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Abstract

The present study examines the ionic conductivity and transport properties for ionic liquids confined within mesoporous materials.
The fragility index was determined for several samples with varying microstructures and used to characterize performance as a
pseudosolid electrolyte. The degree of microstructure complexity was characterized via the mass fractal dimension, which
correlates with the fragility index in the pore size domain studied. We demonstrate for the materials studied here that the
presence of the microporous matrix serves to inhibit ion mobility, and as the complexity of the matrix increases, the fragility index
also increases, leading to lower conductivity materials. The microstructural features influencing conductivity were examined using
Archie’s law when assuming the matrix conductivity to be negligible. This type of analysis, previously validated for rock matrices,
has now been extended to pseudosolid electrolyte materials. The results indicate that ionogel samples can approach the
conductivity of the unconfined ionic liquid. These conclusions are applicable to a variety of pseudosolid electrolyte systems and
have important implications for the design of electrochemical devices.

Introduction

The design of electrolytes exhibiting liquid-like transport properties with the form and structure of a solid separator is a promising
direction for the development of solid-state electrochemical devices, (1-3) especially solid-state batteries and supercapacitors,
where sufficiently high conductivities and device reliability are major concerns. (4-6) Determining the fundamental transport
properties for these structures is critical in the development and optimization for such devices. In recent years, pseudosolid-state
electrolytes known as ionogels have emerged as a group of solid-phase materials that exhibit the properties of ionic liquids. These
materials, which are comprised of two interpenetrating phases, can be synthesized using well-known room-temperature sol—gel
synthesis methods which produce complex open microstructures with various dimensionalities. lonogels with host matrix made
only of silica are macroscopically rigid but exhibit liquid-like transport properties due to an ionic liquid (IL) being confined in the
pores of a sol-gel-derived matrix. Typically ionogels contain 60-90% IL by volume which, in contrast to sol-gel materials that use
volatile solvents (e.g., alcohols), is retained in the final material because of the extremely low volatility of ILs. (7) The IL can be
introduced either during the sol—gel process (4,8-10) or after matrix synthesis via infiltration. (5,11) By confining the IL in the
mesoscale pores of the sol-gel matrix, ionogels take full advantage of ionic liquid utility, including good chemical stability, high ionic
conductivity, thermal stability, and a wide electrochemical window, (7,12-14) in combination with a rigid solid backbone. Here, we
determine how the nanoscale structure in an ionogel influences its performance as a pseudosolid electrolyte, where the
performance parameters are the fragility and the conductivity.

Fragility is a measure of the thermal sensitivity of the liquid structure and is described by the fragility index D. (11,15,16) A fragile
liquid collapses under weak perturbations and leads to structural rearrangement. Thus, a fragile liquid exhibits fast dynamical
rearrangement characterized by short relaxation times and non-Fickian diffusion, giving rise to non-Arrhenius behavior. (17) A low
D value corresponds to weak molecular interactions, while a high value corresponds to strong molecular interactions. In this way,
fragility is related to molecular mobility with its correlative effect on ionic conductivity and viscosity: a small D value implies a high
ionic mobility and a low viscosity, i.e., a high fragility. In ILs, the interaction between ions results in their high cohesive energy. The
confinement of ILs in proximity to polar silica surfaces (silanols with multiple orientations forming dynamic hydrogen bonds) is
known to produce layering with either cations or anions preferentially interacting with the surface. (11) In the present work, we use
the fractal dimensionality of the silica network to characterize the relationship between the microporosity and the fragility of the
ionogel and determine its influence on ion transport properties.

The fragility of ionogels arises from interactions between the confined liquid and the silica matrix, features which can be analyzed
by characterizing the nature of the microstructure in terms of pore volume, pore size distribution, and fractal dimensionality.
Although the pore sizes in the matrix dictate the degree of confinement and the pore volume determines the relative fraction of
conducting medium, neither parameter captures entirely the complexity of transport in ionogels. For this reason, we utilize the
mass fractal dimension D; to describe how mass M is distributed in a porous material of size L according to eq 1 (18)
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Sol—gel preparation approaches lead to different values of Ds for silica matrices because of the wide range of synthesis conditions.
On the basis of synthesis parameters such as the concentration of precursors, the pH for catalysis, and the relative reaction rates
for hydrolysis and condensation, silica aggregates will form from a colloidal suspension, generating spherical particles often at the
nanoscale. These aggregates function as the building blocks to form the self-similar fractal structure. The conditions for gel network
formation effectively determine the level of complexity in the gel backbone which is then expressed as the mass fractal dimension.
For example, a gel approaching D; = 3 has a highly complex and branched microstructure in contrast to a gel of D; = 2 which is more
chain like. (18) In this way, one can establish how the fractal dimension relates to the fragility index, where more complex networks
correspond to poor diffusion at the macroscopic scale.

Molecular interactions within the pore fluid are readily characterized by measuring the ionic conductivity as a function of
temperature. When In(o) is plotted versus 1000/T, the trend can be fitted with the Vogel-Tamann—Fulcher equation expressing the
conductivity o (S cm ™) of liquids with non-Arrhenius behavior

o = ope BT To (2)

where o, (S cm_l) is the conductivity at infinite temperature, T, (K) is the ideal glass transition temperature, and B (K) is related to
the activation energy. The fragility index D is then obtained following the equation

D= (3)

The fragility index in eq 3 expresses the thermal sensitivity of the liquid inside the structure, which can then be combined with
microstructure analysis for ionogels to establish a relationship between the silica matrix and the conductivity of the ionic liquid.

(15,16)

Modeling the ionic conductivity of ionogels with differing microstructures must take into account the interactions between the
pore fluid and the confining matrix. To some degree, this approach has been explored extensively in the geophysical sciences.
Naturally occurring porous media such as reservoir rocks have been shown to demonstrate fractal geometries like ionogels but with
porosities less than ¢ = 0.5. It is well known that the solid matrix greatly influences many transport properties, including the
diffusion, hydraulics, and conductivity of the pore fluid by modifying the tortuosity of the pathway. (19) Archie’s law represents the
classic empirical representation of this concept in fully saturated porous media

_ Ow _ —m

where the formation factor, F, represents the effect of the presence of the confining matrix, which is assumed to have negligible
electrical conductivity. The formation factor is defined as the ratio of the electrical conductivity of the pore fluid, o, and the
observed electrical conductivity, o. The formation factor has a power law relationship with porosity ¢ (0 < ¢ < 1), where a and m
are the tortuosity and cementation constants, respectively. The cementation constant, which describes the strength of the effect of
the matrix on the pore fluid transport properties, has a theoretical limit between 1 for very direct pathways and 3 for very complex
pathways. F typically ranges from 10 to 100 for various sandstones, which are the naturally occurring porous matrices most often
studied. (20,21) The derivation of Archie’s law from Maxwell-Wagner theory (see Supporting Information S1) indicates that the
interface between two materials with different relaxation times results in charge accumulation. (19,20)

A full analysis for conduction within the ionogel would be incomplete without considering the tortuosity resulting from the matrix
microstructure. Another statement of Archie’s law represents the formation factor directly in terms of tortuosity
¢
F=—
T (5)
where T = L{/L,, Lt is a transport length through a tortuous pathway, and L, is the macroscopic straight-line length. (19) The more
complex the microstructure of the confining matrix, the higher the tortuosity, which results in more difficult ionic transport.

The tortuosity (t.) can be expressed in terms of a random walk fractal dimension, D, (>2). In this representation, for a random
walker taking N steps, the root mean squared distance traveled has the relationship N = LDW. (22) Then, using Einstein’s relation
between the electrical conductivity and the diffusion coefficient, the tortuosity is given as a power law (19)

T, = GPwUDE ©

where D is the mass fractal dimension and E is the Euclidian dimension, which is 3 for a three-dimensional space. Here, 0 < D; < E,
so the scaling exponent will be negative, indicating that as the porosity increases, the tortuosity decreases. For unconfined pore
fluid, the porosity approaches 1 and the tortuosity also approaches 1, indicating Ly = L,. Although work has also been done to
simulate random walks in porous media, (23-25) some attempts have been made to simplify the relationship between D,, and D;,
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showing that for percolation clusters, the ratio of D,, to D; tends to a constant which is related to the number of distinct sites S(N)
that a random walker can visit along the substrate (Supporting Information S2). (23,26)

The difficulties in quantifying analyses based on a random walk fractal dimension have resulted in simplified descriptions for
tortuosity. One common way of describing tortuosity in porous media is by modeling a network of streamtubes, which can be
thought of as direct pathways within the pore structure. This approach utilizes a tortuosity fractal dimension, D;, so that the
transport length can be described as

Li(e)=€""L" (7)

where € is the measurement length scale. (27) Although the fractal streamtube representation of tortuosity has been validated in
porous rocks (27,28) and yielded analytical models for electrical conductivity, (20) it is ineffective at describing conductivity in
matrices with porosities greater than ¢ = 0.5. For such high porosity levels, the extremely open nature of the matrix no longer
assumes the streamtube geometry. (29) In the present study, we use fragility-based concepts to identify microstructure features
which lead to high ionic conductivity for ionogels with porosities ranging from ¢ = 0.7 to 0.9. Understanding ionogel performance,
specifically the interplay between a resistive complex matrix and ionic liquid mobility, is key to developing guidelines for the design
of pseudosolid electrolytes.

Experimental Methods

lonogel Synthesis and Preparation

In this work, highly porous silicas (between 67% and 91% porosity) are used as the host materials for 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIMTFSI) ionic liquid (Solvionic, 99.9% purity). The mesoporous silica network was synthesized
by an ambient drying procedure in which complex micro/mesoporous pore structures of silica were prepared using an acid—base-
catalyzed sol—gel synthesis. (30) First, a sol of tetraethyoxysilane (TEOS) (Sigma-Aldrich), methyl triethyoxysilane (MTES) (Sigma-
Aldrich), deionized water, ethanol (EtOH), formamide (Sigma-Aldrich), and concentrated HCI (Sigma-Aldrich) was mixed at a molar
ratio 1.5:1:6.25:6.25:5 mol of TEOS:MTES:EtOH:H,0:formamide. Then, a base catalyst of 2 M NH,OH was added at a volume ratio of
6 mL of base to 17 mL of sol before transferring to a 10 cm x 10 cm x 1.5 mm plastic mold. After aging for 2 days, gel monoliths
were removed from the cassettes and submerged in ethanol. The ethanol was then exchanged with n-heptane, which is the final
drying solvent. Many of the samples were also washed with a 0.5-2% volume of trimethylchlorosilane (TMCS) in heptane for 30
min, which functioned as a surface modification to generate a hydrophobic surface. These samples were rinsed in ethanol to
remove byproducts of the chlorosilane reaction with silica and dried in a heptane-rich atmosphere. The resulting samples were
dried at ambient temperature and pressure by draining the solvent and allowing slow evaporation of the pore solvent in a sealed
container over ~1 week. Finally, some of these “ambigel” monoliths were heated for 5 h at 500 °C in static air to remove any
organic phase. Table 1 summarizes the processing parameters used to achieve a wide range of microstructures and porosities.

Table 1. Physical Properties of Ambigel Samples Prepared under Varying Synthesis Conditions”

sample fractal fragility index  thickness BET surface area  total pore volume  fraction of microporous
no. description dimension (Dy) (D) (mm) porosity (m*/g) &m-‘/ g) volume
1 2 vol % TMCS, 2.1 35+ 02 1.2 87% 1002 3.15 0.23
calcined
2 2 vol % TMCS 2.2 32+ 0.1 1.3 91% 817 3.94 0.14
calcined
2 vol % TMCS 22 38 +02 1.3 90% 1288 294 0.34
0.5 vol % TMCS 2.3 3.8 £ 01 12 80% 790 L.69 0.35
5 0.5 vol % TMCS 2.4 3.6 = 0.2 1.1 91% 991 4.36 0.16
calcined
6 no TMCS 2.4 37+ 02 0.9 73% 1257 1.66 0.69
7 1 vol % TMCS 2.4 43 £ 02 1.1 85% 1244 2.26 0.43
8 no TMCS calcined 2.5 4.6 + 0.2 0.8 67% 882 0.78 0.88

“Surface modifications with TMCS were utilized to achieve a variety of porosity and fractal dimension ranges. Calcination ensured the surface
homogeneity of the silica matrix for these samples.

After sol—gel synthesis, ionogels were obtained by infiltrating an ionic liquid into the highly porous silica matrix. Silica samples of
30-50 cm2 were dried at 50 °C under moderate vacuum overnight to ensure the absence of water. Under inert atmosphere,
EMImTFSI ionic liquid was dropped on the silica samples. After 3 days, the silica matrix was considered fully filled with the ionic
liquid when the mass was unchanged. At this point, the samples were perfectly transparent in contrast to their opacity prior to
impregnation. lonic liquid excess was removed by wiping.
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Structural Characterization and Mass Fractal Dimension

Low-temperature nitrogen sorption was measured on a surface area and porosity analyzer (ASAP2020 Plus, Micromeritics
Instruments Corp., Norcross, GA). Specific surface area, micro- and mesopore volumes, pore size distribution, and vol % open
porosity were calculated as described in the 2015 IUPAC Technical Report. (31) The fraction microporosity was also calculated and
is described in the Supporting Information (S3). Nitrogen porosimetry isotherms were used to determine the surface fractal
dimension, Ds, which should be equal to the mass fractal dimension in fractal solids, (30,32,33) utilizing the Frenkel-Halsey—Hill
method

Inn=C—-(3-Dyln (RT In %) (8)

where n is the quantity of N2 gas adsorbed in cm3 STP g—1, P is the pressure, and PO is the saturation vapor pressure. (34) Sample
calculations are given in the Supporting Information (54).

Conductivity Measurements and Fragility Index

lonogels were placed in a Swagelok cell between two stainless steel polished electrodes. Electrochemical impedance spectroscopy
(EIS) measurements were performed on the cells every 10° C between —-20 and 80 °C after 2 h of temperature stabilization. The EIS
measurements used an amplitude of 20 mV between 100 mHz and 1 MHz. Conductivity (o in S cm—1) values at a given temperature
for each of the samples were obtained from the measured resistance according to eq 9

e

o= s (9)

where e is the thickness of the sample (cm), S is the electrode area of the sample (cm2), and R is the measured resistance (Q). The
conductivity was then fitted with eq 2, and the fragility index was obtained with eq 3. Example calculations are provided in the
Supporting Information (S5).

Results and Discussion

To establish the relationship between fragility and ionic conductivity, we must first analyze ionic liquid motion within a silica matrix
and the means by which mobility is inhibited by the presence of the solid backbone. Silica samples used for IL infiltration are
presented in Table 1, numbered from the lowest to the highest fractal dimension, which relates to increasing complexity of the
silica matrix. Corresponding ionic conductivities are presented in Figure 1, ranging from values very close to nonconfined IL
EMImTFSI (5.6 mS cm—1 at 20 °C) to more than one decade lower.
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Figure 1. lonic conductivities for ionogel samples over the range from -20 to 80 °C.
lonogel samples were prepared using a variety of processing conditions, including surface modifications
and gel calcination, to achieve a variety of porosities and fractal dimensions.

From Figure 1, ionic conductivity values were easily fitted (Figure S3) with the Vogel-Tamann—Fulcher equation (eq 3), thus
enabling extraction of the fragility index. (15,16)



From Table 1 and Figure 2a, one observes the relationship between the fragility index and the fractal dimensionality, thus relating
the ion dynamics in the ionic liquid to the degree of matrix complexity. A high fragility index could be linked either to strong
molecular interactions or to poor macroscale diffusivity as would occur with the more complex networks that one associates with
higher fractal dimensions. (11) For this reason, it is not surprising for the fragility index, D, to scale with the fractal dimension, Df
(Figure 2a). This relationship enables us to determine the influence of pore volume. In Figure 2b, the pore size distribution is
compared for samples 1 and 6, which represent high and low fractal dimension materials, respectively. High fractal samples
frequently exhibit smaller pore size distributions and high surface areas to satisfy a complex distribution of mass in the
microstructure. This behavior is observed in the pore volume and pore size distributions in Figure 2b. The decrease in pore volume,
a result of smaller pore diameters, is characterized by an increase in fragility index (i.e., decrease of fragile behavior, Figure 2c) as a
result of greatly decreased pore sizes. The increase in fragility index results in a lower ionic liquid electrolyte mobility as the silica
network creates a more tortuous conduction pathway than that of unconfined ionic liquid electrolyte, as illustrated in Figure 2d.
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Figure 2. (a) Fragility index and mass fractal dimension shown for each sample, demonstrating a correlation between fragility and fractal dimension. (b) Pore size
distributions for representative ionogel matrices; samples with high fractal dimensions exhibit smaller pore size distributions and high surface areas to satisfy a
complex distribution of mass in the microstructure. (c) Fragility index as a function of specific pore volume demonstrates that highly porous samples tend toward a
lower index. (d) lllustration of a tortuous conduction pathway due to the matrix; increasing the complexity of the matrix increases the conduction path length.

This analysis enables us to identify a design rule for increasing the conductivity of ionogels, that is, by increasing the pore volume,
the fragility index decreases (Figure 2c), leading to a corresponding increase in mobility and conductivity. The latter is shown in
Figure 3.
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Figure 3. lonic conductivities for silica ionogel samples as a function of the total pore volume. Increasing the pore volume creates a more open microstructure,
increasing the degree of bulk ion transport and thus increasing mobility and conductivity for these samples by an order of magnitude.

The results also enable us to identify the interrelationships among fragility, conductivity, and microstructure by considering
interactions which occur on the nanoscale level. Prior NMR results indicate that ionogels exhibit two distinct populations related to
ion transport. There is a bulk fraction, several ionic radii away from the silica network, which exhibits mobilities comparable to the
ionic liquid electrolyte and a surface fraction which exhibits restricted diffusion resulting from interactions of the ions with the silica
surface. (35) Thus, we expect that the silica-based ionogels with greater levels of microporosity and, correspondingly, higher
surface area will have lower conductivity. To evaluate this hypothesis, we characterize our pore size distribution in terms of the
fraction of pores with diameters < 2 nm. Depending upon the specific ionogel sample, this microporosity fraction ranges between
0% and 50% as shown in Table 1. The relationship between microporosity fraction and surface area (Figure 4a) indicates that we
can expect higher macroscale averaged interaction between the ionic liquid electrolyte and the silica network to occur with
increasing levels of microporosity.
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Figure 4. (a) Effect of microporosity on surface area, indicating that interfaces between the silica surface increase by a factor of 2 with higher microporosity volumes.
(b) As the fraction of microporosity increases, there is restricted diffusion resulting from the interaction of ions with the silica surface, thus resulting in an order of
magnitude decrease in ionic conductivity.

The microporosity variations result in two significant effects. First, we note that the conductivity decreases with increasing
microporosity (Figure 4b), an indication that more of the ionic liquid electrolyte is confined at the pore walls, leading to lower
overall conductivity. Related to this behavior is that greater levels of microporosity lead to lower macroscale molecular diffusion.
Thus, the fragility increases with increasing microporosity (see Supporting Information S6).

As indicated in eq 5, conductivity as a function of porosity can also be represented analytically. Previous work on porous rock
systems utilizing Archie’s law was able to detail the effect of tortuosity on conductivity for porosity fractions up to ¢ = 0.5.
(20,36-39) Extending this analysis to ionogels, Figure 5a relates conductivity to percent porosity, (1 — p/po) x 100, by plotting for a
given temperature (in this case 80 °C) and highlighting the effect of the different ambigel samples. The cementation exponent of



3.04, which is the theoretical limit for very complex pathways, represents the total effect of the matrix on tortuosity, which is
comprised of contributions from the mass fractal dimension and the random walk fractal dimension. These two fractal dimension
contributions are associated with the complexity of the matrix microstructure and the complexity of a random walker pathway,
respectively. The random walk fractal dimension is related to the mass fractal dimension with added contributions from the nature
of the pore fluid and the fluid—matrix interface.
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Figure 5. Effect of matrix porosity for silica and TMCS-modified silica on (a) the ionogel conductivity fit to Archie’s Law using eq 4 and (b) the formation factor,
calculated from boundary conditions for matrix complexity (fractal dimensionality), which both vary by a factor of 10.

We also normalized the results in terms of the formation factor (Figure 5b.). In this case, we apply Archie’s law as expressed in eq 5
with the tortuosity (eq 6) for Df = 2.0 and Df = 2.5, which represent the boundary conditions for complexity in the ionogel
microstructure. The TMCS-modified samples represent a special case where the random walk fractal dimension is increased by
modifying the surface chemistry. The random walk dimension could be calculated for ionogels with a homogeneous silica matrix by
using a simplified relationship between Df and Dw (see Supporting Information S2). Interestingly, the data does not seem to vary
with respect to the fractal dimension for ¢ > 0.5. On the basis of eq 7, samples of greater complexity should demonstrate a more
pronounced interaction with the matrix, as depicted by the solid and dashed lines in Figure 5b. However, given the extremely open
microstructure of the silica network, the data show a trend located between the two limits and are indistinguishable for this sample
set.

Finally, it is significant to highlight a few samples that further emphasize how surface interactions contribute to the conductivity
behavior by examining the effect of a heterogeneous surface chemistry. Because samples 6 and 7 show similar fractal dimensions
and surface area, one might expect that the higher porosity for sample 7 would result in higher conductivity and fragility. However,
the addition of TMCS in sample 7 shifts the chemistry of the system from hydrophilic to hydrophobic, decreasing the ionic
conductivity.

Figure 5a shows that the TMCS surface modification dramatically lowers the conductivity in ionogels. By modifying the surface
chemistry of the matrix, one fills the micropore space with immobile species, modifying possible electrostatic interaction of ions
with pore walls as well as reducing the number of distinct sites available for a random walker. Building from the concept outlined
by Rammal and Toulouse (Supporting Information S2), we know that the number of available sites located within radius RN should
scale with the number of steps taken by the walker (26)

G(N) = Ry ~ NPs (10)

Therefore, by decreasing the number of sites available, the TMCS modification decreases the number of steps that can be taken,
thus effectively decreasing the conductivity. Yet even for the TMCS modified samples, physical interactions at the interface as well
as pore volume are the dominating factors regarding overall conductivity, as exemplified with sample 3, where the high pore
volume still results in a high conductivity (Figure 3). With these design parameters in mind, we find that the conductivities for
samples 2, 3, and 5 all approach that of unconfined ionic liquid.

Conclusions

The present study identifies several features of ionogel microstructures whose performance as a pseudosolid electrolyte is
characterized in terms of the fragility and the conductivity of the ionogel. We establish a positive correlation between the fragility
index, which characterizes, at the macroscale, the mobility of molecules in the pore fluid in each sample, and the mass fractal
dimension, which describes the complexity of the microstructure. This relationship indicates that the mobility of the IL was



disrupted by the presence of the microporosity, and a more complex matrix results in lower macroscale molecular diffusion in the
IL. Our results indicate that interaction between the ionogel electrolyte and the silica network affects the conductivity with high
levels of microporosity increasing the surface area and leading to lower overall conductivity. A second important contribution
comes from Archie’s law analysis, where we obtained a power law relationship between porosity and conductivity as the
cementation index of 3 corresponds to a high degree of tortuosity. (19) Taken together, our results show that ionogels with large
porosities and low interface area will minimize the tortuosity for ionic conduction and lead to higher conductivity. This
consideration translates to ionogel systems with low values of fragility indices and smaller fractal dimensions.
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