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We report the behavior of the protic and surface active ionic liquid octylimidazolium bis(trifluoro-
methylsulfonyllimide, [HCglm][TFSI], in bulk and inside silica nanochannels, at the interface with the
conductive substrate indium tin oxide (ITO) upon applied potential. The two distinct cases of the ionic
liquid being in contact with a bare ITO substrate and an ITO substrate covered with a thin film of
mesoporous silica containing vertically-aligned channel-like pores have been investigated. These
correspond to the behavior of the bulk ionic liquid and the ionic liquid confined within nanochannels
long). (BDS) and
electrochemical impedance spectroscopy (EIS) have been used as the experimental methods, while

(approximately 3.5 nm wide and 65 nm Broadband dielectric spectroscopy

modelling with equivalent circuits has been applied to evaluate the experimental results. Thus, this study

Received 8th April 2022, does not only show a functional ionic liquid/silica hybrid material, but also presents an in-depth

Accepted 22nd September 2022 electrochemical characterization revealing an enhanced specific capacitance at the confined-IL/ITO
DOI: 10.1039/d2cp01634f interface (~16 uF cm™2) as compared to the case of bulk IL/ITO (~6 uF cm™2). This suggests that local

structure and ion ordering inside the nanochannels of silica are different from that of the bulk ionic
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1 Introduction

Ionic liquids (ILs) are well-known and highly researched for
their potential use as electrolytes in various electrochemical
and energy relevant devices."” Initially there was a clear dis-
tinction between aprotic ionic liquids, studied mainly as elec-
trolytes for capacitors and batteries, and protic ionic liquids
(PILs), primarily of interest for fuel cell applications." This
distinction derived from the larger electrochemical window of
aprotic ionic liquids compared to PILs, originating from a
fundamental difference in their chemical structure. Notably,
PILs possess an acidic proton typically on the cation, which can
be reduced at a less negative cathodic potential than the
cathodic limit of the aprotic analogues.™* Despite this, PILs
have recently also attracted interest for use as electrolytes
in capacitors, because they are typically cheaper than aprotic
ionic liquids, safer than organic solvent-based electrolytes and
still provide wider electrochemical windows than aqueous
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liquid, favoring denser ionic packing and a higher specific capacitance at the metal interface.

electrolytes.””® In addition, it is generally considered that PILs
are relatively easy to synthesize.*

Thus far, a number of protic and aprotic non-amphiphilic
ionic liquids (NAILs) have been investigated for use in super-
capacitors, including pure ionic liquids, eutectic ionic liquids
and mixtures of ionic liquids and organic solvents. A common
asset of ionic liquids is the possibility to operate at high
temperatures, given their outstanding thermostability. At low
temperatures, on the other hand, ionic liquid based electrolytes
suffer from high viscosity and poor contact to the electrodes, a
limitation that can be addressed by using eutectic mixtures.’
Among all the ILs available, those based on the imidazolium
cation have been considered by a larger extent because of their
high ionic conductivity, while pyrrolidinium based ionic
liquids bring the advantage of wider, electrochemically stable
windows. In general, the high charge density of ILs make them
unique among ion-conductive electrolytes but also leads to
electrical double layers that can not be described by classical
models because ion-ion interactions are not negligible (in fact,
they fundamentally determine the physico-chemical properties
of ILs) and the ions can not be treated as point charges.»*™®
Instead, to determine the structure of the double layer theore-
tical modelling and surface-sensitive methods, such as scanning
tunneling microscopy (STM), atomic force microscopy (AFM) and
neutron reflectometry (NR), are used.®** ™" Ionic liquids can show
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overscreening effects at low potentials, meaning that the first layer
of counter-ion contains more counter-charge than is on the
electrode, leading to a double layer structure that consists in an
alternation of counter-ion-rich and co-ion-rich layers until the
bulk structure is recovered. The overscreening effect is more
dominant at lower potentials and the alternating structure dis-
appears at higher potentials when the first adsorbed layer can not
contain enough counter-ions to balance the electrode charge and
further accumulation of the counter-ions proceeds, which is also
known as the crowding regime.®®

The interest in surface-active ionic liquids (SAILs) for use in
supercapacitors is very recent, by date covering only a few
aprotic ionic liquids studied for their distinct ion distribution
at the electrode/electrolyte interface which is, however, not fully
understood yet. SAILs are attractive electrolytes also because
they do not absorb moisture, as many NAILs that display a high
ionic conductivity do. Even though there is a very limited
number of publications, it has already been proven for different
SAIL-based systems that the capacitance can depend on applied
voltage, temperature, and geometry of the electrochemical
cell.”®'%? sy et al. have shown experimentally that the differ-
ential capacitance measured as a function of the applied
voltage shows a ‘bell’-shaped curve in the case of ionic liquids
with relatively short chains (PMIPF, and BMIPF,) and a ‘camel’-
shaped curve in the case of an ionic liquid with a longer chain
(OMIPF,)."® The authors discuss that these capacitance maxima
are associated to changes in the ions’ structuration at the
electrode surface. The first maximum appears at around
—0.6 V [vs. Pt] for ionic liquids with both shorter and longer
alkyl chains, which is associated to the formation of stripe-like
double-row adsorbates of assembled imidazolium cations
showing polar/apolar nanosegregation with the alkyl chains
pointing towards each other. By increasing the voltage, only
OMIPF, shows a second maximum at —1.6 V [vs. Pt] that has
been assigned to the order-disorder structure transformation.®
In the study published by Mao et al.,'* a distinct temperature
dependence of capacitance measured with SAIL electrolytes is
revealed, suggesting that SAILs can outperform NAILs as capa-
citor electrolytes at elevated temperatures. In this particular
case, the apolar group was attached to the anion of the ionic
liquid, [C4C,Im][AOT] and [C,C,Im][C,SO,4] (n = 8, 10, 12)
showing a higher capacitance than [C,C,Im][BF,] at tempera-
tures above 130 °C.

With respect to the geometry of the electrochemical setup in
the case of SAILs, the effect of confinement on capacitance has
been studied only by computational approaches using classical
density functional theory."® In this study by Yang et al.,"® the
capacitance was predicted for nanoporous electrodes having
4 nm wide pores coupled with imidazolium ionic liquids with
different chain lengths as the electrolyte, ie. [C,C,;Im][TFSI]
with n =2, 4, 6. The results revealed that the ionic liquids with a
longer chain showed a higher differential capacitance at low
potentials (i.e. smaller than +0.5 V). With respect to confine-
ment effects, experimental studies have been done only on
NAILSs, investigating mainly carbon derived porous electrodes
since they enable an efficient use of the high specific surface
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area during reversible ion adsorption.
electrolytes (i.e. salts in water or organic solvents), it has been
shown that the pore size of the porous electrode plays an
important role in the resulting capacitance, an effect that was
explained by a sieving effect at pore sizes close to that of the
adsorbed ions. This behaviour was later also confirmed for the
ionic liquid [EMIM][TFSI] that, in association with a carbide-
derived carbon electrode, displayed capacitances between 7 and
13 pF cm 2, with a maximum at a pore size of 0.7 nm. This
value coincides with the size of the ionic liquid’s both ions,
i.e. the EMIM cation and the TFSI anion."* This very important
work illustrates that, for maximizing the capacitance of super-
capacitors, the electrode/electrolyte couple must be chosen
with attention to the size of both ions and pores. A general
concept valid for all types of porous electrodes is that their
structure should promote facile ion diffusion, ideally enabling
unobstructed ion transport for high power density and provi-
ding extremely high, ion-accessible surface areas for high
capacity and thus energy density.®'> With this insight, meso-
porous carbon nanospheres have been prepared that, in asso-
ciation with the neat ionic liquid [EMIM][BF,], could achieve a
specific areal capacitance of 9 uF cm™> in the case of 3.5 nm
wide pores.'®

IL/silica hybrid materials have primarily been considered as
model systems for studying the ionic motion within nanoscaled
domains, since mesoporous silica is a versatile material that
can be prepared to result in particles or thin films with a wide
range of well-defined pore sizes. In addition, these silica
structures can be chemically functionalized to suit diverse
purposes. From a practical point of view, the confinement of
ionic liquids in the pores of an inorganic matrix can be
exploited to prevent leakage of the ionic liquid when used in
a device. Indeed, the practical use of ionic liquid-based organic-
inorganic hybrid materials in electrochemical devices relies
on a profound understanding of how an unrestricted or even
enhanced ion diffusion can be achieved under confinement.
In particular, the pore morphology of silica thin films with
vertically-aligned and straight nanochannels with a well-defined
pore size is an interesting strategy to achieve thinner membranes
with reduced ohmic losses.:

In this work, we present the electrochemical behavior of
an amphiphilic protic ionic liquid, as a bulk liquid and when
confined in the nanochannels of a mesoporous silica film.
More specifically, we have studied the protic ionic liquid octyl-
imidazolium-bistriflimide, [HCgIm][TFSI], in direct contact with
an ITO (indium titanium oxide) electrode. We have also investi-
gated how this protic ionic liquid behaves in proximity to the
ITO electrode in the case of a deposited thin film of mesoporous
silica containing vertical nanochannels approximately 65 nm
long and about 3.5 nm wide. The absolute and specific capa-
citances measured are discussed with reference to the available
literature, with emphasis on nanoscale effects. Broadband
dielectric spectroscopy (BDS) and electrochemical impedance

# Indeed, thinning proton exchange membranes (PEMs) is a ubiquitous chal-
lenge for material scientists in fuel cells research.
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spectroscopy (EIS) have been used as complementary experi-
mental methods while equivalent circuit modelling has been
used to evaluate the experimental results. The ionic liquid
octylimidazolium-bistriflimide has been selected for two main
reasons; the first is that it has a relatively long tail (octyl) and
hence provides an opportunity to better understand the role of
amphiphillicity at electrode interfaces while the second is that
it is protic and as such it is considered to be a safe and cheaper
alternative to aprotic analogues. The TFSI anion is simply
already known to contribute to a lower viscosity, compared to
other conventional anions.

2 Experimental
2.1 Materials

The studied protic ionic liquid, [HCgIm][TFSI], was custom
made and provided by IoLiTec (Ionic Liquids Technologies
GmbH) (>97% of purity; less than 0.03% of H,O content).
[HCIm][TFSI] is an amphiphilic ionic liquid, in particular the
[HCgIm] cation carries an octyl group as the side chain and has
a protic NH site on the imidazolium head, while the TFSI anion
contributes to hydrophobicity. For the study of [HCgIm|[TFSI|
in the confined state, a nanoporous silica thin film - containing
permeable, distinct, and vertically aligned channels - was
prepared and used. The detailed description of the synthesis
procedure based on the work of Despas et al'” and the
characterization'® of the film using IR (Infrared spectroscopy),
GISAXS (grazing-incidence small-angle X-ray scattering) and
CV (cyclic voltammetry) are presented in Section SI of the ESIt
(Fig. S1-S5). More precisely, from this characterization we can
conclude that the synthesis, based on the EASA (electrochemi-
cally assisted self assembly) method, resulted in an intact and
insoluble mesoporous film, which covered the entire area of the
electrode. In addition, based on the work of Goux et al'®
the thickness of the film was estimated to be 65 nm. Since
the nanochannels result from a templating procedure using
CTAB (followed by extraction), the diameter of the nanochan-
nels was estimated to be 3.5 nm, based on the work of Gibaud
et al’*® Finally, from pure geometrical considerations, the
porosity was estimated to be 0.57 (more details are available
in Section SI of the ESIt).

2.2 Broadband dielectric spectroscopy

Broadband dielectric spectroscopy (BDS) was employed to
measure dielectric and conductive properties of the protic ionic
liquid in its neat, bulk state. A Broadband Dielectric Spectro-
meter from Novocontrol GmbH was used. The protic ionic
liquid was placed between two gold-plated brass electrodes
with a diameter of 5 mm and a thickness of 3 mm. The
thickness of each sample was controlled to be 1 mm using
a spacer of silica. Measurements were conducted in the fre-
quency range between 10! and 10" Hz, whereas the tempera-
ture was varied between 168 and 428, during both heating and
cooling scans (more precisely from 293 K to 173 K on first
cooling, from 168 K to 428 K on subsequent heating, and back
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to 298 K on final cooling, at temperature steps of 5 K). The
temperature was controlled using a nitrogen gas cryostat with a
stability of +0.5 °C.

2.3 Cyclic voltammetry

To identify the electrochemically stable potential window of the
ionic liquid [HCgIm][TFSI], a cyclic voltammetric (CV) measure-
ment was performed using a three-electrode cell. This cell was
based on a platinum coil as the counter electrode, an Ag wire as
the pseudo-reference electrode, and a bare ITO plate as the
working electrode that was in contact with the ionic liquid over
a circular area of 0.196 cm® The voltammetric curves were
recorded with a Gamry Interface 1000E potentiostat between
—1.3 Vand 2.1 V (vs. Ag) at a scan rate of 100 mV s~ ",

2.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) measurements
were conducted in a similar three-electrode cell as the one used
for CV measurements. The counter electrode was a platinum
coil and a Ag wire was used as the pseudo-reference electrode,
while two different working electrodes were used to be in
contact with the ionic liquid over the circular area of 0.196 cm?.
These were; (i) “ITO + film”, i.e. an ITO substrate with a thin
film of mesoporous silica deposited on it (to investigate the
electrochemical behaviour of the ionic liquid confined within
nanochannels) and (ii) “ITO”, i.e. a bare and neat ITO electrode
used as a reference (to study the behavior of the bulk ionic
liquid). The impedance spectra were recorded covering the
frequency range from 10~? Hz to 10° Hz, at room temperature
and using a Gamry Interface 1000E potentiostat. The sinusoidal
potential perturbation had an amplitude of 10 mV (rms), which
is much smaller than the potential window of electrochemical
stability recorded for the ionic liquid investigated (see Fig. 1).
The impedance measurements were made at the open circuit
voltage, which was measured prior to performing the EIS
measurements and was found to be —60 mV for the ITO + film
electrode and +40 mV for the bare ITO electrode (Fig. S6, ESIf).
Equivalent circuit modelling was used to fit the obtained Bode
and Nyquist plots and thus estimate the electrochemical
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Fig. 1 Cyclic voltammetric curve recorded for the protic ionic liquid
[HCgImI[TFSI] over the potential range from —1.3 V to 2.1V, at a scan rate
of 100 mV s™.
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properties of the studied materials. The goodness of the fit
model is reflected by the value of %, which was lower than 0.02.

3 Results and discussion
3.1 Potential window of electrochemical stability

In view of the electrochemical studies intended to be performed
on the protic ionic liquid [HCGIm][TFSI], cyclic voltammetry
was first used to identify a potential window with no contribu-
tions from faradaic currents. The recorded CV curve shown in
Fig. 1 covers the potential range from —1.3 V to +2.1 V and
reveals a stability range of ca. 2.7 V. The cathodic reaction with
an onset at ca. —1.0 V is attributed to the reduction of the
imidazolium cation, while the anodic reaction starting at ca.
1.75 V results from the oxidation of the TFSI anion. No other
faradaic currents are captured within the whole investigated
window. In general, protic ionic liquids display a slightly
narrower window of electrochemical stability than their aprotic
counterparts; a distinction recently presented and discussed for
a series of new imidazolium based protic ionic liquids of the
[TFSI]™ and [TFI]” anions.”

octyl-imidazolium
bistriflimide

(]

(b)

lonic conductivity (S/cm)

-11 | | | 1
2.5 3.0 3.5 4.0 4.5 5.0

1000/T (K)
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3.2 Ionic conductivity in the bulk ionic liquid

The ionic conductivity of the protic ionic liquid [HCgIm][TFSI]
in the bulk state was investigated by use of broadband dielec-
tric spectroscopy (BDS), which allows measuring over wide
temperature windows. As a note, this ionic liquid does not
show first-order phase transitions, i.e. melting/crystallization,
during the temperature scans by differential scanning calori-
metry (DSC), but rather behaves as a glass forming liquid with a
glass transition temperature, Ty, around —81 °C.*" Fig. 2 shows
selected properties of [HCgIm][TFSI|, captured during BDS
measurements, as a function of temperature.

The real part of the ionic conductivity, ¢'(v) (which is related
to the dielectric function through o*(w) = iweee*(w), where
¢ = ¢ — i and o is the angular frequency), is given in
Fig. 2a. This property shows a strong frequency dependence,
with plateau values (oq.) that increase with temperature and
cover wide frequency ranges (for the temperature of 233 K, a
whole three decades of frequency). The fact that these plateau
values do represent phenomena of ionic conduction is sup-
ported by the behaviour of the phase angle, ¢(v), being zero in
the corresponding frequency range (see Fig. S7a, ESIt). It is

o' (S/em)

Modulus Z (Ohm)

v (Hz)

Fig. 2 Results from BDS measurements showing the frequency dependence of the real part of ionic conductivity ¢’ (a), the Arrhenius plot of ionic
conductivity (b) and the frequency dependence of the modulus of Z (c). Only selected temperatures are shown for the purpose of a more clear data
presentation. The molecular structure of the protic ionic liquid [HCglm][TFSI] is illustrated in the top-left corner.
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interesting to observe that, as can be better seen for tempera-
tures well above 273 K, the values of ¢'(v) tend to smear out
towards the lowest frequencies, which is a direct effect of the
upturn of &'(1),%* i.e. the real part of permittivity shown in an
own plot in Fig. S7b (ESIT) (further details on the behavior of
¢'(v) are presented in Section SII of the ESIt). This can be
associated to the occurrence of an additional mechanism other
than the conductive motion in the bulk, which is also mani-
fested by a deviation from zero of the phase angle (Fig. S7a,
ESIT). At higher frequencies, the real part of the ionic conduc-
tivity, o'(v), takes values greater than those of the plateau
showing, again, a strong frequency dependence; see e.g. the
o'(v) curves in Fig. 2a for temperatures of 233 K or lower.
An upturn of ¢'(v) here corresponds to constant values in ¢’(v)
and ¢'(v) (Fig. S7b, ESIt) and is normally associated to relaxa-
tional processes; for the case of ionic liquids, these may be the
reorientational motions of dipolar ions.*®

The increase with temperature of the 4. values, is summar-
ized in Fig. 2b in the representation of an Arrhenius plot. The
increase of g4, with T is as expected for samples in which the
transport of ions is thermally activated, while the curved trend
followed by the experimental data is typical for liquid electro-
lytes, including ionic liquids, in which ions move primarily by
the vehicular mechanism. In such liquids, charges move mainly
as ionic molecular species at a rate that is determined by
the diffusivity of the molecules, hence by the viscosity of the
liquid.”® In these cases, the empirical VFT (Vogel-Fulcher-
Tamman) equation oq. = ao-ef(B)/(TfT") can be used to fit the
experimental data, which can generate an estimation of the
ionic conductivity at infinite temperatures (o ., for T — o0) as
well as a pseudo-activation energy, E,, for ionic conduction
(where E, = kg'B). The o4.(T) data shown in Fig. 2b have been
fitted using the VFT relation, imposing that at T, (T, = —81 °C,
as found from previous DSC experiments®") the ionic conduc-
tivity is 10°"° § em~".** This approach returned the following
fitting parameters: a value for T, equal to 168 K, E, equal to
0.07 eV (associated to a B value of 812 K) and a o, value of
0.43 S ecm™'. These values for the fitting parameters are in good
agreement with those previously reported in the literature for
other imidazolium based ionic liquids,>**** even though these
previous works focused on aprotic cationic structures rather
than on protic ones. Moreover, in one of our recent works
focused on a series of protic ionic liquids of the imidazolium
cation, we could show that the activation energy, E,, increases
with the length of the alkyl chain attached to the cation,
reaching a maximum value around the length of an octyl.”"

The modulus of impedance, |Z|(v), a direct output property
of the BDS experiment that is derived from the relation Z*(v) =
U*(v)/I*(v), also shows a strong frequency dependence, with the
plateau values (when observed within the detected frequency
window) representing the resistance of the bulk liquid phase.
This value decreases with increasing temperature, as expected,
and is shown in Fig. 2c. The overall trend, with a plateau region
followed by increasing values as frequency is decreased, is
typical of a system showing a capacitive behaviour at lower
frequencies and primarily resistivity at higher frequencies. In
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support for the latter, is the fact that the plateau values of |Z|(v)
are observed in frequency ranges of constant ¢’(v) values, thus
representing the resistance to ionic motion in the bulk ionic
liquid. For the temperature of 293 K (i.e. 20 °C), |Z| takes the
value of 2.6 kQ.

3.3 Enhanced capacitance in nanoconfinement

After having characterized the conductive properties of the bulk
protic ionic liquid [HCgIm][TFSI], we had interest in investigating
its behaviour when confined within the space of nanochannels.
With this purpose, electrochemical impedance spectroscopy (EIS)
experiments were performed with the bulk ionic liquid in
direct contact with (i) a bare ITO surface, acting as the working
electrode, and (ii) an ITO surface on which a thin film of
mesoporous silica had been deposited, containing vertically
aligned channel-like pores with an estimated diameter of
3.5 nm, as illustrated in Fig. 3. The EIS measurements were
performed using a conventional three-electrodes cell, as
described in the experimental section. These experiments were
also repeated using two electrodes only, by connecting the
reference and the counter electrodes together, which however
showed no differences at all (see Fig. S8 in Section SIII of the
ESIt). Hence, for simplicity and conciseness, only the results
from the three-electrodes cell, obtained at room temperature,
are shown and discussed.

Within the frequency window 10~>-10° Hz, the Nyquist plot
of Z" versus Z' does not show full semi-circles, and the values
obtained for the ITO covered with the thin silica film are lower,
Fig. 4a. The frequency dependence of the modulus of Z, |Z|(v),

Bare ITO
> D ©
Ho o © &
& & © ©
o) 0O ® B
ITO
Glass substrate
ITO + Film
Do T 900D
> @ 2
& o off iz
n oY
g =R oy Fel K Bk
3.5 nm =z

Glass substrate

Fig. 3 Illustration of the protic ionic liquid in direct contact with the ITO
surface (top) and with the ITO surface on which a 65 nm thick film of
mesoporous silica has been deposited (bottom). The diameter of the
nanopores is 3.5 nm and is, for convenience, not shown in scale.
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Fig. 4 Results from electrochemical impedance spectroscopy (EIS) mea-
surements showing the Nyquist plot of Z” versus Z’ (a), the modulus of Z as
a function of frequency (b), and the frequency dependence of the phase
angle (c).

is shown in Fig. 4b in a log(|Z|)-log(v) plot, revealing a linear
behaviour below 10" Hz and constant values above 10” Hz. As in
the case of the BDS results, the plateau in the high-frequency
region corresponds to the resistance in the bulk phase of the
ionic liquid,§ while the slope is associated to phenomena
occurring at the electrode/liquid interface. The phase angle
recorded for the two cases investigated (which are bare ITO and
ITO + film) is shown in Fig. 4c, also as a function of frequency.
The dependence of |Z| on frequency has been modelled using
equivalent circuits, illustrated in Fig. 5, and the fitted para-
meters are presented in Table 1. Using equivalent circuit
modelling to describe the dielectric properties of ionic liquids,
has been a recent subject of debate. In fact, depending on the
specific response measured, but also the frequency range

§ The small difference in the values found for Ry for the cases of bare ITO and
ITO + Film is most likely due to a small change in the cell setup, i.e. a possibly
different distance established between the working and counter electrodes during
the EIS measurements.
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Bare ITO

bulk

ITO + Film

Fig. 5 The equivalent circuits used to model the impedance data
recorded for the case of a bare ITO interface (top) and an ITO surface
over which a thin film of mesoporous silica had been deposited (bottom).

investigated, a constant phase element circuit (CPE) or a
distributed RC equivalent circuit may be used.**>?*?*

The equivalent circuit describing the bare ITO surface in
contact with the protic ionic liquid [HCgIm][TFSI], can be
simplified to only include a bulk resistance Ry of 6.8 kQ,
and a constant phase element Qg (1.89 x 10 ° Q' s% o = 0.91)
in parallel with a polarization resistance R4 of 89 MQ (see also
the values reported in Table 1). Then, based on the treatment of
the surface distribution of time constants as presented
by Hirschorn et al.,”® the effective capacitance Cq4 could be
estimated using the relation

1 1\ @ D/=
Cy = 1/a . - 1
a=Qa (Rbulk * Rdl) @)

Considering that Ry is much larger than Ry, eqn (1) can be
rewritten as

Caq = Qé/la'(Rbulk)(l e @)

yielding a value of 1.26 pF. Taking into account that the total
active area during the EIS experiments is 0.196 cm?, this value
can be translated into a specific (electrical double layer)
capacitance C§; of 6.43 uF cm ™2,

This is comparable to other values reported in the literature.
For example, Jitvisate et al?’ have directly measured the
electrical double layer capacitance of a series of ionic liquids
in contact with a working electrode of polycrystalline platinum,
obtaining values between 6 and 7.5 uF cm ™ for potential values
very close to the open circuit voltage. Also, a comprehensive
investigation of the electrochemical properties of a series of
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Table 1 Electrochemical parameters estimated by analysis of EIS data for the protic ionic liquid [HCgIm][TFSI] in contact with a bare ITO surface or an
ITO surface on which a mesoporous thin film of silica had been deposited (ITO + film). Abbreviations are as follows: EIS, Electrochemical Impedance
Spectroscopy; Rpuik. bulk resistance; Rpore, resistance associated to the porous space; Qpore, CONstant phase element associated to the porous film;
Rq. resistance at the ITO interface; Qq, constant phase element associated to ITO interface; Cg, specific double layer capacitance (estimated considering
the available surface area). Note: for the “ITO + film” case, the porosity was estimated to be 0.57, based on geometrical considerations and GISAXS

results, see also Fig. S5 in the ESI

Method Working electrode Rpuik [kQ] Rpore [KQ] Qpore [Q " s] () Rq1 [MQ] Qai[Q7' 8] () C51 [UF em 7]
EIS ITO 6.80 + 0.022 89.0 + 17 1.89 + 0.008 x 10 ° ~6

(0.91 + 0.002)
EIS ITO + film 4.50 = 0.008 94.43 + 8 5.59 &+ 0.16 x 10°° 8.33 4+ 0.32 3.96 + 0.007 x 10°° ~16

(0.90 + 0.014)

protic ionic liquids has been reported by Lu et al.,”® albeit these
were based on cations and anions different from [HCgIm]" and
[TFSI]". In that work, the authors report a double layer capa-
citance of 15.3 uF cm™ >, using a glassy carbon (GC) working
electrode, for the protic ionic liquid (Et,NH)((BuO),POOH))
which has a relatively high viscosity (200 cP). For comparison,
the protic ionic liquid [HCgIm][TFSI] at focus in this work
has a viscosity of 155 cP.>" Another relevant study is the one
proofing the use of a (PET)ITO-ionic liquid-ITO(PET) system
for sensing changes in mechanical pressure (PET is poly-
ethylene terephthalate).>® In this study, the ionic liquid used
was 1-butyl-3-methylimidazolium bistriflimide (more precisely,
a filter paper imbibed with this ionic liquid) and the measured
capacitance varied between ca. 4 x 107 F for an applied
pressure of 10 kPa and ca. 3 x 10 ° F for an applied pressure
of 20 kPa. One should consider, however, that the maximum
surface area reported in this work was of 1 cm?, while only a
fraction of this total area was in fact active during the applica-
tion of mechanical pressure. As an example, if one third of the
total area is considered to be in contact with the ITO surface at
sensing mechanical pressures (see Fig. 1 in ref. 29) a specific
capacitance of ca. 3 pF cm™? is roughly estimated.

Furthermore, by assuming the value of 12.16 for the dielec-
tric constant (epy;) of the protic ionic liquid [HCgIm][TFSI], as
predicted in the extensive work of Rybinska-Fryca et al.,** the
electrostatic screening length d (i.e. a characteristic length scale
defined in the classical theory as the Debye length, i) of the
electric double layer at the ITO interface can be estimated using
the relation

N

Cqi = & - epIL g 3)

yielding a value of about 1.7 nm. Such a value for the screening
length is many times larger than the one calculated using the
classical definition of the Debye length, yet it is in agreement
with the values estimated from the capacitance directly mea-
sured for pure ionic liquids, e.g. d = 1.6 nm for the ionic liquid

9 Determining the static dielectric constant of ionic liquids experimentally is not
an easy task due to strong polarization effects in the low-frequency domain of the
dielectric spectrum, which has been a subject of debate.>>***' The BDS instru-
mentation used by us in this work was not judged appropriate to estimate such a
value (since the static dielectric constant of ionic liquids should be evaluated at
frequencies between 100 MHz and 5 GHz),*° hence we have used a predicted value
instead.**

This journal is © the Owner Societies 2022

(0.84 £ 0.007)

[Emim][TFSI].>” Smith et al.>> have proposed that the deviation
from the theoretical value of Ay (for the particular case of
concentrated electrolytes, including ionic liquids) is an intrin-
sic consequence of the dielectric constant and of the size of the
ions in the bulk liquid, as demonstrated by obtaining a master
plot after scaling the experimentally found Debye lengths with
the dielectric constant of concentrated electrolytes of different
nature.®® These findings should be related to the long-range
forces many times detected for ionic liquids in contact with
electrodes, that in turn show an oscillatory character and
correlate to the nanostructuration in the ionic liquid itself."?
During the evaluation of the EIS spectra obtained with the
ITO electrode covered by a film of mesoporous silica, it was
found that additional elements had to be included in the
modelling equivalent circuit to get fits of good quality. The
need of including additional elements in the equivalent circuit,
and thus of time constants, is also visible in the frequency
dependence of the phase angle, Fig. 4c, which only for the case
of ITO with the deposited thin mesoporous film shows a
deviation from the angle of —80°. First, an equivalent circuit
was considered that based on the work of Hirschorn et al.*®
could model the surface and normal distribution of time-
constants. In our material, this distribution originates from
the presence of the thin film covering the whole electrode
surface and its channel-like pores normally oriented with
respect to the flat surface of the electrode; this first equi-
valent circuit and the corresponding fitting parameters are
presented in Fig. S9 (Section SIV of the ESI). More precisely,
two capacitive elements were set in parallel to each other to
describe the additive contribution of silica (labelled “oxide” in
Fig. S9, ESIt) and of the in-pore ionic liquid phase (labelled
“pore” in Fig. S9, ESLT and in Fig. 5) that together constitute
the IL-filled porous film of silica; see also the bottom scheme in
Fig. 5. From the viewpoint of the ionic liquid, the bulk phase,
the in-pore phase and the phase at closest proximity to the ITO
interface (labelled “dl” in Fig. S9, ESL¥ and in Fig. 5) are
considered to be in series. Such a distinction is reasonable
given that the electric double layer has dimensions much
smaller than the full length of the nanochannels (ca. 65 nm).
In addition, we find that the capacitive contribution of the bulk
silica is extremely low (0.0046 LF)| and its resistance extremely

| The capacitance of a silica gel was measured to be in the range 125-155 pF, only
slightly depending on the concentration of ~-OH groups.**
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high (7.5 GQ; see also the additional information in the ESL+
Section SIV)** indicating that the ‘oxide’ component can be
neglected and the equivalent circuit reduced to the one shown
in the bottom scheme of Fig. 5. The goodness of the fitting can
be appreciated from Fig. S10 of the ESIL.{ Hence, in the follow-
ing discussion only the label “pore” will be used while the label
“oxide” will be left behind. By modelling |Z|(v) with such an
equivalent circuit, the following fitting parameters were found:
a bulk resistance Ryyi of 4.5 kQ, a pore resistance Rore Of 94 kQ
in parallel with the CPE element Qpore (5.59 x 107° Q" s%
o = 0.90), and a polarization resistance Rg of 8.3 MQ in parallel
with the CPE element Qg (3.96 x 107° Q™" s% o = 0.84). These
values are also reported in Table 1.

The lower value for Ry in the ITO + film case is not clear to
us at this stage but is unlikely associated to a more facile
reduction of the imidazolium cation, because the amplitude of
the potential used during the EIS experiment (10 mV) is much
smaller than the potential window of electrochemical stability
measured for this ionic liquid (Fig. 1). The high value for the
in-pore resistance (Rpore = 94 kQ), on the other hand, can be
rationalized considering that it describes all the ions inside the
nanochannels, including those at the core of the channel and
those (the cations) interacting with the negatively charged silica
walls. Several studies have demonstrated decreased mobility of
ionic liquids in the confining space of hydrophilic silica pores,
which has been explained to be a consequence of strong
interactions between the pore wall and the ions, in addition
to tortuosity effects.**® {+

For example, for the ionic liquid [Cemim][TFSI] confined in
the 10 nm wide pores of mesoporous silica particles, the molar
conductivity was about one order of magnitude lower than for
the bulk liquid. However, by functionalization of the silica pore
walls with tributyl groups, a high ionic conductivity was
recovered.’® In that work, it was also verified that the type of
surface effects and thus of molecular orientation at the silica
interface, was the same for protic and aprotic ionic liquids,
since this is driven by electrostatic interactions albeit hydrogen
bonds may also contribute. These results, that is the strong
effect of surface modification on the mobility of a nanocon-
fined ionic liquid, are in perfect agreement with those pre-
sented by Bou-Malham et al,"* who have measured a tenfold
increase in viscosity (as compared to the bulk liquid) for
[C4 mim]-based ionic liquids confined in 3.5 nm wide channels
of mica. By contrast, methyl-functionalized mica resulted in
bulk-like viscosity despite the nanoconfinement.

** The electrical resistivity values of silica and ITO are 10"* Q em®® and 10™* Q cm
respectively, reflecting the insulating (silica) and conductive (ITO) property of
these two materials. Moreover, the resistivity of a silica gel increases slightly with
the concentration of ~OH groups.®”

11 Surface effects become less important and over-screened by the bulk-like
behavior of the molecules not directly interacting with the pore walls in the case
of very large pores. At the same time, functionalization of the pore walls may have
effects on the local molecular structuration, as was for instance demonstrated for
the ionic liquid [C'®mim][PF®] confined in cylindrical pores functionalized with
CTAB. For this system, and for temperatures at which the smectic phase is
adopted, the anisotropic character of ionic conductivity was enhanced compared
to the case of bulk liquid.*®
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Fig. 6 Schematic illustration of the local structure of ionic species inside
the silica nanochannels, with the cations’ heads interacting strongly with
the negatively charged silica walls and the long octyl chains oriented
towards the center of the channel (these interfacial species being almost
immobile). The remaining (and reduced) available space defines a straight,
oriented pathway for ionic motion towards the ITO electrode and a
confined space for high charge density at the surface of the ITO electrode.

Based on the results presented in this work, and on those
already available in the literature, the ionic organization at the
entrance of, and inside, the nanochannels grown over ITO
might be as illustrated in Fig. 6. Since the silica pore walls
are slightly negatively charged (by having surface -O~ and -OH
groups) it is expected that an interfacial layer of immobile ions
is formed, that consists of imidazolium cations with their
aromatic head flatly oriented towards the silica wall and their
alkyl chain pointing towards the center of the pores (interfacial,
immobile cations). Compared to these cations, the anions are
located further away from the silica surface.*”>*> This is analo-
gous to the local structure demonstrated by solid state NMR
spectroscopy in ionogels prepared with the ionic liquid 1-hexyl-
3-methylimidazolium-TFSI** as well as to the local structure
revealed by MD simulations for 1-butyl-3-methylimidazolium-
TFSI at close proximity to silica walls.*?

Since protic ionic liquids are promising candidates for use
in proton conducting membranes and their confinement in
porous matrices is crucial to bring them in the solid state for an
easier use in electrochemical devices, it is worth mentioning
that there are means to decrease the high in-pore resistance
that we find. As discussed above, a straightforward method is
the hydrophobization of the silica walls, since it is known that
the ionic species of an ionic liquid close to a hydrophobic
surface (like modified silica or carbon based tubes) experience
weaker interactions and display higher mobility.*®37%%
Furthermore, the thin films with straight, vertically aligned
channel-like pores with a narrow pore-distribution that we
discuss in this work are of high scientific interest since they
enable studying the dynamics of truly and exclusively in-pore
ionic species (unlike the case of ionogels or IL-filled mesoporous
silica particles for which it can be difficult to experimentally
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discriminate between ions residing inside and outside the
pores).*

The effective double layer capacitance Cg at the in-pore
IL/ITO interface has been determined to be 1.87 pF, from the
CPE element Qg and by applying eqn (1) with the obtained
fitting parameters.® This can in turn be expressed as a specific
capacitance considering that only 57% of the total ITO area is
exposed to the ionic liquid phase during the EIS measurement,
leading to a value of 16 puF cm™ 2.4+ This result is notable,
since it indicates that in the case of the mesoporous thin film
deposited over the ITO substrate the specific capacitance is
higher than for the case of the bare ITO surface. To the best of
our knowledge, this is the first time that a specific capacitance
is experimentally measured for a surface active ionic liquid in
nanoconfinement. Nevertheless, we report an empirical obser-
vation, which requires further dedicated studies to be fully
understood. However, assuming the molecular organization
within the pores described above (which is supported by multi-
ple congruent studies),**"® it is possible that the reduced pore
width and the presence of proximate oriented and immobile
octyl chains induce the ions to adopt a more vertical orientation
at the ITO interface, with a consequent increase in ion density.
Alternatively, the in-pore pressure that is likely different from
the one experienced in the bulk liquid phase may squeeze the
first layer of adsorbed ions resulting in enhanced double layer
capacitance.

Capacitance increases for ionic liquids in a confined space
(mainly non-amphiphilic and aprotic ionic liquids) have been
reported by several authors, for porous electrodes with uni-
modal and well-defined pore widths.'*'®*®%” In general, the
capacitance values that we obtain are in fair agreement with
those measured for other more conventional ionic liquids; for
instance the ionic liquid ethyl-methylimidazolium-TFSI that,
when residing within carbon nanopores about 1 nm wide,
results in an areal capacitance of ca. 7 uF cm ™ 2.'* In yet another
work, reporting the synthesis of mesoporous carbon nano-
spheres, the specific capacitance in the case of the ionic liquid
ethyl-metylimidazolium-BF, was measured to be 9 uF cm™ 2,
when mesopores with a diameter of 3 nm were considered."®
In this context, it must be mentioned that studying the behaviour
of ionic liquids in the nano-space of electrodes, for applications in
supercapacitors, is a current hot topic of research. On one hand,
ionic liquids offer wider windows of electrochemical stability than
conventional organic electrolytes, hence greater values of energy
density (E = 0.5-CV?)" and, on the other hand, the size effect of
nanopores in which the ionic liquid resides is yet not completely
understood.*® As for the latter issue, experimental results have
shown that when the size between two flat capacitive electrodes is
decreased in the nanometer range, the specific capacitance can
increase;'* while DFT calculations performed to follow up on this

% And 29 pF cm ™2 if Ry is replaced by Rpore in the expression of eqn (1). In any
case, given the Qq and « values retrieved from the modelling equivalent circuit,
the specific (areal) capacitance in the case of the deposited film is always larger
than for the bare ITO, as revealed by the simulated functions for variable values of
the term within parenthesis in eqn (1), Fig. S11 in Section IV of the ESL
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result have evidenced an oscillating effect of the specific capaci-
tance when the spacing between the electrodes approaches the
size of the ions.*® However, compared to these previous computa-
tional and experimental works, that have exclusively considered
flat nano-domains orthogonal to the applied electric field, our
system differs by having the nano-channels vertically oriented
with respect to the polarized electrode (ITO) as well as by
considering a protic ionic liquid whose [HCgIm]" cation is bulkier
than, for instance, the ethyl-methylimidazolium cation previously
and commonly investigated. In any case, these precedent studies
have reported ion-exclusion effects as well as denser ionic packing
at the electrode interface for the case of ionic liquids in nano-
domains, which may have similarities to our observation of an
increased specific capacitance.

4 Conclusions

In this work, the electrochemical properties of the protic and
surface active ionic liquid [HCgIm][TFSI] have been investigated
in bulk and inside silica nanochannels. Cyclic voltammetric
results show that [HCgIm][TFSI] has a sufficiently wide window
of electrochemical stability, i.e. 2.7 V, while broadband dielec-
tric spectroscopy reveals that ion conduction is dominated by
the vehicular mechanism. The behaviours of bulk and nano-
confined [HCgIm][TFSI| have been compared by impedance
spectroscopic measurements using a three-electrode cell. The
ionic liquid was either in direct contact with a flat, neat ITO
electrode or with an ITO electrode covered with a thin film of
mesoporous silica containing vertically-aligned channel-like
pores that run through the entire thickness of the film. The
equivalent circuit modelling of the EIS results shows a higher
resistance of the ionic liquid inside the hydrophilic silica
nanochannels, which reflects hindered diffusion due to a
strong interaction of cations with the negatively charged silica
wall. However, an enhanced specific capacitance is observed at
the in-pore IL/ITO interface, which could possibly be explained
by an orientational change that favors ion packing or a more
compact first ionic layer. This positive effect is attributed to the
nanoscale of the pores concomitant to the ability of this ionic
liquid to self-assemble. More studies are desired to better
understand our observations. In particular, it will be very
interesting to verify the potential dependence of the specific
capacitance for the ITO + film system, extending to higher
voltages where SAILs are expected to outperform non-
amphiphilic ionic liquids."?
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