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ABSTRACT

Ionosilica ionogels, i.e. composites consisting of an ionic liquid (IL) guest confined in an ionosilica
host matrix, were synthesized via a non-hydrolytic sol-gel procedure from a #ris-trialcoxysilylated
amine precursor using the IL [BMIM]NTHT; as solvent. Various ionosilica ionogels were prepared
starting from variable volumes of IL in the presence of formic acid. The resulting brittle and nearly
colourless monoliths are composed of different amounts of IL guests confined in an ionosilica host
as evidenced via thermogravimetric analysis, FT-IR, and '*C CP-MAS solid-state NMR
spectroscopy. In the following, we focused on confinement effects between the ionic host and
guest. Special host-guest interactions between the IL guest and the ionosilica host were evidenced
by 'H solid-state NMR, Raman spectroscopy, and broadband dielectric spectroscopy (BDS)
measurements. The three techniques indicate a strongly reduced ion mobility in the ionosilica
ionogel composites containing small volume fractions of confined IL, compared to conventional
silica-based 1onogels. We conclude that the ionic ionosilica host stabilizes an IL layer on the host
surface; this then results in a strongly reduced ion mobility compared to conventional silica hosts.
The ion mobility progressively increases for systems containing higher volume fractions of IL and
finally reaches the values observed in conventional silica based ionogels. These results therefore
point towards strong interactions and confinement effects between the ionic host and the ionic
guest on the ionosilica surface. Furthermore, this approach allows confining high volume fractions
of IL into self-standing monoliths while preserving high ionic conductivity. These effects may be
of interest in domains where IL phases must be anchored on solid support to avoid leaching or IL
spilling, e.g., in catalysis, in gas separation/sequestration devices or for the elaboration of solid

electrolytes for (lithium-ion) batteries and supercapacitors.



Introduction

Ionic liquids (ILs) are molten salts displaying melting temperatures lower than ca. 100°C. ILs
are composed entirely of organic cations and organic or inorganic anions. Due to their unique
physical and physico-chemical properties, ILs have been a subject of intense research and have
been proposed for various applications, e.g. for energy storage,' catalysis,>* gas adsorption,* and
so on. The combination of the advantageous properties of many ILs such as rather high ion
conductivities over large temperature ranges (including very low temperatures), large liquidus
ranges, low flammability, and high electrochemical stability has led to numerous prototypes or
applications in various technologies.

However, one of the key issues is the fact that ILs are liquid. As a result, incorporation of the IL
into devices like batteries or membranes is necessary. One solution to solve this problem is the use
ofionogels (IGs) rather than pure ILs. IGs are composites of an IL guest that is immobilized within
a solid host matrix. Indeed, IGs were thoroughly investigated in the last decade for their
polyvalence that combines the properties of ILs with those of the host matrix.>”’ In these IGs, the
confinement of ILs within a solid host matrix modifies their physical properties compared to the
bulk. The spatial confinement together with the interactions between confined IL and pore walls,
the arrangement (ionic orientation and layer structure), physicochemical properties (diffusion
coefficient, viscosity, dielectric relaxation, ionic conductivity, phase transitions, and thermal
stability) and gas solubility of confined ILs significantly differ from those of the corresponding
neat ILs.® In this latter area, Baltus et al. reported that both solubility and diffusivity of carbon
dioxide are enhanced in ionic liquids that are confined within a porous ceramic support when
compared to ionic liquids in bulk.” Harmanli et al. recently described ‘giant’ nitrogen uptake in

ILs confined in carbon pores and attributed this effect to ‘frustrated packing’ of the ionic species



within the pores, thus generating free volume capable to host molecular nitrogen.!® The impact of
spatial confinement and interfacial interaction of confined ILs within a solid host matrix was also
demonstrated on ionic transport properties.'! For instance, Vereecken et al. suggested an optimized
pore size of ca. 30 nm to maximize the so-called ‘surface conduction promotion effect’ while
minimizing the detrimental effect of pore confinement on lithium-ion conduction.!? All these
examples highlight that confinement effects strongly modify the physico-chemical properties of
confined ILs with respect to the bulk.

Besides the judicious choice of suitable ILs, the design of a suitable host material for each IL is
of prime importance for the elaboration of ionogels for advanced applications. There is thus a need
for a suitable scaffold capable to immobilize ILs and to prevent IL leaching and spilling while
maintaining or even improving IL characteristics in the solid device. The requirements for such a
‘good’ scaffold are therefore multifold. An ideal IG scaffold should (1) maintain the mechanical
and chemical stability during application; (2) have a high specific surface area and large pore
volume to hold a high IL load; (3) have a continuous pore structure for continuous transport and
diffusion within the IG; (4) allow interaction with the IL, either to enhance ion mobility (i.e.
conductivity), or to stabilize the incorporated IL to prevent leaching, in particular for applications
in catalysis; and (5) should be able to confine a high amount of IL while maintaining high
mechanical stability and robustness. Various materials have been used as host matrix, including
organic polymers (PMMA, PDMS),"® carbon nanotubes (CNTs),'* metal-organic frameworks
(MOFs), ' or metal oxides (SiO2, TiO2, Sn05). '%!7 In this context, silica is the most common host
matrix, as it offers the highest textural and morphological polyvalence.!”' Sol-gel chemistry
allows for the synthesis of a virtually unlimited number of different silica materials with well-

defined and finely adjustable pore arrangements, pore sizes and size distributions, symmetries, and



chemical functionalities.?? Sol-gel chemistry therefore offers numerous possibilities for the design
of silica scaffolds with adjustable textures, architectures, morphologies, and interface properties.
In order to tune the properties of IGs, the control over the host-guest interactions between IL
guest and solid scaffold host is crucial. In this work, we describe for the first time the use of
ionosilicas as host material for the encapsulation of ILs. Ionosilicas are organosilicas that are
exclusively constituted of ionic building blocks.?!?* Ionosilicas combine the morphological
versatility of silica-based materials with the chemical polyvalence of ILs,>* and open up
fundamentally new opportunities in the area of materials design. So far, ionosilicas have mainly

been investigated for their interesting anion exchange properties,?>2’

and as drug carrier vehicles
and innovative theranostic nano-tools for applications in the biomedical field.?%°

Herein, we focused on the elaboration of ionosilica IGs, i.e. composites consisting of ILs
confined in an ionosilica matrix, that is, materials that are only composed of ionic building blocks.
As ionosilicas contain a high number of chemically linked ionic groups, we anticipate a high
affinity of the ILs towards the ionosilica support matrix, with amplified confinement effects of the
encapsulated ILs. Ionosilica IGs constituted of different host/guest weight ratios were investigated
by means of solid-state NMR and Raman spectroscopy together with broadband dielectric
spectroscopy (BDS) measurements. The comparison of the ionosilica IGs with conventional silica
based ionogels highlights the particular ability of ionosilicas for IL encapsulation and displays
clear confinement effects of the IL guest within the ionosilica host. Our work points the particular
position of these all-ionic composite materials in the area of IGs. Whereas poly(ionic liquid)/IL
composites have already been reported and investigated as efficient carbon dioxide sequestrating

31, 32

phases and for electrochemical applications,* ionosilica/IL composites are a completely

unexplored field yet.



Results and discussion

We firstly performed the synthesis of various ionosilica IGs. The one-pot synthesis was highly
straightforward and involved only the use of three components: the ionosilica precursor TTA,
formic acid, and the IL [ BMIM|NTf,. The ionosilica matrix was formed via a non-hydrolytic sol-
gel procedure from the tris (3(trimethoxysilyl) propyl) amine precursor TTA (Figure 1a). The
reactions were performed in IL medium, namely 1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, [BMIM]NTf. The ionosilica IGs TSI ,where x is the volume
of the IL used, were obtained under water-free conditions using the formic acid route.!® 3 The
effect of the IL loading on the confinement of [BMIM|NT{, was thoroughly studied and compared

with a purely inorganic silica matrix, obtained from TMOS instead of TTA.
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Figure 1. (a) Schematic synthesis of ionosilica ionogels; (b) photograph of the ionosilica ionogel

monoliths with different IL volumes.

Four monoliths were prepared using different volumes of [BMIM|NTf, while keeping the
quantity of ionosilica precursor TTA constant. For comparison, a fifth material was synthesized

under identical reaction conditions using TMOS as silica precursor.’” The exact reactant quantities



in the different trials are given in table 1. Colorless monoliths (Figure 1b) formed after several
hours at room temperature. It should be mentioned that increasing quantities of IL in the reaction
medium increase the gelation time of the ionosilica network, nevertheless without exceeding 24
hours for the monolith with the maximum amount of IL (i.e., 12 mL). Under the given standard
conditions, the quantity of the used IL cannot exceed the 12 mL, as for higher quantities, the final
material displayed insufficient mechanical stability and the resulting monolith broke down to form
small fragments. Figure 1b shows the as-synthesized ionosilica IG monolith reaction mixture after
gelation in different volumes of IL. The final TSL were obtained after drying at 80°C under

atmospheric pressure overnight and then 2 hours under vacuum (0.01 mbar).

Table 1. Used quantities for the synthesis of ionosilica ionogels.

Precursor [BMIM]NTf; HCOOH
m(g)  n(mol)  Vo(mL)  n(mol) V(mL)
TSk TTA 3.0 0.006 1 0.003 2.0
TS TTA 3.0 0.006 3 0.010 2.0
TSI TTA 3.0 0.006 6 0.020 2.0
TSL TTA 3.0 0.006 | 12  0.041 2.0
TMOS!L | TMOS 2.7 0.018 3 0.010 2.7

Ionosilica monoliths of variable dimensions are formed as a function of the used IL amount. The
formation of the 3D ionosilica network was confirmed via solid state 2°Si one pulse (OP) NMR
spectroscopy (Figure S1) by the presence of the two signals at -58 and -68 ppm that can be
attributed to silicon centers in T? and T® environments, where T? represents RSi(OSi)2(OR);

centers, whereas T indicates silicon in a fully condensed RSi(OSi)s;-environment. The more IL



was used, the larger the dimensions of the formed TSI monoliths, thus suggesting that the amount
of confined amount of IL increases with increasing IL quantity in the hydrolysis-polycondensation
mixture. The photograph of the monoliths (Figure 1b) also shows that a considerable quantity of a
supernatant phase was formed. To obtain a first impression of the composition of the TSI
monoliths, the supernatant phase was analyzed by liquid phase 'H NMR spectroscopy (Figure S2).
These liquid phases basically contained formic acid, methanol (from the hydrolysis of
trimethoxysilyl groups of the TTA precursor), transesterification products such as methyl formate,
and a fraction of the IL.** The quantification of the amount of IL in the supernatant phase provides
information about the quantity of the IL confined in the monoliths (Table 2). We found that the
amount of the confined IL depends on its quantity in the starting reaction mixture. Whereas the IL
is completely retained in the ionosilica matrix in the case of TSI, the amount of confined IL
progressively decreases to reach a fraction of 58% in TSY;. However, the amount of IL that is
incorporated within the ionosilica matrix in the monoliths increases from 1 to 7 mL while keeping

the quantity of the ionosilica precursor TTA constant (3.0 g).



Table 2. Composition of the ionosilica ionogels.

ny /np n /nSi [BMIM]|NTf;
Vo(mL)  Ve(mL) V-V % Viraction
TSIL | 060 | 020 | 1 1 0 100 0.48
TSY | 1.70 | 056 | 3 2109 70 0.65
TSL | 340 | 114 | 6 3.8 22 63 0.77
TSI, | 680 | 227 | 12 70 5.0 58 0.86
TMOS'L| 056 | 056 | 3 3 0 100 0.84

Where ny,= number of moles of IL, n, = number of moles of precursor and ng; = number of

moles of Si in the precursor. V,, = Initial used volume of IL, V; = Retained volume of IL in the
1onosilica matrix and Vaction= V/ Vit Vmatix, Where Vmatix 1S the volume of the formed 3D silica
network. The density of the matrix was measured using a gas pycnometer (i.e. Smauix = 1.58 g/ cm’
for TSE, Simanix = 1.9 g/em?® for TMOSIL ).

These data suggest that the ionosilica matrix forms a network with increasing mesh dimensions
with increasing IL fraction. For the monolith TS}5, we can conclude the approx. 7 mL,
corresponding to 10 g of IL, are well confined in roughly 2 g of an ionosilica matrix. The final,
self-supporting and brittle monolith TS, is therefore constituted of ca. 80 wt. % of IL. This result
is astounding as conventional hosts such as silica cannot retain and stabilize such a high quantity

of IL while preserving a sufficient mechanical stability.>¢
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Figure 2. Solid-state 1°C CP NMR spectrum of the I°SG monolith synthesized in the presence of
6 mL of IL(TSE). NMR shifts (ppm): TS alkyl chain (9.9, 19.2 and 56.7 ppm); C3(32.1 ppm); C4
(50.1 ppm); Cs(122.6 ppm); Cs(123.9 ppm); C7(136.4 ppm); Cg(36.0 ppm) and formate counter-

anion (166.7 ppm).

The solid-state '3C CP NMR spectroscopy of the TS{- confirms that the monolith is constituted
only of ionosilica matrix and confined IL as indicated by the characteristic signals of the two
components (Figure 2), i.e. the ionosilica matrix and the imidazolium cation of the [BMIM]|NTf,
ionic liquid. The presence of the IL is confirmed by the sharp signals at 32.1, 36.0, 50.1, 122.6,

123.9, and 136.4 ppm, all characteristic of the BMim-cation. The ionosilica matrix gives rise to
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much larger signals at 9.9, 19.2, 56.7, and 166.7 ppm; these signals are characteristic for the alkyl
chains of the TTA precursor and the formate counter-anion. The fact that the signal of the formate
anion is rather broad indicates its low mobility and points strong interactions with the ionosilica
matrix constitute of ammonium building blocks.

Additionally, the monoliths were investigated by FT-IR spectroscopy and thermogravimetric
analysis (TGA). Figure 3 shows the FT-IR spectra and the thermograms of the pure ionosilica, the

pure IL and the different TSY containing various amount of IL.
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Figure 3. (a) FT-IR spectra and (b) TGA curves of I°SG monoliths TS(where x is the initial

volume of IL), neat TS monolith and IL.

The FT-IR spectrum of the pure ionosilica (Figure 3a) shows absorption bands between 2800-
2950 cm™! and at 1200 cm!. These bands stem from, C-H stretching vibrations of the alkyl chains
of the ionosilica precursor and to Si-O-Si vibrations of the siloxane network, respectively. On the

other hand, the spectrum of the IL shows three clearly distinguishable bands that can be attributed
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to the symmetric bending of CF3 (741 cm™), the antisymmetric stretching vibration of the S-N-S
(1051 cm™) and the antisymmetric stretching vibration of the SO groups (1331-1348 cm™) of the
bis(trifluoromethylsulfonyl)imide anion. The FT-IR spectra of TSI monoliths show bands that
can be attributed to both components, i.e. the ionosilica matrix and the confined IL. The intensities
of the absorption bands depend on the ratio between both components: for IL-rich materials, the
FT-IR spectra are similar to the spectra of the neat IL, whereas for IL-poor materials, the adsorption
bands of the ionosilica matrix are predominant.

Similar results were obtained in TGA of the IGs. Figure 3b shows the thermograms of the pure
ionosilica, the IL, and the various IGs. The higher the amount of the IL in the IGs, the more the
shape of the thermograms resembles the data of the pure IL. Furthermore, the weight loss is the
lowest for the IGs containing the lowest amount of IL due to the formation of the silica from the
ionosilica matrix (global weight loss between 58 wt. % for TS}! and 90 wt. % for TSL)), hence
confirming that the highest amount on IL is confined in this material.

Overall, all analytical data confirm that TS are all-ionic composites constituted of an IL guest
confined in an ionosilica host. The amount of IL employed in the hydrolysis-polycondensation
reaction mixture determines the final dimensions of the final monolith. It also determines the
amount of IL confined in the ionosilica matrix. We can therefore conclude that the formed
ionosilica IGs TSI are constituted of IL confined in a more or less dense ionosilica matrix

(815 mawix = 1.58 g/cm?). It has to be pointed out that all TSI monoliths are brittle and self-
supporting objects (Figure S3). This is a major difference compared to conventional silica-based
IGs. These silica-based systems containing an identical molar amount of silicon such as material
TMOS!" become more and more jelly-like and are not generally self-supporting materials (Figure

S4).
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In order to obtain more detailed information about possible confinement effects in the ionosilica
IG systems we performed 'H solid-state NMR and Raman spectroscopy as well as electrochemical

impedance spectroscopic measurements.

Figure 4. 'H solid-state MAS NMR spectra of ground TSY and TMOS}" monoliths respectively

(vmus =24 kHz).
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Figure 4 shows the 'H solid-state NMR MAS spectra of ground TSY and TMOS} monoliths
under rotation of 24 kHz. All spectra show the characteristic signals of the imidazolium cation
with highly variable peak widths and overlapping the broader peaks of the TS matrix. The same
trend is observed under static conditions (Figure S5) although the resolution is lower. The full
width at half-maximum (FWHM) for the 'H peaks assigned to the imidazolium cation have been
estimated by spectrum fitting (Details in ESI).

Figure 5 shows (a) the variation of the FWHM as a function of the quantity of confined IL for
three characteristics 'H signals of the IL and (b) the variation of the FWHM of the CH»-N signal
as function of the IL Viiction in the TSE and TMOS monoliths. The FWHM values decrease when
the concentration of the IL increases (Figure 5a). The variations in the 'H peak widths of IL can
be related to variations in transverse relaxation rates dominated by the effective dipolar couplings,
and notably the most intense homonuclear 'H-'H couplings. Therefore, the observed decrease in
FWHM is explained by an increased mobility of the imidazolium cation, leading to a decrease in
the effective dipolar couplings.

Furthermore, we have compared the confinement of the IL in the silica and ionosilica supports.
For this purpose, we synthesized a silica IG via non-hydrolytic sol gel reaction starting from TMOS
in the presence of [BMIM]NTf,.!7-3% 3¢ The amounts of TMOS, IL, and formic acid used for the
synthesis of this material, TMOS]", are given in Table 1. We compared the spectra of the
conventional silica ionogel with those of three ionosilica ionogels (TS, TSy -and TS]S) as they
contain a similar molar amount of precursor (TS}* and TMOS}"), a similar molar amount of silicon
(TSE and TMOS!Y) or a similar volume fraction of the encapsulated ionic liquid ( TS} and

TMOSI).
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Figure 5. (a) variation of the FWHM as a function of the quantity of confined IL for three

characteristics 'H signals of the IL; (b) variation of the FWHM of the CH-N signal as function

of the IL Vraction in the TSE and TMOS!" monoliths.

Clearly, the FWHM of the signals observed in the spectra of the silica-based IG TMOS! is
significantly lower than the FWHM of the signals observed in the spectra of the ionosilica IGs
TSI and TS but slightly larger than the one observed in the spectra of TS}5. The FWHM of the
CH>-N peak of TSI materials and TMOS]" are represented in Table 3 and illustrated as a function
of the IL volume fraction in Figure 5b. The FWHM of the signal of TMOS]" of 0.08 ppm is similar

compared to the FWHM found with TS{ and TS} (0.05 ppm and 0.11 ppm, respectively). This
confirms the high mobility of the IL in the silica-based IGs compared to the ionosilica IGs. The
FWHM therefore reflects the mobility of IL in the various hosts and allows for the monitoring of

the confinement efficiency and the strength of the interactions between host and guest. Secondly,
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the higher the amount of confined IL, the higher the mobility due to the formation of larger IL
domains within the ionosilica host.

These results indicate that surface localized IL (e.g., in low IL content samples) strongly interacts
with the ionosilica surface and therefore shows low mobility. On the other side, with increasing
amounts of incorporated IL, we observed a higher amount of bulk-like IL domains displaying

higher ion mobility.?”- 38

Table 3: Data obtained via 'H solid-state NMR and conductivity measurements.

FWHM | Conductivity
(ppm) (S.m™)
TSt 0.58 1.5 E-05
TS 0.23 29 E-05
TS 0.11 0.028
TS, 0.05 0.322
TMOSY| 0.08 0.374

The FWHM values are relative to the CH>-N 'H signal. The conductivity values are calculated
based on Nyquist plots fitting using adapted equivalent circuits. (Figure S6 and Table S1)

We also addressed the IL confinement within the ionosilica hosts via Raman spectroscopy.
Raman spectroscopy is a versatile tool to monitor the confinement of the IL in silica matrices.>*
3941 The Raman spectrum of bulk [BMIM]NTf, (Figure 6a, yellow curve) in the spectral range
1000-1300 cm™ shows three characteristic bands that can be attributed to the antisymmetric
vibration of the C-F bond (1036 cm™), the symmetric stretching vibration of the SO (1146 cm™),

and the CF3 groups (1252 cm™) of the bis(trifluoromethylsulfonyl)imide anion.*> These three
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characteristic bands can also be identified in the spectra of the TSL materials (Figure 6a)

confirming the presence of the IL.

Relative intensity
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Figure 6. Raman spectra of the TSI ground monoliths and the pure IL in the range of (a) 1000-

1300 cm™ and (b) 2850-3100 cm™ .

Figure 6b displays the Raman spectra of the neat IL and the TS materials in the range of 2850-
3100 cm’!. In this part of the spectra, two bands at 2875 and 2914 cm™ can be attributed to the
symmetric stretching vibration of the C-H bond of the imidazolium cation.*> ** The intensity of
the first band remains unchanged in the spectra of the whole series of the TS materials but the
shoulder at 2914 cm™! appears only in the spectra of TS{- and TS}, and in the spectra of the neat
IL. The presence of this shoulder thus reflects a mobile imidazolium cation and therefore indicates

the presence of bulk-like IL domains. The absence of this signal in the spectra of TS} and TSY-
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-Im(Z)/Ohm

therefore indicates surface-bound imidazolium cations displaying a lower mobility. This is likely
due to increased ionic interactions between the ionic guest and the ionosilica host, in agreement
with the previously discussed results of the 'H solid-state NMR.

To further support these results obtained by 'H NMR and Raman spectroscopy, the ionic
transport properties of the ionogels were determined by broadband dielectric spectroscopy (BDS)
using symmetric cells with two stainless-steel electrodes.*> Figure 7a shows the Nyquist plots
obtained for the ionosilica matrices with different amounts of incorporated [BMIM|NTf,. The
corresponding ionic conductivities are collected in Table 3 and represented in Figure 7b as function

of the IL Vraction (Table S2).
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Figure 7. (a) Nyquist plots obtained for the different TS samples using broadband dielectric

spectroscopy (BDS), (b) the variation of the conductivity of the TSI and TMOS!' materials as

functlon Of the IL Vfraction.
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Our results show that the ionic conductivity of the ionosilica ionogels strongly depends on the
quantity of encapsulated ionic liquid. The ionic conductivity increases while increasing the amount
of incorporated IL. Thus, TS, displays an ion conductivity of ca. 0.32 S.m™? that is more than
four orders of magnitude higher compared to TSI (ca. 1.50E-05 S.m~*, Table 3). This feature can
be associated to an increase of the mobile ionic liquid fraction in the materials that contains a larger
quantity of IL, where a significant part of the encapsulated IL does not directly interact with the
ionosilica matrix and therefore contributes to enhanced ionic conductivities of these phases.
However, in the case of the material with the highest amount of encapsulated IL TS}, the found
ionic conductivity is almost equal to that of the bulk IL [BMIM]NTf; (0.365 S.m™).46:47

We then compared the ionic conductivity of ionosilica ionogels to that of conventional silica
based ionogels, synthesized by an analogous non-hydrolytic sol-gel method using TMOS instead
of the tris-trialcoxysilylated amine precursor.*® Interestingly, the ionic conductivities of all the
ionosilica-based ionogels remain lower than those measured with ionogels based on conventional
silica, even when the silica matrix is made with the smallest amount of IL, i.e. TMOS}* (0.37

S.m™1!

, Figure S7). Furthermore, silica based ionogels display relatively constant ionic
conductivity that is rather independent of the quantity of incorporated IL. The measured ionic
conductivities of the TMOSLY materials were very similar compared to the bulk ionic liquid
(0.37 S.m’!, Table S2), indicating that bulk IL behavior is predominant in all materials. This is a
significant difference between conventional silica ionogels and ionosilica IGs. In the latter type of

material, the ionic conductivity varies over four orders of magnitude in the series of materials TS}

to TSI (vide supra) due to strong ionic interactions between ionosilica host and IL guest.
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Ionosilica ionogels display modulable and adjustable electrochemical properties, contrarily to
ionogels that are based on conventional silica support.

One may assume that the incorporation of ionic species in the ionosilica matrix increases the
degree of electrostatic interactions in the media, which might decrease the number of mobile ions
and thus the conductivity. The nature of support material therefore has deep consequences on the
macroscopic properties of these materials, in particular on the ionic conductivities.

Finally, it has to be mentioned that all the ionosilica-based ionogels reported herein are self-
standing monoliths, which can be easily handled, cut, and shaped. Conversely, viscous unstable
gels were obtained using TMOS, even for the silica matrix made with the smallest amount of IL,
i.e.,, TMOSIL (Figure 7b). We believe that this feature is critical for the incorporation of such
ionogels into advanced electrochemical devices, for which the ionosilica-based ionogels reported

herein might be highly advantageous.
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Conclusion

In this work, ionosilica-based I1Gs with different amounts of confined IL have been prepared
using a non-hydrolytic sol-gel process. All materials were obtained as brittle and self-standing
monoliths. More specifically, ionosilica IGs can incorporate more than 80 wt. % of IL while
maintaining a mechanically robust morphology. This is a significant difference compared to
conventional silica-based IGs that show jelly like morphologies for similar molar IL/ionosilica
ratios. The incorporation of an IL in an ionosilica host increases electrostatic interaction between
host and guest. This results in reduced ion mobility and conductivity compared to conventional
silica IGs, that can however be controlled via the amount of incorporated IL. Contrarily to silica
based ionogels, the ionic conductivity of ionosilica based ionogels strongly depends on the
quantity of encapsulated IL. As a consequence, the ion conductivity in these latter phases increase
over four orders of magnitude by increasing the amount of encapsulated IL within the ionosilica
matrices. We attribute this result to strongly increased host-guest interactions, resulting in strongly
reduced ion mobilities in the case of ionosilica ionogels containing small quantities of IL.
Contrarily to silica based ionosilicas, ionosilica based ionosilicas therefore display variable
electrochemical properties. We believe that the obtained ionosilica IGs are highly polyvalent
materials with adaptable properties that may find applications in various fields as different as
electrocatalysis, gas absorption, electrochemistry, and energy storage. Our work therefore opens
the route to other functional ionosilica IG combinations for specific applications in various

domains.
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