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Ionic liquids under nanoscale confinement
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ABSTRACT
The confinement of room-temperature ionic liquids (ILs) in
nanoscale geometries, where at least one, but often all three
dimensions are reduced down to lengths comparable to the
anion-cation size, put the ILs into a quite different condition
with respect to their bulk phase. An understanding of the
properties of the ILs confined in a nanoscale-constrained
geometry is of both fundamental and practical interest. In
particular, the spatial restriction of ILs promotes a strong
interaction of the ILs with the surface of the confining matrix,
which strongly affects their properties, like the phase transi-
tion behavior, layering near surface walls, wetting, as well as
ionic mobility. This short review is especially concerned with
the interfacial confinement of ILs on solid substrates, in the
form of very thin films, or inside porous nanomaterials.
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1. Introduction

Room-temperature ionic liquids (RTILs or simply ILs) are salts, which are
typically liquid at temperatures well below 100°C [1,2]. ILs possess several
interesting properties, among many others negligible vapor pressure and
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controlled miscibility, non-flammability, good thermal stability, and wide
electrochemical window. The virtually unlimited versatility in designing the
cation-anion pair allows to produce ILs with tailored physicochemical
properties to support a large number of applications: ILs are employed as
electrolytes in photoelectrochemical and energy storage devices [3], as
advanced lubricants in tribology [4–7], as reaction media in synthesis and
catalysis [1,2], as well as solvents in the chemical industry [8].

In many applications, ILs interact with solid surfaces, either because they
are employed as electrolytes [9] or because they are used as thin lubricant
layers [6]. In all these cases, the most relevant processes determining the
performance of the devices take place at the liquid/solid interface, in con-
ditions of strong spatial confinement [10], either because the lubricant IL
film is only a few nanometers thick or because the surface of the solid
electrode is rough and porous at the nanoscale, as in the case of electro-
chemical supercapacitors [11–13], solar cells [14,15], and batteries [15–17].

The use of ILs into nanoporous matrices leads to advancedmaterials, called
ionogels, which integrate the peculiar properties of ILs into soft polymers and
robust porous organic/inorganic materials [18–20]. Ionic liquids also prevent
the solid network/matrix from collapsing into a compact mass, while the
network confines the ionic liquid and prevents it from flowing away.

Since the early studies on ionic liquids confined into porous silica gels
conducted by Dai et al. [21], ionogels have been deeply experimentally and
theoretically investigated in many disciplines and for different advanced
applications, such as energy storage devices (electrochemical batteries, fuel
cells, supercapacitors) [22–24], drug delivery systems [25], as well as in
organic synthesis, heterogeneous catalysis and gas separation [26–28].

The confinement of ILs in nanoscale geometries, where at least one
dimension is reduced down to lengths comparable to the ion size, put the
IL in a quite different condition with respect to the bulk phase, whether they
are dispersed into a polymeric host or entrapped into a porous stiff matrix.
An understanding of the properties of the ILs confined in a nanoscale-
constrained geometry is of both fundamental and practical interest. In
particular, the spatial restriction and low dimensionality promote a strong
interaction of the ILs with the walls of the confining matrix, resulting in
physicochemical behavior of the confined ILs, in terms of phase transition
behavior [29–31], wetting [32], layering near surface walls [33,34], as well as
mobility [35–37], much different from the corresponding bulk properties.

We emphasize here that confinement of ILs can be found not only in
three-dimensional porous matrices, due to the presence of constraining
surrounding walls in the pores, but also in more open geometries. In these
cases, the constraining walls are present only along one or two directions,
either in a static configuration or dynamically removed during the operation
of the device. In general, confinement takes place whenever the interaction

2 F. BORGHI AND A. PODESTÀ



of the IL with the constraining surface(s) becomes relevant with respect to
the mutual interaction of IL ions, i.e. when the ratio of the wall surface and
the volume available to the IL become large.

Figure 1 exemplifies this point showing the relevant interfaces and con-
fining conditions that we will consider in this review.

The first case (Figure 1(a)) represents a spatial confinement induced by
the presence of a counter surface. For instance, in tribological interfaces,
a slider that is displaced relatively to the surface under study represents the
counter surface. This condition can be reproduced in the laboratories by
bringing a suitable probe (either an atomic force microscopy, AFM, tip [33],
or the mica cylinders of a surface force apparatus, SFA [10]), in contact with
the surface, by both approaching-retracting the probe vertically, in and out
of contact, and sliding it horizontally across the other surface.

Confinement can be also induced when a tiny amount of IL is deposited onto
a compact (i.e. nonporous) solid surface, in the sub-monolayer and in the thin
film regime, so to obtain a partial coverage of the substrate (Figure 1(b)) [38–40].
No IL in the bulk liquid phase is present above the substrate, at oddwith the case
of Figure 1(a). In this case, the nanoscale confinement is along the vertical
direction, even though there is no upper constraining wall, and the confinement
length is far larger than the typical ion pair size.

Figure 1. Ionic liquids in different nanoscale-confined geometries.
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Nanoscale surface roughness on compact solid surfaces produces
a distribution of open surface pores with varying width, volume and aspect
ratio, depending on the peculiar surface morphology, whose walls can offer
confinement conditions for the IL at the very interface, also in the presence
of a bulk amount of IL in the liquid phase above that interface (Figure 1(c)).

Eventually, the more complex, yet more representative, case is depicted in
Figure 1(d), where the solid substrate (typically the electrode material on
a device) is nanoporous. In this case, besides the interfacial confinement
provided by the open pores due to surface roughness, also confinement in the
bulk materials, in pores that can be as small as the ion pair size, takes place. The
open surface pores are typically connected to the network of internal pores.

Depending on the nature of the host matrix several cases are possible, from
disordered, nanostructured solid matrices, to ordered nano and mesoporous
structures, passing through porous nanocomposite materials where pores are
provided by the molecular structure of the components (as in the case of
carbon nanotube – based materials).

This short review is concerned with the interfacial confinement of ILs
into very thin films or in porous nanomaterials, and with the experi-
mental characterization of the changes of their physicochemical
properties.

First, we will present some examples of ionogels typically employed in
advanced applications, where the IL is confined into nanoporous matrices,
emphasizing ionogels whose solid nanoporous matrix is produced by means
of cluster-assembling from the gas phase [41]. These materials possess
a peculiar nanostructure and porosity with respect to both nanocomposites
assembled using ordered carbon nanotubes or other porous carbon materials
or those based on silica nanoparticles.Wewill then discuss some experimental
observations of how the nanoscale confinement affects the physical properties
of the nanoconfined ILs.

We will focus in particular on the cases depicted in Figure 1(b–d), when
ILs find suitable confinement conditions in the form of thin films deposited
on solid supports, either smooth or rough at the nanoscale; either compact
or nanostructured and nanoporous.

The results discussed in this review can be of direct interest for applica-
tions in different fields, like in energy storage/conversion devices employing
ionogels formed by nanoporous matrices impregnated by IL electrolytes,
but also for ILs – lubricated or ILs-assisted catalytic interfaces. On the other
hand, the confining matrices here described represent versatile platforms for
experimentally assessing fundamental aspects of the physics of ILs under
nanoscale confinement.
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2. Nanostructured, nanoporous ionogels

Ionogels consist in a solid host matrix (either inorganic or organic) entrap-
ping the ionic liquid and can be viewed as hybrid materials, where the
properties of the host and those of the impregnating IL are combined.

The choice of the structural properties of the porous host is very important
for the successful confinement of ILs, as well as their potential applications,
because the structure and the properties of confined ILs are significantly
influenced by the pore structure and the surface chemistry of the hosts, which
determines the nature and extent of the IL-pore wall interactions. In ionogels,
the common solid porous hosts for ILs are nanoporous carbons [35] as well as
nanoporous silica [22,36,42–44] and metal-organic frameworks (MOFs)
[45,46]. Comprehensive descriptions of ionogels can be found in Refs [20,42].

Different forms of nanostructured porous carbon in particular are used in
applications for energy storage like the electrical double-layer capacitors
(EDLCs) [47,48]. ILs are here employed as more efficient electrolytes com-
pared to the conventional ones based on water [49], owing to their wide
electrochemical window and high ion density, as well as good thermal
stability and non-volatility [22,44,50–52].

Recently, cluster-assembled nanostructured carbon (ns-C) films pro-
duced by supersonic cluster beam (SCBD) deposition [41,53] with high
porosity and specific surface area [54] have been combined with ILs for
the production of planar micro EDLCs [13,55], schematically shown in
Figure 2. Ns-C allowed the penetration of IL ions and their reversible
adsorption and organization into an electrostatic double layer in the ns-C
porous matrix over a wide range of electrode thicknesses [12].

Figure 2. (a) Schematic representation of a planar ns-C-based supercapacitor, as described in
Ref [13], and (b) of an electrolyte-gated transistor, as described in Refs [55,61]. SEM and AFM
images show, at different magnification, the granular and rough morphology of the porous bulk
and upper surface of ns-C film. Partially adapted with permission from Ref [60].
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Films produced by SCBD are good platforms to study the influence of the
nanostructure of the host materials on the properties of ILs. In thin films
produced by SCBD, nanometer-sized clusters form a disordered porous
matrix characterized by features extending from the nano to the mesoscopic
scale [56,57] [Bettini et al., Springer Handbook of Surface Science, in press];
the porosity (void fraction) of these films is typically between 60% and 80%
[54]. The external interface of these films is rough; morphological features
with lateral dimensions ranging from the size of the primeval incident
clusters to hundreds of nanometers, or microns, depending on the film
thickness, are organized in a disordered, statistically scale-invariant (self-
affine) morphology [56], with the characteristic surface parameters (like the
root-mean-square roughness) scaling according to simple power laws
[41,56,58]. At the rough outer interface, open pores with locally high-
aspect-ratio and nanometer-scale dimensions [56,58,59] can accommodate
the ionic liquid, which can also impregnate the bulk nanostructured film;
high spatial confinement can therefore occur, both inside the bulk of the
microporous matrix and on the mesoporous open interface.

Ns-C electrodes have been used also as gate electrodes inside hybrid flexible
transistors (electrolyte-gated transistor) [55,61], based on organic polymer
and ionic liquid as electrolyte (also schematically shown in Figure 2(b)).

Designing and optimizing the properties of the ionogels requires a better
understanding of the effects of the geometrical confinement on the proper-
ties of the ILs.

3. The effect of confinement on the structural properties of ionic
liquids

The interactions taking place at the interface between a liquid and a solid
matrix result in physical and chemical behavior of the confined liquid,
which can be very different from the ones characterizing the liquid in the
bulk. Different phase transition behavior, wetting, layering near surface
walls, shift in glass transition, melting and freezing points have been
reported for ILs in confined geometries [18,20,31,32,62,63].

The microenvironment of a liquid confined in small pores is markedly
different from that of the bulk liquid. In the vicinity of a solid surface,
a liquid molecule has fewer neighbors. In the case of ILs, which are com-
posed of bulky charged species, this may have an influence on the interac-
tions among these species in the vicinity of the pore wall. If the pore is small
enough, comparable in size to the ionic dimensions, interfacial interactions
become predominant and the bulk properties can be lost.

There is increasing evidence that extreme confinement of ILs can lead to
a change of the freezing-melting temperature. The change in the melting point
of a liquid in a confined geometry is described by the Gibbs–Thomson equation
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[64], which usually accounts for the depression of the freezing –melting point
of the liquid (as in the case of water [65]) into a pore. This equation predicts
a reduction of the freezing-melting temperature inversely proportional to the
pore dimension and proportional to the difference Δγ=γwl−γws between the
wall-liquid surface energy γwl and the wall-solidified liquid surface energy γws.
The degree of freezing induced by confinement therefore strongly depends on
the pore size and IL-pore wall interaction.

In the specific case of the ILs (and also other liquids, as reported for
cyclohexane in Ref [66]), the surface energy difference can change sign, and
the freezing temperature can be higher, leading to solidification of the IL
inside the pores at room temperature. The increase of the melting tempera-
ture was inferred by force measurements on ILs squeezed between either
insulating and metallic surfaces [31,67] or spontaneously intercalated
between mica sheets upon drop-casting deposition [68]; direct differential
scanning calorimetry measurements revealed this effect for ILs inside multi-
walled carbon nanotubes [29] and into ordered mesoporous silica [69].

Other authors however obtained opposite results consistent with the
classical (and in some case marked) depression of the melting–freezing
temperature, for the confinement of ILs in both nanoporous silica [63]
and metallic silver [70] matrices, as well as metal–organic frameworks
(MOFs) [71]. Moreover, recent conductivity measurements through glass
nanochannels did not reveal any significant reduction in the ionic mobility
that could be attributed to confined-induced freezing of the IL [72]. Table 1
reports a summary of the most relevant properties of the confined ILs
discussed in the cited works.

In some cases, the observed melting–freezing transition in nanoconfined
geometries spans a relatively broad range of temperatures, which can be
attributed to a broad distribution of molecular environments of the con-
fined IL. The IL thus forms an amorphous phase inside the pores, rather
than a crystalline one, as in the case reported in Ref [73].

The density and the ionic mobility of nanoconfined ILs are the target of
several studies, including numerical simulations. These studies can reveal
layering of the IL in confined geometries, although this phenomenon is not
necessarily associated with a liquid to solid transition.

The authors of Ref [74] have estimated by numerical simulations the
effect of confinement and surface chemistry on the density of the IL con-
fined in amorphous silica pores. Despite the screening of the electrostatic
interactions is very effective in ILs (the Debye length is of the order of the
ionic dimensions), electrostatic interactions, both between the ions and the
pore walls, and between ions and ions, are found to be predominant and to
compete according to the surface to volume ratio of the pore. Strong
layering in the pores is observed, extending from wall-to-wall across dis-
tances larger than the IL dimensions, although the density of the confined
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IL, as well as the ionic conductivity, were found to be similar to those of the
free bulk liquid, therefore suggesting the absence of solidification. Strong
layering and a significant slowering of the IL dynamics, although without
evidence of solidification, was observed in numerical simulations of ILs
confined into a graphitic [75]. The same effect was also observed in
a (rutile) titanium oxide nanoslit [76], with stronger effects in the rutile
matrix, where stronger electrostatic and dispersion interactions are present
between the individual ions of the IL and the pore wall, compared to the
graphitic matrix.

Although the structuring of the ionic liquid into a solid nanoporous
matrix has been so far investigated mostly by means of numerical simula-
tions, it was recently revealed also experimentally. In Refs [77,78] the
authors studied by small-angle X-ray scattering, NMR, and infrared spectro-
scopy ionogels formed by both hydrophilic [Bmim][BF4] and hydrophobic
[Hmim][PF6] in a hydrophobic methylated silica matrix. A self-organized
ordering of the IL was detected, with a better arrangement of ions in the
matrix with a broader pore size distribution; this observation was explained
by the authors by assuming that larger pores offer more room to the ions to
accommodate the orientational disorder due to the internal pore roughness.
The hydrophobic IL showed the closest packing inside the pores of the
hydrophobic matrix.

The arrangement of imidazolium-based ILs in different silica matrices
has been also studied by a combination of nitrogen sorption, mercury
intrusion, and thermogravimetric analyses, as well as NMR spectroscopy
[79], and neither significant layering nor solidification was observed.

Interfacial layering of bulk IL in contact with solid surfaces was reported by
many authors, although it was not necessarily related to a structural liquid to
solid-like transition. For example, layering was observed either by means of
SFA [10] and AFM [33,80], including in the case of rough contacts [81].
Discrete interfacial layers whose separation is comparable to the diameter of
the ions are interpreted as solvation layers, which are commonly observed in
normal liquids in contact with a solid wall, including water [82]. The details of
the solvation layers depend on the composition of the IL (anion and cation)
and on the chemical properties of the substrate. In fact, the strong layering
apparent in the case of mica progressively weakens in going to silica [33],
graphite [33] and gold [83]. Layers are also observed by numerical simula-
tions of IL thin films on solid surfaces, like on silica [84–86]. In molecular
dynamics simulations, the limited duration of the simulation does not typi-
cally allow to observe equilibration into a solid-like phase in a sufficiently
large system, if any. Interestingly, layering up to 9 nm has been detected via
angle-resolved X-ray photoelectron spectroscopy in very thin imidazolium-
based films deposited by evaporation in ultra-high vacuum on a gold surface
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[40]. This is one of the very few examples of directly measured structural
layering in thin films obtained by deposition of the pure liquid.

4. Ordering and solid-like properties of interfacial nanoconfined ILs

A robust experimental evidence of extended, highly packed layering in thin
IL films, in some cases markedly solid-like in character, supported on
metallic and insulating solid surfaces, have been collected in the last ten
years [31,38,39,67,86–92]. The ordered structures typically extend in the
direction perpendicular to the substrate by several nanometers, and in some
cases tens of nanometers.

Jurado et al. recently observed an irreversible liquid to solid-like transi-
tion induced by squeezing [HMIM][EtSO4] in a nanoscale gap between
mica surfaces, using an extended SFA in dry N2atmosphere [67]. The
same results have been also obtained by the same authors using AFM
equipped with 40 µm diameter colloidal silica probes. Discrete jumps in
the force versus distance curves are observed, corresponding to breaking
through solid-like IL layers (film-thickness transition). The number and the
dimension of the fundamental transition layer increase upon successive
approaches, up to an equilibrium condition. Figure 3(a) shows the recon-
structed two-dimensional profile of the contact interface at maximum
compression of the confined IL. Both force-separation curves acquired by
eSFA (Figure 3(b)) and by AFM (Figure 3(c)) graphically describe the
rupture events of successive film-transition layers, and the increase of the
overall confined solid-like film thickness, during consecutive approaches.
The observed mechanical response of the structured nanoconfined IL is
qualitatively different from the one observed in solvation layer in bulk IL/

Figure 3. Irreversible liquid to solid transition induced by nanoconfinement of IL in the gap of
an extended SFA, as reported in Ref [67]. (a) Measured 2D profile of the contact interface at
maximum compression of the IL film. (b) Force – separation curves acquired by eSFA between
mica surfaces across [Hmim] EtSO4 in dry N2 atmosphere during the 2nd to the 7th approaches
(from left to right) at 1 nm s_1. (c) Force–separation curves acquired by AFM for dry [Hmim]
EtSO4 on mica during the 1st, 5th, 7th, and 11th approaches in dry N2 at constant speeds of 20
(1st approach) and 15 (subsequent approaches) nm s−1. Adapted with permission from Ref [67].
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solid interfaces [80]. Interestingly, the same authors observed that water
contamination prevents the liquid-to-solid transformation [93], which sug-
gests that the presence of residual water can influence the behavior of the IL
upon confinement.

Similar results have been obtained by Comtet et al. [31]. The authors used
a tuning fork-based AFM equipped with a tungsten tip with radius up to 2.5
µm (shown in Figure 4(a)), and performed nanorheological measurements
on [Bmim][BF4] on mica, HOPG, doped silicon, and platinum. While
squeezing the film into the probe-surface nanoscale gap, the authors
observed a dramatic change of the RTIL towards a solid-like phase, as
soon as the separation, i.e. the squeezed film thickness, dropped below
a threshold depending on the counter surface (HOPG, an example is
shown in Figure 4(b)), in any case in the range 5–165 nm (as shown in
Figure 4(c)). As discussed above, the authors interpreted their results in
terms of a freezing transition, with the freezing–melting temperature that
remarkably increased upon nanoconfinement, along with the observations
of Jurado et al. [67].

Direct observations of solid-like ordering at room temperature of [Bmim]
[NTf2] ionic liquid drop-casted on mica, amorphous silica, and oxidized
silicon have been reported by the authors of this review in Refs
[39,86,88,89]. Drop-casting consists in depositing on the substrate a small
volume (few µl) of a highly diluted (typically 1 µg/ml) solution of IL in
a suitable solvent; upon solvent evaporation, solid-like IL structures coexist
with nano- and micrometer-sized liquid droplets of IL.

Solid-like structures have been observed on several insulating surfaces
(mica, oxidized silicon, crystalline MgO, TiO2, NaCl) using solvents with
very different polarities (typically methanol, but also ethanol, and chloroform)
(in Figure 5 a representative solid-like terrace formed on oxidized silicon is

Figure 4. (a) Schematic representation of the tuning fork experiment and SEM image of typical
tungsten tip. (b) Real (Z’, black) and complex (Z”, red) part of the mechanical impedance as
a function of the tungsten tip – HOPG surface distance. In the inset: scheme of the freezing
induced by the confinement: upon a critical confinement length λS, the IL changes from liquid
(i) to solid-like (ii). (c) Variation of the mean solidification length λS on mica and on three
conductive substrates: HOPG, doped silicon, and platinum versus the normalized Thomas–
Fermi wavevector, a k, with 2a being the typical ionic crystal lattice constant. Adapted with
permission from Ref [31].
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shown, with the corresponding height histogram). These ordered [Bmim]
[NTf2] structures are qualitatively different from the solvation layers [33,80],
which are located in the first few interfacial layers of the bulk liquid in contact
with a solid surface; the observed IL nanostructures are solid-like multi-
layeredmicrometer-wide terraces, which extend from the surface up to several
tens of nanometers. The terraces composing the observed structures are
characterized by a perpendicular structural periodicity of ~0.6 nm, consistent
with the ionic size of the IL, and in agreement with the results of numerical
simulations of thin [Bmim][NTf2] layers on silica and mica [89,94].
Comparable thicknesses of the solid-like structures irreversibly formed upon
nanoscale confinement under normal compressive stress were measured by
Comtet et al. and by Jurado et al. using SFA and tuning-fork AFM [31,67].

Experimental evidences discussed in the cited works suggest that these
[Bmim][NTf2] structures formed by drop-casting on oxidized silicon and
other insulating smooth substrates are not only vertically ordered but also
possess a mechanical resistance to compressive stresses that are typical of
solid materials, with a measured Young’s modulus of a few GPa [88,89].

Figure 5. A solid-like [BMIM][NTf2] layered structure (b) formed at room temperature upon
deposition on an oxidized silicon surface of a microdroplet of a highly diluted (1 μg/ml) IL/
methanol solution. The histogram of heights (a) shows that the thickness of each terrace is
approximately 5 nm, each terrace composed of several molecular layers with height 0.6 nm [39].
The force versus indentation curves (c) reveal sequential penetration of solid-like stiff layers,
with apparent Young’s modulus of elasticity of approximately 1.8 GPa. Partially adapted with
permission from Ref [88].
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Beyond a critical pressure of the order of 1 GPa, the AFM tip sequentially
penetrates several solid-like terraces (Figure 5). In conditions of strong
surface interaction and nanoscale confinement, these rigid structures are
also highly resilient to intense electric fields, and possess an electrically
insulating character, with a dielectric constant εr between 3 and 5, similar
to that of conventional solid salts [88].

Figure 6. (a) Large-scale and (b) higher-resolution AFM topographic images of [Bmim][NTFI]
intercalated in the mica. (c) A representative stepped profile section of an IL nanostructure
intercalated in the mica. Adapted with permission from Ref [68].
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A recent interesting work reports the formation of highly ordered [Bmim]
[NTFI] structures under confinement upon intercalation in between mica
sheets [68]. The structures formed upon intercalation and consequent nano-
confinement were revealed by stripping the topmost mica sheets and directly
imaged by AFM (Figure 6(a,b)). These structures appear like crystals (also
probed by X-ray diffraction) stacked into well-defined regular terraces with
fundamental height of 0.6 nm (Figure 6(c)) and width of several microns. The
dimension of the fundamental terrace step confirms the results obtained in
Ref [86], and is consistent with the ionic size of [Bmim][NTFI].

Differential scanning calorimetry showed that once the layered structures
are developed, they remain stable until melting at a temperature, which is
73 K higher than that of the corresponding bulk IL. This reminds us of the
increase of the melting point of ILs upon confinement observed by other
authors, as discussed before [31]. Furthermore, the crystallized ILs exhibit
very regular geometrical shapes, following the hexagonal symmetry of the
mica surface, indicating an epitaxial relation between IL and mica, which
acts here as a template.

We notice here that squeezing an IL layer between two surfaces, deposit-
ing an IL thin film by drop-casting from an IL-methanol solution or
depositing IL on an intercalating lamellar solid-like mica, share some
characters that may be very relevant for the formation of ordered, layered,
solid-like structures.

Firstly, in all these cases there is strong confinement of the IL, and the
region occupied by the IL has high surface to volume ratio, at odd with the
cases where a bulk amount of IL is deposited onto a solid surface. Physical
vapor deposition of IL in ultra-high vacuum is another strategy to deposit
ILs in such confined, strongly surface interacting condition [40]. Similarly,
the deposition of nanoliters of pure IL on a surface by ink-jet printing is
another way of producing a strongly confined interfacial IL system [92]. Not
surprisingly, also in the case of Ref [40], strong layering of pure IL in the
thin film regime is observed (while in the case of Ref [92] layering was
speculated, but unfortunately not directly tested). In the case of drop-casting
onto solid surfaces of highly diluted IL – volatile solvent solutions, the
condition of strong interfacial interaction is favored by the sequential
fragmentation of the evaporating liquid film into smaller and smaller dro-
plets, containing small amounts of IL. Liquid to solid-like transition of the
IL likely takes place whenever the amount of IL entrapped in the small
evaporating droplet is below a critical threshold, where energetically the
transition is favored with respect to the IL remaining in the liquid phase.
The randomness of the dewetting process of the evaporating liquid film in
drop-casting deposition leads to the observed coexistence of liquid and
solid-like IL domains.
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Secondly, in all the experiments described so far, there is an external
driving force favoring the ordered arrangement of the ions. In the case of the
force versus distance experiments with large contact areas, the driving force
is the normal compressive stress. In drop-casting deposition, the driving
force is probably provided by convection inside the evaporating solvent
droplet, where also density and temperature gradients are present; energe-
tically, the endothermic evaporation of the solvent may also play a role, that
should be better quantified. In the case of intercalation of IL into mica
sheets, the extreme confinement conditions like those encountered into
nanoporous materials are satisfied. These favorable interactions met by
the IL in the described experimental conditions can drive the crystallization,
or formation of an ordered solid-like phase, overcoming kinetic barriers,
pinning due to contaminants and local defects of the host matrix, etc.

The above discussion on the formation of solid-like nanostructures of ILs
upon confinement in open geometries can help understanding the phenom-
enology of interfacial ordering at rough, nanostructured surfaces. These
interfaces are paradigmatic of ionogels used in devices employing IL as
electrolytes and nanostructured, nanoporous materials as electrodes.

In Ref [87] we recently reported the results of a systematic characteriza-
tion, performed by AFM, of the morphological and mechanical properties of
[Bmim][NTf2] thin films supported on a rough nanostructured oxidized
silicon surface produced by SCBD.

Figure 7. AFM morphological (a,d) and amplitude error (b,c) maps of a ns-SiOx surface after
deposition of 5 μl of 0.5:1000 [Bmim][NTf2]/methanol solution onto the nanostructured surface.
(e) Schematic representation of the scanning principle of AFM in the upper and lower part of
figure (d). (f) Indentation curves acquired on the structured solid-like terrace of Figure (d).
Partially adapted with permission from Ref [87].
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We observed that the high roughness and nanoscale porosity of the
oxidized silicon film did not prevent the formation of solid-like IL domains,
even when they are surrounded by the IL in the liquid phase (Figure 7). The
solid-like [Bmim][NTf2] terraces coexist with the liquid phase. At higher IL
concentrations, the solid-like structures are typically embedded in a liquid
film with thickness up to several nanometers, without this causing disrup-
tion of the slid-like order.

Furthermore, the Young’s modulus of the solid-like structures was mea-
sured by AFM indentation (Figure 7(f)) and confirmed to be on the tens of
MPa range, comparable to that of relatively stiff plastics, although signifi-
cantly smaller than that of similar structures formed on smooth silica
substrates (up to a few GPa) [88]. Similarly, to the structures formed on
smooth substrates [88], also those formed on nanostructured SiOx seems to
possess an insulating character, according to their charging behavior under
exposure to electron beams (see the Supporting Information of Ref [88]).

The experimental results reported in this last section about the interfacial
ordering of ILs upon nanoscale confinement highlight the liquid-solid
transition of supported ILs on nanostructured and porous materials, as
suggested and supported by the observations of the increase of the melting
point and by the other recent experimental and numerical findings dis-
cussed in this review.

5. Conclusions

The study of the physical properties of ILs in strongly confined geometries, and
in particular into nanoporous materials, is still in its infancy, despite the intense
efforts of several research groups and its great importance for the applications.

Significant changes in the structural and physical properties of ILs con-
fined into nanoporous matrices have been reported, which could strongly
affect the behavior of devices employing ionogels. In particular, ILs in strong
confinement conditions can undergo a liquid to solid-like transition, which
dramatically affects their physical properties like the ionic mobility, the
viscosity, and the electrical properties. However, a clear picture is still
missing, and controversial reports can be found in the literature. The
diversity of results and also the discrepancies in the behavior of nanocon-
fined ILs reported in the literature, and partially discussed in this review, can
be attributed to several factors: (i) the still unclear role of impurities, such as
water; (ii) the specific nature of cation and anion; (iii) the wetting behavior
of the IL with respect to the solid walls of the matrix; (iv) the details of the
confining matrix, (v) other interfacial or molecular properties. Controlling
or even simply characterizing these diverse properties by means of theore-
tical modeling, numerical simulations and experiments is a challenge.
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In particular, when studying ionogels, one has to consider also the impor-
tance of producing host matrices with controlled nanostructure and chemical
properties, which in turn points to the need of developing reliable synthetic
methods. Here we have shown that cluster-assembling of nanostructured
thin electrodes and atomic force microscopy represent a versatile and power-
ful tool to address the many open questions. Nevertheless, while the inves-
tigation of open interfacial geometries will likely progress significantly in the
next future thanks to the existing methodologies, a greater effort will be
required to study the behavior of ILs into the bulk of the nanoporous host
matrices, which is not directly accessible to AFM or several other surface
characterization techniques.
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