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Sol-gel synthesis pathway and electrochemical performance of ionogels: A deeper look into the im-
portance of alkoxysilane precursor
Ronak Janani?, Nicolas Farmilo?, Alexander Roberts® and Chris Sammon®
& Materials & Engineering Research Institute, Sheffield Hallam University, Sheffield, S1 1WB, UK
® Institute for Future Transport and Cities, Coventry University, Coventry, CV1 5FB, UK

ABSTRACT

There is a great interest in the application of ionogels as electrolyte for energy storage devices due to their
enhanced safety compared to conventional electrolytes. This work aims to shed light on an often-overlooked
aspect of ionogel synthesis which is the impact of the precursors on the sol-gel reaction kinetics and the elec-
trochemical properties of the resultant ionogels. Using time-resolved Raman spectroscopy the non-hydrolytic
sol-gel synthesis of ionogels from four different alkoxysilane precursors were monitored. Their electrochemical
performance as electrolyte for electric doubleHayer capacitors were characterised using cyclic voltammetry
and electrochemical impedance spectroscopy. Our findings suggest that presence of ionic liquid does not im-
pact the sol-gel process kinetics of all four formulations in the same manner. In addition, ionogel formulations
with the longest gelation time demonstrated poor electrochemical properties caused by the further ingress of
silica into the activated carbon electrodes. This was confirmed with EDX analysis.

Key words: lonogels, Alkoxysilane, Raman spectroscopy, Electrochemical impedance spectroscopy, double-
layer supercapacitors

1. Introduction

lonic liquids (IL) are salts with melting points below 100°C and are exclusively made of cations and anions;
meaning this class of salts does not require a solvent to be dissociated®. Since the discovery of air and water
stable ionic liquids in 19922 there has been an increasing focus on these materials in the field of energy stor-
age. lonic liquids are able to operate within a larger potential window compared to organic electrolytes while
overcoming the major safety issue associated with the commercial electrolytes used in energy storage devic-
es (i.e. flammability and high vapour pressure)*®. However, application of liquid electrolytes carries the possi-
bility of leakage which can cause damage to the surrounding circuitry as well as being a potential health haz-

ard to the consumer. This issue was briefly addressed by Chiu and Moore in a 2003 publication’.

Recently, ionogels have attracted attention as a unique and versatile type of electrolyte for batteries and su-
percapacitors®®. lonogels are ionic liquids confined in a quasi-solid structure. Depending on the type and
chemical composition of the ionogel, its mechanical characteristic can vary from rigid and brittle to soft and
compliant’®**, Being confined prevents any problem associated with ionic liquid leakage while preserving its
high ionic conductivity*2. In addition, ionogels eliminate the need for a separator in electrochemical cells®.

Being one of the main fabrication routes for ionogels, sol-gel processing has provided researchers with diver-
sity and simplicity. Various formulations have been suggested for the encapsulating quasi-solid skeleton of
ionogels. In some cases, two or more alkoxysilanes are combined to tune and enhance the mechanical
strength of the ionogel****. One must understand the possible effects that the alkoxide precursor can have on
the properties of the resultant gel in order to gain the ability to design a functional task-specific formulation.

This requires monitoring the sol-gel process with and without ionic liquids and characterising the performance
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of the resultant ionogel. Raman spectroscopy is a powerful characterisation technique that has been used in
the past to monitor the evolution of different sol-gel systems. For example, Mulder and Damen employed Ra-
man spectroscopy to monitor the evolution of hydrolysis and condensation reactions of tetraethoxysilane
(TEOS) in the presence of ethanol®®. Lee and Jen investigated the influence of fomamide (CHsNO) concen-
tration on the gelation kinetics of tetramethoxysilane (TMOS) via an acid-catalysed hydrolytic sol-gel route®®.
Marino et al. utilised Raman spectroscopy to monitor the reaction of TEOS in the presence of various acids
during a series of hydrolytic sol-gel processes'’. More recently, Szczurek et al. investigated the growth of or-
ganically functionalised alkoxysilane networks using a combination of Raman spectroscopy and rheology 2.
However, there is limited information in the literature regarding the influence of gradual changes in the
alkoxysilane on the non-hydrolytic sol-gel synthesis pathway of ionogels. The non-hydrolytic sol-gel route is
more commonly reported in the literature for the fabrication of ionogel electrolytes which could be ascribed to
the minimised volume of water in the electrolyte system. Generally, in non-hydrolytic sol-gel processing, the
acid acts as both the solvent and the catalyst. Shamp who devised the non-hydrolytic sol-gel route, summa-
rised the reactions taking place between an alkoxysilane and formic acid (FA) as follows™:

[Si]OR + HOCOH = [Si]JOCOH + ROH (1.2)
Carboxylation _ )

[Si]JOH + HOCOH = [SiJOCOH + H.0 1.2)
Esterification HOCOH + ROH = ROCOH + HZO (21)

[Si]OR + H,O = [Si]JOH+ ROH (3.2)
Hydrolysis . :

[SiJOCOH + H.0 = [SiJOH+ HOCOH (3.2)

[Si]OH + [SiJOCOH - [Si]O[Si] + HOCOH 4.1)

[SiJOH + [Si]JOH - [Si]O[Si] + H:0 4.2)
Condensation [Si]OH + [SIOR - [Si]O[Si] + ROH 4.3)

[Si]OR + [SiJOCOH - [Si]O[Si] + ROCOH 4.4

Where R, ROH and ROCOH groups represent alkyl, alcohol and alkyl formate groups, respectively. In some
works reactions 4.2 and 4.3 are expressed as equilibria?®?! since these reactions are reversible. Since various
reactions can take place simultaneously in the investigated system, one must establish the formation and/or
consumption kinetics of various compounds in the system in order to provide an understanding of the sol-gel

process kinetics.

In an interesting investigation, Martinelli studied the non-hydrolytic sol-gel process pathway of a TMOS-based
formulation in the presence and absence of ionic liquid?. Examples of such works are limited in the literature
as most of the studies are focused on the physiochemical properties of the ionogels!??*-% after preparation
and/or the effect of precursor-to-IL ratio on the electrochemical performance of ionogels'®*%, This knowledge
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gap has left one key question: Can the alkoxide precursor influence the properties and the electrochemical
performance of ionogels? To shed light on this question, this work systematically investigates a series of
alkoxysilanes to determine the influence of different precursors (in terms of the number of alkoxy groups and
the chain length of the functional groups) on the sol-gel process kinetics with and without ionic liquid and the
electrochemical performance of the resultant ionogels.

2. Experimental

2.1 Materials

Four different silicon alkoxides, namely tetramethylorthosilicate (TMOS, Sigma Aldrich, 298%) tetraethylortho-
silicate (TEOS, Sigma Aldrich, 299%), methyltrimethoxysilane (MTMS, Sigma Aldrich, 298%) and methyltri-
ethoxysilane (MTES, Sigma Aldrich, 299%) were utilised for xerogel and ionogel synthesis. Xerogels are solid
structures prepared by drying wet gels via slow evaporation. The xerogels were synthesised using a simple
non-hydrolytic sol-gel route and by mixing the alkoxide precursor with FA (Aldrich, 296%) in a 2:7 precursor-
to-acid molar ratio at ambient conditions.

For ionogels, the synthesis was initiated by mixing 1-ethyl-3-methylimidazolium trifluoromethanesulfonate IL
([Emim][TFO], Sigma Aldrich, 298%) with the alkoxysilane precursor at a 1:1 molar ratio for 10 min under am-
bient conditions. This was followed by addition of FA (at 2:7 precursor-to-acid molar ratio) to the mixture. The
final mixing time was varied between 3 (for Raman spectroscopy) to 10 minutes depending on the subsequent

characterisation methods. All the chemicals were used as received.

2.2 Raman spectroscopy measurements

In order to monitor the chemical processes taking place in each sol-gel formulation, Raman spectra of each of
the mixtures were collected at regular intervals. The first spectrum was collected after 3 minutes of mixing the
alkoxysilane precursor (and IL in the case of ionogels) with FA. To do so, a 500 pL of the mixture was trans-
ferred into a stainless steel container using a micropipette. The subsequent spectra were collected at 10
minutes intervals for 2 hours. In the case of ionogels, additional spectra were collected after 6 and 12 hours.
The focus of the laser beam was manually adjusted prior to each measurement. The early-stage sol-gel reac-
tion pathway was monitored based on the evolution of peak height at selected wavenumbers.

In this work, Raman spectra were collected using an inVia Raman spectrometer (Renishaw, UK) using 785
nm diode laser excitation (10% laser power) and x5 objective (spot size =8 um). Utilising the WIRE software
(version 3.4), the exposure time and number of accumulations were set to 10 seconds and 1, respectively.
Prior to the collection of data set, the device was calibrated using a silicon wafer (provided by Renishaw) in
order to ensure accuracy of the spectral data.

2.3EDLC Fabrication

After the 20 minutes mixing time described in section 2.1, 86, 100, 86 and 96 L of TMOS-, TEOS-, MTMS-
and MTES-ionogel, respectively was transferred onto activated carbon electrode discs (AC, WMG innovation
centre, UK) with a mass loading of 1.8 mg cm™. The transferred volume of each ionogel corresponds to 36 pL
of [Emim][TFO] on each electrode. The coated electrodes were then aged under ambient conditions until the
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sol-gel transition point of the ionogel was reached i.e. 12 hours for TMOS - and TEOS-onogels and 4 days for
the MTMS- and MTES-ionogels. Two coated electrodes were crimped and tested immediately.

2.4 Electrochemical characterisation

A combination of cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were utilised for
the electrochemical performance analysis. The cyclic voltammetry (CV) analysis was conducted in a potential
window of 2.5V and at a scanning rate of 50mV s™*. The EIS measurements for EDLCs were conducted be-
fore and after 1000 CV cycles. For this, a 10mV rms potential was applied oscillating around OV bias volt-
ageover afrequency range of 100 kHz to 10 mHz. For ionic conductivity measurements ionogels were sand-
wiched between stainless steel current collectors. The CV and EIS measurements of the EDLC cells were
obtained using a PARSTAT 4000A potentiostat (Princeton Applied Research, USA).

3. Results and discussions

3.1 Xerogels

As a primary step, Raman spectra for each of the reactants were collected and are displayed in Figure 1. Ta-
ble 1 summarises the characteristic peaks of each of the chemicals and their corresponding assignments
based on spectra displayed in Figure 1 and data available in the literature.

Having common functional groups between TMOS and MTMS, and between TEOS and MTES lead to Raman
bands located at similar positions. As can be seen, the silicon alkoxide molecules have a strong Raman peak
in the 627-653 cm™ region which corresponds to the stretching vibration of the Si—OCyHx:1 bond where an
oxygen atom is bonded to an alkyl group. The stronger Raman intensity of this peak in TMOS and MTMS rela-
tive to that of TEOS and MTES are ascribed to the higher polarizability of Si—O bonds in the methyl-based

precursors %

Generally, the frequency of vibration depends on the masses of the atoms involved in the covalent bond and
the strength of the bond. For instance, due to the substitution of a methyl group (in replacement of a methoxy
group), the electron cloud around the silicon atom is altered. The —CHz groups have less electronegativity
compared to that of —OCHs groups®. This results in a decrease on the partial charge on Si atom in MTMS
compared to that in TMOS molecules which in turn reduces the Si—OCHs bond strength in MTMS and results
in the small red shift of peaks in MTMS spectrum compared to that of TMOS and similarly to that of MTES
compared to TEOS. Furthermore, the C—H stretch regions of both TEOS and MTES are much more complex
compared to that of the methyl-based precursors (TMOS and MTMS) as there are more different types of
C—H bonds available in their molecule. Additional C—H stretching vibration bands are detected in Figure 1c
and 1d at 2916 and 2914 cm, respectively which is associated with the non-hydrolysable methyl group in
MTMS? and MTES. The weak bands appearing at 854 and 739 cm™ in the MTMS spectrum correspond to
the rocking vibrations of CH3 group in Si—CHz%.
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Figure 1 Raman spectra of (a) TMOS, (b) TEOS, (c) MTMS, (d) MTES, (e) FA and (f) 304 stainless steel con-
tainer between 3200 and 400 cm™ wavenumbers. The insets display the molecular structure of the precursors.

The Raman bands associated with FA (shown here in Figure 1e) have been reported in the past®°3L, Similar
to the Raman spectra of the alkoxides discussed earlier, the weak band at 2958 cm™ in FA Raman spectrum
is assigned to the C—H stretching vibration. More detailed peak assignments are provided in Table 1 based
on similar works referenced in the Table. The two characteristic bands at 1330 and 1531 cmin the stainless
steel spectrum (shown in Figure 1f) originate from the D- and G-bands of the carbon content (0.07%) in the

steel¥34,
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Table 1 Summary of selected vibrational modes and their corresponding assignments. The starred C—H
bonds represent the case where C atom is directly connected to Si atom.

Compound  Wavenumber in thiswork (cm™) Wavenumber in other works (cm™)  Assignment

639 64322 642% us(Si—0)
843 8451630 Vas(Si—0)
T™MOS
2849 2845% us(C—H)
2951 2946% Vas(C—H)
653 654, 656 us(Si—0)
801 790" Uas(Si—0)
933 933" us(C-C)
962 960" 5(C—H)
TEOS
1089 1090% u(C-0)
2892 - u(C—H)
2935 - u(C—H)
2978 - u(C—H)
627 628% us(Si—0)
2845 28362 us(C—H)
MTMS
2916 2916% v(C—H)*
2948 2948% Uas(C—H)
640 - Us(Si—0)
2885 - u(C—H)
MTES 2914 - u(C—H)*
2931 - v(C—H)
2976 - u(C—H)
676 677% 5(0—C=0)
1203 1230% v(C-0)
FA 1399 1382% 5(H-C—0)
1667 1667%% u(C=0)
2958 - u(C—H)
304 1330 1320%, 1350% D-band
stainless 1531 1594%, 1580% G-band
steel

Figure 2 shows the reaction evolution of all four alkoxide precursors and FA within the first =2 hours of mixing
the reactants. The arrows in this figure demonstrate the direction of time. As can be seen, theband intensity
of the symmetric stretching vibration of Si—OC.Hzn.1 (located between 627 and 653 cm™) that corresponds to
the consumption of the silicon alkoxide, drops quickly. Depending on the precursor, each molecule contains

between 3 to 4 —OCH:n+1 branches and the reaction of one or more of these groups, results in a reduction of
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the corresponding Raman peak intensity. Peak variations in the 650-720 cm™ region are mainly attributed to
the vibrations of Si—OCyHzn+1 bonds in partially hydrolysed precursors (as summarised by Winter et al.* and
addressed in®.) formed as a result of hydrolysis reactions. Consumption of FA partially contributes to the var-
iations of Raman intensity in this region (i.e., 8(O—C=0) at 676 cm™as shown in Table 1). Formation of
Si—0-Si bonds (attributed to a weak band between 474 and 489 cm™) marks the start and progress of the
condensation process?=°, The variation in the position of this band between the four mixtures is attributed to
structural difference between the final 3-dimensional silica networks. Formation of Si—O—Si bridges in the
intermediate species gives rise to the detection of stretching vibrations of Si—O in the 500-610 cm* region>*.
Other highlighted bands in Figure 2b,d,f and h are related to the unequivocal signatures of alkyl formate
(0(O—CrHazn+1)) and alcohol (0(C—0))2*. The kinetics of formation and consumption of these species are
studied in this work. Depletion of various Raman peaks in the 1350-1450 cm™*and 1600-1800 cm™ regions are
related to the consumption of formic acid as a result of carboxylation and esterification reactions listed pre-
cisely as reactions 1.1, 1.2 and 2.1%2%31 |t is clear that Si—CH3 bonds remain in the MTMS and MTES sys-
tems after the 2 hours experimental duration, as they do not participate in the sol-gel process.
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Figure 2 Raman spectra evolution with time of (a-b) TMOS, (c-d) MTMS, (e-f) TEOS and (g-h) MTES precur-
sor and FA mixtures from to=3 minutes till t=2 hours from the mixing time.
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The in situ monitoring of the sol-gel process in each formulation was performed by following the variations in
the characteristic Raman intensity of key components in the mixture from to = 3 minutes. These include: (a)
the Si—O stretching mode of the silicon alkoxide located in the 627-653 cmregion, (b) characteristic peaks of
ethyl and methyl formates (v(C—O)) located in 840-841 and 909-910 cm*regions, respectively and (c) ethanol
and methanol v(O—CxHax.1)) located at 877 and in 1018-1020 cm™ region, respectively.

The reaction Kinetic information was extracted from raw data by plotting the Raman intensity of the selected
peaks as afunction of time. A meaningful intempretation of data requires approptiate normalisation procedures
(with respect to a ‘reference peak’) to account for differences in the surface properties and quality of focus
during collection, loss of optical transmittance and evaporation of volatiles during the gelation process. For
this purmpose, the C—H stretching vibrations of the non-hydrolysable alkyl groups in MTMS and MTES (located
at 2916 and 2914 cm™, respectively) were tilised for the initial stage of nomalisation of the Raman data for
their mixtures. However, data normalisation for TMOS and TEOS precursors are slightly more complicated as
all of the covalent bonds available in their mixture go through transformation. This issue has been resolved in
different ways in the past. Mulder and Damen studied a low-rate hydrolysis reaction of TEOS in ethanol and
water and postulated that the rocking mode of the CHszgroup at 960 cm™ does not undergo significant chang-
es over time®. Other studies have been conducted in the presence of a non-reactive chemical (e.g. toluene®
or ionic liquid®) to enable nomalisation. In this work, the strong band at 1330 cm™ attributed to the carbon
content in the stainless steel containers was utilised for normalisation. This was done through precise peak
fitting using Omnic software (version 9.6.238) to evaluate the correct peak intensity at 1330 cm™. The validity
of this approach was examined and confirmed prior to further analysis. As the second and last step of nommal-
isation, the maximum (Raman intensity) / (Reference Peak intensity) value in every dataset was identified
and every data point in the same series was divided by this value. This resulted in all series having a maxi-
mum value of 1. To demonstrate repeatability, every measurement was performed in duplicate, and both were

plotted as round 1 and 2 in the same graph.

Figure 3 represents the rate of precursor consumption (a-d), formation and consumption of methyl and ethyl
fomates (e-h) as well as methanol and ethanol (i4) within a two-hour window from mixing each precursor with
FA. These experimental results were shown to be repeatable. Based on Figure 3a-d, after =20 minutes of the
sol-gel synthesis, Si—OR stretching vibration disappears in methyl-base precursor and acid mixtures while it
takes between 40-100 minutes for this band to no longer be discernible from Raman spectra of the ethyl-
based mixtures. As mentioned before, this band is attributed to the symmetric stretching vibration of Si—OR
and its intensity is reduced when one or more of the these bonds are broken®®. Thus, its disappearance can-
not be regarded as the absence of Si—OR bonds in the sol mixture. In order to quantify the difference in the
precursor consumption rate, zero order kinetics was assumed and therefore, a linear fit was plotted for each
round of the us(Si—0) time evolution measurements (for the linear region), the results of which are recorded in
Table 2.
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Figure 3 Time evolution of us(Si—0) band in each of the mixtures (a-d) and the v(C—0O) bands associated with methanol and ethanol (e-h), and the alkyl formate

groups (i-l).
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Table 2 Linear fitting (Y= A + BX) information using Origin (version 6.0) software for time evolution of
Si—OCxHx+1 band for each mixture.

Sample B / minute R?

Round 1 (-49.04 + 9.44)E-3 0.96
TMOS+ FA

Round 2 (-47.12 £+ 6.26)E-3 0.98

Round 1 (-12.33 £ 0.88)E-3 0.97
TEOS+ FA

Round2  (-13.35+ 0.87)E-3 0.98

Round 1 (-49.12 + 9.88)E-3 0.96
MTMS+ FA

Round 2 (-49.44 + 13.18)E-3 0.93

Round 1 (-33.45 £+ 3.27)E-3 0.98
MTES+ FA

Round 2  (-24.08 + 2.45)E-3 0.97

As can be seen from Table 2, Si-OCHs is consumed at a higher rate than Si—OC:Hs. At the starting point of
reaction monitoring (to=3 minutes) these bands can undergo chemical reactions 1.1 and 3.1%°. Simultaneous
to the carboxylation (reaction (1.1)), hydrolysis reaction (reaction (3.1)) can take place due to the presence of
small volume of water (=4%) in commercial FA. At the start of the sol-gel process, reaction (3.1) is unlikely to
take place as the alkoxysilane precursors are immiscible in water and require alcohol as a co-solvent®. This is
due to the hydrophobic nature of the alkyl groups®. During the course of the reaction and as more water-
soluble groups are formed, hydrolysis through reaction (3.1) becomes more likely. Since the hydrophobicity
increases with the size of the alkyl chain, ethyl-based precursors require a larger volume of alcohol to solubil-
ise in water. Therefore, consumption of ethyl-based precursors is expected to accelerate once enough ethanol
is produced in the reaction envimnment and TEOS/MTES can participate in reaction (3.1) as well as reaction
(1.1). Subsequerntly, the precursor participates in condensation reactions ((4.3) and (4.4)) and can be con-
sumed in a wider range of routes. Thus, reaction (1.1) can be considered as the main route of precursor con-
sumption in the early stages of the sol-gel process. During the non-hydrolytic sol-gel route, the oxygen atom in
the alkoxy group undergoes protonic attack. This is the rate-determining step of the non-hydrolytic sol-gel pro-
cess and is related to the electronegativity of the oxygen atom. In an interesting work done by Kanamori et al.
% the partial charge of various alkoxysilanes was calculated using the 'partial charge model'. This model, pro-
posed by Livage and Henry®, suggests that the partial charge of an element can be calculated by considering
the electronegativity of all of the elements present in the molecule (in neutral state). According to Kanamori et
al. %, the partial charge on oxygen atom in TMOS (-0.44) is slightly lower than that of TEOS (-0.46). The same
is true for the case of MTMS (-0.46) and MTES (-0.47). This observationsuggests that TMOS should have the
slowest rate for reactions 1.1 and 3.1 while MTES should have the fastest rate. This does not agree with the
observation made from Figure 3a-d and Table 2. This can be explained by considering the other influential
factor in the protonic attack, steric hindrance. This phenomenon explains that due to the arrangement of at-
oms in a molecule, a longer alkyl chain hinders the protonic attack to the oxygen atom in the alkoxy chain. For
this reason, the rate of TMOS and MTMS consumption are faster than those for TEOS and MTES by factors
=4 and =1.7, respectively.

11



Journal of Non-Crystalline Solids 569 (2021) 120971

Based on Table 2, the average rate of precursor consumption in MTMS mixture ([Baverage= -49.28E-3) is only
slightly higher than that of TMOS mixture (Baverage = -48.08E-3). This difference is much more noticeable for
the MTES and TEOS mixtures. The substitution of an ethoxy group with an ethyl group is not expected to in-
duce a reduction in the steric hindrance around the oxygen atoms in the remaining ethoxy groups. However,
the partial charge on the oxygen atoms in MTES is slightly higher than that in TEOS. This is due to weaker
electron withdrawing power of ethyl groups compared to ethoxy groups®“. The higher electron density at
oxygen atoms in MTES molecules makes this precursor more susceptible to protonic attack. Another factor
influencing this considerable difference in the reaction kinetics among tetraalkoxysilanes and alkyltrial-
koxysilanes is the stoichiometry of the carboxylation reaction. For every 1 mole of tetraalkoxysilane, 4 moles
of FA is required for reaction (1.1) to take place while the precursor. FA molar ratio for alkyltrialkoxysilanes is

1:3 (as shown below).

R''Si(OR)an + (4-n)HOCOH = R'xSi(OCOH)4n + (4-nN)ROH

Because of the precursor: FA molar ratio used in this work (1:3.5), there is a stoichiometric imbalance for the
case of TMOS and TEOS, while excess FA is present when MTMS and MTES are used. This mismatch con-
tributes to the rate of the carboxylation process, which facilitates the alkoxide consumption. These results con-
firm that the early-stage sol-gel processes have progressed further in the case of methyl-based precursors
compared to ethyl-based ones and follows the following order: MTMS=TMOS>MTES>TEOS.

The rate of formation and consumption of methanol (for TMOS and MTMS) and ethanol (in TEOS and MTES -
based mixtures) aredisplayed in Figure 3e-h. As can be seen, alcohol production reaches its peak after 20-50
minutes of the reaction monitoring period. The slower production of ethanol compared to methanol can be
explained by the reduced rate of the carboxylation step (reaction (1.1)). This means that methanol is produced
at a higher rate in methyl-based mixtures compared to ethanol in ethyl-based mixtures as a result of reactions
(1.1) and (3.1).

Generally, alcohol can either be consumed through esterification (reaction 2.1) or leave the structure via
evaporation. Methanol and ethanol have vapour pressures of 55.5 and 29.4 kPa at 50°C*, respectively and
thus, methanol is more volatile and more likely to leave the sol-gel mixture via evaporation compared to etha-
nol. On the other hand, as more methanol is formed in the system, the reaction equilibria in reactions 1.1, 2.1
and 3.1 is disturbed. Consequently, while the esterification reaction 2.1 yields more methyl formate to coun-
terbalance the excess methanol, reactions (1.1) and (3.1) introduce more acid and alkoxide into the system.
Due to the complex nature of the reactions, it is hard to confidently describe what takes place in the system at
each point of time. However, based on Figure 3e-h, one can confidently state that methanol leaves the sol-gel
system and/or is consumed at a higher rate compared to ethanol.

Figure 3i-l represents the consumption of the alkyl formate characteristic peak over time in each mixture.
Generally, the methyl/ethyl formate is produced via reactions 2.1 and 4.4 which means alcohol and/or
[SIJOCOH are required for the production of ROCOH groups. As the sol-gel process proceeds over time, more
alcohol is introduced into the system disturbing the equilibrium of esterification reaction (2.1). Based on Le
Chatelier's principle, the system will then adjust itself to counteract the excess ROH groups present in the sys-
tem by producing more yield (water and ethyl/methylformate) and establishing a new equilibrium. The results
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shown in Figure 3i-l demonstrate a peak maximum in the formation of both methyl formate and ethyl formate
after 20 minutes post mixing FA withthe alkoxysilane.

A summary of the reactions involved in the consumption of [SIJOR and the formation of alcohol and alkyl for-
mate is provided in Figure 4 (based on the reactions listed by Shap'®). Based on the Raman data shown
thus far, one can presume that at the beginning of the non-hydrolytic sol-gel process, the alkoxysilane is main-
ly consumed via reaction 1.1 resulting in production of ROH groups. This then enables dissolution of the re-
maining alkoxysilanes (in water) and allows their consumption via reaction 3.1 (as well as 1.1) which introduc-
es more ROH into the system. The peak alcohol production after 20-50 minutes of the reaction (see Figure
3e-h) may be caused by this dual production. Simultaneously, presence of alcohol enables the formation of
alkyl formate groups via esterification (2.1) which peaks after 20 minutes (see Figure 3i-l). However, the com-
plexity of the non-hydrolytic sol-gel process tempers any firm conclusion about the order of the reactions in-
volved.

(a)

(b)

Hydrolysis 3.2
Carboxylation 1.2

Xy :
Yiation, w [Si]OCOH Condensation

Figure 4 Summary of the reactions taking place in a non-hydrolytic sol-gel route adapted from the reactions
listed by Sharp * (numbers represent the reaction number as listed in the introduction). The illustration shows
the reactions involved in the (a) formation of methanol/ethanol (ROH) and methyl/ethyl formate (ROCOH) and

(b) formation of [Si]O[Si]. The highlighted reactions are presumed to be rate limiting in this sol-gel process.
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3.2lonogels

The molecular structure of [Emim][TfO] is shown in Figure 5a. This ionic liquid has a conductivity of 8.6 mS
cm?! (at room temperature) and a potential window of 4.3 V (manufacturer specification)*. At room tempera-
ture an average viscosity of 44 mPa s has been reported for this ionic liquid*. A pH of 6.6+0.1 has been re-
ported for pristine [Emim][TFQ] ionic liquid*. Trifluoromethanesulfonate anion has a single conformer which
was favourable for this study to reduce the complexity of in situ investigation using Raman spectroscopy.
Figure 5b and c display the Raman spectrum of this IL in the 300-3200 cm™ region. Raman spectroscopy in-
vestigations of 1-Ethyl-3-methylimidazolium trifluoromethanesulfonate have been conducted in the past such
as*“® Table 3 provides a summary of the band assignments for this IL based on the current work and the
data available in the literature.

From the lowest wavenumber, the vibrational bands at 313 and 348 cm™ correspond to symmetric stretching
vibrations of the C—S bond and the rocking mode of SO; of the anion®. Bands at 573, 756 and 597 cm™ are
associated with the antisymmetric and symmetric deformation vibrations of CF3 and the oscillating vibrations
of SO in the [TFO] anion, respectively*. The strong band at 1033 cm™ is assigned to the symmetric stretch-
ing of S—O while its corresponding antisymmetric vibrational band is located at 1257 cm™“>“, The bands at
1169 and 1227 cm™ correspond to the antisymmetric and symmetric stretching vibrations of C—F bonds in the
anion, respectively®. The bands in the 1300-1600 cm™ region are attributed to various vibrations within the
imidazolium cation*® which are listed in Table 3. The 2700-3050 cm* and 3050-3200 cm'* regions are associ-
ated with the C—H stretching modes of alkyl chains (methyl and ethyl groups) and the C—H bonds within the
ring (C(2)H, C(4)H, C(5)H) of the imidazolium cation*“,
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Figure 5 (a) Molecular structure of 1-ethyl-3-methylimidazolium cation (left) and trifluoromethanesulfonate ani-
on (right) and Raman spectrum of [Emim][TfO] ionic liquid in the (b) 300-1300 cm™?, (c) 1300-3200 cm*regions.
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Table 3 Summary of selected vibrational modes of [Emim][TfO] and their corresponding assignments based
on the results of the current investigation and the cited works.

Wavenumber in thiswork/cm®  Wavenumber in other works / cm™ Assignment

313 315% us(CS)
348 350 % P(S0s)
573 573 % 0as(CF3)
597 600 “ 0(S0O)
756 757 * 0s(CFs)
960 960 “ w(NC(2)H)
1033 1034 %, 1033 Us(SO3)
1169 1173% Uas(CFa3)
1227 1230 % Us(CFs)
1257 1260 * Uas(SOs)
1338 1337 % P(NCH), 7(HC(7)H)
1423 1424 % U(C(5)N), 6(HC(6)H)
1570 1570 % U(C(2)N), u(C=C), p(C(2,4)H)
2768 27704 Us(CHs)

2889 & 2839 2890 & 2837 * Us(Cz2Hs)
2931 2930 % Uas(CHs)

2971 & 2952 2971 & 2951 *° Uas(C2Hs)
3118 3117%, 3116 % Us(C(2)H)
3177 3157 %, 3171 % us(C(4,5)H)

Figure 6 shows the evolving Raman spectra during the sol-gel process for all four formulations within the first
~12 hours of mixing the reactants. The arrows demonstrate the direction of time. Similar to xerogels, an iono-
gel was considered fully gelled (i.e. reached sol-gel transition point) when no flowing behaviour was observed
upon agitation (using a spatula). Under ambient conditions, TMOS- and TEOS-based ionogels reached sol-
gel transition point after 12 hours of synthesis while it took 4 days for full gelation to be achieved for MTMS -
and MTES-based ionogels. Therefore, the reactions taking place inside all four mixtures were monitored for
the first 12 hours of the synthesis. Based on the spectrum of 'as-received’ [EmiIm][TFO] ionic liquid and that of
the four ionogels, one can conclude that ionic liquid does not participate in the sol-gel process. However, Ra-
man signals from ionic liquid dominate and interfere with the alkoxysilane and silica-related bands to some

extent.

As the reaction proceeds the intensity of the strong bands between 642 and 628 cm™ (symmetric stretching
vibration of Si—OCHs), which corresponds to the consumption of TMOS and MTMS, respectively are reduced
quickly (Figure 6a-d). The peak variations in the 650-690 cm™ region are mainly attributed to the vibrations of
Si—OCHs; bonds in partially hydrolysed precursor® and consumption of the FA (6(0—C=0) at 676 cm™)¥.
The vibrations in the 780-880 cm™ region correspond to a combination of antisymmetric stretching vibrations
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of Si-OCHjs in and the Si—O vibrations of the intermediate species’®?23¢, The stretching vibrations of C—0O in
methyl formate (located at 909 cm™) and O—CHjs in methanol (located at 1020 cm™) are undetectable in the
TMOS and MTMS-based ionogels’ spectra. Depletion of various Raman peaks in the 1350-1450 cm* and
1600-1800 cm* regions are patrtially related to the consumption of FA as a result of carboxylation and esterifi-
cation reactions?3%3!, |n addition, the bending vibrations of C—H bonds present in methyl formate contribute
to the Raman peaks in the 1440-1470 cm* region?.

The Si—OC;Hsstretching vibrations (located at 662 and 640 cm™ for TEOS and MTES mixtures, respectively)
deplete at a lower rate compared to those of methyl-based precursors (Figure 6e-h). Furthermore, the bands
located at 801 and 933 cm™ which correspond to antisymmetric stretching of Si—O and symmetric stretching
vibration of C—C in the alkoxide molecule, respectively ** gradually disappear from the Raman spectra as the
precursor is consumed. Due to low signal/noise ratio the unequivocal signature of ethyl formate (v(C—0O)) lo-
cated at 841 cm* cannot be detected#. The v(O—CHs) vibrations assigned to ethanol at 877 cm™ deplete
within the first 2 hours of the experiment and cannot be detected after 6 hours suggesting that the majority of
alcohol within the structure has either been consumed and/or evaporated. Variations of peaks in the 1000-
1800 cm are partly attributed to the consumption of FA via carboxylation and esterification reactions and the
formation of ethyl formate.

The key difference between the spectra of corresponding tetraalkoxysilane and methyltrialkoxysilane-based
mixtures is the presence of an additional C—H stretching vibration band at 2915 and 2914 cm(according to
their position after 2 hours) that originates from the non-hydrolysable methyl group available in MTMS- and
MTES-based ionogels, respectively.

In order to compare the early-stage sol-gel process kinetics between the xerogels and the ionogels, the deple-
tion rate of the vs(Si—O) band was evaluated (as shown in Figure 7). Since ionic liquid does not participate in
the sol-gel process, the strong peak at 756 cm™ associated with 8s(CFs) was used as the 'reference peak' for
the nomalisation process of the Raman data. In order to quantify the difference in the reaction rate, 0 order
Kinetics was assumed and therefore, a linear fit was plotted for each round of measurement, the results of

which are recorded in Table 4.
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Figure 6 Raman spectra evolution with time of (a-b) TMOS-, (c-d) MTMS-, (e-f) TEOS- and (g-h) MTES-based
ionogels from to=3 minutes up to t=12 hours from the mixing time.
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Figure 7 Time evolution of Si—O symmetric stretching mode in TMOS-, TEOS-, MTMS- and MTES-based

ionogel mixtures. The expanded graphs of the intensity variations within the first two hours are provided in the

insets

Table 4 Linear fitting (Y= A + BX) information using Origin (version 6.0) software for time evolution of

Si—OCxHxx+1 band or each mixture.

Sample B/ minute* R?
] Round 1 (-30.0+£3.7)E-3 0.97
TMOS ionogel
Round 2 (-29.3+3.0)E-3 0.98
) Round 1 (-6.610.2)E-3 0.99
TEOS ionogel
Round 2 (-7.810.4)E-3 0.97
Round 1 (-47.1+8.9)E-3 0.97
MTMS ionogel
Round 2 (-33.5+5.1)E-3 0.96
] Round 1 (-34.0+2.2)E-3 0.99
MTES ionogel
Round 2 (-24.84+2.4)E-3 0.97
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Similar to the earlier conclusion, reaction 1.1 is the main route for the alkoxysilane consumption in the early
stages of the non-hydrolytic sol-gel process. Based on the fitting results recorded in Tables 2 and 4, the rate
at which the band associated with Si—OCxHx+1 Stretching mode becomes indiscernible, drops when [Em-
im][TfO] ionic liquid is introduced to the sol-gel system for all mixtures except that of MTES. The process ki-
netic rate in the TMOS, TEOS and MTMS systems drops by 20-40% while no apparent change occurs in the
initial consumption rate of MTES in its ionogel mixture. Martinelli and Nordstierna reported an increase in the
consumption rate of TMOS when a small volume of an IL was introduced to the system (IL/TMOS molar ratio
was 0.2)*. As described previously, and as shown in the Raman spectra of all samples in this work, ionic lig-
uid does not participate in the sol-gel process. However, depending on its concentration, IL can dilute the sol
mixture, change the environmental pH and retard the rate of oxygen protonic attack. Indeed, ILs have been
suggested as a non-volatile drying control additive for sol-gel process to help control the rate of hydrolysis and
condensation processes and reduce the mechanical stress exerted on the gel network during the drying stage
(see section 3.3)®49, Thus, It is plausible that at low concentrations, IL destabilizes the colloidal dispersion

and accelerates particle aggregation and thus, the alkoxide consumption as shown in®.

The overall alkoxide consumption rate of all four formulations has the folowing rank order:
MTMS>TMOS~MTES>TEOS with an average of =30% drop in the consumption kinetics of TMOS, MTMS and
TEOS precursors compared to their xerogel counterpars (Tables 2 and 4). As discussed in section 3.1, the
stoichiometry of the reaction, steric hindrance of the alkoxy chains and the difference in partial charge on the
oxygen atom among the alkoxides contribute to the overall rate kinetics. It is probable that a balance of all
these phenomena together with the presence of the IL, resulted in no overall variation in the MTES consump-
tion kinetics. This proves that presence of IL does not influence the sol-gel process kinetics of different
alkoxysilanes in the same manner and thus, this process must be investigated for each precursor inde-
pendently.

3.3 Empirical observation

The physical structure of the xerogels and ionogels aged under ambient conditions are shown in Figure 8.
Extensive shrinkage resulted in fractures in the TMOS- and TEOS-based xerogels while MTMS- and MTES-
based xerogels showed a smooth surface with no apparent sign of shrinkage (Figure 8a-d). During the sol-gel
process and as the volatile byproducts leave the silica network (e.g. ROH and ROCOH groups), capillary
pressure is exerted on the porous network. This is overcome by compressive stress on the solid structure
which results in the shrinkage of the gels®*. In addition, a typical porous silica network contains pores of var-
ious sizes and thus, as evaporation of volatile by-products takes place, a high pressuregradient is created
inside the network, causing collapse of capillaries. The presence of Si-CHs groups inthe MTMS- and MTES-
based gels reduces the surface tension of the alcohol and water within the pores® and reduce the crosslink-

ing density of the silica network preventing capillary collapse.

The degree of gel shrinkage and the subsequent matrix collapse was reduced when IL was introduced into
the silica system as shown in Figure 8e and f. This is ascribed to the ability of IL in forming a non-volatile film
on the silica pore walls protecting the pores from drying stresses during evaporation of by -products®®*, Simi-
lar to xerogels, presence of the alkyl groups resulted in smooth MTMS- and MTES-based ionogels (Figure 8g
and h).
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As stated previously xerogels and ionogels were considered fully gelled (i.e. reached sol-gel transition point)
when no flowing behaviour was observed upon agitation. Under ambient conditions, all xerogels reached full
gelation within 2 hours of synthesis. However, TMOS- and TEOS-based ionogels reached sol-gel transition
point after 12 hours of synthesis and it took 4 days for full gelation to be achieved for MTMS- and MTES-
based ionogels.

Figure 8 Optical images of (a-d) TMOS-, TEOS-, MTMS- and MTES-based xerogels, respectively and the cor-
responding ionogels (e-h). Images were taken after 2 hours and 4 days of aging (under ambient conditions)
for xerogel and ionogel samples, respectively.

3.4 Application of theionogels as EDLC electrolytes

Figure 9a shows the 1000" CV cycles of EDLCs with pristine IL and the ionogel electrolytes. The quasi-
rectangular curves observed for cells with pristine IL and the TMOS and TEOS ionogels are indicative of fast
charge propagation in the electrodes and good capacitive behaviour®®®, However, the CV curves for cells
with MTES and MTMS ionogel electrolytes have more of an elliptical shape rather than quasi-rectangular. The
distorted CV curves reflect resistive behaviour of the EDLCs and indicate that the cells behave more like a
resistor rather than a supercapacitor™. This is also reflected in their areal capacitance values of 39.4 and 19.6
mF cm2, respectively compared to that of EDLCs with pristine IL (65.3 mF cm™), TMOS (54.5 mF cm?), and
TEOS (60.4 mF cm™) ionogels. In some circumstances, the distortion of the CV curve can be attributed to
‘electrolyte starvation', as described by Pell et al.*® as the withdrawal of electrolyte charge carriers from the
electrolyte bulk during the formation of double-layer. Although the underlying theory of this phenomenon sup-
ports the connection between the distortion of CV curves and an increase in the internal resistance of an elec-
trochemical system, this is only limited to the cases in which the concentration of electrolyte is low. In this sys-
tem as the same volume of ionic liquid was utilised in all of the EDLCs, electrolyte starvation can effectively be
ignored.
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Figure 9 (a) The 1000" CV cycles of EDLCs with pristine [Emim][TfO], TMOS, TEOS, MTMS and MTES iono-
gel electrolytes. (b-f) Nyquist plots of the EDLCs before and after 1000 CV cycles, (g) Nyquist plots of the four
ionogels sandwiched between stainless steel current collectors, and (h) average ionic conductivities of each
ionogel.
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Figure 9b{f demonstrates the Nyquist plots of the EDLCs before and after the CV cycles. A Nyquist plot, gen-
erated from EIS measurements, demonstrates the real (x-axis) and imaginary components (y-axis) of imped-
ance response of an electrochemical system at different charge-discharge frequencies and it is generally di-
vided into 3 regions: low, mid-range and high frequency. In the high frequency region, the rate of charge-
discharge cycle is too high for any mass transport to take place (100 kHz = 10°s™* duriation of one charge-
discharge cycle). Therefore, the high frequency intercept resistance is a representation of both the bulk
electrolyte resistance®® and electrical contact resistance®®. Since the electrochemical measurements were
conducted at room temperature, ionic conductivity and thus, electrolyte resistance is expected to remain
constant®. Consequently, the change in R in Figure 9% is attributed to a change in electrical contact
resistance.

The charge transfer resistance (Rc), given by the mid-range frequency semicircle, has been assigned to a
number of ionic and electrical components inside an EDLC%%%, Studies have demonstrated that the domi-
nating components influencing the R are dependent on the system being investigated. Generally, systems
containing ionic liquids are expected to have dominating ionic resistances influencing Rc: due to high viscosity
and the relatively large size ionic liquid ions compared to regular salts. It is important to note that the nature of
Rt in EDLCs with porous electrodes®®%? is different from that in psuedocapacitors which are mainly associated
with the Faradaic processes taking place in the cell®. Based on our previous work with a similar ionogel
system®, R is postulated to comprise of the ionic impedance components at: (i) the electrode-electrolyte

interface and (i) within the textural pores (i.e. inter-particle pores) of the AC electrodes.

As shown in Figure 9b, with the exception of the EDLCs with pristine IL and TMOS ionogel (where charge
transfer remains unaltered) R is reduced by 30-60% after the CV cycling. Previously, we have shown that the
Rc: variations over time are assigned to the continuous increase in electrode wetted area by the electrolyte at
the interface and the depth of the activated carbon®. The charging step of the CV cycles effectively increases
the surface areabetween AC and ionic liquid, reducing the resistance (R) as per the following relationship ¢°:

R= ALTa where L is the distance between the electrodes, A is the electrode area (pemeated by the ionic lig-

uid) and o is the ionic conductivity. The L and ¢ parameters remain constant during the electrochemical
measurements; therefore, changes in the resistance are associated with variation of the wetted area of the AC
electrodes. Based on Figure 9cH, R is larger for EDLCs with MTMS and MTES ionogels compared to those
of cells manufactured using TMOS and TEOS ionogels. This confirms that the lower capacitance values cal-
culated for the two former systems are due to their larger internal resistance.

Furthermore, the low frequency region (linear region) in a Nyquist plot is assosiated with the intra-paricle
diffusion of electrolyte ions and double-layer formation®°8, The large inclining angle of the low frequency lin-
ear region (>45° with respect to x-axis) of the cells with pristine IL, TMOS and TEOS ionogels are an indica-
tion of good capacitive performance®, which agrees well with their CV results shown in Figure 9a. For MTMS
and MTES-based cells, the inclining angle of the low frequency region is <45° (Figure 9e-). This can be at-
tributed to diffusional limitation experienced by the cations and anions at low frequencies® and an increase in

the distributed resistance in the AC electrodes® in cells containing MTMS and MTES ionogels.
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To ensure that the observed difference in the electrochemical performance of the EDLCs is not an impact
from possible IL-hosting matrix interactions®, the complex impedance of the ionogels were measured while
sandwiched between stainless steel current collectors (Figure 9g). When isolated from the porous AC elec-
trode, the high frequency x-axis intercept in the Nyquist plot can be used to calculate ionic conductivity of the

ionogels as perog = ALTR %3, All four ionogels displayed an ionic conductivity of the same magnitude ranging

between 2.5 to 4 mS.cm™ (Figure 9h). Furthemmore, the small variations in the ionic conductivities are inde-
pendent of the Ry changes observed in Figure 9c+ indicating that there is no correlation between the two
phenomena.

Perfoming SEM with EDX analysis for elemental Si and Al (as a reference) across the cross section of TEOS
and MTES ionogel-coated AC electrodes, it can be observed that silicon and thus, silica diffusion within the
AC electrode is more pronounced compared to TEOS ionogel (Figure 10). This can be explained by the long-
er gelation time of MTES ionogel which provides more time for the mixture to pemeate into the electrode.
This is likely to cause pore blockage and an increase in the intrinsic resistance of the AC, as well as higher
ionic resistance within AC electrodes. Because of the similarities observed between the gelation rate of the
TMOS and TEOS ionogels and between MTMS and MTES ionogels, it can be considered that the electrodes
coated with TEOS and MTES ionogels are representative of those of TMOS and MTMS ionogels, respectively.

Based on the CV curves of the MTMS- and MTES-based cells and the EDX results one can speculate that the
diffusion of silica into the AC electrode not only blocks inter-particle pores but also influences the intra-particle
pores which results in less pronounced capacitive behaviour and more resistive characteristic that is observed
in both CV (and its elliptical shape) and EIS (large semicircle and low inclining angle of the low frequency re-
gion) results.
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Figure 10 Distribution of aluminium (the current collector) and silicon (from the ionogel) at the AC electrode
and the (a) TEOS ionogel and (b) MTES ionogel interface detected using EDX.

Evidently, longer gelation imposes the risk of silica ingress into the porous electrode which can result in a re-
duction of the electrode active surface area. Furthermore, a longer gelation time is not desirable from an in-
dustrial perspective and can have a negative impact on the production cost. For these reasons, TMOS- and
TEOS-based ionogels seem to be most suitable candidates of those in this study for the electrochemical ap-
plication. However, extensive shrinkage of these ionogels over time (Figure 8e and f) can result in the loss of
electrode-ionogel contact and jeopardize the lifetime of the resultant EDLC. Mixing different alkoxysilanes to-
gether is often a way to improve the mechanical propetties of the resultant ionogel*>**. However, attention
must be paid to the compatibility of the precursors, as poor choice can result in heterogeneity in the gel (the
more reactive precursor forms silica networks faster). Based on the reaction kinetics investigated in this work,
TMOS and MTMS are the most compatible precursors in terms of the initial sol-gel process kinetics in the
presence of IL. This study suggests that the choice of alkoxysilane as the precursor for ionogels for solid state
electrolytes should not be taken lightly.

4. Conclusions

This work investigated the effects of systematic change in the alkoxysilane precursor on the early-stage sol-
gel process, gelation rate and the electrochemical performance of the resultant ionogel. Raman spectroscopy
conducted as a function of reaction time showed a 20-40% reduction in the consumption rate of the TMOS,
TEOS and MTMS when IL was introduced into the sol. Stoichiometry of the reaction, steric hindrance of the
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alkoxy chains and the difference in partial charge on the oxygen atom among the alkoxides contributed to the
overall consumption rate of the precursors. The presence of IL is considered to retard the oxygen protonic
attack and the condensation rate by diluting the sol. However, no difference in the consumption rate of MTES
was detected when IL was present in the sol which indicated that IL did not influence every formulation in the
same way. It was also shown that the gelation of MTMS and MTES ionogels take place =8 times slower than
TMOS and TEOS ionogels. One important finding was that the slow gelation of MTMS and MTES ionogels
caused considerable ingress of silica into the electrode reducing the effective surface area. This negatively
impacted the capacitive behaviour of the corresponding EDLCs. While TMOS and TEOS-based ionogels
showed enhanced electrochemical performance, their extensive shrinkage under ambient conditions raises
concerns about the shelf-life or the long-term performance of their EDLCs. By incomorating non-hydrolysable
groups into the gel network, the capillary tension, shrinkage, and brittleness of ionogels can be reduced. This
can be achieved by mixing the tetraalkoxysilanes with alkyltrialkoxysilanes. These findings suggest that the
alkoxysilane precursor(s) can impact the ionogel production rate as well as its electrochemical performance
and thus, care must be taken in choosing the most suitable formulation.
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