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lonogel approach harnesses ionic liquid’s properties and strikingly enhances them. Confined ionic
liquid shows high fragility and good lithium transport, in relation to silica interface.
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Confining ionic liquids (ILs) with added lithium salt within silica host networks enhances their fragility
and improves their conductivity. Overall conductivity measurements, Raman spectroscopy on TFSI anion

and NMR spectroscopy on lithium cation, show segregative interaction of lithium ions with the SiO, host

matrix. This implies at IL / SiO, interfaces a breakdown of aggregated regions that are found
systematically in bulk ILs. Such a destructuration due to interface effect determines the fragility and thus
results locally at the interface in short relaxation times, low viscosity, and good ionic conductivity. The

“destructuration” of ions pairs or domains in the ILs makes ILs within ionogels a competitive alternative

to existing solid ionic conductors in all-solid devices, such as lithium batteries and supercapacitors.

Introduction

Ionic liquids (ILs) are commonly used room-temperature (RT)
molten salts with a unique combination of properties including a
wide electrochemical window, good ionic conductivity, good
chemical and thermal stability, and very low volatility. These
properties make them attractive for many industrial processes and
domestic applications such as liquid-liquid extraction, catalysis,
energy storage and electro- and photo-chromism.'” More
specifically, they are seen as a potential replacement for
traditional volatile organic compounds (VOC) used in solar cells,
double layer capacitors and lithium batteries*: however, since ILs
are liquids at room temperature they fail to compete effectively
with VOC-based devices.

Several strategies exist to immobilize ILs for use in all-solid
devices. We have focused our attention on the confinement of ILs
within host networks with a continuous silica interface, resulting
in chemical gels, namely ionogels; specifically in the present
paper, the host network is made only of mesoporous silica. This
method of ionogels synthesis, via the sol-gel routes, is well-
established, including different procedures to obtain different
pore sizes and shapes.® It has been shown that in these materials
exhibiting 60 to 95 vol% of IL (“polymer-in-salt”), the
confinement preserved the liquid dynamics and allowed liquid-
like behaviour for real all-solid devices, at RT as well as below
the solidification temperature of the neat IL.5® Tonogels allow to
be shaped as solids, preserving simultaneously the liquid
properties.

Ionogels were shown to work effectively as solid electrolytes
in lithium batteries.” Nevertheless, addition of lithium to the IL is
known to increase its viscosity and decrease its conductivity.’
Studies on viscosity of confined ILs by means of physical
apparatus external to the material have been reported.'’ The
Walden product has been used for years to illustrate this
conductivity-viscosity relationship.'*'® However, the Walden
product represents a macroscopic approach: a more microscopic
approach based on the possible cation-anion association, from
simple pairs up to nano-aggregated strongly interacting domains,
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has been proposed. This could be quantified through the ionicity
of ILs, which is measured by the ratio between the molar
conductivity measured by complex impedance spectroscopy
(CIS) (macroscopic level) and by NMR (molecular level)
(Ai[m,/AI\H\,[R).17 NMR measurement probes the diffusion of each
ion, associated or not with another, whereas CIS, which implies
an electric field, probes the diffusion of each charged species,
mostly single ions, and insignificantly associated ions. Thus the
Aimp/Anmr Tatio may give information on the fraction of non-
associated cations and anions.'®"

It remains a challenge to reduce ILs’ viscosities and increase
their conductivities. We show herein that confining ILs in silica
based ionogels allows furthering this goal as well as offering a
route to all-solid devices. We show the effect of the silica
interface on Li" coordination and dynamics, on lithium cation
transference number (t;;;) and on conductivity. Vogel-Tamman-
Fulcher (VTF) fitting of the thermal dependence of the
conductivity allows reaching fragility index. By increasing the
fragility of the confined ILs, we also gain information on the
ionicity of ILs confined within silica based ionogels.

Experimental

Electrolytic solution (ES) was obtained by dissolving
bis(trifluorosulfonyl)imide lithium salt (LiTFSIL, 0.1 g, 3M, 99%)
in N-methyl-N-propylpyrrolidinium bis(trifluorosulfonyl)imide
(Pyr13TFSI, 1 g, Solvionic, 99.5%). Ionogel were prepared using
a non aqueous sol-gel route as previously published:®
tetramethoxysilane (TMOS, Fluka) and ES were stirred for 10
min and formic acid (F.A., Aldrich, 98 %) (molar ratio F.A. :
SiO, = 7.8 : 1) was added drop wise under stirring for 2 min. The
mixture was then poured into a teflon mould. Gelation was
completed at room temperature for 8 days, and all volatile
compounds (formic acid, methanol, formate) removed.
Transparent monolith was obtained. The porosity of ionogel was
analyzed using nitrogen sorption isotherms measured at 77 K
(Micromeritics ASAP 2010 sorption instrument). Prior to this

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 00-00 | 1

Dynamic Article Links pPage 2 of 7



Page 3 of 7

@

o

[~}
S

2

w
5

5

Physical Chemistry Chemical Physics

OCH;

f EPms'
®
N

/

H3CO——Si——O0CHj;

TFSI™
O\ ﬁ /O
& OCH
TMOS OCH; e i
FsC I@i CF,
l} + l} Volatile removals
Formic Acid Formiate

Methanol
Water

=
o

POLYCONDENSATION

PYRI3 *+ TFSI ~+ Li* @ mesoporous Si0,

Scheme 1 Synthetic scheme for in-situ sol-gel condensation of
alkoxysilane in the presence of Pyr13TFSI and LiTFSI.

analysis, the ionogel samples were outgassed in vacuum at 250°C
for at least 48 h. The specific surface area was measured using the
BET model and the mesopore size distribution was evaluated
BJH method. Transmission electron microscopy was performed
on a Hitachi HO000NAR instrument operating at 300 kV. The
samples were sliced 100 um thick with an ultramicrotome. Before
DSC measurements (Q20 calorimeter, TA Instrument), samples
were dried at 50°C under vacuum for 24h and sealed in hermetic
aluminium pans. Samples were then quenched to -150°C at 20
°C.min"" and heated from -150 to 200°C at 10 °C.min™ after
having reached thermal equilibrium. Data were analysed with TA
Universal Analysis software. The ionic conductivities were
determined by complex impedance spectroscopy (CIS) using a
BioLogic VMP2-Multichanel Potentiostat by varying the
temperature from -20 °C to 90 °C. The frequency range used for
impedance measurements was 184 kHz - 20 mHz and the
amplitude used was 7 mV. All the samples were vacuum dried at
50 °C during 24 h prior to measurement. Lithium cation
transference numbers (t;;;) were determined with symmetric cell
(metal Li/ionogel or ES/Li metal) and were measured using the
D.C. polarization method. The frequency range for the CIS
measurements was 184 kHz-100 mHz, with a 10 mV dc signal.
Polarization was performed with a 20 mV dc signal. The lithium
cation transference numbers were calculated as:

[,(AV = R,1,)
CI,(AV - R,I,)

()

Li*

Where AV is the polarization potential (20 mV); R, is the
interfacial resistance of the lithium electrode before polarization;
R, is the interfacial resistance of the lithium electrode after
polarization; I is current at the start of polarization, and I is the
steady-state current at polarization. "Li solid state static NMR

;
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35 Fig. 1 TEM images of a cross-section of 100 pm of ionogels ES/SiO,=1
and ES/Si0,=0.25, and pore diameter distributions (calculated from the
desorption branch of the isotherm using BJH method).

experiments were carried out at room temperature on a Bruker
Avance-200 spectrometer (By = 4.7T, Larmor frequencies vo('Li)
= 77.78 MHz). Pieces of ionic liquid confined in silica matrix
were cut and placed into a cylindrical 2.5 mm o.d. zirconia rotor.
"Li static NMR spectra were acquired by making use of a non
selective single pulse sequence with ©/2=2.3 ps coupled with a
pre-acquisition time of 5 ps and a recycle time of 1 s. All spectra
displayed in this work were normalized taking into account the
number of scans, the received gain, and the mass of sample. 'Li
integrated intensities were determined by using spectral
simulation (Dmfit software, D. Massiot, http://nmr.cemhti.cnrs-
orleans.fr/dmfit/). Raman spectra were recorded on a Bruker
Fourier Transform spectrometer, MultiRam device. The 1064 nm
line of a Nd : YAG laser was used as excitation source. The laser
power was set to 300 mW, the spectral resolution was 2 cm™', and
the inelastic Raman backscattered spectra were obtained as the
average of over 200 scans. All the Raman spectra were recorded
55 at room temperature.
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Table 1 Surface areas and median pore diameters for different ionogels.

Sample Surface area [m2.g"']  Median pore diameter [nm]
ES/Si0, =1 521 17
ES/Si0,=0.5 615 13
ES/Si0,=10.25 582 8
02
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Fig. 2 DSC of (black) neat ES, (blue) ionogel ES/SiO, = 1, (red) ionogel
ES/SiO, = 0.5 and (green) ionogel ES/SiO, = 0.25.

Results

The ionogels presented in this study are made of a silica network
confining PYR13 TFSI with 0.5M of LiTFSI (Scheme 1). Here,
formic acid was used with a constant molar ratio vs. TMOS, and
the ES:SiO,:FA molar ratios were 0.25:1:7.8, 0.5:1:7.8 and
1:1:7.8. Depending on the ES:SiO,:FA molar ratios, gelification
is reached within 20 to 60 min. An 8 day aging in an open vial at
room temperature allowed completeness of the reaction and
removal (evaporation) of formic acid and other side products.®
Thus in the resulting ionogel, the IL is confined in the porosity.
For the sake of characterization of the silica host network, the IL
was removed and the porosity was studied by TEM and N,
sorption isotherms (Fig. 1). This showed an ES/silica
bicontinuous interface, i.e. a thin silica wall with both interfaces
in contact with ES, continuously throughout the ionogels. Table 1
shows that the pore size decreases when ES/SiO, decreases and
that the surface of the interface is quite stable: this corresponds to
an increase of the specific surface per mol of confined ES.
Similar values are reported in the literature, and are related to a
rough topography of the silica with a fractal character,” although
it has to be pointed out that the presence of lithium salt may also
lead in specific cases to intricate interfaces.”!

It is important to have clean confined IL for each experiment;
to achieve this, each ionogel is vacuum dried at 50°C during 24h.

DSC diagrams are presented Fig. 2. The melting of cold-
crystallized ES occurs around 281 K. The two endothermic peaks
appearing at lower temperatures could correspond to solid-solid
phase transition due to cisoid and transoid forms or rotation of
alkyl chains.> As shown by the melting enthalpy A H of the
confined ES, the part of the confined ES which undergoes
crystalline/liquid transition diminishes when ES/SiO, decreases
(Table 5). This evidences that the quenching of the crystallization
by the confinement is more important when the pore size
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Fig. 3 Conductivity plots, Arrhenius (A) and VTF (B), for neat ES and
different ionogels.

diminishes. Moreover, a smaller pore size induces an increase of
the glass transition temperature T, (Table 5).

CIS measurements gives overall ionic transport, i.e. a mean
value of “bulk” and interface phenomena. Fig. 3A shows the
ionic conductivity plots for the different ionogels and for neat ES.
For the sake of comparison, the ionic conductivity plots for
common electrolytes, i.e. liquid LP30 (LiPFs in a mixture of
ethylene carbonate and dimethyl carbonate, BASF), and solid
LiPON (lithium phosphorous oxynitride (Li,PO,N,), are shown.
The ionic conductivity of ionogels is considerably higher than
that of LIPON and is only slightly lower than that of LP30. The
ionogels’ conductivity calculations are made on the basis of the
same form factor for each sample, i.e. they correspond to lower
amounts of ES in ionogels than in neat ES: consequently for
ionogels, they do not correspond to the intrinsic conductivity of
the confined ES but rather to the conductivity of the whole
ionogel. Between 10 and 90°C, ionic conductivities of ionogels
were only slightly lower than that of neat ES, except in the case
of ES/Si0, = 0.25 where the low amount of ES has a clear impact
on conductivity. When the temperature decreases, conductivity of
neat ES decreases suddenly at around 8°C, which is the liquid-
solid phase change. The break slope shifted toward lower
temperature for ionogels. This break slope appeared less steep
when the ES/SiO, ratio was lower. The smaller average pore size
and the confinement of IL explain both the smaller break slope

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3



Page 5 of 7

Physical Chemistry Chemical Physics

Table 2 oy, B, Ty and E, VTF parameters for different ionogels and ES.

Sample c,[S.em?] BI[K]  To[K] Ea'[eV]
ES 4.96.107" 629 185 0.34
ES/SiO, =1 3.38. 10" 563 186 0.34
ES/Si0,=0.5 1.30. 10" 478 199 0.34
ES/Si0,= 0.25 0.25.10" 405 225 0.36

“ above the room temperature

Table 3 Ionic conductivity Gimp, lithium cation transference numbers ty;
for the different ionogel and neat ES.

Sample Gimpa tl,iJr

ES 1.4 .10° 0.09
ES/SiO,=1 1.7.10° 0.02
ES/Si0,=0.5 0.8.10° 0.14
ES/Si0,=0.25 0.05.103 0.14

s “at 20°C.

Intensity / a.u.

w
b

40

and its lower temperature since its quenches the crystallization.

This non-Arrhenius behavior is well described by the Vogel-
Tamman-Fulcher (VTF) equation. In this equation (Eq. 2), T is
the so called ideal T,, at which all molecular mobilities vanishes,
also named Vogel temperature.

o=0, exp[—B/(T—TO)] @

Based on this model, pre-exponential factor g,, B and T,

parameters were obtained (Fig. 3B) and their values are
s summarized in Table 2. The fit was performed within a broad
temperature range, in the liquid region, well above the glass
transition temperature T, because of the possible crystallization.
The results of the fittings show that these parameters are affected
by the ES/SiO, ratio and therefore by the pore size. It has to be
point out that data for the ES/SiO, = 0.25 ionogel did not allow
obtaining fitting parameters with as good reliability as for others
fittings.

Lithium cation transference numbers (t;;;) were measured
using the D.C. polarization method with neat ES and with
different ionogels; the results are presented Table 3. Lithium
cation transference number increases when the ES/SiO, ratio
decreases, to reach up to 0.14 with ionogel ES/SiO, = 0.25. This
highlights that a smaller pore size improves t ;.

"Li MAS NMR spectra are presented Fig.4. The spectrum of
neat, liquid, ES as well as those of solid ionogels were recorded
without spinning. The linewidth observed herein for ionogels
remains below 300Hz for all ES/SiO, ratio, as already reported
elsewhere.® Although broader than that measured for the liquid
ES, ionogels linewidths are clearly more than one order of
magnitude narrower than the typical solid state linewidth
observed for Li nuclei (several 1000Hz). This result confirms the
dynamic environment of Li and the liquid-like behaviour of ES in
ionogels presented in previous works.® The FWHM of ES and of
the ionogels presented Table 4, without any applied electric field,
show the expected evolution. As FWHM is linked to the
dynamics of species, a decrease in FWHM that is simultaneous

Chemical shift / ppm

Fig. 4 7Li MAS NMR spectra recorded at room temperature without
rotation of (A) neat ES, (B) ionogel ES/SiO, = 1, (C) ionogel ES/SiO, =
45 0.5, (D) ionogel ES/SiO, = 0.25 and (E) ES with preformed SiO,.

Table 4 'Li MAS NMR FWHM and SLi* for ES, different ionogels and a

mixture of ES with SiO,.

Sample FWHM [ppm] di+ [ppm]
ES 0.22 0.9
ES/SiO,=1 0.51 1.75
ES/Si0,=0.5 1.78 1.62
ES/Si0,=0.25 1.69 1.81
ES + SiO, * 2.42 1.65

“ ES/SiO, molar ratio is 1

so with the increase of overall ES/SiO, ratio, indicates an overall
faster dynamics for a higher ES/SiO, ratio. Thus, in the absence
of any electric field, the increase of confinement leads to a
decrease in the overall dynamics of lithium. In addition, the Li
chemical shift measured for ionogels (approx. 1.7ppm) is

ss different from that of ES alone (0.9ppm) but is similar to the
chemical shift observed for the mixture of ES with preformed
Si0,. Thus, the "Li resonance rising between 1.6 and 1.8ppm can
be tentatively assigned to Li nuclei at a silica interface
neighbourhood.

0 The Raman spectra of the neat ES and in the spectra range
725-760 cm™ are presented Fig. 5. The range around 740 cm™ is
characteristic of the symmetric breathing mode of the TFSI anion
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Table 5 Thermal- and fragility- to-porosity relationship

Sample T, [K] To/T, AnH[1.g"] AnH bulk-like D Schematic pore
[Yomol] texturation
ES 191 0.97 28.4 100 3.4
ES/SiO,; =1 194 0.96 20.9 84 3.0 f{:}
ES/Si0,=0.5 199 1.00 1.41 6 24 gg
ES/Si0, = 0.25 202 111 0.37 2 1.8 %

backscattered Raman intensity(a.u.)

T T T T T 1
735 740 745 750 755 760

T
730

725

Raman shift wavenumber (cm”)

Fig. 5 Raman spectra recorded at room temperature of (dotted line, insert)
Pyr13 TFSI without lithium cation, (black, insert and main) neat ES,
(blue) ionogel ES/SiO; = 1, (red) ionogel ES/SiO, = 0.5 and (green)

ionogel ES/SiO, = 0.25.

involving the CF; bending and the S-N stretching movements.
This band allows distinguishing between Li-coordinated TFSI
anion and non Li-coordinated TFSI anion.” The shoulder
appearing in the insert is due to coordination of lithium cation to
TFSI anion. It appears also in the ionogel with ES/SiO, = 1, and
decreases clearly when ES/SiO, decreases. This is a direct
evidence of the decrease of the TFSI-Li coordination when pore
size is decreasing.

Discussion

All information presented above is summarized in Table 5.
Opverall, the behavior of the confined IL is related to the fragility
index D.*** The fragility index D is derived from the VTF
equation (Eq. 3) and its value is inversely proportional to the
fragility of the liquid.

B=D.T, 3)

Fragility is a measure of the thermal sensitivity of the liquid
structure. A fragile liquid collapses under weak perturbations and
leads to structural re-arrangement. Thus a fragile liquid shows
fast dynamical re-arrangement featured by short relaxation times
1, non-Fickian diffusion, giving rise to non-Arrhenius behaviour.

A low value on the fragility index corresponds to weak
molecular interactions, while a high value corresponds to strong

30

w
&

70

molecular interactions.'®*® Thus, fragility is related to molecular
mobility with its correlative effect on ionic conductivity and
viscosity: far above T, as here around 100K above T,, a small D
value implies a high ionic mobility and a low viscosity. In ILs,
the interactions between ions results in their high cohesive
energy. The liquid phase typically consists of highly associated
anions-cations, in addition to aggregated areas with varying
spatial extension and life-time.'?” It is here worth to point out
that in-depth understanding of ions pair interactions in ILs is still
under debate.”®** Upon confinement of ILs in proximity to polar
silica surfaces (silanols with multiple orientations forming
dynamic hydrogen bonds), layering was observed,”® with either
cations or anion preferentially interacting with the surface.*~** It
has to be pointed out that interface effect shows similarities with
low dimensionality behaviour which was shown to produce
enhanced charge transport.”> For the ionogel, the decrease of the
ES/SiO, ratio shows a decrease of the D parameter, along with a
decrease of pore size and an increase of the specific surface per
mol of confined ES. This suggests that a smaller porosity, as low
as ~8 nm, leads to an increase of IL fragility in ionogel (small D
index). It appears that interaction with the host matrix, i.e.
interfaces, breaks down aggregated regions which are found
systematically in ILs. The lowering of anion-cation association
should be associated with an increase of the ionicity.
Consequently, ionogels with low ES/SiO, values have low D
values and are “fragile” ionogels. More precisely, the confined
ILs are more fragile, and present higher molar (vs. IL amount)
conductivity and lower density and viscosity, locally at silica
interface. This results in a higher ionicity. Moreover, increasing
Ty/T, also show the increasing fragility when decreasing ES/SiO,
ratio.*

The lithium environment and its dynamics in ionogel were
observed by ’Li NMR, Raman spectroscopy and by lithium
transference numbers measurements. For the lithium cation, the
NMR chemical shift shows that the lithium is present, but not
immobilized, at the surface of the silica. The dynamics of the
silanol groups could help creating for Li" cation a diffusion path
at the interface. Since the synthesis is carried out with formic
acid, the silica surface is slightly charged, due to a surface made
of only few silanolates and mainly silanols. The lithium ion
transference number shows an increase in line with the decrease
of the pore size. Such increase of the transference number could
be due simultaneously to an increase in the ionicity of IL at the

This journal is © The Royal Society of Chemistry [year]
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wall neighbourhood, as explained above, as well as to surface
silanolates creating highly preferential diffusion pathways for
lithium cations. The intensity of this phenomena is further
heightened as the fragility of the IL is increased by the decrease
s of the pore size and the increase of the surface relatively to IL
amount (t + = 0.09 and 0.14 for ES/SiO, = 1 and ES/SiO, = 0.25
resp.). Other studies have shown that silica particles results in an
increase in ionic conductivity.’’** Similar behaviour has been
reported for a molecular solvent that contains pairs of lithium
10 cation and counter-anion, which dissociate efficiently at the
polymer or acidic SiO, interface.***' 'Li NMR shows the vicinity
of lithium cation and silica, and Raman shows that TFSI anion is
less coordinated with lithium when confinement in silica host
network occurs. Consequently, a segregation of lithium cations,
15 preferentially at the silica interface, is obvious and its migration,
participates to the relatively high t; ;, transference number.

Conclusions

It is shown here that confining ILs within silica host networks
enhances their fragility, resulting in improved ion transport.
20 Fragility, short relaxation times, low viscosity, and good ionic
conductivity are all related to the ES/SiO, interface. Ionogels
with lower ES/SiO, ratios present the smallest pore size and show
the best performances. Probing specifically lithium cation and
TFSI anion resp. with NMR and Raman spectroscopies gives
25 direct evidences of ions segregation within silica based ionogels.
Confinement of ILs leads at interfaces to some breakdown of
aggregated, structured regions that are found systematically in
bulk ILs. This “destructures” aggregated pairs or domains in the
ILs. Solid ionogels, specifically with smaller pores size, strongly
a0 display this effect, which are coupled with percolation of their
bicontinuous interfaces. This makes these materials very
competitive solid electrolytes, since they provide a route lowering
density and viscosity of ILs, and enhancing their conductivity.
This general approach to enhance conductivity can be applied to
3s many all-solid devices, including supercapacitors and lithium
batteries.
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