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Abstract: Several hydrogel materials have been proposed for drug delivery systems and other pur-
poses as interfacial materials, such as components for fuel cells and immobilization of biomolecules. In
the present work, two materials, an ion sol-gel, based on 1-octyl-3-methylimidazolium bis(trifluorome
thylsulfonyl)imide, and an ion jelly (1-ethyl-3-methylimidazolium ethylsulfate) film deposited on
carbon screen-printed electrodes, were electrochemically characterized. The electrode kinetics of ion
jelly and ion sol-gel materials were compared by using ferrocyanide/ferricyanide redox reaction cou-
ple as a model redox process. Diffusion coefficients were calculated and compared to those obtained
with the model redox couple in non-modified electrodes. Results pointed to a decrease of two and
four orders of magnitude in the diffusion coefficients, respectively, for ion jelly and ion sol-gel film
modified electrodes. Heterogeneous electron transfer constants for the ferrocyanide/ferricyanide
ion redox process were also determined for modified and non-modified electrodes, in which the ion
sol-gel film modified electrode presented the lower values. This work sought to contribute to the
understanding of these materials’ properties, with emphasis on their diffusion, conductivity, and
electrochemical behavior, namely reversibility, transfer coefficients, and kinetics, and optimize the
most suitable properties for different possible applications, such as drug delivery.

Keywords: hydrogel; redox materials; electrochemistry; diffusion coefficients

1. Introduction

Hybrid materials have attracted much interest in research aiming for novel materials
and applications. Among these are the so-called ‘ionogels’ that consist of an ionic liquid
(IL) immobilized in a solid/gel matrix. Part of their attractiveness is that they possess
the conductive properties of ILs and the physical properties of the matrix materials used,
and the physicochemical properties can be tuned by choosing from an enormous array of
cation–anion pairs. The ionogels described in the literature continue to grow in number
and have been the subjects of various reviews [1–4]. One of the most common approaches
is to use polymers to entrap or chemically bind the IL. These IL-infused gels have been
explored for various fields of application, from drug delivery agents to catalysts, sensors,
and electrolyte membranes [5–7]. An effort is being made to replace conventional media,
solvents, and materials in batteries with IL-based materials, mainly as electrolytes or
electrode materials [8]. Likewise, studies on ionogels applied to fuel cells have shown
they could be used as proton-exchange membranes on H2/O2 fuel cells [9,10] and that
protic ionogels could result in highly conductive electrolytes with favorable properties [11].
Ionogels have also been studied as catalytic membranes by loading the material with
various types of catalysts. Since some ILs work well in enhancing the activity and stability
of enzymes [12,13], some ionogels are an attractive medium for biocatalysis, namely for
building electrodes for enzymatic fuel cells or as biosensors [14–16].
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Ion jelly (IJ) is a macromolecular gel material that uses gelatin as the solid phase and
is obtained by mixing water and hydrophilic ionic liquids [17]. Ionic and hydrogen bonds
are established, creating a microenvironment appropriate for biomolecule immobilization
and stabilization, with cytochrome c and some oxidoreductases having been used as model
enzymes for immobilization in IJ [15,18,19]. Being gelatin-based, IJ can be easily molded
into various shapes, such as membranes or fibers [20,21]. The IL employed dictates the
maximum conductivity of the material. Experiments with 1-buthyl-3-methylimidazolium
dicyanamide ([BMIM][DCA]) containing IJ showed that at a high IL/gelatin ratio (3:1 w/w),
the density of charge carriers per volume is comparable to that of a pure IL, meaning
that the ionic conductivity of IJ and ILs were about the same, reaching 10−2 S/cm [22,23].
However, studies of the swelling kinetics of IJ in water showed extensive leakage of ionic
liquid from the matrix, limiting its applicability [24]. More recently, novel materials based
on different types of natural biopolymers and ILs have arisen, combining, for instance,
1-ethyl-3-methylimidazolium acetate ([EMIm][OAc]) or cholinium lysinate ([Ch][Lys]) and
cellulose to yield new membrane materials with high porosity and conductivity [25,26].

Colloidal ionic liquid gels based on silica structures have also garnered much in-
terest [1,27]. The most common method to obtain these structures is through the use of
alkoxysilanes in the presence of an IL, water, alcohol, and a catalyst, forming a final material
suitable for immobilizing biomolecules, depending on the IL used [28–31]. Tetramethyl
orthosilicate (TMOS) and tetraethyl orthosilicate (TEOS) are some of the most commonly
used precursors [32], but other derivatives also have been used [30,33]. A different method
of obtaining a silica sol-gel consists of a two-component non-hydrolytic process involv-
ing formic acid and an alkoxysilane [34]. Vioux and co-workers created a particularly
interesting family of ionic liquid sol-gels (also named ionogels by their authors), that was
obtained by confining 1-buthyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
([bmim][TFSI]) in a silica sol-gel through the formic acid method [35]. If only TMOS was
used, the resulting IL was easily removed from the ionogel when immersed in water, but
by employing equimolar amounts of TMOS and methyltrimethyl orthosilicate (MTMS)
instead of TMOS alone, the ionogel became completely water-stable [36]. However, in
another work, it was observed that only when using ([omim][TFSI]) was the ionic liquid
leakage almost nonexistent, with ([bmim][TFSI]) gels still experiencing some washout in
water [37].

Drug delivery systems are characterized by a burst or prolonged release of the target
drug, especially after swelling in contact with human fluids, with toxic or inefficient
consequences for the patient’s health [38]. Today, drug loading capacity in delivery systems,
drug targeting, and precise control of the drug release in the required conditions, is a
crucial factor in developing a reliable drug delivery system [39,40]. For that reason, the
design of new biocompatible and tailor-made carrying matrixes, their characterization
and evaluation of their diffusion properties, particularly in swelling conditions, are of
fundamental importance [41]. Physical and chemical methodologies including new ones
such as electrochemical characterization can contribute to a better understanding of the
new tailor-made carrying matrixes’ behavior and facilitate the design of more efficient
drug delivery systems (DDS) [42]. Electrochemistry methods can contribute not only to the
materials’ characterization but also to the development of diffusion-controlled DDS based
on in-situ potential or current imposition [43].

In the current work, the electrode kinetics of IJ and a silica-based ionogel (ISG) were
compared using cyclic voltammetry and the ferrocyanide/ferricyanide pair used as a
probe. This redox couple is a frequently used model for testing several materials and
aqueous systems [44]. It has been used to study microfabricated iridium electrodes [45]
and single-walled carbon nanotubes [46] among many other systems and has also been
used previously in IJ materials [18]. In addition to comparing the IJ and silica-based
ionogel properties, namely diffusion coefficients and electrochemical behavior such as
conductivity, reversibility, transfer coefficients, and kinetics, it was possible to assess the
materials’ viability for future development applications, namely drug-delivery.



Appl. Sci. 2022, 12, 2087 3 of 11

2. Materials and Methods
2.1. Preparation of IJ and ISG

1-Ethyl-3-methylimidazolium ethylsulfate ([emim][EtSO4]) was supplied by Strem
Chemicals (Newburyport, MA, USA). 1-octyl-3-methylimidazolium bis(trifluoromethylsulf
onyl)imide ([omim][TFSI]) and 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide ([bmim][TFSI]) were purchased from IoLiTec (Heilbronn, Germany). Bacteriological
gelatin, type A “Cultimed”, was purchased from Panreac (Castellar del Vallès, Spain). All
other chemicals mentioned were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Solutions for electrochemical measurements were prepared with deionized water from a
Milli-Q water purification system, while the rest used double distilled (dH2O) water.

Screen-printed electrodes (DRP 110) were acquired from Metrohm Dropsens (Asturias,
Spain): both secondary and working electrode materials were carbon ink, and the pseudo-
reference electrode was made of silver ink.

The IJ preparation method was based on a previously described protocol [47]. IJ films
were prepared by mixing 100 × 10−6 dm3 ([emim][EtSO4]) with 0.040 g of gelatin and
260 × 10−6 dm3 of 0.02 mol·dm−3 Tris-HCl buffer, pH 7.5 at 60 ◦C, until reaching homo-
geneity (typically within a few minutes). After 5 min of further stirring, 50 × 10−6 dm3

aliquots of each solution were deposited on the carbon SPEs. The deposited solution was
then left to gel for 1 h at room temperature, followed by maturation under controlled hu-
midity for 4 days inside the headspace of a closed chamber containing a saturated aqueous
solution of sodium chloride (water activity, aw of 0.76 [48]). After 4 days in these conditions,
the IJ’s weight reached equilibrium and was considered mature and ready for use. When
depositing on SPEs, the gel was made to cover the three-electrode system (Figure 1).
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Figure 1. Representation of a clean SPE (left), and an SPE covered with a layer of IJ or ISG on top (right).

Ion sol-gel (ISG) was prepared by using a sol-gel route for immobilizing ionic liq-
uids in silica matrixes using alkoxysilanes (AS) [35,37]. TMOS and MTMS were added
to a solution of ([omim][TFSI]) or ([bmim][TFSI]) in formic acid, in a molar ratio of
0.5:0.5:7.8:1 (TMOS:MTMS:FA:IL). A 15% vol of 50 mM sodium PB buffer pH 7.6 and
4% of ([omim][BF4]) were added, and after a very brief stirring, 75 × 10−6 dm3 of solution
was deposited (also covering all three electrodes as done on SPEs). Maturation occurred at
room conditions for 7 days.

The swelling was carried out in conditions similar to those in previous work [24].
Maturated films were weighted accurately and placed inside sample container flask caps,
then immersed in 7 × 10−3 dm3 of distilled water at 4 ◦C. The swelling was carried out
until a visible equilibrium was reached (24 h). Post-swelling films were removed from
excess water and underwent a repetition of the maturation process.

2.2. Electrochemical and Conductivity Measurements

Cyclic voltammetry (CV) assays of IJ or ISG modified SPEs were carried out in the
same anaerobic conditions as described in previous work performed with ion jelly [15]
inside an anaerobic chamber (O2 conc. < 0.1 ppm) (MBraun Unilab–Oststeinbek, Germany).
SPEs and all the solutions were degassed under a flow of argon in anaerobic flasks prior to
use and inserted in the anaerobic chamber. CV assays were performed using a AUTOLAB
type III potentiostat. The working, counter, and pseudo-reference electrodes of the SPEs
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were carbon, carbon, and silver ink, respectively; 0.1 mol·dm−3 KNO3/0.02 mol·dm−3

Tris-HCl buffer, pH 7.5, was used as supporting electrolyte. The diffusive properties of
TMOS/MTMS ion sol-gel were analyzed electrochemically and compared to those of IJ.
Three configurations were compared: (1) clean SPEs (no deposited material); (2) SPEs
containing a single layer of [emim][EtSO4]-IJ (SPE-IJ); (3) SPEs with a single layer of
[omim][TFSI]-ISG (ion sol-gel, SPE-ISG).

The conductivity of IJ and ISG was determined by dielectric relaxation spectroscopy.
Films with 20 mm of diameter and thickness ranging from 0.8 to 1.1 mm were placed
between two gold electrodes (the smaller electrode had a 10 mm diameter) in a parallel
plate capacitor, BDS 1200. Measurements were carried out with an Alpha-N analyzer from
Novocontrol GmbH, using a frequency range from 10−1 to 106 Hz.

CV experiments aiming to determine the diffusive properties of the studied materials
were carried out in room temperature conditions using a CHI Instruments 440B Electro-
chemical Analyzer (Austin, TX, USA), with the samples placed inside a Faraday cage. A
30 × 10−6 dm3 drop of a solution of 10 × 10−3 mol·dm−3 K3Fe(CN)6 in 1 mol·dm−3 KNO3
was added on top of the SPEs, and scans were initiated after a 5 min resting period. CV runs
were for 3 cycles and the scan rates used were 2.5, 5, 10, 50, 100 and 200 mV·s−1. To calculate
the diffusion coefficient of the oxidized (DO) and reduced species (DR), the Randles–Sevcik
equation [49] was applied. Details on the method are given as supplementary information.

3. Results and Discussion
3.1. Conductivity Characterization of Ion Jelly and Ion Sol-Gel

ISG was previously demonstrated to be stable in water, and while the native conduc-
tivity of ISG films is one to two orders of magnitude lower than that of IJ, the opposite
happens in swollen films, with conductivity of [omim][TFSI] ISG surpassing that of IJ by
one to two orders of magnitude (Figure 2).
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Figure 2. Real part of conductivity for ISG with [omim][TFSI], and IJ made with [emim][EtSO4], at
20 ◦C.

The spectra of IJ were in accordance with previous studies, exhibiting a plateau in the
high-frequency region, but no plateau in the low-frequency region, a trait shared by the
pristine ionic liquid on which IJ was based [50]. ISG shared a similar type of spectra, and
was likewise close in conductivity to pristine [omim][TFSI] [51].

3.2. Electrochemical Characterization of IJ and ISG

In order to compare the electrochemical properties of each material, the redox cou-
ple ferricyanide/ferrocyanide was chosen for being one of the most well-studied re-
versible single-step electron transfer processes, providing well-defined peaks, thus be-
ing a good redox model for diffusion studies [44]. Voltammogram characteristics of
Fe(CN)6

3−/Fe(CN)6
4− redox behavior on a clean SPE, a modified SPE covered with an IJ
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film (SPE-IJ), and a modified SPE with an ISG film (SPE-ISG) are represented in Figure 3.
The formal potentials, peak separations and peak symmetries are shown in Table 1.
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Fe(CN)6
3−/Fe(CN)6

4− in 1 mol.dm−3 KNO3 at various scan rates for SPE, SPE-IJ and SPE-ISG (inset
is a magnification of the lower scan rates, in mV·s−1), respectively.

The peak separations of Fe(CN)6
3−/Fe(CN)6

4− pair on clean SPEs were affected by
the scan rate used, with large values of ∆Ep being observed at scan rates above 50 mV·s−1,
which is in agreement with the less reversible behavior at higher scan rates. The formal
potential of the process was on average +157 ± 10 mV. Anodic and cathodic peak symmetry
(ratio Ipc/Ipa) were also not affected by the scan rate, as expected for a reversible process,
with values close to 1 on all tested scan rates. |Ep-Ep/2| was approximately constant at
80 mV for scan rates up to 10 mV·s−1, rising up to 185 mV at higher scan rates. Observation
of the typical reversible behavior of the ferricyanide redox pair process is often dependent
on pretreatment of the electrode surfaces [45]. At high scan rates, large peak separations
are commonly observed on many surfaces, falling into quasi-reversible behavior [46,52].
A difference of 56 mV in |Ep-Ep/2|, as well as a ∆Ep of 57 mV, which are characteristic
of ideal reversible processes, are rarely found in experimental conditions. This potential
difference is due to several factors, such as solution resistance [53] and also incomplete
removal/depletion of reduced or oxidized species at the switching potentials. Faradaic
current would have to decay completely to zero before the reverse scan was initiated
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in order to minimize this factor, which is not very practical, as it involves stopping the
measurement and holding it at very negative potentials [54]. Therefore, even experimental
∆Ep values for one-electron reversible systems with fast kinetics are usually 70 mV or
greater [55]. Taking all of this into consideration, the behavior of ferrocyanide in carbon
SPEs appeared to be reversible in the low scan rate region but exhibited a quasi-reversible
behavior in the high scan rate region.

Table 1. Formal reduction potentials, peak separation and ratio of the anodic and cathodic current
peaks as a function of scan rate for the Fe(CN)6

3−/Fe(CN)6
4− redox couple in SPE, SPE-IJ and SPE-

ISG. Values are averages of the data obtained from all 3 cycles, and respective standard deviation.

ν (mV·s−1) 2.5 5 10 50 100 200

SPE

E◦’ (mV) 145 ± 5 159 ± 4 141 ± 2 166 ± 1 165 ± 1 162 ± 3

∆Ep (mV) 113 ± 2 130 ± 1 147 ± 2 302 ± 1 381 ± 2 477 ± 4

Ipc/Ipa 1.05 ± 0.03 1.01 ± 0.01 1.02 ± 0.01 1.00 ± 0.01 1.03 ± 0.02 1.07 ± 0.05

SPE-IJ

E◦’ (mV) 24 ± 2 28 ± 1 26 ± 1 25 ± 1 23 ± 2

∆Ep (mV) - 90 ± 1 95 ± 3 120 ± 1 129 ± 1 155 ± 1

Ipc/Ipa 1.14 ± 0.02 1.24 ± 0.02 1.15 ± 0.01 1.16 ± 0.01 1.17 ± 0.02

SPE-ISG

E◦’ (mV) 103 ± 1 98 ± 1 100 ± 2 113 ± 9 117 ± 5

∆Ep (mV) - 103 ± 1 113 ± 2 256 ± 6 412 ± 5 542 ± 10

Ipc/Ipa 0.40 ± 0.01 0.41 ± 0.04 0.95 ± 0.13 1.37 ± 18 1.15 ± 0.25

Due to the changes ion jelly undergoes when it comes in contact with aqueous solu-
tions, scan rates that involve a long running time (2.5 mV·s−1) were not performed, and CV
assays were performed for only two cycles in order to minimize the experimental time. The
formal potential of Fe(CN)6

3−/Fe(CN)6
4− in SPE-IJ electrodes was on average +26 ± 1 mV,

a shift of about 130 mV in the negative direction when compared with the unmodified
electrodes (Figure 3). Maximum peak currents were considerably inferior in the presence
of IJ, which was expected since having a gel matrix on top of an electrode hinders molecule
diffusion. Peak symmetry was lower, with an average Ipc/Ipa of 1.17.

Peak intensity in the ion sol-gel (ISG) system was markedly lower, which was indica-
tive of severely hindered diffusion (Figure 3). A larger baseline hysteresis was observed,
which corresponded to high capacitive currents. The formal potentials of the reaction fell
in between those observed in SPE and SPE-IJ, at +106 ± 7 mV. Variation of peak separation
with scan rate followed a profile similar to that of the unmodified SPE: at lower scan rates
variation was small, but above 50 mV·s−1 it rose sharply, up to 542 mV. Unlike the other
two cases, the Ipc/Ipa ratio in ion sol-gel oscillated between 0.4 at low scan rates and 1.3
at high scan rates. Irreversible behavior was initially considered based on this atypical
behavior and high peak separations. Diffusion coefficients for each system were calculated
from the slopes of peak current against the square root of the scan rate (Figure 4). The
Randles–Sevcik equation was used to calculate DO and DR in unmodified SPE and in ion
jelly-modified SPE, while the modified equation for irreversible processes [55] was used
for ISG-modified electrodes. The results are summarized in Table 2. The value of α used
was obtained according to a reported method [56]; α for the scan rates where kinetics were
more irreversible, corresponding to the ∆Ep ≥ 300 mV (ν = 50, 100 and 200 mV·s−1) were
used. Those charge transfer coefficients were averaged out, giving a mean α = 0.56.
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Table 2. Diffusion coefficients and electron transfer rate constants for the three electrode types used.
Values are averages of all cycles and errors are the standard deviation.

Electrode Type DO (cm2·s−1) DR (cm2·s−1) k0 (cm·s−1)

SPE (1.57 ± 0.14) × 10−5 (1.38 ± 0.01) × 10−5 (1.03 ± 0.03) × 10−3

SPE-IJ (3.07 ± 0.56) × 10−7 (2.29 ± 0.62) × 10−7 (1.54 ± 0.38) × 10−2

SPE-ISG (1.73 ± 0.35) × 10−9 (4.79 ± 1.37) × 10−10 (7.53 ± 0.11) × 10−6

As expected, diffusion coefficients were lower when a layer of material covered the
electrode, as it imposes a physical barrier to the diffusion of molecules to and from the
electrode’s surface. The diffusion coefficients were very close for Fe(CN)6

3− and Fe(CN)6
4−,

since both ions have approximately the same size, an octahedral structure, and behave
similarly in solvated environments [46]. However, in the ion sol-gel matrix, diffusion of
Fe(CN)6

4− was significantly lower than that of its oxidized form. DO and DR were two
orders of magnitude lower in IJ-modified electrode than in an unmodified SPE, resembling
the diffusion coefficients of water obtained in the swelling experiments of ion jelly [24].

In ISG, DO and DR were a whole four to five orders of magnitude lower than in
the SPEs, which is in agreement with the very low peak currents measured. However,
considering that other silica-based ionogels have shown much greater responses by cyclic
voltammetry [28], the cause for this hindered diffusion most likely lies in the methylation of
the silica network that allows the retention of [omim][TFSI] during water immersion. A pos-
sible solution to this problem that at the same time avoids sacrificing water stability could
lie in a different method of immobilizing an alkimidazole TFSI IL, which was investigated
by Opallo and co-workers [57]. They covalently bonded the IL to a TMOS silica network
by using an alkylimidazolium cation with an alkoxide group, which participated in the
creation of the silicate matrix. Kinetic studies using ferrocyanide in a tin oxide electrode
with this sol-gel showed intense peak currents and a voltammogram typical of a reversible
process [57,58]. Regarding the determination of k0, SPE-IJ had ∆Ep < 200 mV for all scan
rates tested, so Nicholson’s method was enough to calculate the kinetic parameter Ψ. Both
SPE-ISG and SPE had peak separations outside Nicholson’s working curve (Figure 5), so
the suitable equations were used to cover the whole range of scan rates [59].

From the slopes of Ψ–ν-1/2 plots [59], values for k0 were obtained for each of the
electrode types (Table 2). The charge transfer coefficient for electrodes featuring reversible
and quasi-reversible behavior (SPE and SPE-IJ) was considered 0.5, in accordance with the
criteria of Nicholson’s working curve and some α values found in the literature for the
Fe(CN)6

3−/Fe(CN)6
4− redox pair [60]. With k0 in the order of 10−3 and 10−2 cm·s−1, the

redox reactions in the SPE and SPE-IJ fell into quasi-reversible kinetics, with the process
that occurs with ion jelly being closer to the reversibility limit, which was in agreement with
the initial observations of cyclic voltammograms. In SPE-ISG, the k0 of 10−6 cm·s−1 fell
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squarely within the irreversible region, validating the initial assumption made. Although
the ISG material was found to have a lower diffusion and rate transfer constant when
compared with IJ and other materials, that was not a deterrent to its use in real applications,
such as drug delivery.
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4. Conclusions

Diffusion constants and electron transfer rate constants were determined for the
ferricyanide/ferrocyanide pair in IJ- and ISG-modified electrodes. Molecule diffusion was
found to be much more hindered in ISG than in IJ, resulting in the observation of poorly
defined redox peaks of Fe(CN)6

3−/Fe(CN)6
4−. While this means the current ion sol-gel

is not ideal for applications that require solute diffusion, the fact that it is stable in water
and does not leak out IL, retaining reasonable conductivities throughout, could prove
interesting for other applications that need water-resistant conductive membranes, such as
drug delivery. In fact, ISG biocompatible materials can provide more stability and higher
control of the drug release, in a time scale that many other biomaterials may not [61]. For
instance liposome systems for drug delivery still present several unresolved problems,
such as attacks from the immune system via opsonization by proteins [62].
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