electrolyte, with the latter being explored by this study, can have profound effect on the 

direction and magnitude of such an electric field, ultimately impacting performance and output of the 

final device by enabling faster charging structural electrochemical devices in the future.

Research has shown that liquid-to-solid contact electrification can generate charge via electron 

transfer when contacted with a hydrophobic solid surface (i.e. rubber seal used in compressive testing 

setup).39 In ILs, contact electrification was also investigated and found to contribute to charging, but 

via ion transfer instead, where periodic contacting was able to reach a power density of up to 0.12 

mW/m2.40 However, these effects did not apply to our system due to (i) fully contacting the sample 

and (ii) running a stabilisation run for charge dissipation by contacting and running 30 compressive 

cycles before data collection presented above.

Efficiently detecting piezoelectricity and harvesting energy from these unconventional sources (i.e. 

liquids) remains a significant challenge, with confounding effects greater when trying to establish their 

role within full composites. Piezoelectric materials’ ability to convert mechanical stress into electrical 

energy offers a means to capture energy from a variety of ambient sources, such as vibrations, 

pressure fluctuations, or even sound waves. Inclusion of piezoelectric elements within a matrix can 
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lead to discovery of novel energy harvesting devices capable of harnessing energy from diverse 

sources, such as ocean waves, wind, or human motion. The converse piezoelectric effect, where an 

applied electric field induces mechanical strain, can also be exploited. ‘Smart’ energy storage devices 

could potentially convert electrical energy into pressure or vibrations, offering functionalities beyond 

simple energy storage, such as an electric vehicle braking system. Utilising a regenerative braking 

mechanism with IL-based braking fluid, the electric motor could be used to generate an electric field 

within the electrolyte, inducing a mechanical strain in the system. This strain could then be utilized to 

capture the braking energy more efficiently and improving the overall vehicle range. Combining SIL 

effects with piezoelectric separators opens new opportunities for improving power and energy density 

of structural energy storage composites. Piezoelectric elements have already been used to charge an 

activated-carbon-based supercapacitor,41 however such an electrode cannot be considered a load 

carrying structural material. CFs are therefore a notable candidate, enabling production of 

multifunctional devices due to their simultaneous conductivity and excellent load-bearing abilities. 

Research avenues include CF use for shape-conforming in-situ strain sensor, structural health 

monitoring, kinetic energy harvesting in composites and much more.42, 43

4 Conclusion

Within the energy storage space SILs have seen widespread use as a major component in electrolytes 

due to their highly desirable properties and tuneable nature. Phase-shifting behaviour of SILs in high 

pressure environments has been explored, with results showing that [Li-G3]TFSI follows the same 

mechanism and is able to generate a voltage difference via its transient crystalline arrangement being 

highly responsive to mechanical stress. Their ability to undergo structural transitions when subjected 

to external forces opens new avenues for the design of advanced energy storage devices. SILs have 

also been shown to undergo liquid-to-crystalline phase transition when confined in the nano- and 

mesoporous structure of SPE used in structural supercapacitors, with stark changes to their properties 

such as ionic mobility and viscosity. Despite numerous factors affecting results such as degree of 

wetting of pores within matrix, leakage due to viscosity changes under nano-confinement, as well as 

general inaccessibility to surface characterisation techniques, there are clear correlations with stress-

induced formation of crystalline structure and piezoelectric response of both SIL and SPE. Observed 

phenomena suggest that SIL can act as smart materials that respond to mechanical stimuli, enabling 

the conversion of mechanical energy into electrical energy following direct piezoelectric effect. This 

characteristic could be harnessed to develop innovative energy storage systems that are more 

efficient, safer, and environmentally friendly compared to current technologies. Developing cost-

effective and scalable production methods is crucial when moving into composites space. Additionally, 
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the long-term stability and compatibility of SILs with supercapacitors and battery electrode materials 

need further investigation, ensuring minimal degradation of both as well as focus on device 

recyclability. Future research should focus on optimising the composition and confinement conditions 

of SILs to maximise their energy storage capabilities and on integrating these materials into practical 

devices.
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