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ABSTRACT  

Ionoelastomers (IEs), consisting solely of crosslinked networks of polymerized ionic liquids 

(PILs), have gained attention for use in various electrochemical applications due to their unique 

combination of the electrochemical properties of ionic liquids (ILs) and the solid-state elastic 

properties of the polymer networks. However, the structure of the electric double layer (EDL) 

of IEs at electrified surfaces is not well understood, especially when considering that one of 

the ionic species is covalently bound to the crosslinked polymer network. Herein, we 

investigate the differential EDL capacitances of crosslinked polymeric ions and counter ions 

in IEs. A pair of IEs with opposite polarity is prepared; the polycationic IE with crosslinked 

imidazolium cations and free bis(trifluoromethyl sulfonyl)imide (TFSI-) anions and the 

polyanionic IE with crosslinked sulfonimide anions and free 1-ethyl-3-methylimidazolium 

(EMIM+) cations. By applying two electrodes with a large contrast in surface area, the EDL 

capacitances of the crosslinked polymeric ions and the mobile counter ions can be decoupled. 

We find that the EDL capacitances of the fixed ions are lower than that of the counter ions in 

both the polyanion and polycation IEs, resulting in a highly asymmetric capacitance response 

depending on the sign of the applied voltage. Without crosslinking, we observe similar EDL 

capacitances for polymeric ions and counter ions, suggesting that the elastic energy of the 

crosslinked networks in IEs restricts the freedom of polymeric ions to rearrange at the 

electrified surfaces, thereby reducing the EDL capacitance.  
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Introduction 

Ionoelastomers (IEs) are an emerging class of materials where one ionic species of an 

ionic liquid (IL) is tethered to an elastomeric polymer network, while the counterion is 

mobile.1–6 These materials have gained attention due to their combination of the 

electrochemical properties of ILs and the solid-state properties of elastomeric polymers, 

making them attractive for use in a variety of electrochemical applications.7,8 Examples of 

demonstrated devices include electrolytes for supercapacitors9,10 and batteries,11–13  exchange 

membranes in fuel cells,14 gating materials in field-effect transistors,15 electro-active 

actuators,3 and osmotic energy conversions.16,17 Additionally, IEs have been shown to be soft 

ionic analogs of p-type and n-type semiconductors since the covalent bonding of one species 

of ions to the crosslinked networks permits selective conduction of free counter ions.2,6,18 

Coupled with their soft, elastic, and liquid-free nature, IEs offer great potential in the newly 

emerging field of “ionotronics” in which device functions rely on ions as charge carriers.1,19–21 

The polyanion/polycation junction of IEs enables the design of ionotronic devices such as ionic 

diodes,6,9,22 transistors,18,23 electro-adhesives,4,24 and electro-mechanical transducers2 with high 

deformability, optical transparency, bio-compatibility, and softness of which those properties 

are not easily accessible in conventional electronic devices.3,4,6,22-26 

 The formation of an electric double layer (EDL) is a universal feature of ionic materials 

at the electrified interfaces, and the ion distribution in the EDL significantly impacts various 

electrochemical properties such as capacitance, redox reactions, charging/discharging rates, 

and electric field strength.27–33 As the driving force behind electrochemical reactions relies on 

the voltage difference between the electrode and the reactants, even small changes in the EDL 

voltage can lead to variations in electrochemical reaction currents by orders of magnitude.31,34 

Therefore, understanding the EDL structure and its dependence on the electrode potential is of 
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great importance for the performance of IEs in various electrochemical applications. In diluted 

electrolytes, the classical Gouy-Chapman-Stern (GCS) theory describes the Debye length (ξ) 

as becoming exponentially small with increasing electrode polarization, resulting in a U-shaped 

differential capacitance curve as a function of voltage.29,30,34 For highly concentrated 

electrolytes, such as ILs, the effects of finite ion size and excluded volume become significant. 

The modified mean-field model that accounts for the finite size of ions explains that as the 

voltage increases, the ions in ILs will start to line up in front of the electrode, causing the EDL 

to become thicker and the capacitance to decrease. As a result, the shape of the capacitance 

curve falls in either a "bell" or "camel" shape depending on the compactivity parameter of the 

IL.30,33,35 This model has been supported by numerous simulation results and experimental 

studies that have observed bell and camel-shaped capacitance curves for various ion sizes36, 

types of electrodes,37,38 temperatures39,40, and solvent dilution effects of ILs.41 

 Despite the success of describing the EDL structure of various ionic materials, the 

covalent bonding of one ionic species to polymeric backbones or crosslinked networks 

introduces new considerations. The EDL structure of polymerized ionic liquids (PILs) has been 

studied using the polyelectrolyte adsorption model and molecular dynamics (MD) simulations, 

which predict higher EDL capacitances of polymeric ions due to the surface absorption of 

charged polymer chains upon applying an electric potential.27,42–44  Recently, Budkov et al. 

proposed a self-consistent field theory for the local electrostatic potential of PILs on a charged 

electrode. Their finding suggests that the differential capacitance profile is strongly sensitive 

to the boundary condition for the local polymer concentration on the electrode.43,44 When there 

is a short-range depletion of the polymer ions near the charged surfaces, the differential 

capacitance shows a camel-shaped curve with two strongly asymmetric peaks and significantly 

decreased capacitance from the polymeric ions. Experimentally, Kumar et al.27 explored the 

EDL structures of PILs at electrified interfaces using broadband dielectric spectroscopy. In 



 5 

their experiments, capacitance-voltage response curves were qualitatively similar to the 

corresponding ILs, suggesting that covalent linking of one ionic species of ILs to the polymeric 

backbones does not significantly influence the EDL structures in close proximity to electrode 

surfaces. However, in contrast to PILs, the movement of polymeric ions in IEs toward the 

electrified surfaces can be significantly impeded by the elastic deformation of the networks. 

To the best of our knowledge, the elastic energy associated with polyelectrolyte networks has 

not yet been considered in describing the EDL, where the long-range motion of the crosslinked 

polymeric ions in IEs requires elastic deformation of the network. 

In this study, we investigate the differential EDL capacitance responses of IEs at 

electrified surfaces. Specifically, the differential EDL capacitances of crosslinked polymeric 

ions and free counter ions are experimentally measured. We prepare two oppositely charged 

pairs of IEs with nearly symmetric chemical functionalities. The polycation IE is composed of 

fixed imidazolium cations and free bis(trifluoromethyl sulfonyl)imide (TFSI-) anions, while 

the polyanion IE is composed of fixed trifluoromethane sulfonimide anions and free 1-ethyl-3-

methylimidazolium (EMIM+) cations. To decouple the differential EDL capacitance of 

crosslinked polymer ions and free ions formed at the electrified interfaces, we apply two 

electrode configurations with a large difference in the surface areas, which allows us to 

eliminate the contribution of the EDL capacitance at the high surface area electrode due to its 

negligible contribution to the overall capacitance. Our experimental results show highly 

asymmetric camel shape capacitance responses with the EDL capacitance of crosslinked 

polymeric ionic species being lower than that of free ionic species in both polyanion and 

polycation IEs. The asymmetries are attributed to the restricted degree of freedom of the 

crosslinked polymeric ions, which constrains the closer packing of ions toward to the electrified 

interfaces. With the increase in crosslinking density of IEs, a greater reduction in EDL 

capacitance is observed, along with an amplified asymmetry between crosslinked polymeric 
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ions and free ions. Moreover, without crosslinking, we observe similar EDL capacitances for 

polymeric ions and counter ions, supporting that the elastic energy of crosslinked networks in 

IEs reduces differential EDL capacitances of crosslinked ions. Our finding suggests that the 

elastic energy of the networks has to be accounted for in describing the EDL structures of IEs 

and their use in other electrochemical applications.  

 

RESULTS AND DISCUSSION 

    

Figure 1. Chemical structures of polycation AT and polyanion EA monomers. Polymerization 

of each monomer with the crosslinker forms a pair of oppositely charged polycation (PAT) and 

polyanion (PEA) IEs. 
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A pair of oppositely charged IEs is prepared based on the chemical structures of 1-

ethyl-3-methylimidazolium bis(trifluoromethyl sulfonyl)imide (EMIM TFSI) IL. EMIM TFSI 

is one of the most widely used ILs in many electrochemical applications due to its 

hydrophobicity, high ionic conductivity, and excellent electrochemical stability.45–47 One of the 

ionic charges in the EMIM TFSI IL is functionalized with polymerizable acrylate groups 

following modified literature procedures.2,4,48 The resulting polycation and polyanion 

monomers are 1-[2-acryloyloxyethyl]-3-butylimidazolium bis(trifluoromethane) sulfonimide 

(AT) and 1-ethyl-3methyl imidazolium 3-[[[(trifluoromethyl) sulfonyl]amino] sulfonyl]propyl 

acrylate (EA), respectively (Scheme 1). The detailed synthetic procedures are described in the 

Supporting Information including a modified method for preparing the EA monomer based on 

a sulfur-fluoride exchange (SuFEx) reaction.49,50 The synthesis of AT and EA monomers is 

confirmed by 1H-NMR and 19F-NMR spectroscopy (Figures S1-S2). The free-radical 

polymerization of AT and EA monomers with 2 mol% poly (ethylene glycol) diacrylate 

(PEGDA) crosslinkers yields transparent, soft, and highly-stretchable polycationic (PAT) and 

polyanionic (PEA) IEs, respectively. Both PAT and PEA IEs present rubbery solid-like 

characteristics, showing a larger storage modulus (G') than loss modulus (G'') under the 

dynamic shear deformation at ambient temperature (HR20, TA instruments) (Figure S3). The 

G' values of PAT and PEA with 2 mol% of crosslinking were found to be 0.19 MPa and 0.11 

MPa, respectively. As decreasing temperatures, PAT and PEA undergo glass transitions at -

3 °C and -9 °C, respectively, resulting in almost four orders of magnitude increase in G' and G' 

with the distinctive peak of tan 𝛿 ( 𝛿= G'/G''). The glass transition temperatures (Tgs) of both 

IEs are far lower than room temperature, enabling ion conduction under ambient conditions in 

both PAT and PEA IEs through chain segmental relaxations. Under the static linear 

deformation, the elastic modulus of PAT and PEA were measured to be 0.5 and 0.4 MPa, 

respectively (Figure S4), comparable to previously reported values for similar IEs.2,4,6 Detailed 
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experimental procedures and characterization of IEs are described in the Supporting 

Information. 

  

Figure 2.  The illustration of two-electrode geometry with large surface area asymmetry, 

designed to separate the EDL capacitances of crosslinked polymeric ions and free counter ions. 

When a positive potential is applied to the WE for PAT polycation IEs, an EDL consisting of 

free ions forms. In contrast, applying a negative potential to the WE results in an EDL 

composed of crosslinked polymeric ions. The opposite behavior occurs for PEA polyanion IEs. 

 

To investigate the decoupled differential EDL capacitances of crosslinked polymeric 

ions and counter ions in PEA and PAT IEs, we employ a two-electrode system with a large 

asymmetry in surface area between the working electrode (WE) and counter/reference 

electrode (CE/RE). Since the two EDL capacitors formed at the WE and CE/RE are connected 

in series, the reciprocal of the total capacitance (1/Ctotal) is equal to the sum of the reciprocals 

of the two capacitors. We apply microporous laser-induced graphene (LIG) electrode51–53 as a 
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CE/RE, while a flat Au serves as the WE. Due to the exfoliated micro-porous structure of LIG, 

it provides a much larger surface area than the flat electrodes, resulting in considerably higher 

EDL capacitances at CE/RE compared to WE. Consequently, the contribution of the reciprocal 

EDL capacitance at the CE/RE can be almost ignored in relation to the total capacitance (1/Ctotal 

= 1/CWE + 1/CCE/RE ≈ 1/CWE). Therefore, the decoupled EDL capacitance of either polymeric 

or counter ions can be measured depending on the polarity of the WE (Figure 2). For 

experimental demonstrations, we prepared a 1 cm2 square-patterned LIG by engraving the 

surface of a polyimide substrate with CO2 laser (VLS2.30DT, ULS) (Figure S5). The prepared 

LIG electrode was placed between two fluorinated glass slides separated by 300 μm polyimide 

spacers. Then, the AT or EA monomer solution with 2 mol% PEGDA crosslinkers was injected 

into the mold. Free-radical polymerization was conducted by exposure of a photoinitiator (2,2-

dimethoxy-2-phenylacetophenone, DMPA) to 365 nm UV light. As a result, microporous LIG 

can be embedded on one side of the IE. Subsequently, a thermally deposited flat Au electrode 

(~ 50 nm thick) on a glass substrate was attached to the top of the IEs to achieve an Au/LIG 

electrode geometry (Scheme S1). For control samples, PAT and PEA with symmetric WE and 

CE/RE electrodes (i.e., Au/Au and LIG/LIG) were also prepared. For the Au/Au symmetric 

electrode system, two Au electrodes on glass substrates are attached on top and bottom of bare 

IEs with a thickness of 300 μm. In the case of the symmetric LIG/LIG geometry, two bare 

surfaces of LIG-embedded IEs each with a thickness of 150 μm, are attached together.  
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Figure 3. (a), (b) Nyquist plots (Z' vs Z') and (c), (d) Bode phase plots (phase angle vs 

frequency) of AC-impedance are presented for PAT polycation and PEA polyanion IEs with 

LIG/LIG, Au/Au, and Au/LIG electrode configurations. The solid lines in the plots represent 

the fits obtained from the equivalent circuit model depicted in the inset of (a) to the AC-

impedance data.  

Table 1. Fitting parameters of electrochemical impedance spectroscopy (EIS) measurement.  

Polymer Type RB (kΩ) 
CPE 

CB (pF) 
EDL 

capacitancea) 
 (𝜇𝐹/𝑐𝑚!) 

Conductivitya) 
(×10-4 mS/cm2) Qα×10-6 α 

PAT IE 
(Polycation) 

Au/Au 80.3 ± 0.9 2.76 ± 0.09 0.75 ± 0.01 42 ± 1 1.2 ± 0.2 3.7± 0.1  
LIG/LIG 80.5 ± 0.3 37.6 ± 0.4 0.40 ± 0.01 112 ± 2 200 ± 10 3.6± 0.2 
Au/LIG 78.2 ± 0.7 4.01 ± 0.08 0.81 ± 0.01 61 ± 1 3.0 ± 0.2 4.2± 0.1 

PEA IE 
(Polyanion) 

Au/Au 14.7 ± 0.1 1.91 ± 0.01 0.88 ± 0.01 47 ± 2 1.3 ± 0.4 16 ± 1 
LIG/LIG 9.4 ± 0.5 82.1 ± 0.5 0.70 ± 0.02 273 ± 1 80 ± 5 32 ± 1 
Au/LIG 14.1 ± 0.1 4.37 ± 0.03 0.90 ± 0.01 52 ± 2 3.2 ± 0.2 22 ± 1 

a) Average from a minimum of 10 measurements for each of 5 different samples 
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AC-impedance responses of PEA and PAT IEs are characterized using electrochemical 

impedance spectroscopy (EIS) (Reference 620, Gamry Instruments) over a frequency range of 

0.1 Hz to 1 MHz with an AC amplitude of 40 mV. The Nyquist (Z' vs Z'') and Bode phase 

angle (phase angle vs frequency) plots of the AC-impedance response of PAT and PEA IEs are 

shown in Figure 3. The Nyquist plots for each IE show two distinct regions: a semicircle at 

higher frequencies (103 – 106 Hz) and a tilted straight line at lower frequencies (0.1 – 103 Hz), 

consistent with the previously reported AC-impedance response of IEs.2,4 The semicircle at 

high frequencies corresponds to the response of bulk polarization (CB in the equivalent circuit 

model) and bulk resistance (RB) from ion conduction, while the tilted straight line at low 

frequencies is a result of the accumulation of ions at the interface during the formation of EDL 

capacitors (constant phase element, CPE). At high frequencies, the rapid alternation of voltage 

signs induces bulk polarization, resulting in a capacitor-like behavior with a phase angle close 

to 90 degrees in Bode phase angle plots. At moderate frequencies, bulk transport of ions takes 

place, resulting in a resistor-like behavior with a phase angle close to 0 degrees, and finally at 

the lowest frequencies, ion accumulation leads to the formation of EDL capacitors with 

increased phase angle. Following the previous literature,2 all impedance curves are fitted 

(ZView, Scribner Associates) based on the equivalent circuit model of IEs, as shown in the 

insets of Figure 3(a). Fitted parameters for PAT and PEA IEs are summarized in Table 1.  

Based on the fitting parameters, two important variables—ion conductivity and 

frequency-independent EDL capacitances—can be derived. The ion conductivity of PEA and 

PAT IEs can be calculated from the RB of fitting parameters (Table 1). Ion conductivities for 

PAT and PEA IEs with symmetric Au/Au electrodes are measured to be (3.7 ± 0.1) ×10-4 

mS/cm and (1.6 ± 0.1) ×10-3 mS/cm, respectively, which are in reasonable agreement with 

previous reports on ion conductivity of IEs.2,6,54 The higher ion conductivity of PEA is likely 

due to its lower Tg. As expected, similar ion conductivities are measured regardless of the 
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electrode configurations whether symmetric (Au/Au, LIG/LIG) or asymmetric (Au/LIG) 

electrodes are used. However, in stark contrast, the EDL capacitance of PEA and PAT strongly 

depends on the electrode configurations. A frequency-independent EDL capacitance can be 

extracted from the characteristics of the constant phase element (CPE) used in the equivalent 

circuit following relation: CEDL= Qα1/α RΩ[(1/α)-1] where RΩ represents the resistive limit of the 

CPE, herein RΩ = RB, and Qα and α are constants for describing impedance of CPE (ZCPE = Qα-

1(jω)-α, 0 ≤ α ≤ 1).55–56 The PAT with microporous LIG/LIG electrodes exhibits an EDL 

capacitance of 170 ± 10  μF/cm2, which is more than 100 times greater than that of planar 

Au/Au electrodes (1.2 ± 0.2  μF/cm2). As a result, at the same frequency of 0.1 Hz, the reactance 

(Z'') and phase angles of PAT with microporous LIG/LIG electrodes are much smaller 

compared to those with the planar Au/Au electrodes (Figure 3). Interestingly, the EDL 

capacitance of PAT with the asymmetric pair of Au/LIG electrodes is measured to be 3.4 ± 0.2 

μF/cm2. Given the large surface area of the LIG, this interface should contribute negligibly to 

the total capacitance, and thus we would expect roughly twice the capacitance value than that 

measured for the planar Au/Au electrode. For polyanion PEA IEs, a similar behavior is 

observed, with the capacitance of 3.2 ± 0.2 μF/cm2 with Au/LIG asymmetric electrodes being 

roughly twice that of the planar Au/Au electrodes (1.5 ± 0.4 μF/cm2). Therefore, we conclude 

that the EDL capacitance at the single planar Au electrode can be successfully isolated using 

the Au/LIG asymmetric electrode geometry, and we apply this principle as follows to decouple 

the differential EDL capacitance of crosslinked polymeric ions and free counter ions in IEs. 
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Figure 4. Nyquist plots from AC-impedance measurement of (a) polycation PAT and (b) 

polyanion PEA IEs with Au/LIG electrode geometry under various DC biases. Solid lines 

represent fits of the equivalent circuit model. The frequency-independent EDL capacitances 

for (c) polycation PAT and (d) polyanion PEA are plotted as a function of applied DC voltage. 

Highly asymmetric camel shape capacitance responses are observed with reduced EDL 

capacitances from crosslinked polymeric ions in both PAT and PET IEs. 

 

Decoupled differential EDL capacitances of polymeric ions and counter ions are 

characterized by the EIS while applying constant DC biases to the WE (Au) and CE/RE (LIG). 

The Nyquist plots of AC-impedance measurements for PAT and PEA IEs under various DC 

biases are shown in Figure 4(a) and Figure 4(b), respectively. Each curve from PAT and PEA 

IEs is fitted with the equivalent circuit model, and calculated frequency-independent EDL 
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capacitances are plotted as a function of applied potential in Figure 4(c) and Figure 4(d). Full 

data is shown in the Supporting Information (Table S1). We note that the applied DC potential 

of ± 1.5 V lies within the electrochemical window of PAT and PEA with Au/Au and LIG/LIG 

electrodes (Figure S6), indicating that the current detected through EIS in our experiments 

primarily originates from non-Faradaic processes. Both PAT and PEA IEs show a typical 

camel-shaped response of capacitance-voltage curves  with increasing electrode polarization. 

However, the capacitance responses of both PAT and PEA are highly asymmetric depending 

on the sign of the applied voltage. For example, when a positive bias of 0.7 V is applied to 

PAT, free TFSI- counter ions align at the positively charged WE, resulting in an increase of 

EDL capacitances from 2.53 μF/cm2 to 3.58 μF/cm2. On the other hand, when a negative bias 

is applied, TFSI- counter ions drift away from the negatively charged WE, and imidazolium 

polymeric cations attached to the crosslinked networks form an EDL. Interestingly, the increase 

in EDL capacitance is less pronounced than that of the free counter ions, yielding a highly 

asymmetric camel-like response. The maximum EDL capacitance of crosslinked polymeric ion 

was measured to be 2.57 μF/cm2 at a voltage of -0.5 V. In the case of the polyanion PEA IE, 

opposite capacitance-voltage responses to those of polycation PAT IE are observed. Under a 

positive bias, free EMIM+ ions form an EDL, resulting in increased capacitance while 

crosslinked polymeric sulfonimide anions ions maintain similar capacitance values under a 

negative bias. The notably smaller EDL capacitances from the crosslinked polymeric ions in 

both PEA and PAT IEs imply that the restricted movement of the crosslinked ions toward the 

electrified electrodes contributes to a reduction in the differential EDL capacitances.  
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Figure 5. (a) Differential EDL capacitance responses of polycation PAT PIL without 

crosslinking and PAT IEs with crosslinking densities of 0.5 mol% and 2 mol%. (b) Schematic 

illustration of PIL and IE at the electrified interfaces.   

 

 To gain a deeper understanding of the effect of network elasticities on the EDL 

capacitances, we compared the capacitance responses of polycation PAT IEs with different 

crosslinking densities (0.5 mol% and 2 mol%) and polycation PAT PIL without crosslinking. 

The EDL capacitance responses of polycation PAT PIL and PAT IEs are compared in Figure 

5(a)and full data is shown in the Supporting Information (Figure S7-S8, Table S2). The PAT 

PIL was prepared using the same procedure as for the PAT IE, except that PEGDA crosslinkers 

were excluded. The viscosity of PAT PIL is measured to be 82.2 kPa∙s with a G' of 33.4kPa 

and G'' of 75.1 kPa at 1.0 rad/s under dynamic shear deformation. The G'' of PAT PILs is higher 

than the G' in an angular frequency range of 0.1-100 rad/s, revealing the liquid-like behavior 
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of the PILs (Figure S9). In contrast, the PAT IEs with 0.5 mol% and 2 mol% crosslinking 

density show an G' of 86 kPa, and 120 kPa at 1.0 rad/s, respectively, with G' exceeds G'' over 

the whole frequency range, indicative of the solid-like behavior of the IEs (Figure S9). The 

same Au/LIG electrode geometry is applied to decouple EDL capacitance between polymeric 

ions and free counter ions for PILs and IEs. When the IEs are not crosslinked, we observe 

similar EDL capacitances for polymeric ions and counter ions without significant asymmetry 

in the response shape. Upon applying positive biases to PAT PILs, TFSI- counter ions drift and 

align at the electrode, resulting in an increase of EDL capacitances from 4.4 ± 0.1 at 0 V to 5.1 

± 0.2 μF/cm2 at 0.7 V. Conversely, under negative bias, the accumulation of imidazolium 

polymeric cations to the electrode also causes an increase of EDL capacitance with a maximum 

peak of 4.9 ± 0.1 μF/cm2 at - 0.6 V, exhibiting a similar response to that of free counterions. 

Similar symmetric EDL capacitance-voltage responses of PILs with the reversal of voltage 

were also experimentally observed by Kumar et al.27 The shape of the capacitance-voltage 

curve of PIL is qualitatively similar to that of the IL despite the chain connectivity of the 

polymeric ions. As adding a crosslinker (0.5 mol% and 2 mol% ) to form a crosslinked network 

of PAT PILs, an asymmetry between polymeric ions and free counter ions starts to appear. The 

crosslinking of PILs reduces overall differential EDL capacitance but the decrease in EDL 

capacitances of free counter ions is less pronounced than that of crosslinked polymeric ions, 

leading to highly asymmetric voltage-capacitance responses in IEs. As more crosslinkers are 

added, a further reduction in capacitance is observed, providing experimental evidence that 

crosslinked networks of polymeric ions in the IEs reduce the EDL capacitances.  

 In the absence of crosslinking, when a negative voltage is applied to the polycation PIL, 

free anions move away from the WE, while polymeric cations can also drift toward the WE 

(Figure 5(b)). Consequently, polymeric ions and free counter ions can be aligned similarly in 

close proximity to the electrode surfaces, resulting in the symmetrical camel-like response of 
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EDL capacitances. However, once all the polymeric ions are crosslinked by the network, the 

drift of polymeric ions requires elastic energy of deformation. Due to this energy penalty, the 

separation distance in the EDL can be limited for crosslinked polymeric ions compared to free 

counter ions. Thus, an asymmetric camel-shaped capacitance-voltage response is observed for 

IEs. A recent theoretical study by Budkov et al.44 also predicted an asymmetric camel-shaped 

curve in PILs with a significant reduction in the capacitance of the polymeric ions when there 

is a short-range depletion of polymeric ions near the charged surfaces. Since the network 

elasticity and crosslinking in the IE restrict the ability of network strands to adsorb to the 

electrified interface relative to a PIL, similar asymmetric capacitance responses with reduced 

capacitances from polymeric ions can be obtained from IEs. Therefore, our finding suggests 

that a revised framework is necessary to properly describe the ion distribution in EDL of IEs, 

accounting for the effect of elastic energy of the networks and its impact on electrochemical 

properties.  

CONCLUSIONS 

 In conclusion, we examine the differential EDL capacitance response of IEs at 

electrified interfaces. Especially, our work provides experimental evidence of EDL capacitance 

differences between crosslinked polymeric ions and counter ions in the IEs. Two oppositely 

charged symmetric pairs of IEs based on EMIM TFSI ILs are prepared, where the polycation 

PAT is composed of fixed imidazolium cations and free TFSI- anions, while the polyanion PEA 

is composed of fixed sulfonimide anions and free EMIM+ cations. To separate EDL 

capacitances of crosslinked polymer ions and counter ions, we apply asymmetric LIG/Au 

electrodes that exhibit a large difference in surface area. Due to the negligible contribution to 

the overall capacitances from the large surface area of LIG electrode, the decoupled EDL 

capacitance of either crosslinked polymeric or counter ions only at the flat Au electrode can be 

measured. depending on the polarity of the WE. We analyze the differential EDL capacitance 
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behavior of oppositely charged IEs using EIS while applying various DC biases and observe 

highly asymmetric voltage responses depending on the sign of the applied voltage. For both 

polyanion and polycation, the EDL capacitance of crosslinked polymeric ions is lower than 

that of the counter ions. Higher crosslinking density induces lower capacitances of polymeric 

ions, suggesting that the elastic networks restrict the degree of freedom of crosslinked ions, 

leading to lower EDL capacitances. Our work provides experimental evidence of differential 

EDL capacitances between crosslinked polymeric ions and counter ions for a better 

understanding of the EDL structures of IEs at the electrified interfaces, which is of great 

importance for the performance of IEs in various electrochemical applications. 
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