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Abstract 

The electrical and electrochemical properties of two ionogel materials based on the 

poly(N-isopropylacrylamide) gel with 1-ethyl-3-methylimidazolium ethyl sulfate and 

trihexyltetradecyl-phosphonium dicyanamide ionic liquids are investigated. The current-

voltage curves show a current rectification for both ionogels and ionic liquids after 

inducing ion adsorption on gold electrode surface. The polymer matrix of the ionogels 

mitigates ion adsorption, resulting in lower rectification ratios when comparing with the 

corresponding ionic liquids. The stability and the electrochemical window (ECW) of the 

ionogels are calculated from cyclic voltammograms and compared with the ones obtained 

for the ionic liquids, achieving the widest electrochemical window the phosphonium 

based ionic liquid and its ionogel. Finally, the effect of the absorbed atmospheric water 

and the coefficient diffusion of the redox active species inside the IO is calculated. This 
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work widens the knowledge of the behavior of ionogel materials characterized on gold 

electrode interfaces. 

Keywords: Ionogel (IO); ionic liquid (IL); current rectification; electrochemical window 

(ECW); interdigitated electrodes (IDEs). 

 

1. Introduction 

Ionogels (IOs) are a class of hybrid materials that consist of ionic liquids (ILs) 

immobilized into a matrix. Inorganic, hybrid and organic matrices can be employed to 

prepare different types of IOs. Among them, polymer-based IOs can be prepared by 

solution of the polymer and the IL in a co-solvent which is removed (solvent blending), 

by swelling of the polymer in IL (impregnation) or in situ polymerization of monomer 

dissolved in the IL. As a consequence, the different physical or chemical properties of 

both components are combined, resulting in a material that differs from their original 

components.[1] The intrinsic ionic conductivity of the IL and the mechanical and shape 

stability of its matrix designate IOs as interesting materials for the fabrication of 

electrochemical devices, where a high ionic conductivity, at the solid state, generates safer 

and lighter devices.[2] The incorporation of ILs with different anions and cations within 

the matrix of a polymeric material provides a path for an easy tuning or tailoring of the 

properties of the IO and allows the fabrication of functional devices such as batteries and 

fuel cells.[3] These properties are not present in hydrogels where the ionic liquid has been 

substituted by water. In fact, its major drawback is derived from its high water content 

that makes them weak and causes them a rapidly moisture loss, shrinkage and 

brittleness.[4] 
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In particular, poly(N-isopropylacrylamide) (pNIPAAM) IOs that utilize imidazolium- 

or phosphonium-based ILs are flexible materials with easily tunable appearance. 

Imidazolium-based ILs are moisture stable, do not undergo hydrolysis, have low melting 

points and good thermal stability which make them one of the most stable, common and 

studied ILs family.[5] On the contrary, phosphonium-based ILs are less studied materials 

with interesting properties such as its high hydrophobicity and stability against high 

temperatures (up to 400ºC) and basic pH solutions. Both materials have traditionally been 

employed as microvalves[6,7] and passive pumps actuators[8,9] as well as for pH 

monitoring,[10] in microfluidic devices. These materials have been fully characterized by 

DSC, SEM,[11] optical microscopy[9] and AFM.[12] However, a less considered aspect 

of these materials are their electrical and electrochemical properties.  

Recent studies in our group have demonstrated that the actuator behavior of these 

thermo-responsive IOs can be studied with electrochemical impedance spectroscopy 

(EIS) and that the charge-transfer resistance of the IOs can be correlated with the 

morphological properties of the IL included in the IO. Using this technique, the time 

necessary for the formation of the network during the photopolymerization process and 

the water uptake of both IOs was determined.[12] In addition, a better understanding of 

the actuation behavior of the IOs was provided with repeated drying and swelling cycles 

employing either gold or AZO-based interdigitated electrodes.[13] In addition, the quasi-

solid nature of these electrolytes makes them a suitable alternative to circumvent the 

current problems derived from the use of liquid electrolytes in several applications such 

as gas sensors[14,15], supercapacitors, batteries and solar cells.[16] Regarding to 

supercapacitors, those commercially available are composed of two activated carbon 

electrodes and a porous separator soaked by a liquid electrolyte. The IOs can be 

implemented as separator and electrolyte and fulfil the safety requirements.[17] In the 
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field of batteries, the lithium-ion secondary (rechargeable) batteries are the most studied 

battery types. Unfortunately, they present a safety problem due to the highly flammable 

components of electrolytes. IOs are promising electrolytes to circumvent this problem. 

Moreover, these electrolyte systems do not require the use of the conductive salt (ex. 

LiPF6) that easily releases toxic compounds when the battery is damaged.[18] 

With the rapid growth of electronic industry, these materials can be also implemented 

in electronic applications such as rectifiers. The deposition of the IO onto an electrode 

forms a metal-semiconductor contact that can be classified as Ohmic (current 

proportional to the applied voltage) or non-Ohmic (with a rectification behavior). In this 

context, the synthesis of hydrogels doped with oppositely charged ions to generate n-type 

and p-type regions has been investigated,[19] achieving current rectification ratios as 

large as 40 mA cm-2 and current densities up to 50 mA cm-2. For instance, acrylamide in 

the presence of pyranine as p-type hydrogel and N-isopropylacrylamide in the presence 

of 3-methacrylamido-N,N,N-trimethylpropan-1-aminium chloride as n-type hydrogel 

have been polymerized and studied.[20] It was observed that, after placing one of the gels 

on the top of the other, rectification current was achieved. These junctions are cheaper 

and simpler to fabricate than inorganic p-n junctions, however their main disadvantage is 

that they include water and, over time, they will stop rectifying. This drawback has been 

solved with the replacement of hydrogels by IOs. As an example, Nayak et al.[21] 

fabricated and Schottky diode with pristine and 1-butyl-3-methylimidazolium chloride 

([BMI][Cl]) or 1-butyl-3-methylimidazolium hexafluorophosphate ([BMI][IPF6]) ILs 

dispersed in PEDOT:PSS using Au and Al electrodes. However, in order to mimic silicon-

based technologies, new electronic and electrochemical devices, employing conducting 

IOs as active materials, are an interesting option to enhance their performance and 
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overcome the current limitations of existing devices in terms of cost, fabrication methods 

and thermal and electrochemical instabilities.  

Here we report an easy fabrication process to study the influence of two ILs, 1-ethyl-

3-methylimidazolium ethyl sulphate ([C2mIm][EtSO4] (IL-1) and 

trihexyl(tetradecyl)phosphonium dicyanamide ([P6,6,6,14][DCA]) (IL-2), on the electrical 

and electrochemical performance of pNIPAAM based IOs. The rectification behavior, 

employing current-voltage (I-V) curves, has been investigated for two IOs with different 

physicochemical properties. In addition, the electrochemical stability, the effect of the 

absorbed atmospheric water in the IOs and the mass transport of electroactive molecules 

inside the IO have been investigated by cyclic voltammetry (CV). The results have been 

compared with the neat ILs, thus widening the knowledge about the electrical and 

electrochemical conducting IOs with different polarities tuned by encapsulating different 

ILs in the polymeric matrix. 

2. Experimental 

2.1. Reagents and materials. 

N-isopropylacrylamide, N,N’-methylene-bis(acrylamide), 2,2-Dimethoxy-2 

phenylacetophenone, potassium ferricyanide (K3[Fe(CN)6]), 1-ethyl-3-

methylimidazolium ethyl sulfate IL and trihexyltetradecyl-phosphonium dicyanamide IL 

were purchased from Sigma-Aldrich. Cyclic olefin copolymer (COP) was provided by 

Zeonex/Zeonor and pressure sensitive adhesive (PSA) was gently provided by Adhesive 

Research, Ireland. Demineralized water was taken from a Mili-Q Plus purification system 

with a resistivity of not less than 18 MΩ cm. 

2.2. Synthesis of the ionogels. 
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The composition of the IOs employed is based in the synthesis conditions previously 

described in the literature.[6–9] A mixture of N-isopropylacrylamide (0.904 g), N,Nʹ-

methylene- bis(acrylamide) (0.025 g), 2,2-dimethoxy-2-phenylacetophenoneand (2 mL) 

1-ethyl-3-methylimidazolium ethyl sulfate (IO-1) or trihexyltetradecyl-phosphonium 

dicyanamide (IO-2) ionic liquid was placed in a flask and heated at 80 °C during 30 min.  

The chemical structures of the IOs used in this study are shown in the Supporting 

Information (SI), Figure S1. 

2.3. Fabrication of the electrochemical device, and integration with the IOs 

The fabrication of gold interdigitated electrodes (Au-IDEs) has been previously 

described.[22,23] In brief, a 200 nm gold layer was deposited by RF magnetron sputtering 

(Edwards coating system E306A) in an argon (Ar) atmosphere onto positive photoresist 

previously patterned employing a photolithographic process. An 8 nm layer of titanium 

(Ti) as adhesion layer was deposited by DC magnetron sputtering. The rest of the 

photoresist was washed away using a lift-off process and devices with interdigitated 

electrodes of 50 µm width, 11 fingers and 950 m finger overlap were obtained.  

Electrochemical treatment of gold electrodes in sulphuric acid (0.05 mM) was 

performed to clean and prepare the surface of the electrodes prior depositing the IOs. 

After that, the electrode was cleaned with acetone and ethanol and dried in N2. Finally, 1 

µL of IO-1 or IO-2 was drop-casted and in situ photopolymerized for 8 min onto the Au-

IDEs under UV light at 365 nm (850 µW cm-3) using a COP/PSA gasket to stablish the 

IO boundary. 

2.4. Characterization methods 

Cyclic voltammetry measurements were recorded with a symmetrical two-electrode 

system using an electrochemical analyser (CH Instruments Model 1040B). For the 
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electrical characterization a Keithley 2450 Sourcemeter was used. The electrodes were 

connected with needles controlled by micro positioners (see SI, Figure S2).  

3. Results and discussion 

3.1. Electrical characterization of IOs and ILs 

Current-voltage (I-V) measurements were performed on not induced devices, which 

accommodate two interdigitated electrodes with two connection pads onto a thermally 

oxidized (1.4 µm) silicon wafer. In the first experiment, both IOs were measured without 

any prior voltage history at room temperature. Figure 1(a) shows that the I-V curves of 

both IOs present a non-linear symmetric behavior with a rectification ratio (I+1 V/I-1 V) 

near unity (see Table 1). At 1V, the conductivity values are 1.47·10-7 and 8.40·10-8 S cm-

1 for IO-1 and IO-2, respectively. The conductivity[24] was calculated from equation 1, 

                                                     𝜎 =  
2

N × L × R
                               (Equation 1) 

where N is the number of finger electrodes, L is finger overlap and R is the resistance 

value measured at 1 V.  
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Figure 1. (a) I-V curves of not induced devices prepared IO-1 and IO-2; (b) I-V curves 

of IO-1 and IL-1 after applying 3 V; (c) I-V curves of IO-2 and IL-2 after applying 3 V. 

The arrows point the scan direction. 

As expected, IO-1 presents higher conductivity than IO-2 due to the higher mobility 

of imidazolium cation[25] which is related to its lower viscosity and its smaller Stokes 

radius in comparison to the phosphonium cations present in IO-2.[26] For the 

phosphonium-based IO-2, the electrophoretic mobility is much lower, which might result 

from the combination of two effects: the long alkyl chain length of the cation[27] and the 

preferential interactions between the cation and the anion of the IL.[28]  

Table 1. Conductivity values, current and rectification ratios of not induced and voltage 

induced active materials. 

Entry Active  Voltage induced  Current  Current  Rectification  



10 
 

(a)Devices scanned from 0 to -3 V prior to recording I-V plots; (b)Current at +1 V; (c)Current at -1 V; (d)Ratio 

between the absolute current at ±1 V. 

Interestingly, if an initial sweep was carried out from 0 V to -3 V and, subsequently, 

form +1 V to -2 V (Figure 1(b)) a current increase of two order of magnitude was observed 

in IO-1 at +1 V when compared to the not induced device (Table 1). Moreover, as the 

voltage was swept towards -2 V, the absolute value of the current was lower than the 

obtained in the non-voltage-induced device originating an asymmetric behavior with a 

current rectification ratio of 12.33 at ±1 V. This behavior could be explained because 

without any applied voltage, the anions mix with the cations to obtain a charge 

compensation and when the I-V plot is recorded, the ions move to the opposite charged 

electrode resulting in the symmetric I-V curve illustrated in Figure 1(a). In addition, the 

adsorption of IL ions on metal electrodes with changes in the applied voltage has been 

previously reported.[29–31] Therefore, we hypothesize that the induced current 

rectification could be explained by the adsorption of ions onto Au surface that generates 

an accumulation zone and consequently an asymmetric I-V curve. 

To study the role of the polymer matrix in the IO-1, the I-V curve for IL-1 was recorded 

following the previously explained procedure. Figure 1(b) shows that the I-V curve 

recorded for IL-1 presents also a very pronounced voltage induced asymmetric behavior 

with higher rectification ratio than IO-1 at ±1 V (Table 1). Although, IO-1 presents a 

porous matrix that allows ion motion between the electrodes,[12] the number of ions in 

contact with electrode surface is higher in neat IL which could increase the number of 

material device(a) (A) (b) (A) (c) ratio(d) 

1 IO-1 no 7.68·10-8 -8.79·10-8 0.88 

2 IO-2 no 4.39·10-8 -3.48·10-8 1.26 

3 IO-1 yes 2.22·10-6 -2.18·10-7 12.33 

4 IL-1 yes 2.90·10-6 -2.83·10-8 102.47 

5 IO-2 yes 6.74·10-7 -2.62·10-8 25.72 

6 IL-2 yes 1.50·10-6 -3.76·10-8 39.89 
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adsorbed ions on the electrode. The induced behavior is reproducible, since this response 

occurs each time that we applied the external input, but the rectification behavior is not 

maintained with time and the rectification effect is reduced over the cycling time (see 

figure S3). 

The same procedure was repeated for IO-2 and IL-2; see Figure 1(c). Similar to IO-1, 

after applying a voltage swept, the symmetric I-V curve obtained in the not induced 

device (Figure 1(a)) changed to an asymmetric behavior with higher rectification ratio for 

the neat IL than the IO-2. Rectification ratios of 25.72 and 39.89 were calculated for IO-

2 and IL-2, respectively. Lower currents were observed for IO-2 than for IL-2 pointing 

out that the compact matrix formed during the photopolymerization hindered ion motion 

towards electrode surface. However, these differences were less pronounced than in the 

case of IO-1 and IL-1 due to their so markedly different physical properties among 

imidazolium- and phosphonium-based ILs, which are the key components of the ionogels 

properties. 

3.2. Study of the electrochemical properties of ILs and IOs 

A general common feature of ILs is their inherent redox robustness, which allows them 

to carry out a variety of functions.[32] To investigate the electrochemical properties of 

ILs and IOs, first, cyclic voltammetry (CV) measurements were carried out at room 

temperature. CV offers a rapid location of redox potentials and evaluation of the effect of 

media on the redox processes. Prior to CV measurements, the surface of the bare 

electrodes was electrochemically activated in diluted H2SO4 to produce a clean and 

uniform metallic surface with a thin uniform oxide layer on the metal.[33,34] The 

electrodes were cycled until a reproducible fingerprint was obtained (see SI, Figure S4). 
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After the activation of the gold surface, the electrodes were washed and either IL or IO 

was polymerized onto the surface.  

The stability of IL-1 and IL-2 against redox processes was evaluated from -2 V to -3.7 

V and from -2 V to -4 V, respectively. For IL-1 a reduction peak appeared at -3.38 V, 

which was assigned to the irreversible reduction peak of the imidazolium cation,[35,36] 

see Figure 2(a). In the case of IL-2, an irreversible reduction peak of the phosphonium 

cation[37] was observed at -2.9 V, see Figure 2(b). The measurements were repeated for 

IO-1 and IO-2. The reduction peak in IO-1 was slightly shifted towards lower values (-

3.42 V). In the case of IO-2, the reduction peak appeared at similar voltage to IL-2 (-2.89 

V) showing a little effect of the polymeric matrix. The absence of reactions until high 

potentials proves the robustness of the IOs and shows their applicability for the design 

and fabrication of a vast number of electrochemical devices.  
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Figure 2. Cyclic voltammograms of (a) IO-1 and IL-1 between -2 V and -3.7 V and for 

(b) IO-2 and IL-2 between -2 V and -4 V at 0.1 V s-1. 

Water is one of the most significant impurities present in ILs, which can be absorbed 

during storage or manipulation of the device. In order to further evaluate the performance 

of the IOs after atmospheric water uptake, IOs and ILs were deposited onto Au-IDEs and 

stored in lab during 24 h. After that, the electrochemical potential window (ECW) and the 

CV of both IL and IOs were measured. The ECW is a key criterion to be considered when 

a medium is used in electrochemical applications.[38] The anodic and cathodic limits are 

determined by the oxidation of the anions and the reduction of the cations[39] and have 

been defined as the potential at which the current density reached 0.5 mA cm-2. For the 

studied samples, the ECWs were determined using the voltammograms of the Figures 

3(a) and 3(b). IL-1 presented an ECW of 0.59 V while IL-2 presented a value of 5.12 V. 

The ECW values measured are different to the values reported to IL-1 (ECW = 4.0 V) 

and IL-2 (ECW = 3.2 V).[40] The smaller value measured for IL-1 is probably due to the 

water absorption from the atmosphere.[41] On the contrary, the larger value of the IL-2 

can be explained considering its hydrophobic nature, which avoids the massive uptake of 

water during the exposure time. The ECWs follow the same trend when the ILs are 

incorporated inside the polymeric matrix and IO-2 (ECW = 3.88 V) has wider potential 

ranges than IO-1 (ECW = 1.47 V). Although the IOs have the same anions and cations 

that their corresponding IL the presence of the pNIPAAM plays an important role in their 

electrochemical stability since interactions between the ions and the polymer chain can 

modify the physicochemical properties of the ILs.[42] The wider ECW of IO-1 can be 

related with the decrease in conductivity of the IO-1 when is encapsulated in the 

polymeric matrix. Although this decrease in conductivity occurs also in IO-2, the 

appearance of a reduction shoulder centered at 2 V could be the responsible of the 
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narrowing of its ECW. It is important to mention that the ECW for both IOs is wide 

enough for electrochemical applications and IO-2 could be suitable for those that require 

an open space environment.  

 

Figure 3. Cyclic voltammograms of (a) IO-1 and IL-1 and (b) IO-2 and IL-2 between -3 

V and + 3 V at 0.1 V/s1. 

Figure 3(a) shows CV curves obtained with Au-IDEs in IL-1 and IO-1 in the potential 

range between -3 V and +3 V. The general appearance of the IL-1 voltammogram is very 

similar to that obtained with diluted H2SO4 (see SI, figure S3). The presence of peaks at 

-0.68 V and 0.61 V are related to the reduction and oxidation of hydrogen atoms and 

oxygen-containing surface species[43–45] absorbed by the moisture of the atmosphere. 

In IL-1 the water absorption from the air arises from the hydrogen bonding interaction 

between the water molecules and the sulfate groups of the anion.37 The current intensity 
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of the peaks depend strongly on water concentration. In the case of IO-1, the peaks moved 

to -0.5 V and 0.45 V and a decrease in the peak current was observed, which can be 

explained by the lower ability of the IO-1 to absorb water from the atmosphere in 

comparison to IL-1. For IL-2 and IO-2, the peaks related to water were not observed; see 

Figure 3(b). This can be related with their low water solubility (molar fraction = 0.43) 

due to the large alkyl-chain of the cation of the IL-2. In both cases, the absence of peaks 

related with water proved the suitability to use IL-2 or IO-2, under open atmospheres, due 

to its lower ability for water uptake from atmosphere. 

Imidazolium-based ILs present relatively low viscosities (96.6 mPa·s) and high 

conductivities, which make them of particular interest from the electrochemical point of 

view. Among others diffusion coefficients are very interesting parameters and can be 

determined by CV. Since a concentration gradient is established in the solution, the 

relaxation rate is governed by the mutual diffusion coefficient (Dm).[47] Therefore, IO-1 

and IL-1 were selected to study the diffusion of water molecules by measuring the effect 

of the scan rate (ʋ) on the peak current (ip). The recorded voltammograms between -1.5 

V and 2.5 V with different scan rates from 0.02 V s-1 to 0.1 V s-1 are shown in Figure 4(a) 

for IL-1. With the increase of the scan rate, the reduction peak shifted negatively, and the 

oxidation peak shifted positively indicating a quasi-reversible process. The Randles-

Sevcik equation predicts that the peak current at different scan rates should be 

proportional to the square root of the scan rate, if the reaction kinetic is controlled by 

diffusion conditions. At 25 ºC the Randles-Sevcik equation can be reduced to the 

following equation: 

𝑖𝑝 = 268600 ∗ 𝑛
3

2 ∗ 𝐴 ∗ 𝐷
1

2 ∗ 𝐶 ∗ 𝜗
1

2    (Equation 2) 
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where n is the number of electrons transferred in the redox reaction, A (cm2) is the 

electrode surface area, D (cm2 s-1) is the Dm coefficient of the oxidized compound, ip is 

the anodic peak current, ʋ (V s-1) is the scan rate and C (mol cm-3) is the bulk concentration 

of the analyte.[48] As shown in Figure 4(b), the plot of peak current versus ʋ1/2 yields to 

a straight line with a slope directly related with the Dm coefficient since the area of the 

electrode, the number of electrons in the reduction and the oxidation process and the water 

concentration were kept constant for the IL-1 and IO-1. In this particular case, slope 

values of (8.336 ± 0.497)·10-7·A·s V-1 and (-1.993 ± 0.172)·10-6 A s V-1 were obtained 

for the anodic and cathodic peaks, respectively. In the case of IO-1, the voltammograms 

measured with scan rates from 0.02 V s-1 to 0.1 V s-1 showed a decrease in the peak current 

compared to IL-1 (Figure 4(c)). Moreover, the linear relationship of the peak currents 

versus ʋ1/2 suggests that in this case the reaction is also governed by the diffusion (figure 

4(d)). The slope values for IO-1 were (8.557 ± 0.038)·10-7 A s V-1 and (-1.120 ± 0.155)·10-

7 A s V-1, showing a lower water diffusion in comparison with the neat IL. Zao et al.[45] 

proved that higher hydrophobicity/viscosity values protect the material from the 

experimental environment. In the case of bis(2-hydroxyethyl)-ammonium acetate 

([DEA][Ac]), the higher viscosity values (336 mPa·s) were related with the lower slope 

values (ca. 10-7 A/ppm) obtained using the stripping peak current by using the standard 

addition method of water in a dried IL. On the contrary, triethylammonium acetate 

([TEtA][Ac]), with a viscosity value of 11 mPa·s present higher slope values (ca. 10-6 

A/ppm). Moreover, our results, prove that the same behavior is achieved by the polymeric 

matrix, that makes the IL less reactive with water without the need of using hydrophobic 

or highly viscous anions. 
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Figure 4. (a) Cyclic voltammogram of IL-1 between -1.5 V and 2.5 V at different scan 

rates. (b) Oxidation (0.61 V) and reduction (-0.68 V) peak currents of IL-1 vs scan 

rate^1/2. (c) Cyclic voltammogram of IO-1 between -3 V and +3 V. (d) Oxidation (-0.5 

V) and reduction peak (0.45 V) currents of IO-1 versus scan rate1/2. 

IL can be also employed as electrochemical solvents, but their special characteristics 

directly impact in the voltammetric behavior of the species dissolved in the IL. For this 

particular use, the mass transport of electroactive analytes in ILs to the electrode interface 

is an interesting parameter. The rate of mass transport is mainly determined by viscosity 

but in ILs, the Dm coefficients of redox pairs are often inequal.[49] Dm coefficients of 

redox pairs in IO-1 were calculated using CV at microelectrodes employing the 

ferro/ferricyanide redox couple, [Fe(CN)6
3−/4−] without the need of attaching the 
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ferrocene to the imidazolum center or acting as a counterion. pNIPAAM swells in 

presence of an aqueous solution and the hydrophilic IL of IO-1 enhances water absorption 

as observed in the previous results. Therefore, taking advantage of this property, IO-1 was 

immersed in a potassium ferricyanide (K3Fe(CN)6) solution during 5 min until it 

presented a homogeneous yellow color. After that, a cyclic sweep between -0.75 V and 

+0.75 V was carried out employing a scan rate of 0.1 V s-1 as can be seen in Figure 5(a). 

CV measurements of IO-1 showed a pair of quasi-reversible peaks attributed to the 

Fe+3/Fe+2 redox couple. Thus, the one electron transfer process for ferro/ferricyanide 

redox couple found in many organic solvents also occurs in an IO with the absence of 

supporting electrolyte. 
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Figure 5. (a) Cyclic voltammograms of IO-1 at 0.1 V/s after swelling in K3Fe(CN)6 

solution. (b) The dependence of oxidation and reduction peak currents on K3Fe(CN)6 

concentration. 

The intensity of the peak current was measured at various concentrations ranging from 

15 mM to 45 mM using a scan rate of 0.1 V/s (see SI, Figure S5) and the current of the 

anodic and the cathodic peaks are plotted in Figure 5(b). The linearity of the plot suggests 
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that the electrode reaction kinetics is controlled by the diffusion conditions in the studied 

concentration range. Moreover, using the Randles Sevcik equation, it is possible to 

calculate the diffusion of Fe(CN)6
3−/4− through the IO-1. A Dm coefficient of 

(7.954±0.153)·10-15 cm2 s-1 was calculated, which is significantly smaller than the 

diffusion of the redox couple measured onto bare electrodes (2.71·10-6 cm2 s-1).[50] The 

Dm coefficient for the cathodic peak is (6.191±0.726)·10-15 cm2 s-1, which means that the 

ratio between the coefficients of the redox pair is near to 1 showing little interaction 

between the imidazolium cation and the structure of the diffusing species.[51] Therefore, 

IO-1 does not inhibit the diffusion of the electroactive species, despite the high viscosity 

of the IL-1, and provides an ideal environmentally benign experimental platform for the 

study of electroactive redox molecules without employing binary mixtures of linking the 

electroactive ferrocene unit to the imidazole cation.[52] Moreover, the combination of  

IOs with microelectrode systems provides a large range of possibilities in order to 

facilitate the handling of small volumes and use as an electrochemical solvent media 

without the need of supporting electrolyte, which simplifies the experimental 

arrangements. 

4. Conclusions 

In this contribution, the I-V characteristics of two pNIPAAM based IOs and the 

corresponding pure ILs were investigated employing interdigitated electrodes made of 

gold. After applying a voltage, an induced current rectification was observed due to the 

adsorption of the ions onto Au surfaces that generate an accumulation zone. The current 

rectification behaviour was observed in both IOs and corresponding pure ILs, but the 

highest rectification ratio was observed for IL-1 (102.47 from I+1 V/I-1 V). The lower values 

observed for both IOs in comparison of that obtained for neat ILs were ascribed to the 

polymeric matrix that probably mitigates ion adsorption.  
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The stability against oxidation and reduction processes was analyzed by cyclic 

voltammetry. Due to the hydrophilic character of IL-1, peaks related to water absorption 

from the atmosphere were found when the samples were left at ambient conditions. This 

effect narrows the electrochemical window of the IO-1 in comparison to IO-2. IL-2 and 

IO-2 present wide electrochemical windows, 5.12 V and 3.88 V respectively. These 

potential windows exceed by far those observed in aqueous electrolytes and are equal or 

slightly wider than those obtained with organic electrolytes. Moreover, IO-1 presents a 

suitable matrix for the study of electroactive redox molecules without the need of 

attaching the ferrocene to the imidazolium center or as a counter ion. 
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