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Abstract
In recent decades, ionic liquids (ILs) have received substantial interest for
their application as viable electrolytes in energy storage devices due to their low
flammability, adequate ionic conductivity, and wide electrochemical window.
Room-temperature ionic liquids possess a melting point below room temperature
and

consist

entirely

of

cations

and

anions.

Here,

traditional

imidazolium/pyrrolidinium ILs and solvate lithium-based ILs are presented for
their application in supercapacitors and lithium-ion batteries. Additionally,
considerable demand exists for the fabrication of a flexible, robust, highly
conductive solid-state electrolyte for applications in light-weight, flexible
electronics. This thesis demonstrates the design of polymer-supported ionic liquid
gel electrolytes, defined as ionogels, via in situ UV-initiated free-radical
polymerization.
Solid-state electrolytes experience a hindrance in electrochemical
properties due to the presence of a highly viscous polymeric network. This
investigation seeks to define the chemical and physical interactions between a
polymer-based scaffold and ionic liquid-based electrolytes in order to leverage
these properties to enhance the electrochemical and mechanical properties of the
solid-state composite. This proposal seeks to achieve this by the following methods:
(1) chemically-tailored polymer scaffolds and (2) zwitterionic-based networks that
possess an equal number of positive and negative moieties. Enhancement of
properties such as the ionic conductivity, fraction of available free ions, lithium-ion
mobility, lithium-ion transference number, and Li battery performance are the focus

ii

of this investigation in order to prepare commercially viable gel electrolytes for
energy storage applications.
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Chapter 1: Introduction

1.1. Challenges of Energy Storage
Energy storage is becoming a more challenging issue with the advancement
and development of renewable technologies that are being connected to the electric
grid. Additionally, the ubiquitous use of portable consumer electronics, such as
cellular devices, smart tablets, and laptops, and electric vehicle technologies have
caused an increasing demand for longer-lasting and more powerful batteries. The
problem of energy storage derives from the disconnection of generating energy and
consuming energy at different points in time for a myriad of reasons. For instance,
energy storage for the electric grid arises from a classical scenario of generating
energy via a photovoltaic system during the hours of sunlight while the highest
demand for electricity takes place after nightfall when electricity is no longer being
generated. This situation demands an energy storage technology to efficiently
capture, store, and deliver energy (typically in the form of electricity) at the point
of use while meeting the electrical demands of the given application, i.e. the
necessary power to operate a household air conditioning system.
For the electric grid, there are transmission and distribution systems that
transmit electricity over long distances in order to reach electrical energy systems
(EESs) where the electricity is stored until time of use. EESs are responsible for the
power demands and reliability of the electric grid that handle peak loads and
1

minimize brown-outs and black-outs. As of 2011, pumped hydroelectric storage
systems accounted for 99% of the world’s storage capacity (127,000 MW) in terms
of electric grid applications.1 The commercialization of renewable technologies,
such as photovoltaic systems (i.e. solar panels), wind turbines, geothermal, and
hydroelectric systems, have created a bottleneck of sorts for electrical energy
systems to support these different technologies in a cost-effective and reliable
manner. A compact energy storage solution is required in the distributed system of
these renewable energy technologies, in which the most promising option is
electrochemical energy storage.

2

Figure 1.1 Ragone plot demonstrating the specific energy and specific power
densities of commonly employed devices for electrochemical energy storage.
Reproduced from Simon and Gogotsi.2
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1.2. Electrochemical Capacitors
Electrochemical energy storage has been a focal point in terms of
advancement of renewable energy technologies, such as hybrid electric vehicles
(EHVs) and remote solar and wind farms, by means of electrochemical double –
layer capacitors and batteries.3 Electrochemical double – layer capacitors
(EDLCs), namely supercapacitors, are classified as energy storage devices
capturing beneficial properties of both batteries and capacitors by means of
improved power and energy densities, as shown in Figure 1.1.4 Supercapacitors
function with two electrodes separated by an electrolyte forming atomic-sized
capacitive layers along the interface of each electrode. The mechanism of energy
storage is captured via an electrical double layer of electrolyte ions at the interface
of a high surface area, porous electrode. The high capacitance is achieved due to
the small molecular-sized distance between nearby ions in which the charge is
stored, as displayed in Figure 1.2a. The theoretical energy density (E) of a
supercapacitor device can be calculated by:
𝐸 = 0.5 ∗ 𝐶𝑉 .

(Eq. 1.1)

where C is the capacitance and V is the potential across the electrodes. The
theoretical power density (P) of a supercapacitor is defined as:
𝑃=

12

(Eq. 1.2)

34

where R is the equivalent series resistance of the device. As seen in Figure 1.2b-d,
the form factor of the supercapacitor device can be realized in a cylindrical or coin
cell configuration. Their advantages of superior cyclability, high bursts of energy
in shorter time intervals, low resistance, and shorter charging times drives their
4

applicability in the fields of flexible electronics, electric vehicles, wearable devices,
and sensors.5 A classic example for the use of a supercapacitor in an electric vehicle
is during the ignition process when a relatively large amount of energy is needed.
Supercapacitors have been implemented as a bridging device to handle transitions
during short-term disruptions of power until a generator or battery can be placed
on-line to handle the power load. Conventionally, supercapacitors and batteries
work in tandem to deliver bursts of energy coupled with steady amounts of energy
over long period of times, respectively.

5

Figure 1.2 (a) Schematic illustration of an EDLC in its charged state; (b) Schematic
of a commercial spirally wound supercapacitor; (c) Assembled device weighing
500 g and rated for 2600 F of charge; (d) A small button cell of dimensions 1.6 mm
in height and 32 mm in diameter that can store 5 F. Reproduced from Jun et. al.6
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1.3. Secondary Batteries
In order to mitigate the low energy density of supercapacitors, secondary
batteries (or rechargeable batteries) are utilized as the most common technology in
portable consumer electronics and mobile devices (i.e. aerial drones). A battery cell
is composed of two electrodes, a negatively-charged (i.e. anode) and a positivelycharged (i.e. cathode) electrode. As with supercapacitors, batteries contain an
electrolyte to carry active species (i.e. lithium-ions) back and forth during charging
and discharging cycles, as shown in Figure 1.3. The electrolyte is an ion-containing
liquid, typically a salt dissolved in a solvent, responsible for the shuttling of ions
through the battery cell and the separator. The separator is a mechanical barrier to
prevent the anode and cathode from coming into contact which would cause a shortcircuit leading to an increase in temperature and a flammability hazard. Batteries
are capable of storing orders-of-magnitude higher amount of charge on the
electrodes (>100 Ah/kg) relative to supercapacitors due to the reduction-oxidation
reactions of the active species.1 For instance, the charging and discharging of a
lithium-ion battery (LIB) requires lithium to be oxidized to Li+ while producing an
electron or the reverse reduction reaction of Li+ and an electron. LIBs were first
developed for consumer use in the early 1990s by the Sony Corporation and
consisted of lithium intercalating electrodes with a Li-ion salt dissolved in an
organic solvent (i.e. ethylene carbonate and dimethyl carbonate mixture). The
anode consists of a high surface area, carbon-based material, typically carbon-based
such as graphite, and the cathode is comprised of a lithium transitional metal oxidebased or lithium transitional metal phosphate-based compound (such as lithium
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magnesium dioxide, LiMnO2, or lithium iron phosphate, LiFePO4). At their time of
adoption, LIBs outperformed the competing nickel-cadmium and lead acid
technologies with an increase in energy density by a factor of 2.5-5. For the
investigations stated herein, Li-based batteries will be of the primary focus.
Lithium-ion batteries have proven to be an exceptional technology to meet
the demands of the fast-paced electronics market and as a pioneer for energy storage
in electric vehicles. The lure of lithium-ion batteries is the small radius of Li-ions
(Li+) combined with their high electropositivity to facilitate fast ion diffusion and
the low reduction potential (-3.04 V vs. standard hydrogen electrode). The
abundance and inexpensive properties of the electrodes and lithium salts have
proven to be a scalable and viable technology for the majority of mobile
applications. Due to the high stability of the Li-ion chemistry, a long cycle life of
the range 1,000-4,000 can be achieved with a 20% reduction in the capacity of the
battery.7 However, the safety of LIBs is still an area that needs to be improved upon.
With the continued advancement of portable electronics that are becoming more
compact and performing more computational tasks, a battery with a higher energy
density (>300 Wh/kg), low cost, and improved safety is yet to be developed.

8

Figure 1.3 Schematic of a Li-ion battery during the discharging process in which
Li-ions deintercalate from the high surface area graphite-based anode and
intercalate into the layered-structure of the cathode. A porous polymer-based
separator is conventionally placed between the anode and the cathode and soaked
with electrolyte to prevent a short-circuit, yet is omitted in this diagram for visual
clarity. Reproduced from Dunn et al.1
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1.4. Ionic Liquid Electrolytes
Conventional electrolytes typically include aqueous- and organic-based
electrolytes. Aqueous-based electrolytes, which require a highly dissociated acid or
base dissolved in water, have the distinct advantages of an inexpensive electrolyte
and high ionic conductivity (~500 mS/cm). Organic-based electrolytes, consisting
of a highly dissociated lithium salt in an organic solvent (e.g. ethylene carbonate),
demonstrate properties of facile synthesis and moderate conductivity (~100
mS/cm).5 However, disadvantageous properties that include environmental toxicity
of organic electrolytes and a low electrochemical window for aqueous electrolytes
leave room for improvement in next-generation electrolytes.5
An emergent class of electrolytes consisting entirely of negatively-charged
and positively-charged species, called ionic liquids, are increasingly being
investigated for their application as electrolytes for energy storage devices. An
ionic liquid is a molten salt consisting of bulky, asymmetric ionic species that lower
the melting point of the substance below room temperature. Ionic liquids have
received considerable attention in recent years as alternatives for conventional
electrolytes and for energy devices of the foreseeable future. Ionic liquids offer
advantages of a negligible vapor pressure, deeming them a non-flammable
alternative to aqueous- or organic-based solvents, high electrochemical and thermal
stability, and adequate ionic conductivity (~1-10 mS/cm).8 Watanabe et al. have
focused numerous investigations on the development of ionogels with a variety of
ionic liquids, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
(EMI TFSI or C2C1mim NTf2), 1-butyl-3-methylimidazolium tetrafluoroborate
10

(BMI

BF4

or

C4C1mim

BF4),

and

1-butyl-3-methyl

pyrrolidinium

bis(trifluoromethylsulfonyl)imide (BMP TFSI or C4mpyr NTf2), in which Figure
1.4 displays the common motifs for cationic and anionic species of ionic liquids.911

Specific cation/anion selection dictates the properties of the ionic liquid that

include: the electrochemical stability of the electrolyte, possible side reactions,
viscosity, ionic conductivity, and thermal stability – to name a few. For lithiumbased battery electrolytes, a lithium salt (LiX, where X is an anion; i.e. LiTFSI) is
typically dissolved into an ionic liquid in the concentration range of 0.1M to 2M;
in order to optimize miscibility of the salt in the IL, the anion of the lithium salt (X)
is usually selected to be the same anion of the IL. Furthermore, the synthesis of the
neat ionic liquids is out of the scope of this investigation, but it should be noted that
this process is at this time not a commercially scalable one and needs to be
improved upon to reduce the cost of IL electrolytes in order to compete with
ethylene carbonate-based electrolytes.
To address this obstacle of scalability, a new class of low volatility
electrolytes have been developed called solvate ionic liquids (SILs). SILs offer the
advantage of an ionic liquid that incorporates a Li-ion or lithium complex as the
only cationic species in the system coupled with a counter anion. The first report of
a SIL was published by Pappenfus et al. in 2004 with a 1:1 molar ratio system of a
lithium salt (Li TFSI) with tetraglyme (G4) to form a Li-tetraglyme SIL
([Li(G4)][TFSI]) containing a positively-charged Li-G4 complex, as shown in
Figure 1.5.12 The tetraglyme coordinates with lithium via four oxygen sites to form
a coordinated cation complex that effectively dissolves the lithium salt forming a
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room – temperature solvate ionic liquid.12 Pappenfus reported a room – temperature
ionic conductivity of 1.1 mS/cm, electrochemical stability up to 4.5 V vs Li/Li+,
and no apparent melting point that indicates an amorphous liquid for a wide
temperature range (-60 ºC to 200 ºC). This new class of ionic liquids is attractive
due to the facile synthesis method. For example, the procedure to synthesis a
[Li(G4)][TFSI] ionic liquid is to dissolve equal molar parts of tetraglyme and Li
TFSI at 50 ºC for an hour via magnetic stirring. All reagents (i.e. tetraglyme and Li
TFSI salt) are commodity chemicals available at prices comparable to commercial
organic electrolytes. Further investigations into SILs have focused on optimizing
the solvate cation complex while attempting to lower the melting point and
maintaining low volatility, effectively increasing the R.T. ionic conductivity.13
Literature demonstrates marginal enhancement of solvate ionic liquids in terms of
their room-temperature ionic conductivity and Li–ion transport in most recent
years. Few investigations have demonstrated a solid-state electrolyte containing a
solvate ionic liquid for Li-based battery applications.

12

Figure 1.4 Molecular structures of common cationic and anionic species that can
be paired together to form an ionic liquid. Reproduced from MacFarlane et al.14
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Figure 1.5 Molecular structure of a solvate ionic liquid consisting of an equimolar
mixture of Li TFSI:G4 to form a coordinating cationic complex of Li-G4 with the
counter anion of TFSI.
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1.5. Ionogel Electrolytes
Solid-state ionic liquid electrolytes, namely ionogels, are proposed to
replace conventional electrolytes by immobilizing an ionic liquid within a
supporting network (e.g. polymers, colloidal particles, and small organic
gelators).15 Ionogels can be fabricated with two different types of three-dimensional
cross-linking mechanisms: physically- or chemically-linked networks. Physical
ionogels are formed via weak and reversible intermolecular interactions, of the
polymer scaffold such as hydrogen bonding and solvophobic interactions.16 Many
of these composites are fabricated by mixing a viscous polymer into a liquid
electrolyte to form a gel-like composite, typically of weak mechanical strength.
Chemical ionogels are fabricated by the chemical bonding of monomers to create a
free – standing three – dimensional (3D) polymer network.17 Research focus has
been divided between these two classes of ionogel networks in order to develop a
mechanically stable, high conducting solid-state electrolyte for supercapacitor and
battery applications.
In terms of physical ionogels, previous investigations primarily focus on the
self – assembly of a triblock (i.e. ABA) copolymer containing designated repeating
units to elucidate specific mechanical and chemical properties. In 2011, Zhang et
al. focused numerous investigations on the dynamics of ionogels containing
triblock poly(styrene-b-ethylene oxide-b-styrene) (SOS) and poly(styrene-bmethyl methacrylate-b-styrene) (SMS) physical scaffolds while utilizing EMI TFSI
as the ionic liquid electrolyte.18 Both SOS and SMS scaffolds contain insoluble
components (styrene) as well as soluble components (ethylene oxide/methyl
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methacrylate) that work synergistically to form ionic liquid-rich domains as well as
polymer – rich domains to optimize the electrochemical and mechanical properties
of the ionogel, respectively. Another physical scaffold system commonly employed
in

ionogels

is

the

triblock

polymer,

poly(vinylidenefluoride-co-

hexafluoropropylene) (P(VdF-HFP). As with SOS and SMS, this system shows
partial complexing with the host ionic liquid (1-butyl-3-methylimidazolium
tetrafluoroborate; BMI BF4).19 Physical ionogels demonstrate disadvantages in
terms of their thermal stability as the polymer scaffold is non-covalently bonded,
which also yields an ionogel that is not as mechanically robust (<100 kPa)
compared a chemical gel network.
Chemical ionogels have become the focal point of research for flexible,
highly conductive electrolytes in most recent years. Various investigations have
focused on the cross-linking of a multi-functional (i.e. more than one polymerizable
group) monomer or a mono-functional monomer combined with a cross-linker.17
Polymer networks that have been studied in the past consist of poly(methyl
methacrylate) (PMMA),20 poly(ethylene oxide) (PEO),21 and poly(ethylene glycol)
diacrylate (PEGDA).22 The majority of publications have primarily focused on
understanding viscoelastic properties and glass transition temperatures (Tg) of the
resultant ionogel composites in order to develop a more amorphous composite
suitable for efficient ion transport.23
Solvate ionic liquids are a more recent class of electrolytes for lithium-ion
batteries in its infancy stages. Only in the past few years have investigations been
conducted on developing solid – state SIL composites. Watanabe et al. fabricated a
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physical gel network consisting of [Li(G4)][TFSI] and the ABA triblock copolymer
SMS consisting of styrene and methyl methacrylate repeat units that form physical
cross-links and ion-conduction pathways, respectively.24 This physical solvate
ionogel demonstrated a room-temperature ionic conductivity of about 0.8 mS/cm
and a lithium-ion transference number, tLi+, of 0.52. Recently in 2014, Zhang et al.
investigated the stability of [Li(G4)][TFSI] in three viscous polymer systems of
PMMA, poly(butyl acrylate) (PBA), and PEO which determined that PEO
experiences ligand-exchange with Li(G4)+ that disrupts the SIL complex, whereas
PMMA and PBA maintained a stable and low-volatility SIL.25 However, these
systems were not in a solid-state, gel composite (only high Mw polymers) and
demonstrated a maximum lithium–ion transference number of 0.50 with an ionic
conductivity of about 1 mS/cm.
1.6. Dissertation Outline
Few publications have discussed the chemical and physical interactions
between the polymer scaffold and the ionic liquid species. Most investigations only
consider the physical effects of the polymer – such as an increase in viscosity – that
contribute to the ionic motion and conductivity of the ionogel. This investigation
poses the hypothesis that the functional groups on a polymer’s backbone have an
effect on the ion motion, local coordination of IL species, and mechanical
properties (i.e. elasticity). Chapter 3 describes the investigation of the
electrochemical effects of chemical functional groups on methacrylate-based
polymers. The ion diffusivity and ionicity, or fraction of free ions that can
contribute to ionic conductivity, are measured and correlated to the varying
17

functionality of the polymer networks. Ionic liquid species are constantly forming
pairs and dissociating into free species on a time scale of 10-9 s.42 We hypothesize
that the equilibrium of ion dissociation can be tilted in the favor or forming free
ions with the addition of chemical functionalities on the polymer scaffold that either
attract or repel ionic liquid species. Chapter 4 aims to probe the effects of a
zwitterionic polymer network on a hydrophobic IL doped with Li salt. Chapters 5
and 6 investigate the interactions of a chemically-tuned polymer scaffold with
ethylene oxide (-CH2-CH2-O-) and zwitterionic groups, respectively. A recurring
theme of this dissertation is the change in electrochemical and mechanical
properties of ionogels via tuning the chemical nature of the polymer network. This
work aims to gain insight into the optimal polymer functional group – ionic liquid
pairing that can facilitate the further advancement of highly conductive and tunable
ionogel electrolytes for next generation energy storage applications.
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Chapter 2: Experimental Methodology and
Characterization

2.1. Ionogel Synthesis
The ionogel composites fabricated in this work are realized via in-situ freeradical polymerization. The ‘in-situ’ process in this context is defined as
polymerizing the precursor components in the presence of the ionic liquid,
compared to an ‘ex-situ’ approach of synthesizing a polymer membrane in a
different solvent then soaking in the ionic liquid. The precursor reagents (i.e.
monomers, ionic liquid, and UV-initiator) were handled according to each
respective investigation (see corresponding Chapters). Generally speaking, the
reagents are stored in a nitrogen-filled glove box until time of use. For more
hydrophilic reagents (i.e. zwitterions and solvate ionic liquids), reagents are stored
at 70 ºC in vacuo under dry conditions until time of use where precursor solutions
are weighed in a vial under a fume hood then immediately placed in a nitrogenfilled glove box (O2 < 1 ppm) for mixing and UV curing.
A typical synthesis consists of formulating a precursor solution of a
predefined amount of monomer, ionic liquid, and UV initiator (2-hydroxy-2methylpropiophenone, HOMPP) on a 2 wt.% basis (total precursor solution or
monomer basis, depending on investigation). The precursor solution is then stirred
via a magnetic stirrer for up to 1 hour or until the monomer is visibly dissolved in
the ionic liquid. The ionogels are fabricated by then injecting the solution into a
23

mold (depending on the type of analysis that is to be performed) which is then
exposed to longwave UV irradiation at 365 nm (Spectronic Corp., 8W) for 10 mins.
The ionogels are then stored in a nitrogen-filled glove box to prevent exposure to
moisture until time of use. An ionogel is confirmed to be a solid-state composite
when it is fabricated inside of a glass vial and does not move when the vial is flipped
upside down for an extended period of time, i.e. under its own weight.

2.2. Chemical Characterization
Ionogels and precursor solutions were subjected to various chemical
characterization techniques in order to confirm polymerization, verify structural
arrangements, measure thermal stability of the electrolytes, and probe the
crystallinity of the samples.

2.2.1. Thermogravimetric Analysis (TGA)
Thermal stability is a critical factor for electrolytes in terms of the volatility
and chemical decomposition of the composite. The measurement records the
gravimetric weight loss of the sample as a heating rate is applied. Conclusions can
be made from the plot in terms of correlating the weight loss at specific
temperatures to components of the ionogel (i.e. the polymer scaffold). As seen in
Figure 2.1, the instrument consists of a platinum sample pan that is loaded with the
sample (typically ~5-7 mg) and is then suspended onto a weighing hook and
lowered into the furnace. The instrument is sealed closed and N2 gas is flowed over
the sample at 50 mL/min during the test. An example of a TGA plot is displayed in
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Figure 2.2a demonstrating the decomposition of a solvate ionic liquid electrolyte
that shows the various component breakdowns. The initial marginal loss in weight
content is contributed to volatile components (i.e. unreacted monomer and
impurities) and water occurring below 100 ºC. Typically, a change in slope
indicates the degradation of a different chemical component, as shown in Figure
2.2a. As one might expect, the heating rate of this test can yield varying
temperatures of decomposition. Hence, isothermal tests that measured weight loss
over a duration of time were used to verify the stability of the composite at a
temperature of interest, as shown in Figure 2.2b.

2.2.2. Differential Scanning Calorimetry (DSC)
DSC is a complementary technique for thermal analysis of the ionogel
composite as well as the neat ionic liquid and neat polymer. This technique
measures the endothermic and exothermic heat flow from the sample as a function
of temperature, relative to an empty pan. The presence of a change in slope of heat
flow, an endothermic peak, or an exothermic peak may indicate a glass transition
temperature (Tg), melting point (Tm), or crystallization point (Tc), respectively. This
work employed DSC characterization to compare shifting in the glass transition
temperature of the ionogel composite as well as differences in melting and
crystallization peaks. Ionic liquids exhibit a crystalline nature due to the Coulombic
attractions between ions and a glass transition temperature is typically observed in
these samples below room temperature.1 Ionic liquids containing a Li-based salt
exhibit distinct Li-ionic liquid phases that possess an endothermic heat flow peak
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in the DSC test responsible for the Li-X- (X=anion) phase.2 This phase is indicative
of the molecular arrangement of Li-ions in the ionic liquid, which can yield
interesting insight into the Li-ion mobility and ion coordination. This work utilized
an experimental procedure of: (1) heating the sample to 110 ºC to burn off volatiles,
(2) cool at 10 ºC/min to -80 ºC to prevent crystallization in order to better observe
the Tg, and (3) heating at 10 ºC/min to 200 ºC, in which step (3) is what is presented
in this work. Sample masses were in the range of 1-3 mg, in which the heat flow is
normalized by the mass of the sample.
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Figure 2.1. Photograph of the experimental setup for the TA Instruments Q500
Thermogravimetric Analyzer. Reproduced from Horowitz.3
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Figure 2.2. (a) A representative TGA trace of neat solvate ionic liquid
demonstrating the weight loss of various components in the system. (b) An isotemp
TGA trace at 80 ºC of neat solvate ionic liquid over a 3-hour duration.
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2.2.3. FTIR and Raman Spectroscopy
Fourier-transform

infrared

(FTIR)

and

Raman

spectroscopy

are

characterization tools that record the absorption of a monochromatic light source
by the sample that varies its wavelength. Specific bonds and functional groups have
distinctive wavelengths that they absorb light via rotational-vibrational modes.
Shifting in the wavenumber of a signal may reveal a stronger or weaker interaction
within a coordinated bond, which was investigated for ion interactions. FTIR was
also employed to confirm reaction of the polymerizable groups of the monomer
(i.e. acrylate and vinyl groups) by verifying disappearance of these signals in the
ionogel sample. Raman spectroscopy of samples containing the TFSI- species
probed the C-F bond that reveals the degree of coordination of TFSI- and positivelycharged species in the system. For solvate ionic liquid-based samples, Raman
spectroscopy was implemented to confirm the stability of the [Li(G4)]+
coordination complex in order to confirm minimal free tetraglyme was in the
system that would be a volatile component.

2.3. Nuclear Magnetic Resonance (NMR) Spectroscopy
2.3.1. Local Chemical Environment
NMR spectroscopy is a powerful tool to measure the chemical environment
of the observed nucleus. In this work, the following nuclei were observed: 1H, 19F,
and 7Li, in order to probe the cation, anion, and Li-ion, respectively. The chemical
shift (d) of a species reveals its degree of coordination in terms of a change in the
electron density of its local environment. Generally speaking, an upward chemical
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shift corresponds to a decrease in electron density surrounding the observed
species, indicative of a weaker coordination, and vice versa. A reference standard
with a known chemical shift is used in this test in order to normalize all of the
samples. A LiCl (aq.) solution was used as the reference for the 7Li nucleus while
LiTFSI (aq.) was used for observing the 19F nucleus.

2.3.2. Pulsed-Field Gradient Spin-Echo (PGSE) Diffusion Spectroscopy
PGSE diffusion spectroscopy is a 2D NMR technique that allows for the
calculation of the self-diffusion coefficient (D) of an observed species (in this case,
1

H, 7Li and
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F). This method is implemented to empirically determine the ion

diffusivity of mobile species in the ionogel composites. PGSE measurements are
performed using a Bruker AVANCE III 500 MHz NMR spectrometer. Sample
preparation consisted of a coaxial insert design. The precursor solution was injected
into a glass capillary tube (1.4 mm outer diameter) and either gelled via UV
exposure or kept as a solution depending on the investigation. The capillary tube
was sealed via Critoseal sealant and inserted into an NMR tube (borosilicate, 5 mm
diameter) with the locking solvent (i.e. deuterated water, D2O).
Figure 2.3 demonstrates the Hahn spin-echo pulse sequence carried out in
this investigation. This is a rectangular pulse sequence with two consecutive pulses
of gradient strength, g, with time duration of d occurring at a time interval of ∆ from
one another. In this work, the values ∆ and d were set in the range of 100-200 ms
and 1-10 ms, respectively. Briefly, the gradient strength of the magnetic field is
varied which in turn affects the measured intensity of the 1D NMR spectrum of the
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observed species (see Figure 2.4). The signal attenuation, E, is defined as the ratio
of the initial and final peak intensities of the 1D NMR spectra. In order to perform
the PGSE sequence, one must optimize the values of ∆ and d that yields an E of at
least ~90%. The following equation is implemented to derive the self-diffusion
coefficient, D, of the observed species exhibiting a gyromagnetic ratio of g:
d

ln(𝐸 ) = −𝐷 ∗ g. d. 𝑔. <D − =>
1

(Eq. 2.1)

H PGSE experiments were performed to measure the ion diffusivity of cation

species (i.e. EMI+), 7Li was utilized for measuring the Li+ diffusivity, and 19F was
utilized for measuring the anion diffusivity (i.e. TFSI-). The PGSE method was
calibrated by measuring the known diffusivity of H2O. For Li-based electrolytes,
a key parameter is the mobility of Li-ion relative to all other mobile species in the
system. The Li-ion transport number, 𝑡#$ % , is a commonly used parameter solved
by the following equation:
?

𝑡#$ % = ∑ @A?
A

(Eq. 2.2)

A

where Di is the self-diffusivity of species i calculated via PGSE NMR
spectroscopy. This investigation aims to tune a polymer network in order to
optimize 𝑡#$ % which is a value close to unity.
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Figure 2.3. Schematic representation of a PGSE sequence implemented in this
investigation. This is demonstrating a Hahn spin-echo sequence with a rectangular
gradient pulse. The magnitude of the gradient pulse is labelled as g. The duration
between each pulse is labelled as ∆ and the duration of an individual gradient pulse
is d. The applied gradient is performed along the z-axis of the sample. Reproduced
from Hayamizu et al.4
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Figure 2.4. Representative NMR spectra of a sample with varying gradient strength
(g) from o to 0.45 T/m. As the gradient strength is increased, the attenuation (E),
the change in peak intensity, decreases due to the movement of the observed species
under a stronger magnetic field. Reproduced from Price.5
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2.4. Mechanical Characterization
2.4.1. Compressive Testing
The mechanical properties of ionogel composites are recorded using a
dynamic mechanical analyzer (DMA). Compressive modulus (i.e. elastic modulus)
measurements are performed in free-extension mode on a RSA3 DMA at room
temperature up to a maximum strain of 10% at a rate of 0.01 mm/s. The samples
are fabricated in a cylindrical geometry of a diameter:thickness ratio of 2:1
(6.35:3.16 mm). The compressive test is performed with a top and bottom stainless
steel plate in a parallel configuration, as shown in Figure 2.5. The resultant data
from this test appears as a stress-strain plot (see Figure 2.6) and the elastic modulus
(E) is calculated from the slope from 0-10% strain.
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Figure 2.5. Compressive mechanical testing of an ionogel with a bottom and top
plate compressing at a rate of 0.01 mm/s. The ionogel composite has a
diameter:thickness of 6.35 mm:3.16 mm
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Figure 2.6. A stress-strain plot acquired via compressive testing of representative
methacrylate-based ionogels (see Chapter 3) demonstrating a linear slope up to
10% strain. The elastic modulus (E) is calculated from this slope.
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2.4.2. Tensile Testing
Tensile modulus (i.e. Young’s Modulus) is a property that defines the
material’s ability to withstand a constant tensional force until physical failure. This
material property is important when discussing the potential of ionogel electrolytes
for wearable electronics and flexible devices. The sample specimens implemented
for this test are of the dimensions 10 mm width x 40 mm length x ~0.8 mm thickness
(as shown in Figure 2.7). The specimen is being strained at a rate of 0.1 mm/s until
it yields and begins to fail. The stress-strain plot (see Figure 2.8) displays a linear
region (where the slope is the Young’s modulus), a plastic deformation region
(where the maximum stress is called the ultimate tensile stress), and a break
strength which is the point when the specimen ruptures.
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Figure 2.7. Tensile mechanical setup of an ionogel with forceps that hold onto the
specimen and the top plate is moving upwards at a rate of 0.1 mm/s. The specimen
size is 10 mm wide x 40 mm long x ~0.8 mm thick.
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Figure 2.8. A tensile stress-strain plot of a representative solvate ionogel (see
Chapter 6) that is pictured in Figure 2.7. The slope of the linear (elastic) region is
equivalent to the Young’s Modulus.
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2.5. Electrical Characterization
2.5.1. AC Impedance Spectroscopy
The ionic conductivity of a given sample is a vital parameter for
electrolytes incorporated into energy storage devices. Ionic conductivity captures
the mobility (i.e. ion diffusivity) of the conductive species in the system. This
technique is performed by applying an AC signal (10 mV amplitude) to the sample
over a range of frequencies (typically 0.1 Hz to 106 Hz). A typical setup consists of
an electrolyte (i.e. ionogel) and two conductive electrodes (i.e. gold probes or
indium tin-oxide). One must determine the setup resistance to be subtracted from
the measured resistance of the tested sample. Figure 2.9a displays a representative
impedance spectra that exhibits a plateau region at high frequency (> 103 Hz) and
a capacitive region (< 102 Hz). The value of the complex impedance Z is calculated
by the following equation:
𝑍 = 𝑍4D + 𝑗𝑍GH

(Eq. 2.3)

where ZRe and ZIm are the real and imaginary components of the measured
impedance, respectively. The real component of impedance captures the resistance
through the circuit whereas the imaginary (or reactance) that corresponds to the
inductance or capacitance taking place in the system. At high frequencies, the ions
in the system are not given ample time to form a capacitive double-layer on the
electrode surface (i.e. ZIm » 0) which simplifies to |Z| = ZRe and is seen on Figure
2.9b as the x-intercept.6 Subsequently, the ionic conductivity (s) can now be
calculated by taking into account the geometrical factor of the thickness between
electrodes (t) and the cross-sectional area of the electrode and the sample (AC):
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Figure 2.9. (a) An impedance spectrum of a representative ionogel setup with goldcoated as the electrodes (see Chapter 4.4). The |Z| parameter is plotted against the
frequency of the AC signal (10 mV RMS). (b) A Nyquist plot of the spectra from
(a) demonstrating the ZRe value when ZIm is equal to 0, i.e. a completely resistive
response is present at 105 Hz.
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𝜎=K

J

(Eq. 2.4)

L ∗MNO

This equation only stands valid for parallel plate configurations, while other
geometrical setups require a calibration plot that uses multiple well-known
electrolytes to determine the geometrical factor (i.e. t/AC) for a new setup.
Temperature-dependent ionic conductivity measurements are recorded on a
Linkam Scientific Instruments LTS 420 platinum temperature-controlled
microscopy stage. Ionogel samples are placed on a thermally conductive
molybdenum plate for efficient heat transfer. The ionogels were probed with two
metal needles that were connected to a potentiostat for AC impedance
measurements. The stage was cooled with liquid nitrogen and the sample chamber
was continuously purged with gaseous nitrogen to prevent exposure to ambient
conditions. The temperature range of measuring conductivity of samples was from
room temperature to 100 ºC, in most cases. A resting period of 15 min was taken
to ensure thermal equilibration after each step change in temperature. A geometrical
factor for each ionogel placed in the Linkam setup was determined by relating the
ZRe of the same sample in a known geometry (i.e. parallel-facing electrodes) with
the ZRe of the ionogel in the Linkam setup. The activation energy of ionic
conductivity was calculated by:
U

σ = σQ 𝑒𝑥𝑝 <− 4WV >

(Eq. 2.5)

where σQ is the pre-exponential factor, R is the gas constant, T is temperature in K,
and EA is the activation energy of ionic conductivity (derived from the Arrhenius
plot). The activation energy captures the transport mode of ions through the system.
It signifies the energetic barrier required to move an ionic species in the ionogel.
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As Chapter 3 and 4 will discuss in detail, the activation energy can offer insight
into the interaction of ions in the system and the ease of motion under an applied
voltage.

2.5.2. Cyclic and Linear Sweep Voltammetry
Cyclic voltammetry (CV) is a tool most commonly employed for
supercapacitor electrolytes. CV scans a set voltage range at a sweep rate (dV/dt)
and measures the current response of the electrolyte (Figure 2.9). For an ideal
capacitor of a known capacitance (C), the voltammogram should obey the
following equation:
𝑖 = 𝐶 ∗ 𝑑𝑉/𝑑𝑡

(Eq. 2.6)

where i is the current response. According to this equation, the current response at
a set dV/dt sweep rate would yield a rectangular shape. The slight deviation of the
shape (Figure 2.10) for ionic liquid electrolytes is indicative of the relatively high
ZRe of the sample. The capacitance of the sample can be estimated by selecting the
current at the midpoint of the scan (i.e. 0 V) and to then divide this current by the
sweep rate. As seen in Figure 2.10, the CV scan begins to form a ‘sawtooth’ shape
at the highest and lowest voltages. This behavior is indicative of chemical redox
reactions taking place in the electrolyte, which signifies the electrochemical
stability window (ESW) has been surpassed for this given electrolyte. The ESW is
a critical parameter for supercapacitor electrolytes as it dictates a stable operating
voltage that can be reached in a device, which affects the energy and power
densities (see Equations 1.1 and 1.2). It should be noted that the CV measurements
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in this investigation are performed as a two-electrode test with no reference
electrode, which means that the ESW is the potential difference between electrodes
in the supercapacitor device in a relative context.
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Figure 2.10. Cyclic voltammograms of EMI FAP at a scan rate of 1 V/s measured
in a setup of ITO|electrolyte|ITO. A rectangular shape is observed that is indicative
of the electrical double-layer formation of a supercapacitor. The electrochemical
stability window (ESW) of this electrolyte is ~5 V. Redox reactions are taking place
at -2.7 V and 2.7 V that causes a ‘sawtooth’ effect which morphs the rectangular
shape of the CV.
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Linear sweep voltammetry (LSV) is a technique typically implemented in
secondary batteries that includes a reference electrode (in this case Li metal). This
tool is employed to, as with supercapacitors, measure the stability window of the
electrolyte. The stability of the electrolyte is measured by its tendency to undergo
redox reactions relative to the reduction-oxidation reaction of Li/Li+ (i.e. the
reference electrode). A standard setup for LSV is Li metal|electrolyte|stainless steel,
in which Li metal is the reference/counter electrode and stainless steel is the
working electrode. Typically, a non-reactive electrode is employed as the working
electrode, for example, copper, stainless steel, or aluminum. As in CV, the test is
performed at a predefined sweep rate (dV/dt) and measures the current density that
originates from undesired redox reactions (see Figure 2.11). The anodic stability
is defined as the stability of the electrolyte at the highest voltage (vs. Li/Li+) before
the electrolyte species begin to redox. The anodic stability dictates the maximum
voltage the electrolyte can be charged and discharged at in a Li metal battery (i.e.
Li metal as the reference). The cathodic stability is defined as the stability of the
electrolyte towards 0 V vs. Li/Li+. It is critical for the electrolyte to remain stable
during the stripping/plating reactions of Li/Li+ that occurs near 0 V, in order to
prevent undesired side reactions and a loss of electrolyte and efficiency. An
appearance of current before 0 V in this region can be indicative of a passivation
layer being formed on the Li metal that should disappear after a few cycles.
Cathodic cycling scans from -0.5 to 1 V vs. Li/Li+ are performed to monitor this
phenomenon.
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Figure 2.11. Linear sweep voltammetry (LSV) scans performed at a sweep rate of
0.1 V/s in a Li|electrolyte|stainless steel cell.
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2.5.3. Li-ion Transference Number Tests
An important property of Li-doped electrolytes is the fraction of current that
is attributed to the movement of Li-ions relative to all other mobile species in the
system. Furthermore, ionic liquid electrolytes possess a high concentration of ions
that promotes ion aggregates (or clusters) which reduces the iconicity, i.e. the
fraction of free ions capable of contributing to the ionic conductivity.7 Evans et al.
demonstrated an accurate method of evaluating the fraction of current carried by
Li+ in polymer-based electrolytes.8 The method consists of applying a relatively
small step change in potential (DV = 10 – 80 mV) to a symmetrical Li|electrolyte|Li
cell. The current response is measured as a function of elapsed time until a steadystate current (Iss) is achieved (see Figure 2.12). The initial current (I0) of the test is
attributed to all mobile species in the system, whereas the steady-state current is
only due to the active species in the system (in this case Li+). AC impedance is
performed before and after the polarization in order to measure the interface
resistance (Ri) and account for any differences that occur during the test. Evans et
[
al. formulated an equation to calculate the Li-ion transference number, 𝑡#$
%:
G (∆1^G_ 4_ )

[
\\
𝑡#$
% =
G (∆1^G
_

\\ 4\\ )

(Eq. 2.7)

where R0 and Rss are the interface resistances from the Nyquist plot before and after
the polarization, respectively.

2.5.4. Li Symmetrical Strip-Plate Tests
For Li metal battery applications, the stripping and plating of Li at the anode
is problematic for realizing safe and stable battery devices. The inhomogeneous
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deposition of Li metal promotes Li dendrites, or mossy structures, that eventually
puncture the separator and cause the battery to short-circuit.9 This process causes
undesired side reactions as fresh Li metal is continuously exposed to the electrolyte,
which reduces the Coulombic efficiency.10 Possible routes of addressing the
dendrite issue within LMBs include: optimizing ionic conductivity and Li+
transference number, chemical modification of the Li|electrolyte interface, or
utilizing a robust solid-state electrolyte to mechanically prevent dendrite formation.
The Li strip-plate test is a tool that can detect and monitor dendrite growth. The
setup consists of a Li|electrolyte|Li cell that is charged and discharged at a specified
current density in the range of 0.1 – 10 mA/cm2 for a set duration of time (see
Figure 2.13). The Li|Li cell shuttles Li+ back and forth while stripping and plating
onto each electrode. The test measures the potential that is reached during each
cycle that is indicative of the interface resistance at each Li electrode. The interface
resistance can increase as dendrites are formed and undesired side reactions create
non-conducting by-products on the electrode’s surface. The shape and stability of
the voltage profile is an indicator of the tendency of the cell to develop Li dendrites.
If a short-circuit occurs, the voltage profile will then approach zero, according to
Ohm’s law. Investigation of the Li metal electrodes via microscopy is valuable in
observing dendrite growth on the surface post-mortem.
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Figure 2.12. Chronoamperometry test of 1M LiTFSI-EMI TFSI electrolyte in a Li
symmetrical cell at an applied potential of 80 mV. The current at t=0 hr consists of
current from all mobile species in the system (i.e. Li+, EMI+, and TFSI-); the current
at t=5 hr is due to only the active species in the system (i.e. Li+).
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Figure 2.13. Li strip-plate cycling at various current densities (red line) as the
potential is measured (black line) for a Li|LLZO|Li cell. Reproduced from Sharafi
et al.11
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2.5.5. Galvanostatic Charge-Discharge (GCD) Tests
Galvanostatic charge-discharge (GCD) testing provides the most applicable
device characterization technique for energy storage devices. This test is performed
in a half-cell or full-cell setup, depending on the focus of the investigation. For halfcell testing, the counter/reference electrode is commonly Li metal or an electrode
with a well-established reduction-oxidation potential (i.e. silver, gold, or zinc). The
working electrode in the half-cell can either be a cathodic or anodic material. The
most commonly used cathodes are metal oxide-based materials such as lithium
manganese oxide (LiMn2O4), lithium cobalt oxide (LiCoO2, LCO), and lithium
nickel-cobalt-manganese oxide (LiNixCoyMnzO2, NCM; x:y:z are 5:2:3 in this
study). NCM is implemented in this investigation due to its high voltage operation
(4 V vs. Li/Li+) that holds promise for electric vehicle applications where energy
density is an obstacle for widespread commercialization.12 Anodic materials
implemented in half-cell setups include graphitic carbon, mesocarbon microbeads
(MCMBs), or lithium titanate (LiTi5O12). In this study, graphitic carbon is chosen
as it is a well-studied anode material with high compatibility with commercial
electrolytes and ionic liquids. Full-cell setups consist of removing the Li metal
reference electrode and utilizing an anode|electrolyte|cathode setup that mimics
commercially available batteries. Due to the length of time required for chargedischarge testing, a full-cell setup is implemented to remove the concern of Li metal
reactivity with the electrolyte. This work uses a full-cell setup of graphitic
carbon|electrolyte|NCM.
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Galvanostatic charge-discharge testing consists of applying a constant
current for charging and discharging with predetermined cut-off voltages to prevent
electrolyte breakdown. The Coulombic efficiency (CE), the ratio of the discharge
capacity to charge capacity, is an indicator of the occurrence of undesired side
reactions or electrolyte breakdown. The C-rate, or the amount of time it takes to
fully charge and discharge the device, is an important parameter for applicable
testing. A standard cycling rate is a C/10 or C/20 rate, which signifies a 10-hour or
20-hour charge and discharge test, respectively. A C/10 C-rate is used as a
preconditioning cycle to ‘break-in’ the electrolyte and the electrodes before cycling
and performance testing. As the C-rate is pushed to faster conditions, it puts a
higher strain on the intercalation dynamics of the active ions in the system in
addition to producing a higher ohmic resistance. Rate capability tests were
performed in this investigation (see Figure 2.14) to measure the performance of the
electrolyte at high discharge rates (i.e. 2C, 30-min charge/discharge), which holds
importance for applications such as quick charging of electric vehicles and high
performing computers.13 The cycling performance of rechargeable devices yields
insight into the electrolyte robustness and reversibility of the intercalation
phenomena occurring in the anode and cathode. As shown in Figure 2.15, the
cycling data of a solvate ionogel system is represented by plotting the charge and
discharge capacities vs. cycle number while demonstrating the CE of each cycle on
the secondary y-axis. This plot is critical in gaining understanding of the long-term
stability of a battery system at a specific C-rate.
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Figure 2.14. A GCD plot of a 1 M LiTFSI-BMP TFSI ionogel (see Chapter 4) in
a graphite|NCM cell at a C/10 and 1C charge/discharge rate. The theoretical
capacity of the full cell is estimated to be 155 mAh g-1. The graphite anode capacity
is 1.98 mAh cm-2 and the NCM cathode is 1.75 mAh cm-2.
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Figure 2.15. GCD measurements of a representative physically cross-linked
solvate ionogel in a Li|LiCoO2 cell demonstrating the capacity and CE as a function
of cycle number. Reproduced from Kawazoe et al.14
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Chapter 3: Tuning Chemical Functionality Within
Gel Electrolytes Containing a Hydrophobic Ionic
Liquid
This Chapter is reproduced with permission from the authors from the following
publication:
D'Angelo, A. J.; Grimes, J. J.; Panzer, M. J., Deciphering Physical versus Chemical
Contributions to the Ionic Conductivity of Functionalized Poly(methacrylate)Based Ionogel Electrolytes. Journal of Physical Chemistry B 2015, 119 (47),
14959-14969.

3.1. Introduction
Electrochemical energy storage via batteries, fuel cells, and supercapacitors
is critical to realizing the efficient transport and utilization of electrical energy.
Supercapacitors in particular have become a focal point of several recent
investigations because of their ability to exploit the strengths of both batteries and
traditional capacitors, demonstrating substantial energy and power densities.1 The
advantages of shorter charging times, high current delivery ratings, low impedance,
and extended lifetimes are driving their application to areas of electric vehicles,2
regenerative braking,1 portable devices,3 wearable electronics,4 and photovoltaic
systems.5 In general, electrochemical energy storage devices consist of two
electrodes separated by an ion-conducting electrolyte. Conventional electrolytes
consist of aqueous- or organic solvent-based salt solutions that can exhibit ionic
conductivity values in the range of 100-1000 mS/cm.1,6 While featuring large ionic
59

conductivities, these electrolytes may also present safety concerns due to both their
liquid nature (electrolyte leakage), as well as solvent volatility (and flammability
in the case of organics), both of which necessitate a tightly-sealed casing for the
energy storage device.
Immobilizing a liquid electrolyte in a polymer network is recognized as one
of the most promising options for developing all solid-state, flexible energy storage
devices. By removing the potential leakage liability of a liquid electrolyte,
lightweight and flexible batteries and supercapacitors have now become possible.79

Although this strategy enables leak-proof electrolytes to be realized, one still

needs to contend with the volatility of the solvent. Solid polymer electrolytes
(SPEs) were proposed to replace conventional electrolyte solutions by dissolving
inorganic salts directly in a polymer framework.7,10-11 While SPEs may lack
volatility, ionic conductivities in these materials (e.g. LiClO4 in poly(ethylene
oxide)) are generally rather low at room temperature.11-13
Ionic liquids (ILs), or room temperature molten salts, have been attracting
a growing interest in recent years as potential replacements for traditional
electrolytes due to their unique chemical and physical properties, including:
negligible vapor pressure, nonflammability, high electrochemical stability, and
moderate room temperature ionic conductivity (~10 mS/cm).9,14-15 ILs possess
ionic conductivities superior to conventional lithium-based SPEs because of their
good ionic diffusivities and high ionic concentrations, making them ideal
candidates for electrolytes in batteries and supercapacitors.8-9,16 Immobilizing an IL
within a polymeric network, to form a solid composite electrolyte material termed
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an ionogel (or ion gel), has already proven to open up a myriad of application
possibilities for the next generation of electrochemical energy storage devices.7,9,1718

Retaining the ionic conductivity of the neat IL in the presence of a gel framework,

however, still remains a challenge.
A deeper understanding of the detailed interactions between an IL and the
supporting polymer scaffold is desirable in order to facilitate optimization of the
ionogel design. Several factors may be expected to contribute to interactions
between the IL and the polymer scaffold, including ‘chemical’ considerations such
as

miscibility,19-20

ion-dipole

interactions,21-24

and

ion-ion

Coulombic

interactions,25-27 as well as ‘physical’ contributions such as steric hindrance or
effective viscosity,18,20,28 to name a few. In this investigation, IL motion within the
polymer scaffold is examined in an attempt to isolate the relative roles of physical
and chemical interactions between the IL and the polymer network in several novel
ionogel electrolytes. In order to achieve this, three different methacrylate-based
polymer scaffolds featuring distinct chemical functional groups have been
synthesized

in

situ

within

the

same

IL,

1-ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide (EMI TFSI). Various polymers have been
previously investigated to immobilize ILs; poly(ethylene oxide) (PEO),13,29-31
poly(methyl methacrylate) (PMMA),20,32 and poly(vinylidene fluoride-cohexafluoropropylene) (PVdF-HFP)33-34

have been the most prevalent for

applications such as fuel cells, lithium ion batteries, supercapacitors, and thin-film
transistors.
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While several studies have investigated the consequences of IL selection for
a specific polymer network, few have examined different polymer frameworks with
varying functional groups in order to determine the influence of the polymer
scaffold selection on the electrochemical and mechanical properties of the resulting
ionogels. Previously, others have mainly focused on the relationship between ionic
conductivity and the glass transition temperature (Tg) of the ionogel electrolyte as
a function of polymer content.20,29,32-33 Here, we have selected cross-linked PMMA
as the baseline polymer scaffold due to its facile synthesis via UV-initiated free
radical polymerization, a high compatibility with several ILs of relevance to
electrochemical energy storage, and the commercial availability of several
methacrylate monomers bearing different chemical functional groups. In this work,
we tested the hypothesis that modified PMMA-like electrolytes incorporating
comparatively more electronegative functional groups (vs. methyl; i.e. 2,2,2trifluoroethyl or 2-dimethylaminoethyl) on the poly(methacrylate) backbone would
lead to greater ionic conductivity of the ionogel electrolytes. Additions of 2,2,2trifluoroethyl- or 2-dimethylaminoethyl- groups within polymer scaffolds have
been previously used to leverage their dipolar interactions with surrounding
species, yielding advantages for water filtration35 and antibacterial36 applications.
It is now well-established within the research community that ILs are only
partially dissociated into ‘free’ ions at ambient temperature, and the steady-state
fraction of neutral ion pairs can be significant.37-39 The addition of electronegative
functional groups in this work was expected to have the potential to leverage iondipole interactions and promote enhanced dissociation of ion pairs within the
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ionogel. Figure 3.1 displays the molecular structures of the three monomers
employed in this study to fabricate ionogel scaffolds, along with those of the
tetrafunctional cross-linker and the IL, EMI TFSI. The monomers contained
methyl- (Fig. 3.1a), 2-dimethylaminoethyl- (Fig. 3.1b), or 2,2,2-trifluoroethyl(Fig. 3.1c) functional groups on a common methacrylate building block. As
described below, a combination of mechanical, electrical, and diffusional
characterization has yielded new insights into the nature of ionic transport within
the ionogel matrix for different IL-scaffold pairings across a wide range of polymer
contents. These findings are expected to aid in the future design and optimization
of high performance polymer-supported ionogel electrolytes for emerging
electrochemical energy storage applications.
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Figure 3.1.
Molecular
structures of ionogel components: (a) methyl methacrylate
O
O O
F 3C S N S CF 3

CF 3

CH

3
(MMA) monomer,
O
O(b) 2-dimethylaminoethyl methacrylate (DMAEMA) monomer,

O
O methacrylate (TFEMA) monomer, (d) pentaerythritol
(c) 2,2,2-trifluoroethyl
F 3C S N S CF 3

tetraacrylate O
(PETA-4)
cross-linker, and (e) 1-ethyl-3-methylimidazolium
O
bis(trifluoromethanesulfonyl)imide (EMI TFSI) ionic liquid.
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3.2. Experimental Materials and Methods
3.2.1. Materials
All materials were used as received and stored in ambient conditions unless
stated

otherwise.

The

ionic

liquid,

1-ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide (EMI TFSI), was purchased from EMD
Chemicals, Inc. and was stored in a nitrogen-filled glove box until time of use to
prevent moisture absorption. All polymer scaffold precursors, which consisted of
methyl methacrylate (MMA), 2-dimethylaminoethyl methacrylate (DMAEMA),
2,2,2-trifluoroethyl methacrylate (TFEMA), and cross-linker pentaerythritol
tetraacrylate (PETA-4), were purchased from Sigma Aldrich and stored in the dark
prior to use. The photoinitiator, 2-hydroxy-2-methylpropiophenone (HOMPP), was
also purchased from Sigma Aldrich and stored in the dark prior to use.

3.2.2. Ionogel Synthesis
Ionogel fabrication began by preparing an ionogel precursor solution in
which EMI TFSI, HOMPP, PETA-4, and one of the methacrylate monomers
(MMA, DMAEMA, or TFEMA) were combined in a small vial; the amount of each
component was gravimetrically measured using a digital balance. It should be noted
that all ionogels were fabricated using a consistent stoichiometric ratio of
methacrylate monomer to PETA-4 (cross-linker) equal to 10:1 (molar basis).
Ionogels were prepared by varying the mole fraction of the methacrylate monomer
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within the precursor solution. Each precursor solution contained approximately 2
wt.% HOMPP. The precursor solution vial contents were mixed using a benchtop
vortex mixer for 1 minute. All solutions were visibly determined to be well-mixed
and homogeneous. Subsequently, a small amount of precursor solution was injected
into a poly(tetrafluoroethylene) (PTFE) washer mold (outer diameter 13.2 mm,
inner diameter 6.35 mm, thickness 1.58 mm) used as a spacer between two parallelfacing indium tin oxide (ITO)-coated glass slides (Thin Film Devices, Inc.).
Copolymerization of the precursor solution was achieved via UV irradiation at 365
nm (Spectronic Corp., 8 W) in situ within the mold for 10 minutes. It was confirmed
that each resulting ionogel was a solid-state material that exhibited no flowing
behavior under its own weight. Fourier transform infrared (FTIR) spectroscopy was
utilized to confirm the complete reaction of the monomers/cross-linker (see
Appendix A).

3.2.3. Electrical Characterization
AC impedance spectroscopy was performed on the ITO|ionogel|ITO
structures using a VersaSTAT 3 potentiostat with a built-in frequency response
analyzer (Princeton Applied Research). All ionogel samples had a thickness of 1.58
mm and circular cross-sectional area of approximately 31.67 cm2, as defined by the
PTFE washer mold. The PTFE mold and ITO electrodes were pre-cleaned via
successive sonication steps in a solution of 2 vol.% Micro-90® in deionized water,
deionized water, acetone, and boiling isopropanol.17 Room temperature AC
impedance spectroscopy measurements were performed under ambient laboratory
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conditions over the frequency range of 1 Hz to 100 kHz using a sinusoidal voltage
amplitude of 10 mV (0 V DC offset). It should be noted that impedance spectra
collected using the parallel ITO electrode setup also included a series contact
resistance of ~79 Ohm that was subtracted from the high frequency (~100 kHz)
device impedance data in order to calculate ionogel ionic conductivity.17 Variable
temperature impedance spectroscopy measurements were performed by placing
ionogel samples (on a thin glass substrate) on top of a temperature-controlled
microscopy stage (Linkam Scientific Instruments, LTS 420) with two thin electrical
probes inserted directly into the cylindrical ionogel sample (diameter = 6.35 mm,
thickness = 3.16 mm), using a probe spacing of approximately 4 mm. A 15-minute
holding period was utilized in between each temperature to allow for thermal
equilibration of the sample. Ionic conductivity values for this setup were calculated
using a geometrical correction factor for each sample that equated the conductivity
of the ionogel at room temperature with that measured using the parallel ITO
electrodes setup described above. A best-fit line possessing a R2 value of 0.99 or
higher was used to calculate the activation energy of ionic conductivity using the
Arrhenius equation.

3.2.4. Mechanical Characterization
Mechanical characterization was performed by compression testing in freeextension mode using a dynamic mechanical analyzer (RSA3, TA Instruments).
The applied strain rate on the gel was 0.1 % per second from 0% to 15% strain.
Each ionogel sample for mechanical testing was fabricated with an approximately
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2:1 diameter: thickness ratio (6.35 mm diameter, 3.16 mm thickness) between two
glass slides using a PTFE spacer; the same precursor solution used for preparing
the electrical characterization samples was employed. After UV curing for 10
minutes, each sample was placed aside for 48 hours before testing. Elastic modulus
values were calculated as the slope of a best-fit line to the resulting stress-strain
data in the 5% - 10% strain regime (see Appendix A); all R2 values exceeded 0.99.
It was assumed that the cross-sectional area of the ionogel did not change during
compression up to 10% strain.

3.2.5. PGSE NMR Diffusion Characterization
Diffusion measurements were carried out using a Bruker AVANCE III 500
MHz nuclear magnetic resonance (NMR) spectrometer. The pulsed-field gradient
spin-echo (PGSE) method was employed to measure the self-diffusion coefficients
of the ionic liquid species in each of the ionogel samples. Apparent cation (EMI+)
and anion (TFSI-) diffusivities were measured by detection of the 1H and 19F nuclei,
respectively. A standard Bruker multinuclear broadband observe (BBO) probe of
the z-gradient was utilized, in which the inner coil was tuned to measure 19F nuclei.
Diffusion time measured by this technique is within the range of milliseconds to
seconds, yielding a molecular root mean square distance traveled of nanometers to
micrometers. The PGSE method is performed by recording 16 scans of a sample at
varying gradient strengths (g) of the applied magnetic field to achieve up to 95 %
attenuation of the signal intensity (I/I0 = 0.05). The parameters of diffusion delay
(Δ) and diffusion time (δ) were optimized for each ionogel sample, ranging between
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50-200 ms and 5-9 ms, respectively. Diffusivity (D) values were obtained by fitting
the observed attenuation of the signal intensity to Equation 1, where γ is the
gyromagnetic ratio of the observed nucleus. Sample preparation consisted of
injecting ionogel precursor solution into a glass capillary tube (inner diameter 1.5
mm) and UV curing for 10 minutes. The capillary tube was then inserted into a 5
mm inner diameter NMR tube filled with D2O as the locking solvent.
𝐼/𝐼Q = 𝑒𝑥𝑝[−γ. g . 𝐷δ. (Δ − δ/3)]

(Eq. 3.1)

3.3. Results and Discussion
3.3.1. Ionogel Mechanical Response
Obtaining mechanically robust and compliant gels is imperative to the
application of solid electrolytes, such as ionogels, for flexible devices. Furthermore,
a potential trade-off between greater elastic modulus and lower ionic conductivity
with increasing scaffold content in polymer-supported ionogels should be
considered for a given application.40 Ionogel elastic modulus is a parameter that
quantifies the stiffness of the supporting polymer matrix, in which a larger elastic
modulus generally corresponds to a matrix with a higher cross-link density per unit
volume for chemically cross-linked gels.28,41 Figure 2 displays the elastic modulus
values obtained for all ionogels investigated in this work, wherein three distinct
chemical functionalities were incorporated into the polymer scaffold by using
different methacrylate monomers (MMA, DMAEMA, or TFEMA). The x-axis of
this graph (and several later graphs, vide infra) is the molar percentage of
functionalized methacrylate monomer present in the ionogel precursor solution.
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Since each monomer contains one functional group (i.e. methyl-, 2dimethylaminoethyl-, or 2,2,2-trifluoroethyl-) per molecule, this number is
equivalent to the molar percentage of the functional group of interest in the
precursor solution.
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Figure 3.2 Elastic modulus values of TFEMA-, DMAEMA-, and MMA-based
ionogels versus the molar percentage of functionalized monomer in the precursor
solution.
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At the minimum gelation point, which occurs for approximately 18-20
mol% functionalized monomer loading, the elastic modulus values of all three
ionogel types were approximately 1-2 kPa, in good agreement with previous reports
of chemically cross-linked ionogels.17,20 Elastic modulus values were observed to
increase dramatically with monomer loading above the gelation point. It should be
noted that above ~45 mol% functionalized monomer, ionogels became too stiff to
perform accurate compression measurements using the instrumentation available.
Clear differences can be seen in Figure 2 between the TFEMA-/DMAEMA- and
MMA-based ionogel elastic modulus value trends. Elastic modulus values of the
TFEMA- and DMAEMA-based ionogels were consistently larger than those of the
corresponding MMA-based gels across a wide range of polymer contents. At nearly
40 mol% functional group loading, the maximum elastic modulus observed for the
MMA-based ionogel, 90 kPa, was approximately one order of magnitude lower
than the corresponding values for the TFEMA- and DMAEMA-based ionogels (>1
MPa) at this composition. Such large discrepancies in elastic modulus values
between the different ionogel types indicate clear differences in the spatial
arrangement and/or number of polymer cross-links present in the ionogel
composites. Possible reasons for a lower elastic modulus in the MMA-based
samples compared to the others may include different monomer/cross-linker
reactivity ratios or polymer-polymer interactions, such as hydrogen bonding
between PMMA chains, that could lead to a lower cross-link density in the in situformed polymer scaffold.42 The mechanical characterization results indicate that
both TFEMA- and DMAEMA-based ionogels exhibit greater tunability in their
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elastic modulus values compared to MMA-based gels. Simple variation of the mole
fraction of the TFEMA or DMAEMA monomers leads to ionogels whose elastic
modulus values are highly tunable over approximately three orders of magnitude,
making these solid electrolytes promising candidates for devices that require
different degrees of flexibility or robustness.

3.3.2. Ionic Conductivity at Room Temperature
AC impedance spectroscopy was performed at room temperature (22 °C) in
order to determine ionogel ionic conductivity values. Figure 3a shows the
calculated ionic conductivities of the TFEMA-, DMAEMA-, and MMA-based
ionogels. Near the gelation point (~18-20 mol% functionalized monomer),
TFEMA- and DMAEMA-based ionogels achieved ionic conductivity values of 7.6
mS/cm and 6.7 mS/cm, respectively. By contrast, the MMA-based ionogel
demonstrated a lower ionic conductivity of 4.1 mS/cm at its minimum gelation
point. Compared to the neat ionic liquid (EMI TFSI), whose room temperature ionic
conductivity was measured to be 10.2 mS/cm, the ionic conductivity of the lowest
polymer content TFEMA-based ionogel was nearly 75% of this value, whereas the
corresponding MMA-based ionogel exhibited a drastically reduced ionic
conductivity (only 40% of the neat IL value). Clearly, both the TFEMA- and
DMAEMA-based ionogels represent an improvement compared to MMA-based
ionogels for obtaining highly conductive solid-state electrolytes. The ionic
conductivity of the TFEMA-based ionogel at gelation point is comparable to or
better than previously-reported ionogel electrolytes at similar polymer
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contents.17,20,33,43 All three ionogel types displayed a monotonically decreasing
trend in ionic conductivity with increasing polymer content, reflective of both a
lower number of ionic species with decreasing IL concentration, as well as a higher
viscosity environment that impedes ion motion due to the physical presence of the
polymer scaffold.20,44 Although the rate of decrease in the ionic conductivity with
increasing polymer loadings (functional group mol%) was similar for all three
scaffold types, both TFEMA- and DMAEMA-based ionogels displayed
consistently larger ionic conductivities relative to MMA-based ionogels across the
entire scaffold content range examined (Fig. 3.3a). As discussed below, we
attribute this evident enhancement in ionic conductivity to the incorporation of the
dimethylaminoethyl-

and

trifluoroethyl-

functional

groups

on

the

poly(methacrylate) backbone.
Figure 3.3b displays the ionic conductivity values replotted as a function
of the measured elastic modulus values for the same ionogels. Since elastic modulus
is directly representative of the density of chemical cross-links within the ionogel
matrix,17,41 viewing the data in this manner allows one to compare relative ionic
conductivities between the different gel electrolytes at comparable physical/spatial
arrangements of their respective polymeric scaffolds. As discussed previously, the
elastic modulus values of the MMA-based ionogels were consistently lower than
those of the corresponding TFEMA- and DMAEMA-based ionogels for identical
functional group molar loadings. As seen in Fig. 3.3b, at the minimum gelation
point (elastic modulus ~1 kPa), both the TFEMA- and DMAEMA-based ionogels
possess significantly larger ionic conductivities relative to the MMA-based ionogel.
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We interpret this finding to substantiate the hypothesis that the level of ionic
conductivity in polymer-supported ionogels cannot be attributed solely to physical
considerations (i.e. the spatial density of polymer chains/cross-links) alone; rather,
differences in the chemical interactions between the IL and functional groups on
the scaffold must also be taken into account. As ionic conductivity depends on the
product of the number (concentration) of unpaired ionic charge carriers and their
respective mobility (or diffusivity), this naturally leads one to question whether the
enhanced ionic conductivity of TFEMA- and DMAEMA-based ionogels compared
to MMA-based ionogels is due to: (i) a greater degree of ion pair dissociation in the
former two cases, (ii) a lower ion mobility due to stronger polymer-ion attractions
in the latter case, or (iii) some combination of both of these phenomena. In the next
two sections, we attempt to provide a better understanding of the nature of these
chemical contributions through the use of temperature dependent ionic conductivity
measurements and room temperature ionic diffusivity measurements, respectively.
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Figure 3.3. (a) Room temperature (22 °C) ionogel ionic conductivity values versus
the molar percentage of functionalized monomer in the precursor solution. (b) Ionic
conductivity versus elastic modulus values for the same ionogel formulations.
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3.3.3. Temperature Dependence of Ionic Conductivity
One method of elucidating the relative strength of various chemical
interactions between the polymer scaffold and an IL is to examine the activation
energy of ionic conductivity of the ionogel composite material.7,20,33 For IL-rich
ionogels at temperatures far above the neat IL glass transition temperature (-86 °C
for EMI TFSI),20 the ionic conductivity versus temperature behavior is wellrepresented by the simple Arrhenius equation, shown in Equation 3.2, where EA is
the activation energy of ionic conductivity, σ is ionic conductivity, σ0 is a preexponential factor, T is absolute temperature, and R is the universal gas constant.
^U

𝜎 = 𝜎Q exp m 4WV n

(Eq. 3.2)

Arrhenius plots were constructed to determine the activation energy of ionic
conductivity for each ionogel over the temperature range of 22 °C to 100 °C; a
representative Arrhenius plot for four of the TFEMA-based ionogels is shown in
Figure 3.4. Linear fits to the data show steeper negative slopes (greater EA values)
for increasing functionalized monomer contents. It is apparent from Fig. 3.4 that
the ionic conductivity data are well-fit by the Arrhenius equation; although several
reports have also successfully used the Vogel-Fulcher-Tammann equation to
represent ionogel conductivity, particularly at lower temperatures and/or larger
polymer contents, this approach does not yield a straightforward activation energy
parameter.7,44
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Figure 3.4. Arrhenius plot of ionic conductivity for four representative TFEMAbased ionogels with different polymer contents ranging from 20 mol% to 42 mol%
functionalized monomer. Dashed lines shown are best-fit trendlines for each
sample.
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Figure 3.5a displays the calculated activation energy of ionic conductivity
values for each ionogel versus the molar percentage of functionalized monomer
present in the precursor solution. It should be noted that the activation energy of
ionic conductivity for neat EMI TFSI was measured to be 14.1 kJ/mol. Thus,
ionogels near the minimum gelation point possessed activation energy values
slightly larger than that of the neat IL. TFEMA- and DMAEMA-based ionogels at
the gelation point exhibited activation energy values of 14.5 kJ/mol and 14.4
kJ/mol, respectively; however, the MMA-based ionogel showed a larger EA value
of 15.0 kJ/mol at its gelation point. The experimental error in the EA value was
estimated to be + 0.4 kJ/mol. A monotonically increasing trend of activation energy
as polymer content increases can be seen in Fig. 3.5a, which is typically observed
for ionogel electrolytes.20,33 As was the case for both elastic modulus and room
temperature ionic conductivity, the TFEMA- and DMAEMA- ionogels show very
similar trends in their EA values with increasing polymer content, as well. Notably,
the MMA-based ionogels exhibit a relatively steeper increase in EA with higher
polymer loading, reaching a maximum EA value of 23.0 kJ/mol compared to 18.6
kJ/mol for the corresponding TFEMA-based ionogel at the same functional group
molar composition (39 mol%).
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Figure 3.5. (a) Activation energy of ionic conductivity versus the molar percentage
of functionalized monomer in solutions used to prepare TFEMA-, DMAEMA-, and
MMA-based ionogels. (b) Activation energy of ionic conductivity versus ionogel
elastic modulus.
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With the interpretation of the activation energy of ionic conductivity as an
energetic barrier that ions must overcome in order to travel through the ionogel
under the influence of an applied electric field, the present results indicate that the
MMA-functionalized scaffold creates a relatively larger barrier for ion motion that
may partially explain the observed decrease in ionic conductivity for the MMAbased ionogels relative to their TFEMA- and DMAEMA-based counterparts. Once
again, plotting EA versus the elastic modulus of each ionogel (Fig. 3.5b) allows one
to decouple the physical obstruction effects caused by the effective cross-link
density of the polymer network from any chemical interactions occurring between
the polymer scaffold and the IL. A larger energetic barrier for ionic conductivity in
the presence of methyl- functionality on the scaffold at any given elastic modulus
(proportional to cross-link density) implies relatively stronger PMMA-EMI TFSI
interactions that impede ionic motion in MMA-based ionogels. In order to more
precisely determine the nature of these chemical interactions (i.e. PMMA-EMI+
cation vs. PMMA-TFSI- anion interactions), ion-specific diffusivity studies can be
employed as discussed in the next section.

3.3.4. Ion Diffusion Measurements
PGSE NMR spectroscopy has been previously employed by several groups
as a powerful tool with which one can separately measure the self-diffusivity values
of both the EMI+ cation and the TFSI- anion in the neat IL as well as within an
ionogel.20,45 However, it must be emphasized that while ionic conductivity
measurements obtained via AC impedance spectroscopy probe only the motion of
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the unpaired ‘free’ mobile ions due to an applied electric field, PGSE NMR
diffusivity measurements yield the average motion of all IL species, including both
neutral cation-anion pairs as well as the free ions.30,39,46 Thus, the raw ion diffusivity
values obtained via the PGSE NMR technique, which we refer to here as ‘apparent’
diffusivities, are equal to the sum of the effective diffusivity of each respective ion
and the effective diffusivity of the neutral pairs. For a more in-depth discussion,
please see the Appendix A. Figure 3.6 demonstrates the apparent cation diffusivity
(Fig. 3.6a) and apparent anion diffusivity (Fig. 3.6b) values obtained for ionogels
below ~38 mol% functionalized monomer loading at room temperature (22 °C);
horizontal dashed lines indicate the corresponding values measured in the neat IL
for reference. All ionogel samples exhibited apparent cation and anion diffusivity
values lower than those within the neat IL; however, it is remarkable that no
substantial variation was observed between the values found for all three of the
different scaffold functionalities. Indeed, the apparent ion diffusivities in the
TFEMA-, DMAEMA-, and MMA-based ionogels are quite similar over the range
of polymer contents examined in this study. Interestingly, the apparent cation
diffusivity values (Fig. 3.6a) show a slightly increasing trend with greater polymer
loading, while the apparent anion diffusivity values remain relatively constant (Fig.
3.6b).
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Figure 3.6. Apparent diffusivity values obtained using PGSE NMR spectroscopy
for (a) EMI+ cation-containing species, and (b) TFSI- anion-containing species in
TFEMA-, DMAEMA-, and MMA-based ionogels at 22 °C. Dashed lines represent
the corresponding values obtained in the neat ionic liquid.
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Additional insight can be gained by directly comparing the diffusivity data
obtained via PGSE NMR spectroscopy to a ‘charge diffusivity’ value calculated
from the room temperature ionic conductivity values obtained via AC impedance
spectroscopy, as reported by several researchers.20,47-48 The measured ionic
conductivity (𝜎Ko ) can be converted into a charge diffusivity value (𝐷p ) by Eq. 3.3,
which is derived from the Nernst-Einstein relation:
q W

𝐷p = o rD 2 𝜎Ko

(Eq. 3.3)

\

where kB is Boltzmann’s constant, T is absolute temperature, e is the fundamental
electron charge, and Cs is the number density (concentration) of IL molecules in
the ionogel composite. Using this value, some have proposed the concept of
calculating an ‘ionicity’ that is equal to the ratio of the charge diffusivity to the sum
of the apparent cation and anion diffusivities, as shown in Eq. 3.4:48
?

w
𝐼𝑜𝑛𝑖𝑐𝑖𝑡𝑦 = ?xyN z?
xyN
%

{

(Eq. 3.4)

where 𝐷z|}4 and 𝐷^|}4 represent the apparent cation and anion diffusivities,
respectively, obtained via PGSE NMR spectroscopy. Previously, it has been
suggested that the ionicity value is equivalent to the fraction of free ions in the ionic
liquid; i.e. the steady state fraction of dissociated IL molecules that are capable of
contributing to the ionic conductivity of the electrolyte under the influence of an
applied electric field.39,46,48 However, as discussed in Appendix A, this is not
generally true a priori; rather, only under certain assumptions about the true
diffusivity values of the free cations, free anions, and neutral pairs – whose
measurement remains elusive – will the ionicity numerically equal the degree of IL
dissociation. Regardless of this caveat, the ionicity value is still reflective of, and
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approximately proportional to, the true degree of ion dissociation. Thus, calculation
of ionicity values for new ionogel materials is important because ionic conductivity
is determined both by the number of mobile, free ions and their respective
diffusivities. If one could find a means by which to increase the fraction of
dissociated IL molecules within an ionogel, then even if the ion diffusivity values
were to remain unchanged, a larger ionic conductivity would be expected.
Figure 3.7 displays the calculated ionicity values for the various ionogels
examined here; similar to previous studies, ionicity was found to depend strongly
on the polymer scaffold content.20,30 The ionicity value for neat EMI TFSI was
determined to be 0.63, in approximate agreement with a previous report.39
Recalling that ionicity is an approximate indicator of the steady state degree of IL
dissociation, there is clearly potential for improvement by increasing the fraction
of dissociated ions in a well-designed ionogel. Figure 3.7a shows that, indeed, an
increase in the ionicity values of both TFEMA- and DMAEMA-based ionogels near
their minimum gelation points relative to that of the neat IL was achieved.
Exhibiting maximum ionicity values of 0.84 and 0.75, respectively, the low
polymer content TFEMA- and DMAEMA-based ionogels exhibited increases in
ionicity of 33% and 19% relative to that of neat EMI TFSI. By contrast, the MMAbased ionogel near its gelation point exhibited a significantly lower ionicity value
of 0.41, a 35% decrease relative to the neat IL. It should be noted that the maximum
propagated error for the ionicity parameter here is approximately + 0.12. As
polymer content is increased, ionicity steadily decreases for each ionogel, in
agreement with previous investigations.20,30,49
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Figure 3.7. (a) Ionogel ionicity values versus the molar percentage of
functionalized monomer in solutions used to prepare TFEMA-, DMAEMA-, and
MMA-based ionogels. The ionicity of neat EMI TFSI is shown as a dashed line at
a value of 0.63. (b) Ionicity of the ionogels and neat EMI TFSI plotted as a function
of ionic conductivity at 22 °C. Dashed lines indicate the coordinates of the neat IL
values (ionicity = 0.63; ionic conductivity = 10.2 mS/cm).
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Strikingly, the MMA-based ionogels exhibited significantly lower ionicity
values compared to the TFEMA- and DMAEMA-based ionogels across the entire
composition range examined. These results offer an explanation for the larger ionic
conductivity values observed in the TFEMA- and DMAEMA-based ionogels
relative to the MMA-based ionogel (see Fig. 3.3). As discussed above, we interpret
the larger EA values observed for MMA-based ionogels to indicate relatively
stronger (more attractive) chemical interactions between the IL and the cross-linked
PMMA scaffold compared to the other two functionalized scaffolds. Although the
exact nature of these chemical interactions is not yet fully understood, it is apparent
that they lead to a clear decrease in the ionicity of MMA-based ionogels. The origin
of the large ionicity values in low polymer content TFEMA- and DMAEMA-based
ionogels is not known, and, in our opinion, is worthy of future experimental and/or
computational studies. One hypothesis is that relative polymer chain flexibility in
the scaffold may play a role, with more flexible scaffold segments potentially
leading to increased ion dissociation due to thermal motions of the chains. It should
be noted that the Tg of pure PMMA (~105 °C)20 is larger than those of either
poly(TFEMA) or poly(DMAEMA) (~60 °C50 and ~19 °C,51 respectively).
In Figure 3.7b, the ionicity of each ionogel is plotted against its measured
room temperature ionic conductivity. Here, the data appear to collapse onto a
single, approximately linearly increasing function. Clearly, ionicity and ionic
conductivity go hand in hand for this group of polymer-supported ionogels. Near
their minimum gelation point (i.e. exhibiting the highest ionic conductivity), both
TFEMA- and DMAEMA-based ionogels possess a greater ionicity compared to
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neat EMI TFSI; although their conductivities are below that of the neat IL, the high
degree of ion dissociation in these ionogels allows for a partial compensation of the
inherent loss in ionic conductivity due to physical obstruction by the polymeric
cross-linked scaffold. However, the MMA-based ionogels do not exhibit the same
behavior, possessing low ionicity values that further reduce the ionic conductivity,
even near the gelation point. It is of interest to note that if one were to extrapolate
the collective ionogel ionicity vs. ionic conductivity trend (Fig. 3.7b) up to an
ionicity of 1.0 (100% of IL molecules dissociated), the expected ionic conductivity
of such an ionogel – if it could be created – would still be no higher than that of the
neat IL. This finding may provide the first experimental evidence of a fundamental
limit in the ionic conductivity of polymer-supported ionogel electrolytes wherein
the scaffold precursor monomers are soluble in the IL. Additional studies of various
IL/monomer combinations, including a wide range of IL/monomer mutual
solubilities, should be performed in the future in order to better understand the role
of polymer/IL chemical interactions on the resulting ionogel electrical properties.
Following the method of Stolwijk et al.,48 one can solve a system of linear
equations in order to calculate ‘effective’ diffusivity values for cations, anions, and
neutral ion pairs individually using the apparent diffusivity values obtained via
PGSE NMR spectroscopy and the charge diffusivity obtained from AC impedance
spectroscopy (see Appendix A). An advantage of determining the effective ion
diffusivity values is the deconvolution of ‘free’ cation/anion motion from that of
each respective ion in neutral IL pairs. However, it should be noted that each
effective ion diffusivity value is a product of two terms: the true diffusivity of the
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ion of interest and the degree of IL dissociation, neither of which can be
individually determined using the methods described here. Figure 3.8a displays the
calculated effective cation and anion diffusivity values plotted as a function of
ionogel ionic conductivity. In general, the effective ion diffusivities are typically
lower than their corresponding values in the neat IL, reflecting the physical
obstruction imposed by the polymer scaffold on ionic motion within the ionogels.
While it is apparent in Fig. 3.8a that the effective cation and anion
diffusivities both decrease as ionogel ionic conductivity decreases, it must be
emphasized that the effective ion diffusivity values represent the product of each
true ion diffusivity and the steady state degree of IL dissociation. As discussed
above, while the calculated ionicity value is not strictly equal to the degree of IL
dissociation (except under certain conditions, see Appendix A), one can still use the
ionicity as an approximation of the fraction of IL dissociated in general. With this
in mind, we have divided the effective ion diffusivity values by the corresponding
ionicity value for each sample in order to obtain an estimate of the ‘true’ diffusivity
values for both cations and anions; the results are plotted in Fig. 3.8b. At the lowest
polymer contents (highest ionic conductivities) for each of the three different
ionogel types, the estimated true cation and anion diffusivities are approximately
equivalent (~4.0 x 10-11 m2/s for EMI+ and ~2.3 x 10-11 m2/s for TFSI-). This finding
indicates that it is, in fact, the larger degree of IL dissociation that is the dominant
factor contributing to the superior ionic conductivity of the TFEMA- and
DMAEMA-based ionogels, rather than any large differences in their free ion
diffusivity values.
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It is interesting to note that at the highest polymer contents (lowest ionic
conductivities), the estimated true anion diffusivity values tend toward zero for all
ionogels, while the cation diffusivity values increase up to or even exceed the value
of EMI+ in the neat IL. This phenomenon reveals a clear preferential attraction that
the cross-linked polymer scaffold appears to exert on the TFSI- anion at high
polymer contents, allowing the cation to diffuse at a rate higher than when both
ions were more mobile at lower scaffold contents. Since the MMA-based ionogels
do not reach the same density of cross-links at the highest polymer contents
examined here, as evidenced by their lower elastic modulus values (see Fig. 3.2),
we attribute the dramatic decrease in TFSI- anion diffusivity in the high polymer
content ionogels to an attractive chemical interaction between the scaffold and
TFSI- rather than physical obstruction/entanglement of the anion. Maximum
calculated cation transference numbers (effective cation diffusivity divided by the
sum of (effective cation diffusivity + effective anion diffusivity)) for TFEMA-,
DMAEMA-, and MMA-based ionogels are 0.90, 0.96, and 0.99, respectively.
Selective anchoring of the TFSI- anion through specific chemical interactions with
the polymer scaffold allows the EMI+ cation to move in an enhanced manner in
high polymer content ionogels. If one could design the chemical functionality of
the polymer scaffold in such a way that this outcome may also be realized in a low
polymer content ionogel, this strategy may lead to high ionic conductivity, high
cation transference number ionogel electrolytes that could prove attractive for use
in lithium-ion batteries or other emerging electrochemical storage devices.52-53
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Figure 3.8. (a) Calculated effective diffusivity values for EMI+ and TFSI- ions
versus ionogel ionic conductivity. Corresponding values for each ion in the neat IL
are displayed as horizontal dashed lines. (b) Quotient of effective diffusivity
divided by ionicity, an approximation of the true EMI+ and TFSI- diffusivity values,
plotted as a function of ionogel ionic conductivity. Corresponding values for each
ion in the neat IL are displayed as horizontal dashed lines.
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3.4. Conclusion
The incorporation of trifluoroethyl- or dimethylaminoethyl- functional
groups into the backbones of chemically cross-linked poly(methacrylate) scaffolds
facilitated a clear enhancement of the ionic conductivity and an increased tunability
of the elastic modulus for solid ionogel electrolytes, as compared to the baseline
poly(methyl methacrylate) functionality. Activation energy of ionic conductivity
measurements indicated that MMA-based ionogels interact more strongly with the
ionic liquid, EMI TFSI, relative to TFEMA- and DMAEMA-based ionogels,
offering an explanation for the lower ionic conductivity of MMA-based ionogels.
Additionally, MMA-based ionogels exhibited lower ionicity values relative to
TFEMA- and DMAEMA-based ionogels across all polymer contents examined,
indicating a reduced degree of ion dissociation. Diffusivity measurements confirm
that chemical interactions between the polymer scaffold and ionic liquid species
dominate over physical obstruction effects; furthermore, increased ionicity was
identified as the primary contributing factor for obtaining an enhanced ionic
conductivity at minimum gelation point for TFEMA- and DMAEMA-based
ionogels. Analysis of the individual ion diffusivity values revealed that chemical
interactions at high polymer contents effectively anchor TFSI- anions to the
polymer network, allowing EMI+ cation diffusivity values to increase. The selective
immobilization of TFSI- at high polymer contents, which yields cation transference
numbers approaching 1.0, may prove a viable future strategy for designing lithium
ion-containing ionogel electrolytes that maximize lithium cation motion in order to
yield highly efficient electrochemical energy storage. Overall, these findings can
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help to guide the selection of high-performance polymer networks that increase
ionogel ionicity and ionic conductivity while also maintaining sufficient tunability
of the elastic modulus for its intended application.
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Chapter 4: Decoupling Ionic Conductivity and
Elastic Modulus via Zwitterionic Polymer
Networks in Lithium Salt / Ionic Liquid Solutions

4.1. Introduction
With the growing demand for portable consumer electronics, electric
vehicles (EVs) and large-scale grid storage, researchers have focused on
overcoming the safety and performance limitations (i.e. flammability/cyclability,
and energy/power density) of lithium-ion batteries (LIBs) and lithium metal
batteries (LMBs).[1] LIBs are capable of delivering energy densities in the range of
150 – 200 Wh kg-1 and power densities of 200 – 350 W kg-1, and are the most
ubiquitous solution for newly-built grid storage systems. Meanwhile, LMBs are
capable of boosting the charge stored in the anode by tenfold (from 360 to 3800
mAh g-1 theoretical capacity) via replacement of a graphitic carbon (LiC6) with
lithium metal.[2-3] LMBs also allow for the utilization of exceptionally high energy
density, unlithiated active species (e.g. oxygen or sulfur) to realize a drastic
enhancement in specific energy on a mass or volume basis.[4] The most challenging
obstacles of long-term cyclability and high coulombic efficiency for LMBs are yet
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to be resolved, however, due to dendrite formation caused by inhomogeneous Li
deposition that leads to short-circuits.[5] Possible routes of addressing the dendrite
issue within LMBs include: optimizing ionic conductivity and Li+ transference
number, chemical modification of the Li|electrolyte interface, or utilizing a robust
solid-state electrolyte to mechanically prevent dendrite formation.
Solid polymer electrolytes (SPEs) have attracted considerable attention
from investigators due to their wide operating voltage window (>4.5 V vs. Li/Li+),
low flammability, practical design for textile-based devices, and as a viable solution
to prevent dendrite growth in LMBs.[6-11] However, SPEs have consistently
underperformed in terms of their room-temperature ionic conductivity values
compared to liquid electrolytes, and mechanical fragility at the electrode interface
leads to a high interfacial resistance and limited cycle life.[12-14] On the other hand,
gel polymer electrolytes (GPEs), which feature a high volume fraction of an
ultralow-volatility liquid electrolyte supported by a polymeric scaffold, can capture
the benefits of both SPEs and liquid electrolytes while exhibiting room-temperature
ionic conductivity values in the range of 0.1 – 10 mS cm-1.[15-16] Several GPEs in
development for Li-based batteries consist of a lithium salt/nonvolatile ionic liquid
(IL) solution (0.2

M

– 1 M) that is immobilized by a chemically- or physically-

crosslinked polymer network (e.g. poly(methyl methacrylate) (PMMA) or
poly(vinylidene

fluoride-co-hexafluoropropylene)

(P(VDF-HFP));[17-18]

such

systems may also be referred to as ionogels or ion gels. Previous studies have
demonstrated the ability of a polymer host to tune GPE properties such as the extent
of Li+ dissociation, ionic conductivity, thermal stability, and mechanical
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stiffness.[19-21] Despite possessing a lower shear modulus than that of lithium metal
(< 3 GPa), Liu and co-workers successfully implemented a gel interlayer in a
garnet|gel|electrode structure that resolved the issue of high interfacial resistance
encountered using a ceramic solid-state electrolyte.[6]
In the course of designing ion-dense electrolytes for battery or
supercapacitor applications, it has been observed that zwitterions can often enhance
electrolyte performance.[22-26] Utilizing zwitterionic (ZI) compounds as additives to
Li-based

electrolytes

has

proven

advantageous

in

stabilizing

the

Li

metal|electrolyte interface, in addition to improving Li+ transport (via greater Li salt
dissociation), likely due to significant ion-dipole interactions, which may provide
a potential route to reducing dendrite formation.[24] Moreover, ZI functional groups
can form dipole-dipole (physical) crosslinks between themselves when
incorporated into a polymer network, allowing for substantial enhancement of
mechanical stiffness within a GPE.[25] Previous studies involving Li+ electrolytes
have primarily employed ZI compounds simply as additives within liquid
electrolytes. A polymeric scaffold consisting entirely of ZI repeat units has yet to
be explored in the context of designing Li+ GPEs for electrochemical energy
storage applications.
In this work, highly conductive, nonvolatile Li+ ionogel electrolytes have
been created via in situ UV-initiated free radical copolymerization of a ZI comonomer mixture within the well-studied IL N-butyl-N-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide (BMP TFSI, aka PYR14 TFSI) containing 1

M

LiTFSI. The fully-ZI copolymer network is formed using a 3:1 molar ratio of 2-
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methacryloyloxyethyl phosphorylcholine (MPC) to sulfobetaine vinylimidazole
(SBVI), and the total polymer content of the ionogel composite has been varied
from 1.1 – 12.5 wt.% (1.6 – 17 mol%). Figure 4.1 displays the molecular structures
of BMP TFSI, MPC, and SBVI, as well as a photograph of a representative 12.5
wt.% ZI copolymer scaffold-containing gel. A 3:1 molar ratio of MPC:SBVI was
implemented due to the desirable mechanical properties of this composition, and
the nonhomogeneous appearance of formulations at higher SBVI contents (see
Appendix B). AC impedance spectroscopy and compressive elastic modulus
measurements confirmed the formation of a series of highly conductive ionogels
with tunable stiffness, as high as 14.3 MPa, by varying the total polymer content.
Remarkably, the ionogel electrolytes displayed no loss in ionic conductivity
relative to the neat liquid electrolyte, up to 12.5 wt.% polymer content.
Investigation of interactions between the various ionic species and phases within
the gel environment via NMR spectroscopy, FTIR spectroscopy, and DSC
measurements reveal a favorable coordination between Li+ and the zwitterions that
suggests a distinct mode of ion transport in these materials. Li+ transference number
measurements demonstrate a substantial increase in the extent of Li+ dissociation
and Li+ transport within fully-ZI copolymer-supported ionogels (ZI gels), which
may prove valuable for dendrite suppression and high rate performance in LMBs.
Charge-discharge measurements confirm the operational viability of the ZI gel
electrolyte in a prototype LIB cell using a lithium nickel cobalt manganese oxide
(NCM) cathode and a graphitic anode at varying C-rates.
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Figure

4.1.

Molecular

structures

of:

(a)

ionic

liquid

N-butyl-N-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP TFSI) ions, and (b)
zwitterionic (ZI) monomers, 2-methacryloyloxyethyl phosphorylcholine (MPC)
and sulfobetaine vinylimidazole (SBVI). (c) Photograph of a transparent, freestanding ZI gel electrolyte containing 12.5 wt.% ZI copolymer in 1 M LiTFSI-BMP
TFSI, which exhibits an elastic modulus of 14.3 MPa and a room temperature ionic
conductivity of 1.0 mS cm-1 (cylindrical gel diameter = 6.4 mm, thickness = 1.6
mm).
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4.2. Results and Discussion
4.2.1. Electrochemical and Mechanical Properties of ZI Gel Electrolytes
A series of ZI copolymer-supported gels were synthesized from the
nonvolatile base liquid electrolyte, 1

M

LiTFSI-BMP TFSI, through the addition

and in situ copolymerization of ZI co-monomers MPC and SBVI (3:1 mol ratio);
total zwitterion loadings were varied between 1.1 and 12.5 wt.% (1.6 to 17 mol%).
The gelation point (~1.1 wt.% copolymer for this system) is defined as the
approximate minimum polymer content necessary to yield a free-standing gel. It
should be noted that this extremely low amount of polymer required to form a selfstanding gel suggests the outstanding ability of the ZI functional groups to selfassociate and form physical crosslinks between copolymer chains.[25] Figure 4.2a
displays the room temperature (23 °C) ionic conductivity values of ZI gel
electrolytes as a function of total zwitterion content; it should be noted that gel ionic
conductivity values remained high (~1 mS cm-1) across the entire range of ZI
contents shown, and slightly exceeded that of the base liquid electrolyte (0.90 ±
0.11 mS cm-1). Figure 4.2a also depicts the compressive elastic moduli of the ZI
gel samples, which increased three orders of magnitude, from 13.2 kPa to 14.3
MPa, as the ZI content was increased. Remarkably, the 12.5 wt.% copolymersupported ZI gel exhibited no loss in ionic conductivity relative to 1

M

LiTFSI-

BMP TFSI, despite the reduction in electrolyte concentration (i.e. from 100 wt.%
to 87.5 wt.%) and the presence of a ZI copolymer network containing a sufficient
crosslink density to realize a 14.3 MPa compressive elastic modulus. Greater
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zwitterion contents resulted in a reduction in ionic conductivity (see Appendix B),
offering no benefit to increasing the ZI content beyond 12.5 wt.%.
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Figure 4.2. (a) Room temperature ionic conductivity and compressive elastic
modulus values for ZI gel electrolytes plotted as a function of zwitterion content
(all with a 3:1 molar ratio of MPC:SBVI). The ionic conductivity of the base liquid
electrolyte (1 M LiTFSI-BMP TFSI) was measured to be 0.90 ± 0.11 mS cm-1. (b)
Temperature dependence of ionic conductivity between 10 ºC and 120 ºC for 1 M
LiTFSI-BMP TFSI liquid electrolyte and a 12.5 wt.% ZI gel electrolyte.
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Figure 4.2b shows the temperature dependence of ionic conductivity
measured for both 1

M

LiTFSI-BMP TFSI and a 12.5 wt.% ZI gel. The data for

both materials can be described using a simple Arrhenius model within the
temperature window of 10 °C to 120 °C. The activation energy of ionic conductivity
(EA) was found to be 21.1 kJ mol-1 for the 12.5 wt.% ZI gel, compared with 25.5 kJ
mol-1 for the base liquid electrolyte. This finding is noteworthy because polymersupported ionogels typically exhibit larger EA values compared to their base liquid
electrolytes.[19] The low EA value observed for the ZI gel electrolyte suggests a
highly efficient mechanism for ion transport within these composite materials.
Thermal stability measurements revealed minimal ZI gel degradation below ~300
ºC (see Appendix B). The negligible water contents of ZI gel samples were also
found to be no different than that of the base liquid electrolyte (see Appendix B),
confirming that the enhanced ionic conductivity of the ZI gels is not due to the
presence of water.
A similar trend of nearly unchanged, high room temperature ionic
conductivity while dramatically increasing elastic modulus as zwitterion content is
increased was also observed for the case of an imidazolium cation-based IL, 1ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide

(EMI

TFSI),

demonstrating the versatility of the fully-ZI copolymer scaffold advantage within
hydrophobic IL/lithium salt solutions (see Appendix B). It should be emphasized
that the hydrophobic nature of the IL does not preclude its ability to dissolve the ZI
monomers, which are themselves quite hydrophilic. However, the solubility of
different zwitterions is observed to vary with the chemical nature of the ZI unit (i.e.
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MPC vs. SBVI); in the 1

M

LiTFSI-IL systems examined here, MPC clearly

displayed an enhanced solubility compared to SBVI. Understanding the interplay
between relative zwitterion solubility in the IL-based electrolyte and ZI copolymer
self-assembly to form physical (dipole-dipole) crosslinks within the gel scaffold is
an area worthy of further study. Within neat EMI TFSI, i.e. no lithium salt present,
our group recently demonstrated greater crosslink densities formed within ionogel
electrolytes featuring copolymer scaffolds containing increasing amounts of
SBVI.[25] A recent investigation by Sun et al. also verified the effectiveness of a
poly(SBVI) network to form crosslinks within a hydrophilic, water-miscible ionic
liquid.[27] ZI molecules are known to strongly coordinate with lithium salts,[28-29]
which we hypothesize allows the fully-ZI copolymer networks created here to
exhibit the dual functionality of both enhanced Li+ dissociation and physical
crosslink formation. The nature of the Li+…ZI interactions is further explored in the
following sections.
To the best of our knowledge, the data shown in Figure 4.2 represent the
first time that a clear decoupling of ionic conductivity and mechanical stiffness for
Li+ GPEs has been reported. This can be seen in the 103-fold increase in ZI gel
compressive elastic modulus (from 13.2 kPa to 14.3 MPa) that is realized with no
significant change in the room temperature ionic conductivity. A previous report
demonstrated polymer electrolyte membranes that exhibited both good ionic
conductivity (at elevated temperatures) and high modulus values that were achieved
via phase separation of the conductive and rigid phases of a diblock copolymer.[30]
Others have also demonstrated improved Li+ conductivity through the addition of
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colloidal fillers (i.e. oxide nanowires or nanoparticles) or by plasticization of a
SPE.[31-37] These electrolytes, however, often fall short of the benchmark room
temperature ionic conductivity of 1 mS cm-1 and lack the mechanical robustness
necessary for LMBs.

4.2.2. Characterization of Zwitterion-Ion Interactions
Thermal Analysis and FTIR Spectroscopy
DSC traces recorded upon heating a 12.5 wt.% ZI gel electrolyte, the 1 M
LiTFSI-BMP TFSI base liquid electrolyte, and neat BMP TFSI ionic liquid
electrolyte are compared in Figure 4.3a in order to probe structural transitions and
any crystalline phases present in the samples. As previously shown by others,[38-39]
the neat IL, BMP TFSI, exhibits an exothermic solid-solid phase transition (i.e.
crystallization) at -57 °C followed by a pair of endothermic peaks at -27 °C and 17 °C, indicating the melting of two distinct solid phases formed by the BMP+ and
TFSI- species. The 1

M

LiTFSI-BMP TFSI system displays a shift in the

crystallization and first melting peaks to -28 °C and -10 °C, respectively, with an
additional endothermic peak at ~19 °C. Previous reports have attributed this
additional melting peak at ~19 °C to the strong interactions between Li+…TFSI- that
form a crystalline phase with a proposed monodentate coordination of Li+ by
oxygen atoms of TFSI-.[38, 40] Notably, the DSC trace of the ZI gel more closely
resembles that of pure BMP TFSI, suggestive of a more dominant BMP+…TFSIphase present in the gel electrolyte. A decrease in intensity of the exothermic peak
also points to a lower degree of crystallinity in this sample. This finding suggests a
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disruption in the extent of Li+…TFSI- interactions upon addition of the ZI
copolymer. A previous investigation of the LiTFSI-BMP TFSI system also
demonstrated an analogous suppression of crystallization upon addition of ZI small
molecule additives that was explained by preferential interaction between Li+ and
the zwitterions.[41]
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Figure 4.3. (a) DSC data obtained on heating for (top to bottom): a 12.5 wt.% ZI
gel, 1 M LiTFSI-BMP TFSI, and neat BMP TFSI. (b) FTIR spectra of 12.5 wt.%
ZI co-monomer (3:1 mol ratio MPC:SBVI) solutions in BMP TFSI with (top) and
without (bottom) 1 M LiTFSI.
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While strong interactions between sulfonate groups (e.g. of SBVI) and Li+
cations has already been established by Wohde and coworkers,[41] here we
employed FTIR spectroscopy to investigate the interaction of the phosphonate
groups of MPC with Li+, since the ZI copolymer scaffold contained substantially
more MPC compared to SBVI (3:1 molar ratio). As reported elsewhere, the P—O
stretching vibrational band, n1, for phosphonate groups appears in the wavenumber
range 960 – 970 cm-1.[42] Figure 4.3b displays the FTIR spectra of a 12.5 wt.% ZI
co-monomer in BMP TFSI solution and a 12.5 wt.% ZI co-monomer in 1 M LiTFSIBMP TFSI solution. When comparing zwitterion-containing BMP TFSI versus 1 M
LiTFSI-BMP TFSI solutions, a shift to a higher wavenumber is observed in the
sample that contains LiTFSI, from 965 to 969 cm-1. This result indicates an
attractive interaction between the negatively-charged phosphonate group of the
MPC zwitterion and Li+ within the 1 M LiTFSI-BMP TFSI solution.

7

Li and 19F NMR Spectroscopy
Further insights into the local molecular environments of Li+ and TFSI-

were obtained by analyzing the chemical shifts (d) of the 7Li and

19

F species,

respectively, within several electrolyte combinations of ZI monomers, 1 M LiTFSI,
and/or BMP TFSI, as shown in Figure 4.4. In order to probe the interactions of
each zwitterion type with Li+, separate 5 mol% SBVI and 5 mol% MPC in 1 M
LiTFSI-BMP TFSI solutions were investigated, as displayed in Figure 4.4a. For
the 5 mol% SBVI solution, no substantial shift in the 7Li NMR peak was observed
relative to the LiTFSI-BMP TFSI solution. However, for the 5 mol% MPC solution,
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a downfield shift in the 7Li NMR peak is observed from -1.32 ppm to -1.03 ppm.
This finding suggests that MPC is the zwitterion that predominantly interacts with
Li+ in these ZI gel electrolytes. In the gel precursor solution containing both SBVI
and MPC co-monomers (12.5 wt.% total ZI content; equivalent to 4.1 mol% SBVI
plus 12.7 mol% MPC), the single 7Li NMR peak shifts downfield from -1.32 ppm
to -0.63 ppm, as shown in Figure 4.4a, top. This suggests a marked change in the
Li+ coordination shell for a 12.5 wt.% ZI co-monomer solution, which was also
observed by Wohde and coworkers for zwitterion-LiTFSI-BMP TFSI solutions.[41]
Given the known compatibility of zwitterions and Li+, it is reasonable to assume
that a zwitterion (predominantly MPC in this system) can replace TFSI- in the first
coordination shell of Li+.[41]
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Figure 4.4. (a) 7Li NMR spectra of: 12.5 wt.% ZI co-monomer-1 M LiTFSI-BMP
TFSI solution (top), 5 mol% SBVI-LiTFSI-BMP TFSI and 5 mol% MPC-LiTFSIBMP TFSI solutions (middle), 1

M

LiTFSI-BMP TFSI solution (bottom),

referenced to 0.5 M LiCl in D2O at 0 ppm (see Appendix B); (b) 19F NMR spectra
of: 12.5 wt.% ZI co-monomer-1 M LiTFSI-BMP TFSI solution (top), 1 M LiTFSIBMP TFSI solution (middle), and neat BMP TFSI (bottom), referenced to 0.5
LiTFSI in D2O at -79.25 ppm (see Appendix B).
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M

In terms of the structure-property relationship of selecting MPC vs. SBVI,
poly(MPC) has been verified to exhibit a lower glass transition temperature (Tg)
relative to sulfonate-based poly(zwitterions) due to its increased chain flexibility
and its potentially lower propensity to form dipole-dipole cross-links between
repeat units.[43] Furthermore, properties such as solvation dynamics, spacer chain
length between charged groups, differences in charge density of the charged groups,
strength of solvent-zwitterion chemical affinity, and the degree of ZI selfassociation are all potential factors capable of influencing the tendency for
zwitterions to interact with ionic liquid species and/or form dipole-dipole
crosslinks.[44-45] Here, the experimental results suggest that MPC has a more
favorable interaction with Li+ compared to the tendency of SBVI to self-associate
and form dipole-dipole crosslinks that create a highly stiff ZI gel. The dual
functionality of the fully-ZI copolymer network is thus beneficial for realizing the
combined properties of high Li+ conductivity and the formation of a highly
crosslinked scaffold.
Figure 4.4b depicts the 19F NMR spectra of neat BMP TFSI, 1 M LiTFSIBMP TFSI, and a 12.5 wt.% ZI co-monomer in 1 M LiTFSI-BMP TFSI solution.
The addition of the ZI co-monomers into the Li+-containing IL electrolyte causes a
downfield shift in the single TFSI- 19F peak from -80.25 ppm to -80.11 ppm. The
19

F spectrum of neat BMP TFSI displays a peak at -80.08 ppm, which is indicative

of the local environment of TFSI- coordinated with BMP+. Therefore, the downfield
shift for the zwitterion-containing solution suggests that the local environment of
TFSI- becomes more comparable to that of neat BMP TFSI (i.e. coordination of
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TFSI- to BMP+ rather than Li+). This supports the notion that the ZI species are able
to effectively coordinate with Li+, leaving TFSI- free to interact with BMP+ as in
the case of the neat IL, which agrees with DSC results shown in Figure 4.3a.
Consistent with the 7Li results, the 19F shift for a 5 mol% MPC in 1 M LiTFSI-BMP
TFSI solution was larger than for a 5 mol% SBVI solution (see Appendix B). Taking
into account the DSC, FTIR, and NMR results, it is evident that a strong interaction
exists between Li+ and the ZI moieties (predominantly MPC here) that disrupts the
TFSI- coordination shell surrounding Li+ in 1 M LiTFSI-BMP TFSI. This change
in coordination facilitated by the ZI copolymer appears to be favorable in terms of
maintaining high ionic conductivity within physically crosslinked, ZI gel composite
electrolytes.

4.2.3. Electrochemical Performance
Electrochemical Stability and Li+ Transference
The anodic stability limits (Figure 4.5a) of 1 M LiTFSI-BMP TFSI and a
12.5 wt.% ZI gel were measured to be ~5.3 V and ~5.0 V vs. Li/Li+, respectively.
The anodic current represents the oxidation of TFSI- species and/or decomposition
of the polymer scaffold.[46] The cathodic stability limit of both the ZI gel and 1 M
LiTFSI-BMP TFSI via linear sweep voltammetry appeared to be ~0.3 V vs. Li/Li+,
indicating a breakdown of electrolyte above the stripping/plating potential of
lithium (~0 V vs. Li/Li+). This has been previously observed for pyrrolidiniumbased IL electrolytes due to the formation of a passivation film on the Li metal,
which is typically resolved after the first few cycles.[47-48] Therefore, this
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phenomenon was further investigated by cathodic cycling around 0 V vs. Li/Li+ of
the 12.5 wt.% ZI gel using a stainless steel (SS) working electrode (Figure 4.5b).
The ZI gel electrolyte can be seen to effectively plate and strip lithium onto/from
the SS electrode in a reversible manner for at least 20 cycles, demonstrating
minimal irreversible side reactions.
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Figure 4.5. (a) Linear sweep voltammograms obtained at a scan rate of 1 mV s-1
for 1 M LiTFSI-BMP TFSI liquid and 12.5 wt.% ZI gel electrolytes using a stainless
steel (SS) working electrode. (b) Cathodic cycling using a SS working electrode
performed around 0 V vs. Li/Li+ at a scan rate of 1 mV s-1 (1st, 10th, and 20th cycles
shown). (c) Chronoamperometry responses of a 12.5 wt.% ZI gel (top) and 1 M
LiTFSI-BMP TFSI (bottom) to an applied potential of 80 mV; inset shows the cell
impedance response (Nyquist plot) before and after polarization for the 12.5 wt.%
ZI gel. (d) Room temperature ionic conductivity (left axis) and calculated Li+
conductivity (right axis) of 1 M LiTFSI-BMP TFSI versus a 12.5 wt.% ZI gel.
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For battery applications, maximizing the Li+ transference number (𝑡#$ % ), i.e.
the fraction of DC current carried by Li+, is important to preventing excessive anion
migration, which can lead to undesirable side reactions that hinder cycle life. For
low values of 𝑡#$ % , other mobile ions in the system (i.e. BMP+ and TFSI-) may
collect at the electrode surfaces, causing an increase in the thickness of passivation
films making it difficult for Li+ to diffuse through to reach the active surface of the
electrode. Chronoamperometry tests were performed in a symmetrical
Li|electrolyte|Li cell using an applied potential of 80 mV. Figure 4.5c shows the
normalized current responses of both the 1

M

LiTFSI-BMP TFSI liquid and 12.5

wt.% ZI gel electrolytes; impedance data (Nyquist plot) for the ZI gel cell both
before and after chronoamperometry testing are also displayed. The initial (I0) and
steady-state (Iss) currents were obtained at t = 0 s and t = 9000 s, respectively.
Employing Equation 4.1, the calculated 𝑡#$ % values of 1 M LiTFSI-BMP TFSI and
the 12.5 wt.% ZI gel were found to be 0.23 and 0.42, respectively, as detailed in
Table 4.1. Conventional organic solvent-based electrolytes typically exhibit a 𝑡#$ %
in the range of 0.23-0.27,[47, 49] similar to what was observed for the IL-based liquid
electrolyte here. The Li+ transference number of the 12.5 wt.% ZI gel was observed
to be nearly two times as large, indicating enhanced Li+ conduction within the ZI
gel electrolyte. Furthermore, it is critical to take into account the product of the
overall ionic conductivity (σ) and 𝑡#$ % to yield the Li+ conductivity (s#$ % ), as shown
in Equation 4.2. The 12.5 wt.% ZI gel was found to exhibit a s#$ % of 0.42 mS cm-1
at room temperature, which is a significant increase from 0.21 mS cm-1 found for 1
M

LiTFSI-BMP TFSI, as displayed in Figure 4.5d. The increase in s#$ % for the ZI
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copolymer-supported gel underscores its exceptionally high room-temperature
ionic conductivity relative to 1 M LiTFSI-BMP TFSI despite the motion of ions
through a highly crosslinked polymer network. Introducing favorable interactions
between the polymer network and ionic species has been shown in previous reports
to cause an increase in ion dissociation that results in higher ion mobility, Li+
transference, and/or overall conductivity.[20,

50-52]

Further characterization is

underway in order to determine the detailed transport mechanisms for various ionic
species in the ZI gel system, as well as elucidating the spatial arrangement of the
ZI copolymer network.

𝑡#$ % =

G~~ (•€^G_ 4_ )
G_ (•€^G~~ 4~~ )

s#$ % = σ𝑡#$ %

(Eq. 4.1)
(Eq. 4.2)
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Table 4.1. Summary of DC polarization (chronoamperometry) measurements used
to calculate Li+ transference number (𝑡#$ % ) and Li+ conductivity (s#$ % ) for liquid
versus gel electrolytes.

Sample

I0
[µA]

ISS
[µA]

R0
[Ω]

RSS
[Ω]

𝑡#$ %

σ
[mS cm-1]

σLi+
[mS cm-1]

LiTFSI-BMP TFSI

50.0

13.9

340

367

0.23

0.90

0.21

12.5 wt.% ZI Gel

14.3

6.32

590

693

0.42

1.01

0.42
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Li Metal Stability at Open Circuit Conditions
Relative stability of the electrolytes with Li metal was determined by
monitoring the change in the interface resistance (Ri) in a Li|electrolyte|Li cell over
an extended period of time under open circuit conditions, via AC impedance
spectroscopy. Nyquist plots of symmetric Li cells containing 1

M

LiTFSI-BMP

TFSI versus a 12.5 wt.% ZI gel are displayed in Figure 4.6a and 4.6b, respectively.
The ZI gel cell showed an increase in Ri from 826 Ω cm2 for the fresh cell to 2580
Ω cm2 after a 4-day period. The ZI gel cell was observed to reach a steady-state
interface resistance value of 2610 Ω cm2 after a 7-day duration. An initial increase
in the interface resistance occurs due to the breakdown of the IL electrolyte and/or
ZI copolymer at the Li metal surface to form a passivating solid electrolyte
interphase (SEI) layer.
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Figure 4.6. Nyquist plots of impedance response for Li|electrolyte|Li cells
measured under open-circuit conditions over 7 days: (a) 1 M LiTFSI-BMP TFSI,
(b) 12.5 wt.% ZI gel. SEM images of Li metal electrode surface morphology
following 7 days of exposure to: (c) 1 M LiTFSI-BMP TFSI, (d) 12.5 wt.% ZI gel.
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The interface resistance evolution with time is consistent with strong
adhesion at the ZI gel|Li interface, as observed in other studies incorporating solidstate electrolytes.[48, 53] The Nyquist plot for 1

M

LiTFSI-BMP TFSI exhibits an

initial Ri of 819 Ω cm2 and continues to increase up to 1610 Ω cm2 after 7 days. An
SEM image of the Li metal surface that was in contact with the LiTFSI-BMP TFSI
sample (Figure 4.6c) appears much rougher compared to the more uniform,
smoother morphology seen for the Li electrode that was in contact with the ZI gel
(Figure 4.6d). This result suggests that the ZI gel can form a uniform passivation
film on Li electrodes, which is critical for high cycle life LMB applications.
However, further optimization of the gel|Li interface resistance is still required in
order to fully realize their potential benefits in LMBs at high current densities.

Lithium Strip-Plate Cycling
The typically nonuniform process of lithium deposition/stripping during
LMB cycling can lead to instability of the SEI layer and dendrite formation. The Li
metal anode expands and contracts at localized points, which can strain and
eventually crack the SEI layer, causing fresh Li metal to be exposed to the
electrolyte. Subsequently, this will cause undesired side reactions with the
electrolyte while decreasing the cycling coulombic efficiency.[54] Figure 4.7a
displays the voltage profile of a strip-plate cycling test performed on a Li|ZI gel|Li
symmetrical cell over a period of 150 h using a 12.5 wt.% ZI gel electrolyte. The
cell is sequentially charged and discharged for 30 min intervals (i.e. a full
charge/discharge cycle is 1 h) using a constant current density of 0.1 mA cm-2. The
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voltage profile of this strip-plate cycling test captures the behavior of the Li|ZI gel
interface during each charge-discharge cycle. An increase in Ri can occur due to
SEI layer formation and undesired side reactions that produce nonconductive
byproducts on the electrode surface, which may impede Li+ transport.
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Figure 4.7. (a) Strip-plate cycling of a 12.5 wt.% ZI gel in a Li|ZI gel|Li cell at a
current density of 0.1 mA cm-2 for 150 h (inset shows detail of hours 70-72), and
(b) corresponding interface resistance (Ri) values measured via AC impedance
spectroscopy every 10 h (=10 cycles). (c) SEM images of pristine Li metal (left)
and a Li metal electrode after 150 h of strip-plate cycling in a Li|ZI gel|Li cell
(right).
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Initially, the ZI gel cell exhibits a slight increase in Ri during strip-plate
cycling as the SEI layer forms, which increases the half-cycle voltage magnitude
from 0.17 V to 0.3 V (vs. Li/Li+) until cycle 50. The voltage profile then remains
stable at ± 0.3 V until cycle 150. The measured interface resistance values of every
10th cycle are displayed in Figure 4.7b. As expected, Ri increases initially due to
SEI layer formation and then remains approximately constant, suggesting that a
stable Li|ZI gel interface is produced that can remain stable during repeated lithium
stripping and plating for at least 150 h. A recent investigation reported a promising
approach to form a stable Li interface while reducing the interfacial resistance with
garnet-type electrolytes by employing a solid-state interlayer of a gel-like nature,[6]
offering a potential application for the highly conductive and stiff ZI gel composites
reported here.
The morphology of the Li metal electrode was observed via SEM imaging
before (pristine) and after 150 h of strip-plate cycling (Figure 4.7c). The surface of
the Li metal appears to be homogenous and smooth after 150 h, suggesting that the
ZI gel electrolyte may prevent nonuniform Li metal deposition that can exacerbate
dendrite growth. Commercial organic solvent-based electrolytes have been shown
to form dendrites and short-circuit in under 60 h of cycling at comparable current
densities.[55] The present results demonstrate that a stable interface is formed
between the ZI gel electrolyte and Li metal, both under open circuit conditions and
during extended strip-plate cycling, verifying the viability of this electrolyte for
LMB applications.
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Galvanostatic Charge-Discharge of a Li-ion Cell Containing a ZI Gel Electrolyte
The rate capability of the 12.5 wt.% ZI gel electrolyte was evaluated at room
temperature in a full cell consisting of a graphitic anode and a lithium nickel cobalt
manganese oxide cathode (NCM 5:2:3, theoretical capacity of ~155 mAh g-1), as
shown in Figure 4.8. NCM is a next-generation cathode employed in Li-ion and Li
metal batteries with advantages of high voltage stability and high energy density.[56]
At a C/10 rate, the ZI gel cell exhibited a charging and discharging capacity of 155
mAh g-1and 150 mAh g-1, respectively, with a calculated Coulombic efficiency of
96.8%. At C/5, C/3, 1C, and 2C rates, the ZI gel cell displayed a discharge capacity
of 132, 106, 89, and 48 mAh g-1, respectively. Coulombic efficiencies ranged from
94-98% for varying C-rates (see Appendix B). At high a C-rate (i.e. 1C), the ZI gel
cell maintained 59% of its capacity at a rate of C/10, which is comparable to
previously reported IL/polymer-based electrolytes in the literature.[15, 48, 57-58] The
full cell performance validates the compatibility of the 12.5 wt.% ZI gel with a high
voltage cathode and a commercial anode for future LIB prototypes.
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Figure 4.8. Discharge profiles of a 12.5 wt.% ZI gel in a graphite|ZI gel|NCM cell
at room temperature with varying C-rates; cut-off voltages were 3.2 V and 1.7 V.
C/10 = 0.1 mA cm-2. See Appendix B for complete charge/discharge profiles.
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4.4. Experimental Section
All materials were received and stored in a nitrogen-filled glove box (H2O,
O2 <1 ppm) until time of use unless stated otherwise. The monomer 2methacryloyloxyethyl phosphorylcholine (MPC) was purchased from Sigma
Aldrich (97% purity) and dried in vacuo at 70 °C overnight before storing in a glass
desiccator until use. The monomer sulfobetaine vinylimidazole (SBVI) was
prepared according to a previous report and is explained in detail in Appendix B.[59]
The photoinitiator, 2-hydroxy-2-methylpropiophenone (HOMPP), and lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) were purchased from Sigma Aldrich;
LiTFSI was stored in vacuo at 70 °C until time of use. The ionic liquid, N-butyl-Nmethylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP TFSI, aka PYR14
TFSI) was purchased from MilliporeSigma (High Purity grade). Lithium foil (0.75
mm thick) was purchased from MTI Corporation (99.9% metals basis) and stored
in an argon-filled glove box (H2O, O2 <0.5 ppm) until cell fabrication. Stainless
steel shim (18-8 grade, 0.05 mm thickness) utilized as the working electrode for
cell testing was purchased from McMaster-Carr and washed with acetone and
isopropanol before drying in vacuo at 70 °C overnight and stored in an Ar-filled
glove box. The cathode sheet, aluminum foil coated with lithium nickel cobalt
manganese oxide (NCM 5:2:3, 45 µm thickness, 155 mAh g-1), the anode sheet,
copper foil coated with CMS graphite (140 µm thickness, 330 mAh g-1), and
Celgard separator (25 µm thickness) were purchased from MTI Corp. and dried in
vacuo at 70 °C overnight and stored in an Ar-filled glove box.
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Nonvolatile liquid electrolyte was prepared by dissolving 1 M LiTFSI into
the ionic liquid (BMP TFSI) via magnetic stirring at 70 °C overnight in a nitrogenfilled glove box until a clear, homogenous solution was obtained. Ionogel precursor
solutions were prepared by adding a desired quantity of the zwitterionic comonomers with a fixed molar ratio (3 mol MPC:1 mol SBVI) into the liquid
electrolyte and stirring at 70 °C in a nitrogen-filled glove box for up to 3 hrs, until
a clear solution was obtained. Subsequently, 2 wt.% (monomer basis) of HOMPP
was added into the precursor solution and complete copolymerization was achieved
via UV irradiation at 365 nm (Spectronic Corp., 8 W) for 10 min. ZI copolymersupported ionogel (i.e. ZI gel) samples are identified by the wt.% of total comonomer content (MPC + SBVI) in each precursor solution.
Ionic conductivity measurements were performed via AC impedance
spectroscopy, using a VersaSTAT 3 potentiostat with a built-in frequency response
analyzer (Princeton Applied Research). Electrolyte samples were prepared in a
custom-built Teflon cell array featuring gold-plated electrical probes. The
geometrical cell factor used to convert limiting impedance at high frequency
(resistance) to ionic conductivity was determined by prior calibration using three
different pure IL electrolytes. Ionic conductivity measurements at room
temperature (23 °C) were performed inside a nitrogen-filled glove box; a sinusoidal
voltage amplitude of 10 mV was employed. At least three ZI gel samples from a
single precursor batch were synthesized for each formulation, and the presented
ionic conductivity values represent the average across these samples; the error bars
represent the standard deviation between them. Temperature-dependent ionic
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conductivity measurements were performed inside a temperature-controlled,
nitrogen-filled microscopy stage (Linkam Scientific Instruments, LTS 420) via
insertion of two electrical probes into a cylindrical ionogel sample (6.35 mm
diameter, 3.16 mm thickness). During the heating and cooling process, a 15-min
holding period was utilized to ensure thermal equilibration at each temperature.
Ionic conductivity values at various temperatures were calculated using a
geometrical correction factor for each sample determined by its ionic conductivity
value measured at 23 °C in the Teflon cell array described above. All temperaturedependent Arrhenius trend line fits exhibited a R2 value of 0.995 or greater.
The elastic modulus of each ZI gel sample was measured via compression
testing in free-extension mode using a dynamic mechanical analyzer (RSA3, TA
Instruments) from 0% to 10% strain at a rate of 0.01 mm s-1. The value of the elastic
modulus was calculated from the slope of the stress-strain plot. The gel sample size
was cylindrical, with a 2:1 aspect ratio (diameter:thickness = 6.35:3.16 mm).
Lithium and fluorine NMR spectroscopy measurements were performed
using a Bruker AVANCE III 500 MHz spectrometer. 7Li and 19F were the observed
nuclei to interrogate the Li+ and TFSI- local environments, respectively. The
reference solution for 7Li samples was 0.1 M LiCl in D2O. The reference solution
for

19

F samples was 0.1 M LiTFSI in D2O. A total of 32 scans were recorded at

room temperature with a relaxation delay of 0.1 ms. Samples were injected into a
glass capillary tube (inner diameter 1.5 mm) that was placed into a 5 mm inner
diameter NMR tube filled with the reference solution. FTIR spectra were collected
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using a JASCO Corporation FT-IR 6200 by performing 32 scans at a resolution of
4 cm-1.
Differential scanning calorimetry (DSC) was carried out using a TA
Instruments Q100 instrument that was calibrated using indium and sapphire
standards under a nitrogen gas flow of 50 mL min-1. DSC traces were obtained by
initially heating the sample to 120 °C and holding for 30 min. The sample was then
supercooled to -80 °C at a rate of 10 °C min-1 to prevent crystallization, in order to
better observe the glass transition temperature on the heating scan. The displayed
DSC traces are for the heating scan, measured from -80 °C to 200 °C at a ramp rate
of 5 °C min-1. Sample masses were between 3.5-4.5 mg. Thermogravimetric
analysis (TGA) measurements were carried out with a TA Instruments Q500
Thermogravimetric Analyzer at a heating rate of 5 °C min-1 under a nitrogen gas
flow of 50 mL min-1.
All experiments were performed in an Ar-filled glove box at room
temperature with H2O and O2 levels < 0.5 ppm. The tests were performed in a
laboratory-assembled cell consisting of a housing made of perfluoroalkoxy alkane
(PFA, SemiTorr Group) of 1.27 cm inner diameter containing stainless steel 316
rods (1.27 cm diameter, ~7.6 cm length, McMaster-Carr) inserted through the
fixture with notches at the end to connect with the potentiostat. Gel samples of 1.27
cm diameter and ~500 µm thickness were prepared using a PDMS mold and
subsequently transferred to the cell inside the Ar-filled glove box. For liquid
electrolyte tests, Celgard separators were soaked in liquid electrolyte in vacuo at
70 °C overnight. Typically, ~100 µL of liquid electrolyte was injected into each
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cell for sufficient wetting of electrodes in both ionogel and liquid electrolyte tests.
Measurements were obtained using a VersaSTAT 3 potentiostat containing a builtin frequency response analyzer (Princeton Applied Research). Linear sweep
voltammetry experiments were performed at a scan rate of 1 mV s-1 with Li foil as
the counter electrode (Cu foil as the current collector) and stainless steel 18-8 shim
as the working electrode. For lithium transference number (𝑡#$ % ) calculations, the
method of Bruce et al. was followed for DC polarization/chronoamperometry
combined with impedance spectroscopy in a Li|electrolyte|Li symmetrical cell at
an applied potential (∆V) of 80 mV to measure the initial (I0) and steady-state (ISS)
current responses.[60] It should be noted that the initial current was recorded as the
first data point in the chronoamperometry test. Impedance spectroscopy was carried
out to measure the initial (R0) and final (Rss) resistances of the Li metal interface
with either the liquid electrolyte or ionogel. Under these circumstances, the Li+
transference number is given by:

𝑡#$ % =

G~~ (•€^G_ 4_ )
G_ (•€^G~~ 4~~ )

(Eq. 4.1)

In order to calculate the Li+ conductivity (s#$ % ), or the fraction of total ionic
conductivity that consists of Li+ motion,
s#$ % = σ𝑡#$ %

(Eq. 4.2)

For lithium strip-plate testing, symmetric Li|electrolyte|Li cells were
prepared in an Ar-filled glove box with Cu foil as the current collector. For
consistency, ~100 µL of additional liquid electrolyte was injected into the cell for
both ionogel and liquid electrolyte samples. A waiting period of 12 hours was
implemented after assembling the cell to establish a stable solid-electrolyte
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interphase (SEI) layer. To precondition the cell, charge-discharge tests of constant
current density (0.01 mA cm-2 for 30 min) were carried out for 10 cycles. For the
strip-plate test, cells were charged and discharged at a predetermined current
density for a period of 30 min each. Failure was determined by a substantial change
in the voltage waveform or when new harmonics were observed. Postmortem
imaging of the Li metal electrode morphology was performed by scanning electron
microscopy (Phenom G2 Pure Tabletop SEM) at 2000x magnification. Cells were
disassembled inside an Ar-filled glove box and the Li metal was transported via a
portable

desiccator

for

SEM

analysis.

Galvanostatic

charge-discharge

measurements in a full cell of graphite|ZI gel|NCM were performed at a specified
rate of C/10 to 2C (0.1 mA cm-2 to 1 mA cm-2) in the laboratory-assembled cell. A
preconditioning cycle at a rate of C/20 was carried out before performing chargedischarge tests. Cut-off voltages of 3.2 V and 1.7 V were implemented on the
charging and discharging tests, respectively.

4.4. Conclusions
Nonvolatile gel electrolytes consisting of 1

M

LiTFSI-BMP TFSI

immobilized by a fully-zwitterionic copolymer network were prepared and
characterized. These ZI gel electrolytes exhibit exceptional room temperature ionic
conductivity values (1 mS cm-1) that are comparable to the base liquid electrolyte,
while simultaneously displaying a highly tunable compressive elastic modulus that
could be as large as 14.3 MPa. Spectroscopic characterization revealed evidence of
favorable Li+…zwitterion interactions that can displace TFSI- from the first
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coordination shell surrounding Li+. The fully-ZI copolymer scaffold effectively
increased both the Li+ transference number and Li+ conductivity of a 12.5 wt.% ZI
gel, relative to the 1 M LiTFSI-BMP TFSI base liquid electrolyte. These findings
suggest that a fully ZI-copolymer network can promote Li+ transport within ILbased electrolytes, in addition to readily forming a physically-crosslinked polymer
scaffold, enabling one to realize both a highly conductive yet mechanically rigid
gel that captures the benefits of both liquid and solid-state electrolytes. Open circuit
condition stability against Li metal and long-term lithium strip-plate cycling tests
verified the compatibility of the ZI gel electrolyte with Li metal, promoting uniform
deposition and the formation of a stable SEI layer. Finally, charge-discharge
measurements of a Li-ion cell containing a ZI gel electrolyte demonstrated the
viability of the gel for Li+ battery applications at high discharge rates, with
efficiency comparable to IL electrolytes. The fully-ZI copolymer-supported gel
electrolytes introduced in this investigation represent a promising class of
nonvolatile, non-flowing electrolyte materials that exhibit favorable ionic
conductivity and high compatibility with Li metal anodes for the development of
future lithium-based electrochemical energy storage devices.
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Chapter 5: Enhancing Li-ion Transport of Solvate
Ionic Liquid-based Gels
This Chapter is reproduced with permission from the authors from the following
publication:
D'Angelo, A. J.; Panzer, M. J., Enhanced Lithium Ion Transport in Poly(ethylene
glycol) Diacrylate-Supported Solvate lonogel Electrolytes via Chemically Crosslinked Ethylene Oxide Pathways. Journal of Physical Chemistry B 2017, 121 (4),
890-895.

5.1. Introduction
Ionic liquids (ILs), or room temperature molten salts, are composed entirely
of ions and demonstrate unique properties with great potential as electrolytes for
electrochemical energy applications, including supercapacitors, fuel cells, dyesensitized solar cells, and lithium-ion batteries.1,2 ILs possess moderate room
temperature ionic conductivity (~1-10 mS/cm), high electrochemical stability (3-5
V), and negligible vapor pressure.3,4 The first manifestations of Li+-containing IL
electrolytes for lithium-ion battery prototypes were prepared via dissolution of a
solid lithium salt (with a typical concentration of 1 M) into an IL, resulting in a
substantial increase in solution viscosity at a relatively low concentration of lithium
cations.5 This increase in viscosity yields maximum room temperature ionic
conductivities in the range of only ~0.1 mS/cm, while also limiting the lithium-ion
transport number (tLi+) to a value of 0.3 or lower due to the presence of at least three
different ionic species in the electrolyte.6 Recently, a new class of lithium145

containing electrolytes has emerged within the IL research community, namely,
solvate ionic liquids (SILs).7-11 SILs offer some of the same advantages of
traditional ILs, such as ultralow vapor pressure and nonflammability, and consist
of a salt combined with a ligand that is strongly coordinated with either the cation
or anion to form a complex ion.8 An early example of a lithium-ion SIL was
reported by Pappenfus et al. via an equimolar combination of lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) with the organic ligand tetra(ethylene
glycol) dimethyl ether (tetraglyme, G4) to form [Li(G4)][TFSI].9 SILs can exhibit
room temperature ionic conductivities of at least 1 mS/cm, high electrochemical
stability up to 4.5 V vs. Li/Li+,7,10,11 and, importantly, larger tLi+ values (~0.5),11
making them strong candidates for lithium-based energy storage devices.
While lithium-ion SILs show promise for developing safer batteries, these
liquid electrolytes must still be contained to prevent leakage. Few investigations
have been conducted to date on developing free-standing SIL gel composite (i.e.,
solvate ionogel) electrolytes. Kitazawa et al. fabricated a self-assembled physical
gel network using an ABA-triblock copolymer consisting of polystyrene and
poly(methyl methacrylate) blocks to form physical cross-links and ion conduction
pathways, respectively, in [Li(G4)][TFSI].7 At 10 wt.% copolymer loading, the
solvate ionogel demonstrated a room temperature ionic conductivity of ~0.4 mS/cm
and a tLi+ value of 0.52, although the mechanical stiffness was low (shear modulus
~2 kPa).7 Quasi-solid-state solvate ionogels have also been fabricated by blending
fumed silica nanoparticles into [Li(G4)][TFSI], as reported by Unemoto and coworkers.12 A solvate ionogel containing 25 vol.% SiO2 nanoparticles exhibited a
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room temperature ionic conductivity of 0.15 mS/cm and a tLi+ of 0.53.12 Obtaining
a high tLi+ value is critical for the realization of a high power lithium-ion battery,
where lithium ions are capable of carrying a greater fraction of current through the
device. A recent study by Porcarelli et al. attempted to leverage lithium-ion
transport along ethylene oxide (EO) chains located on the polymer backbone of a
gel electrolyte by forming a cross-linked poly(ethylene oxide) (PEO) scaffold
doped with LiTFSI, using G4 as a plasticizer.13 Employing molar ratios of EO:Li+
between 54:1 and 23:1, a maximum tLi+ value of 0.55 was achieved in an electrolyte
that exhibited a room temperature ionic conductivity of 0.11 mS/cm,13 although this
was not a true solvate ionogel due to the presence of excess G4 (a minimum G4:Li+
molar ratio of 2.3 was used in that study). As demonstrated by these results, one
can see that there is often a trade-off between increasing tLi+ and decreasing ionic
conductivity in lithium-ion gel electrolytes.
In this work, a high performance solvate ionogel has been fabricated via in
situ UV-initiated free radical polymerization/cross-linking of poly(ethylene glycol)
diacrylate (PEGDA) within the SIL electrolyte [Li(G4)][TFSI] for the first time.
The molecular structures of the solvate ionogel components are shown in Figures
5.1a and 5.1b; the four-fold coordination of Li+ by G4 oxygen atoms was recently
revealed by Saito and coworkers.14 For comparison purposes, solvate ionogels with
polymer scaffolds lacking EO moieties were also created using methyl
methacrylate (MMA) and a small amount of the tetrafunctional cross-linker
pentaerythritol tetraacrylate (PETA-4);15 the structures of these molecules are
displayed in Fig. 5.1c. The cross-linked poly(methyl methacrylate) (PMMA)-
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supported solvate ionogels were utilized in this study as a comparison group to the
PEGDA-supported gels in order to investigate whether any benefits for Li+
transport could be derived from the EO groups. Solvate ionogels were fabricated
with various polymer contents via in situ UV curing, and AC impedance
spectroscopy and pulsed-field gradient spin-echo (PGSE) NMR spectroscopy
measurements were employed to evaluate ionic conductivity and species diffusivity
values, respectively. The present results suggest that PEGDA-supported solvate
ionogels facilitate enhanced Li+ diffusion along EO segments located on the
polymer backbone, displaying a maximum tLi+ value of 0.58 (compared to 0.50 for
neat [Li(G4)][TFSI]) while still maintaining a high room temperature ionic
conductivity of 0.43 mS/cm and achieving a gel elastic modulus of 0.47 MPa.
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Figure 5.1. Molecular structures of solvate ionogel components: (a)
lithium(tetraglyme)

complex

cation

[Li(G4)]+

and

bis(trifluoromethylsulfonyl)imide anion [TFSI]- that comprise the solvate ionic
liquid (SIL), (b) poly(ethylene glycol) diacrylate (PEGDA) monomer/cross-linker,
and (c) methyl methacrylate (MMA) monomer and pentaerythritol tetraacrylate
(PETA-4) cross-linker.
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5.2 Experimental Materials and Methods
5.2.1. Materials
All materials were used as received and stored in a nitrogen-filled glove box
until time of use unless stated otherwise. Tetraglyme (G4), poly(ethylene glycol)
diacrylate (PEGDA, average Mn = 575 g/mol), methyl methacrylate (MMA),
pentaerythritol tetraacrylate (PETA-4), and the photoinitiator 2-hydroxy-2methylpropiophenone (HOMPP) were purchased from Sigma Aldrich. Lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) was purchased from Sigma Aldrich
and heat-treated in a vacuum oven at 60 °C for 24 hours before being placed in a
nitrogen-filled glove box.

5.2.2. Solvate Ionogel Fabrication
[Li(G4)][TFSI] was first prepared by combining an equimolar mixture of
LiTFSI and G4 in a vial. The solution was mixed via magnetic stirring overnight
and a clear, homogenous liquid was obtained. PEGDA-supported solvate ionogel
precursor solutions were fabricated by mixing a desired quantity of PEGDA into
[Li(G4)][TFSI] and stirring for 15 minutes. PMMA-supported solvate ionogel
precursor solutions were fabricated by adding a desired quantity of MMA to
[Li(G4)][TFSI] with a fixed amount of cross-linker in each formulation (3.6 vol.%
PETA-4) in order to obtain non-flowing gels. Approximately 2 wt.% HOMPP was
added to each solvate ionogel precursor solution to serve as the photoinitiator. The
volume fraction of polymer content in each sample was found by assuming additive
volumes of the precursor solution components, using the bulk component density
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values. All precursor solutions were visibly determined to be well-mixed and
homogeneous.

Precursor

solutions

were

injected

into

a

cylindrical

poly(tetrafluoroethylene) (PTFE) washer mold (outer diameter 13.2 mm, inner
diameter 6.35 mm, thickness 1.58 mm) that was implemented as a spacer between
two parallel-facing planar indium tin oxide (ITO)-coated glass slides (Thin Film
Devices, Inc.). Polymerization/cross-linking of the precursor solution was achieved
via UV irradiation at 365 nm (Spectronic Corp., 8 W) in situ within the mold for
10 minutes. Self-standing gel formation was verified by visibly ensuring that no
flow occurred under when turning a vial containing UV-cured precursor solution
upside down.

5.2.3. Electrical Characterization
AC impedance spectroscopy measurements were performed on the
ITO/solvate ionogel/ITO structures using a VersaSTAT 3 potentiostat with a builtin frequency response analyzer (Princeton Applied Research). Room temperature
AC impedance spectroscopy measurements were performed inside a nitrogen-filled
glove box over the frequency range of 1 Hz to 100 kHz using a sinusoidal voltage
amplitude of 10 mV (0 V DC offset). It should be noted that impedance spectra
collected using the parallel ITO electrode setup also included a series contact
resistance of 79 Ohm that was subtracted from the high frequency (~100 kHz)
device impedance data in order to calculate solvate ionogel ionic conductivity
values. Variable temperature impedance spectroscopy measurements were
performed by placing ionogel samples (on a thin glass substrate) on top of a
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temperature-controlled microscopy stage (Linkam Scientific Instruments, LTS
420) with two thin electrical probes inserted directly into a cylindrical ionogel
sample (diameter = 6.35 mm, thickness = 3.16 mm), using a probe spacing of
approximately 4 mm. A 15-minute holding period was utilized in between each
temperature step change to allow for thermal equilibration of the sample. Ionic
conductivity values for the temperature-dependent measurements were calculated
using a geometrical correction factor for each sample that equated the conductivity
of the ionogel at room temperature with that measured using the parallel ITO
electrodes setup described above. A best-fit line possessing a R2 value of 0.99 or
higher was used to calculate the activation energy of ionic conductivity using the
Arrhenius equation.

5.2.4. Mechanical Characterization
Mechanical characterization was performed by compression testing in freeextension mode using a dynamic mechanical analyzer (RSA3, TA Instruments).
The applied compression rate used was 0.01 mm/s, from 0% to 15% strain. Each
cylindrical solvate ionogel sample possessed a diameter:thickness ratio of
approximately 2:1. Elastic modulus values were calculated as the slope of a best-fit
line to the resulting stress-strain data in the 5% - 10% strain regime.

5.2.5. PGSE NMR Diffusion Characterization
Diffusion measurements were carried out using a Bruker AVANCE III 500
MHz nuclear magnetic resonance (NMR) spectrometer, as described in a previous
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report.15 The pulsed-field gradient spin-echo (PGSE) method was employed to
measure the self-diffusion coefficients of three species in each of the solvate
ionogel and neat SIL samples. Apparent tetraglyme (G4), lithium (Li+), and anion
([TFSI]-) diffusivities were measured by detection of the 1H, 7Li, and
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F nuclei,

respectively. The parameters of diffusion delay (Δ) and diffusion time (δ) were
optimized for each ionogel sample, ranging between 50-200 ms and 5-10 ms,
respectively. Sample preparation consisted of injecting ionogel precursor solution
into a glass capillary tube (inner diameter 1.5 mm) and UV curing for 10 minutes.
Each capillary tube was immediately sealed with Critoseal® putty to prevent
possible contamination by ambient water vapor. The capillary tube was then
inserted into a 5 mm inner diameter NMR tube filled with D2O as the locking
solvent. Diffusivity values obtained for replicate samples were reproducible to
within ± 0.2 x 10-12 m2/s.

5.3. Results and Discussion
5.3.1. Ionic Conductivity
The ionic conductivity values of [Li(G4)][TFSI] and PEGDA-supported
solvate ionogels were determined via AC impedance spectroscopy at temperatures
between 22 °C and 100 °C. Figure 5.2a shows the calculated room temperature
ionic conductivities of PEGDA-supported solvate ionogels of varying polymer
content. The gelation point, defined as the approximate minimum amount of
polymer required to form a self-standing gel, occurs at ~8 vol.% PEGDA; this gel
exhibited an ionic conductivity of 0.89 mS/cm (compared with 1.16 mS/cm for
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[Li(G4)][TFSI], Fig. 5.2a). Solvate ionogels were fabricated with polymer loadings
up to 25 vol.% PEGDA, all of which exhibited an ionic conductivity at or above
0.34 mS/cm.
Figure 5.2b displays the temperature-dependent ionic conductivity
measurements of selected solvate ionogels and [Li(G4)][TFSI]. These SIL-rich
samples follow the simple Arrhenius model since all measurements were performed
at temperatures high above the glass transition of [Li(G4)][TFSI] (-61°C).9
Thermogravimetric analysis measurements (see Appendix C) confirm that the
PEGDA-supported solvate ionogels remain stable up to ~150 °C (< 5 wt.% mass
loss), similar to neat [Li(G4)][TFSI] (stable up to ~180°C). The activation energy
of ionic conductivity (EA), calculated from the slope of each line shown in Fig.
5.2b, describes the relative strength of interaction between the polymer scaffold
and the liquid electrolyte ([Li(G4)][TFSI]), as demonstrated previously.15–17
Calculated activation energies for [Li(G4)][TFSI] and for PEGDA-supported
ionogels varied between 21.7 kJ/mol (neat SIL) and 29.5 kJ/mol (25 vol.%
PEGDA), in which the activation energy increases with increasing polymer
loading; this is in agreement with previous reports of other polymer-supported
ionogel electrolytes.15,16,18

5.3.2. Elastic Modulus Tunability
It is also imperative to characterize the mechanical stiffness of the fabricated
solvate ionogels in order to verify that they meet the physical requirements of
flexible, solid-state electrolytes. The elastic modulus, calculated here from stress154

strain curves obtained via solvate ionogel compression testing, quantifies the
degree of gel stiffness, in which a larger elastic modulus generally indicates a
higher cross-link density.19 Figure 5.3 displays the elastic modulus values
measured for PEGDA- and PMMA-supported solvate ionogels with polymer
contents ranging from 8 to 25 vol.%. Notably, the compressive elastic modulus
values obtained for both polymer scaffold types were nearly equivalent for a given
polymer volume fraction within the range studied, indicating comparable cross-link
densities in both gel types. At the minimum gelation point, an elastic modulus of
0.91 kPa was obtained for the PEGDA-supported solvate ionogel, which is in good
agreement with reported values for other ionogels containing chemically crosslinked polymer scaffolds at or near the gelation point.15 As the loading of polymer
increases to 25 vol.%, a maximum elastic modulus of 640 kPa is achieved. The
inset to Fig. 5.3 shows a photograph of a 13 vol.% PEGDA-supported solvate
ionogel being flexed by hand, demonstrating the high degree of flexibility of this
formulation (elastic modulus of 59 kPa). The present results indicate that
chemically cross-linked, polymer-supported solvate ionogels can be fabricated with
elastic moduli that vary over a range of approximately three orders of magnitude,
making them strong candidates for flexible, solid-state lithium-ion electrolyte
applications.
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Figure 5.2. (a) Room temperature ionic conductivity values of [Li(G4)][TFSI] and
PEGDA-supported solvate ionogels. The minimum polymer content necessary to
obtain gelation is indicated with an arrow at 8 vol.% PEGDA. (b) Temperaturedependent ionic conductivity measurements of neat SIL and PEGDA-supported
solvate ionogels of varying polymer loadings. Dashed lines represent best-fit linear
regressions that yield Arrhenius activation energy values.
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Figure 5.3. Elastic modulus values measured for PEGDA- and PMMA- supported
solvate ionogels with varying polymer contents. Inset photograph depicts a solvate
ionogel sample containing 13 vol.% PEGDA scaffold, held in a flexed state.
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5.3.3. Diffusivity Values and Lithium-Ion Transport
Species self-diffusion measurements were performed in order to
characterize the efficacy of lithium-ion transport within the polymer matrix, as well
as the stability of the complex cation, [Li(G4)]+. PGSE NMR spectroscopy was
employed to obtain apparent diffusivities of the lithium, tetraglyme, and [TFSI]species at room temperature (via detection of 7Li, 1H, and 19F nuclei, respectively);
the results are displayed in Table 5.1. As mentioned above, PMMA-supported
solvate ionogels were also fabricated in order to make comparisons between a
polymer matrix that lacks EO groups and a PEGDA-based scaffold. Diffusivity
values obtained for PMMA-supported gels prepared with the same vol.% polymer
loadings as the PEGDA-supported gels are also shown in Table 5.1. For both
polymer scaffold types at the minimum gelation point (8 vol.% polymer in both
cases), apparent Li+ diffusivity (DLi+) values were slightly lower than the value in
neat [Li(G4)][TFSI]. However, with increasing polymer volume fractions, apparent
Li+ diffusivities tended to increase in both solvate ionogel types. Importantly, the
PEGDA-supported solvate ionogels exhibited a much more dramatic increase in
Li+ diffusivity values as the polymer loading increased from 8 vol.% to 25 vol.%,
rising from 6.0 x 10-12 m2/s to 10.1 x 10-12 m2/s; for the same polymer contents,
PMMA-supported gels displayed a much smaller change in Li+ diffusivity (rising
from 5.6 x 10-12 m2/s to 6.8 x 10-12 m2/s).

158

Table 5.1. Diffusion coefficients measured at room temperature for tetraglyme
(G4), Li+, and TFSI- species in [Li(G4)][TFSI], as well as PEGDA- and PMMAsupported solvate ionogels with varying polymer contents.

Sample / vol.% polymer

Diffusion Coefficients
(10-12 m2 s-1)
DG4

DLi+

DTFSI-

6.1

6.3

6.4

8

5.6

6.0

5.8

13

6.2

6.6

5.6

19

8.9

9.5

7.3

21

9.8

10.0

7.4

25

10.5

10.1

7.6

[Li(G4)][TFSI]
PEGDA-Supported Gels

PMMA-Supported Gels
8

5.3

5.6

5.8

13

6.7

6.6

6.7

19

6.9

6.7

6.9

21

7.1

7.1

7.2

25

6.9

6.8

6.9
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Additionally, the very good agreement seen between the diffusivity values
of G4 and Li+ for all samples (i.e., DG4/DLi+ ratio of ~1) confirms the stability of
the [Li(G4)]+ complex cation and formation of a true SIL, with no evidence of
uncomplexed tetraglyme.7,11 Raman spectra (see Appendix C) also verified the
stability of the [Li(G4)]+ complex7 in both PEGDA- and PMMA-supported solvate
ionogels. From Table 1, it can also be seen that the diffusivity of [TFSI]- also
increased to some degree with higher polymer volume fraction in both solvate
ionogel types. In order to reconcile the seemingly contradictory observation of
increasing apparent Li+ (in [Li(G4)]+ cation complexes) and [TFSI]- diffusivity
values with greater polymer volume fraction (Table 5.1) while the ionic
conductivity is seen to decrease over the same composition range (Fig. 5.2a), two
concepts must be emphasized: (1) as the polymer scaffold content is increased, gel
ionic conductivity naturally decreases because the concentration of potential ionic
charge carriers (i.e. amount of SIL) is decreased; additional tortuosity introduced
by the scaffold with respect to ion motion is also a contributing factor, and (2) the
apparent diffusivity values measured via PGSE NMR spectroscopy represent a
weighted average of the collective motions of both “free” and “paired” ions/species
present in a given sample, although only the “free” ions contribute to the ionic
conductivity.15 Thus, the apparent increase in both the [Li(G4)]+ and [TFSI]species diffusivity values may be due to an increase in the extent of ion pair
dissociation due to attractive polymer-SIL interactions; this phenomenon was also
reported by Kido et al. for blends of PEO and PMMA with [Li(G4)][TFSI].10 With
a higher fraction of unpaired ionic species, the apparent diffusivity of each SIL
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component will be larger because the free species can presumably diffuse faster
than when they are paired. While larger apparent diffusivity values are thus
consistent with an increase in the fraction of dissociated ion pairs present, gel ionic
conductivity does not increase with greater polymer scaffold content because the
concentration of SIL is reduced at the same time.
The diffusivity measurements indicate a clear enhancement of Li+
diffusivity in PEGDA-supported solvate ionogels containing EO chains, which
have been well-established as ion conductive pathways in the literature.13,20–23
Numerous reports have demonstrated improved Li+ diffusivity in PEO-based solid
polymer electrolytes, yet most exhibit hindered overall ionic conductivity (on the
order of 0.1 mS/cm) due to a coupling of lithium-ion motion to segmental polymer
motion, making the electrolytes impractical for high power applications.24–26 In the
present work, a highly cross-linked network containing EO chains has been
fabricated in situ to form gel composites that are rich in lithium-ion SIL, facilitating
a decoupling of polymer segmental motion from ionic motion. We posit that the
EO chains provide conductive pathways that enhance [Li(G4)]+ complex cation
transport within PEGDA-supported solvate ionogels; as seen in Table 5.1, no
significant enhancement in Li+ diffusivity relative to that of [TFSI]- is observed for
PMMA-supported solvate ionogels lacking EO moieties.
Figure 5.4a depicts lithium ion transport numbers (tLi+) calculated via Eq.
5.1 for [Li(G4)][TFSI], as well as for both PEGDA- and PMMA-supported solvate
ionogels.
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It should be recognized that the calculation of tLi+ by the use of self-diffusion
coefficients, although commonly reported,7 does not necessarily equate to the Li+
transference number (i.e. the fraction of DC current carried by Li+) obtained via
potentiostatic polarization measurements (Bruce-Vincent-Evans method).27
However, Chintapalli and coworkers have recently compared the values obtained
by these two methods for several LiTFSI-based systems, reporting that they agreed
well when the electrolyte ionicity (reciprocal of the Haven ratio) was larger than
0.1.27 It has previously been shown that [Li(G4)][TFSI] meets this criterion,
exhibiting an ionicity of 0.63.11 Here, [Li(G4)][TFSI] exhibited a tLi+ value of 0.50,
in agreement with previous reports.7,11 Fig. 5.4a clearly shows enhanced Li+
transport within the PEGDA-supported solvate ionogels containing EO moieties,
yielding a maximum tLi+ value of 0.58 at 21 vol.% PEGDA; importantly, at this
high tLi+ value, an ionic conductivity of 0.43 mS/cm is maintained (Fig. 5.4b). By
contrast, PMMA-supported solvate ionogels lacking EO chains in the polymer
network demonstrated relatively unchanged tLi+ values (tLi+ ~0.49-0.50, up to 25
vol.% polymer loading) that were comparable to neat [Li(G4)][TFSI]. Figure 5.4b
displays the corresponding room temperature ionic conductivities of each of the
electrolytes shown in Fig. 5.4a. Both solvate ionogel types exhibit decreasing ionic
conductivity with increasing polymer content, primarily due to a reduction in
[Li(G4)][TFSI] volume fraction (i.e., fewer ionic charge carriers). In agreement
with the diffusivity values shown in Table 5.1, it can be seen that PEGDAsupported solvate ionogels display larger ionic conductivities compared to PMMA162

supported gels across the entire polymer content range studied. Taking into account
both the ionic conductivity and tLi+ results, it is apparent that PEGDA-supported
solvate ionogels exhibit enhanced lithium-ion transport compared to PMMAsupported gels.
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Figure 5.4. (a) Calculated lithium-ion transport number (tLi+) for PEGDA- and
PMMA-supported solvate ionogels with varying polymer contents. The dashed line
highlights the calculated neat [Li(G4)][TFSI] tLi+ value of 0.50. (b) Room
temperature ionic conductivity values measured for PEGDA- and PMMAsupported solvate ionogels, and for [Li(G4)][TFSI].
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5.4. Conclusion
In conclusion, the implementation of a chemically cross-linked polymer
scaffold containing EO moieties facilitated the creation of lithium-ion solvate
ionogel electrolytes that exhibit enhanced cationic transport. PEGDA-based solvate
ionogels, consisting of cross-linked EO chains, enabled greater lithium-ion
diffusivity compared to gels having a PMMA-based polymer network that lacks
EO functionality. At the minimum gelation point (8 vol.% polymer), a PEGDAbased solvate ionogel displayed a room temperature ionic conductivity of 0.89
mS/cm, which was nearly as large as that of [Li(G4)][TFSI] (1.16 mS/cm). The Li+
transport number for PEGDA-supported solvate ionogels reached a maximum of
0.58 at 21 vol.% polymer; moreover, at this polymer loading, a robust compressive
elastic modulus of 0.47 MPa was achieved while maintaining a high room
temperature ionic conductivity of 0.43 mS/cm. In light of their enhanced Li+
transport behavior and favorable ionic conductivity, as well as a nonvolatile and
highly flexible character, PEGDA-supported lithium-ion solvate ionogels appear to
be highly promising candidates for the development of solid-state Li+-based energy
storage devices.
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Chapter 6: Designing Stretchable and SelfHealing Gels via Zwitterionic Polymer Networks
in Solvate Ionic Liquids for Li-based Batteries

6.1. Introduction
Ionic liquids (ILs), or room temperature molten salts, have gained increased
interest as potential candidates for Li-ion electrolytes due to their unique properties
of moderate room temperature ionic conductivity (~1-10 mS/cm), high
electrochemical stability window (3-5 V), and safety benefits due to their negligible
vapor pressure.1-2 Traditional ILs for Li-based batteries are realized by dissolution
of a solid lithium salt into an IL which results in a marked increase in solution
viscosity with a relatively low concentration of Li-ions (i.e. 0.1 M – 1 M).3 The Li
salt-IL solution demonstrates ionic conductivities at room temperature in the range
of 10-1 - 100 mS cm-1 while also exhibiting a low Li+ transference number (tLi+ <
0.3) due to the nature of a ternary ionic species system.4 Recently, an emergent
class of lithium-containing electrolytes are being developed within the IL research
community, namely, solvate ionic liquids (SILs).5-7 SILs demonstrate comparable
benefits of traditional ILs, such as ultralow vapor pressure and nonflammability,
yet are comprised of commercially-available reagents with a facile synthesis route.
SILs display properties comparable to ILs due to the formation of a complex ion
(either cation or anion) from the combination of a salt and a strongly coordinating
ligand.8 Pappenfus et al. reported on an early example of a SIL via an equimolar
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combination of lithium bis(trifluoromethylsulfonyl)imide (LiTFSI) with the
organic ligand tetra(ethylene glycol) dimethyl ether (tetraglyme, G4) to form
[Li(G4)][TFSI].7 Although there is a relatively high concentration of Li salt in the
mixture (i.e. 2.8 M), SILs avoid viscosity problems surrounding clustering of
anions around Li+ species due to the solvated cation structure (see Figure 6.1)
which yields room temperature ionic conductivity values of ~1 mS cm-1.7 Due to
the strongly coordinated solvate structure, SILs demonstrate a high electrochemical
stability up to 4.5 V vs. Li/Li+,8-9 they are prepared from commodity chemicals
making them cost-competitive, and, importantly, have demonstrated a larger tLi+
from the decrease in ion clusters of the solvent separated ion pairs10 making them
strong candidates for lithium-based energy storage devices.
The emergence of highly flexible and stretchable electronics has caught the
attention of many investigators. Flexible energy storage devices have a myriad of
applications in the advancement of ‘smart’ textiles, electronic skins, implantable
devices, large displays, and mobile devices.11 In order to build a portable and stable
device, an all-flexible battery must withstand the mechanical deformation
requirements of the given application while still retaining its electrochemical
properties. However, solvate ionic liquids are liquid-based electrolytes that are less
than ideal, possessing the risks of leakage and lack of mechanical stability. Gel
polymer electrolytes (GPEs) are promising alternatives to replace liquid
electrolytes, yet still need to be optimized in terms of their mechanical properties
for highly stretchable devices. A free-standing gel composite (i.e. solvate ionogel)
is only of recent interest to researchers that have implemented physically and

171

chemically cross-linked networks.5, 12 Kitazawa et al. fabricated a physical gel
network using a self-assembled ABA-triblock copolymer consisting of polystyrene
and poly(methyl methacrylate) (PMMA) blocks to facilitate a cross-linked network
containing ion conduction pathways, in [Li(G4)][TFSI].5 At 10 wt.% copolymer
loading, the solvate ionogel demonstrated a room temperature ionic conductivity of
~0.4 mS cm-1 and a tLi+ (derived via NMR diffusion spectroscopy) value of 0.52,
yet the mechanical properties were relatively low (shear modulus ~2 kPa).5
Investigators have synthesized quasi-solid-state composites via fumed silica
nanoparticles to yield an ionogel exhibiting 0.15 mS cm-1 with a tLi+ (via NMR
diffusion spectroscopy) of 0.53.13 A recent investigation from our group fabricated
a chemically cross-linked solvate ionogel that leveraged the use of ethylene oxide
groups of the polymer network to increase the NMR-derived tLi+ from 0.50 of the
neat SIL to 0.58 for a 21 vol.% PEGDA-supported ionogel.12 However,
investigators have yet to demonstrate a highly stretchable solvate ionogel with
enhanced electrochemical properties.
In this work, a highly stretchable solvate ionogel of tunable mechanical
properties has been fabricated via in situ UV-initiated free radical polymerization
of an all-zwitterionic network within the SIL electrolyte, [Li(G4)][TFSI], for the
first time. The molecular structures of the solvate ionogel components are shown
in Figures 6.1a and 6.1b; in which the polymer network consists of the zwitterionic
repeat units 2-methacryloyloxyethyl phosphorylcholine (MPC) and sulfobetaine
vinylimidazole (SBVI). Solvate ionogels were fabricated with various polymer
contents via in situ UV curing, and compressive/tensile testing and electrochemical
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measurements were performed. The present results suggest the ionic species in SIL
strongly interacts with MPC repeat units of the polymer network to facilitate a
highly stretchable ionogel composite; meanwhile, SBVI has a higher degree of
cross-linking via dipole-dipole interactions amongst other SBVI chains to promote
a higher elastic modulus. The stronger SIL-MPC interactions favors the formation
of dynamic cross-links capable of rapid self-healing at 50 ºC; meanwhile SBVIrich samples behave comparable to neat SIL in terms of ion transport. This
investigation demonstrates tunable mechanical and electrochemical properties of
solvate ionogels depending on the selection of zwitterionic repeat unit in the
polymer network, allowing for one to gain insight into designing electrolytes for
highly versatile energy storage devices.
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(a)

[Li(G4)]

+

-

[TFSI]

(b)

MPC

SBVI
Figure 6.1. Molecular structures of solvate ionogel components: (a) lithiumtetraglyme complex cation [Li(G4)]+ and bis(trifluoromethylsulfonyl)imide anion
[TFSI]- that comprise the solvate ionic liquid (SIL) and (b) zwitterionic (ZI)
monomers, 2-methacryloyloxyethyl phosphorylcholine (MPC) and sulfobetaine
vinylimidazole (SBVI).
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6.2 Experimental Materials and Methods
6.2.1. Materials
All materials were used as received and stored in a nitrogen-filled glove box
(O2 <0.1 ppm) until time of use unless stated otherwise. Tetraglyme (G4),
photoinitiator

2-hydroxy-2-methylpropiophenone

bis(trifluoromethylsulfonyl)imide

(LiTFSI),

and

(HOMPP),

lithium

2-methacryloyloxyethyl

phosphorylcholine (MPC) were purchased from Sigma Aldrich. LiTFSI and MPC
were heat-treated in vacuo at 70 °C for 24 hours before being placed in a nitrogenfilled glove box and a glass desiccator, respectively. G4 was dried via molecular
sieve beads (5Å, Sigma Aldrich) for 48 hours while in a nitrogen-filled glove box.
Sulfobetaine vinylimidazole (SBVI) was prepared according to a previous study14
and dried in vacuo at 70 ºC for 24 hours before being placed in a glass desiccator.
Lithium foil (0.75 mm thick) was purchased from MTI Corporation (99.9% metals
basis) and stored in an argon-filled glove box (H2O, O2 <0.5 ppm). Stainless steel
shim (18-8 grade, 0.05 mm thickness) was purchased from McMaster-Carr and
cleaned with an acetone and isopropanol bath via sonication before drying in vacuo
at 70 ºC and being placed in an Ar-filled glove box. The cathode sheet, aluminum
foil coated with lithium nickel cobalt manganese oxide, LiNi0.5Co0.2Mn0.3O2 (NCM
5:2:3, 45 µm thickness, 155 mAh g-1), the anode sheet, copper foil coated with CMS
graphite (140 µm thickness, 330 mAh g-1), and Celgard separator (25 µm thickness)
were purchased from MTI Corp. and dried in vacuo at 70 °C and stored in an Arfilled glove box.
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6.2.2. Solvate Ionogel Fabrication
[Li(G4)][TFSI] was first prepared by combining an equimolar mixture of
LiTFSI and G4 in a vial and mixed via magnetic stirring overnight at 70 ºC in a
nitrogen-filled glove box to yield a clear, homogenous liquid. Zwitterionic gels (ZI
gels) were fabricated by mixing a specific quantity of SBVI/MPC into
[Li(G4)][TFSI] in a nitrogen-filled glove box at 50 ºC for approximately 1 hour
until a clear precursor solution was obtained. Approximately 2 wt.% (based on total
polymer content) HOMPP was added to the precursor solution before UV
irradiation at 365 nm (Spectronic Corp., 8 W) in situ within a Teflon-lined mold
containing gold-coated probes for 10 minutes. All solutions and ionogel composites
were transparent except ionogels with a polymer network consisting entirely of
SBVI.

6.2.3. Electrical Characterization
AC impedance spectroscopy measurements were performed on the
ITO/solvate ionogel/ITO structures using a VersaSTAT 3 potentiostat with a builtin frequency response analyzer (Princeton Applied Research). Room temperature
AC impedance spectroscopy measurements were performed inside a nitrogen-filled
glove box over the frequency range of 1 Hz to 100 kHz using a sinusoidal voltage
amplitude of 10 mV (0 V DC offset). Electrolyte samples were prepared in a
custom-built Teflon cell array featuring gold-plated electrical probes. The
geometrical cell factor used to convert limiting impedance at high frequency
(resistance) to ionic conductivity was determined by prior calibration using three
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different pure IL electrolytes. Variable temperature impedance spectroscopy
measurements were performed by placing the sample in a temperature-controlled
microscopy stage (Linkam Scientific Instruments, LTS 420) with two thin electrical
probes inserted directly into the ionogel (diameter = 6.35 mm, thickness = 3.16
mm). A 15-minute holding period was utilized during each temperature step change
to allow for thermal equilibration of the sample. Ionic conductivity values for the
temperature-dependent measurements were calculated using a geometrical
correction factor for each sample that equated the conductivity of the ionogel at
room temperature with that measured using the custom-built setup described above.
A best-fit line possessing a R2 value of 0.99 or higher was implemented in the
calculation of the activation energy of ionic conductivity (EA) using an Arrhenius
model.

6.2.4. Mechanical Characterization
Compressive testing was performed in free-extension mode using a
dynamic mechanical analyzer (RSA3, TA Instruments) at a strain rate of 0.01 mm/s
to 10% strain. The compressive testing samples exhibited the cylindrical
dimensions of a diameter:thickness ratio of approximately 2:1 (3.16 mm x 6.35
mm). The elastic modulus (E) of each sample was calculated from the slope of a
best-fit line from 0% - 10% strain. Tensile testing was performed on a DMA
instrument at a rate of 0.1 mm/s at ambient conditions. The solvate ionogels were
fabricated in a PDMS mold of dimensions: 40 mm long x 8 mm wide x ~0.5 mm
thick.
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6.2.5. Self-Healing Test
Solvate ionogels were investigated for their ability to self-heal after
experiencing a mechanical failure of the composite. Ionogels were fabricated in a
cylindrical shape of 3.16 mm x 6.35 mm and were sliced in half by a razor blade.
The ionogel was then gently pressed back together at the cross-section of the razor
blade cut and was heated at 50 ºC in a nitrogen-filled glove box for 1 hour.
Compressive testing was performed before and after the slicing of the ionogel in
half in order to confirm the self-healing ability. Furthermore, a puncture test was
performed which consisted of puncturing the cylindrical ionogel with a syringe (21
gauge) and heating at 50 ºC in a nitrogen-filled glove box for 1 hour to measure its
ability to self-heal. Self-healing was confirmed by disappearance of the incision or
puncture and its ability to be handled without breaking apart.

6.2.6. NMR Spectroscopy
Lithium and fluorine NMR spectroscopy measurements were performed
using a Bruker AVANCE III 500 MHz spectrometer. 7Li and 19F were the observed
nuclei to interrogate the Li+ and TFSI- local environments, respectively. The
reference solution for 7Li samples was 0.1 M LiCl in D2O. The reference solution
for
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F samples was 0.1 M LiTFSI in D2O. A total of 32 scans were recorded at

room temperature with a relaxation delay of 0.5 ms. Samples were injected into a
glass capillary tube (inner diameter 1.5 mm) that was placed into a 5 mm inner
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diameter NMR tube filled with the reference solution. Each capillary tube was
sealed via Critoseal putty to prevent water exposure from the ambient surroundings.
Diffusion measurements were carried out via the pulsed-field gradient
spin−echo (PGSE) method to measure the self-diffusion coefficient of tetraglyme
(G4) by detection of the 1H nucleus. The parameters of diffusion delay (Δ) and
diffusion time (δ) were optimized for each solution sample, ranging between 50
and 200 ms and 5−10 ms, respectively. Sample preparation consisted of injecting
zwitterion-SIL solutions into a glass capillary tube (inner diameter 1.5 mm). Each
capillary tube was immediately sealed with Critoseal putty to prevent possible
contamination by ambient water vapor. The capillary tube was then inserted into a
5 mm inner diameter NMR tube filled with D2O as the locking solvent.

6.2.7. Thermal Characterization
Thermogravimetric analysis (TGA) measurements were carried out with a
TA Instruments Q500 Thermogravimetric Analyzer at a heating rate of 10 °C min1

under a nitrogen gas flow of 50 mL min-1. Isothermal tests were performed at 80

ºC for an extended duration while the gravimetric mass was being measured.

6.2.8. Cell Testing
All experiments were performed in an Ar-filled glove box at room
temperature with H2O and O2 levels <0.5 ppm. Ionogel samples of 1.27 cm
diameter and ~500 µm thickness were prepared using a PDMS mold and
subsequently transferred to the cell inside the Ar-filled glove box. For liquid
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electrolyte tests, Celgard separators were soaked in liquid electrolyte in vacuo at
70 °C overnight. Typically, ~100 µL of liquid electrolyte was injected into each
CR2032 coin cell for sufficient wetting of electrodes in both ionogel and liquid
electrolyte tests. Measurements were obtained using a VersaSTAT 3 potentiostat
containing a built-in frequency response analyzer (Princeton Applied Research).
Linear sweep voltammetry experiments were performed at a scan rate of 1 mV s-1
with Li foil as the counter electrode (Cu foil as the current collector) and stainless
steel 18-8 shim as the working electrode. For lithium transference number (𝑡′#$ % )
calculations,

the

method

of

Bruce

et

al.

was

followed

for

DC

polarization/chronoamperometry combined with impedance spectroscopy in a
Li|electrolyte|Li symmetrical cell at an applied potential (∆V) of 80 mV to measure
the initial (I0) and steady-state (ISS) current responses.15 It should be noted that the
initial current was recorded as the first data point in the chronoamperometry test.
Impedance spectroscopy was carried out to measure the initial (R0) and final (Rss)
resistances of the Li metal interface with either the liquid electrolyte or ionogel.
Under these circumstances, the Li-ion transference number is given by:

𝑡′#$ % =

G~~ (•€^G_ 4_ )
G_ (•€^G~~ 4~~ )

(Eq. 6.1)

In order to calculate the Li+ conductivity (s#$ % ), or the fraction of total ionic
conductivity that consists of Li+ motion,
s#$ % = σ𝑡′#$ %
Galvanostatic

(Eq. 6.2)

charge-discharge

measurements

in

a full

cell

of

graphite|ionogel|NCM were performed at a specified rate of C/2 in a CR2032 coin
cell. A preconditioning cycle at a rate of C/20 was carried out before performing
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charge-discharge tests. Cut-off voltages of 4.2 V and 1.7 V were implemented on
the charging and discharging tests, respectively.

6.3. Results and Discussion
6.3.1. Tunable Ionic Conductivity and Modulus
The properties of ionic conductivity and elastic modulus are typically
coupled in the context of gel polymer electrolytes (i.e. an increase in elastic
modulus is followed by a reduction in ionic conductivity). Ionic conductivity is a
function of the concentration of ionic species and their mobility (or diffusivity)
which is strongly hindered by the presence of a highly dense network of cross-links
required to achieve a useful elastic modulus (i.e. >1 MPa). Figure 6.2a shows the
calculated room temperature ionic conductivities of ZI-supported solvate ionogels
at a constant 20 mol% ZI loading while varying the ratio of SBVI:MPC within the
polymer network. The room temperature ionic conductivity remains relatively
unchanged as the chemical composition of the ZI polymer is varied, ranging from
0.48 to 0.70 mS cm-1 for 100 mol% MPC and 100 mol% SBVI ionogels,
respectively. In this range of ionic conductivity, the compressive elastic modulus
varies by the power of 102, increasing from 23 kPa at 100 mol% MPC to 2.3 MPA
at 100% SBVI. This is an intriguing behavior; despite the increase in cross-link
density of a 2.3 MPa ionogel, the ionic conductivity surprisingly does not decrease
accordingly, in fact a slight increase is observed. The increase in elastic modulus is
not followed by the expected loss in ionic conductivity due to mobile ions moving
through a dense network of cross-links. Figure 6.2b displays the ionic conductivity
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and compressive elastic modulus values as a function of total ZI content at a
constant 1:3 SBVI:MPC molar ratio; a 1:3 SBVI:MPC ratio was selected based on
the compliant mechanical properties of the ionogels from experimental
observations, i.e. SBVI-rich ionogels possessed an undesirable brittle nature with
an apparent phase separation while MPC-rich ionogels were transparent, as seen in
Figure 6.3. As the ZI content is varied from 3.5 to 15.5. wt.% (Figure 6.2b), the
compressive elastic modulus increases from near gelation point (0.89 kPa) to 2.01
MPa, respectively. The room temperature ionic conductivity experiences the
expected loss from 1.34 to 0.47 mS cm-1 for 3.5 wt.% and 15.5 wt.% ZI content
ionogels, respectively. It should be noted that the measured ionic conductivity of
liquid electrolyte SIL was 1.16 mS cm-1. A highly conductive solvate ionogel is
realized at 3.5 wt.%, yet the mechanical properties are not robust enough for
practical flexible electronic applications. The results demonstrate tunable
mechanical properties as the polymer composition is varied (i.e. SBVI:MPC molar
ratio) while ionogels at a constant SBVI:MPC ratio exhibit the expected trade-off
in ionic conductivity as ZI content is increased in order to fabricate highly stiff
ionogels.
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Figure 6.2. Room temperature ionic conductivity values and compressive elastic
moduli of (a) 20 mol% ZI-supported solvate ionogels as a function of the SBVI
content in the polymer blend and of (b) solvate ionogels containing a 1:3 SBVI:
MPC blend (i.e. 25 mol% SBVI) with varying total ZI content. The measured ionic
conductivity of liquid electrolyte [Li(G4)][TFSI] is 1.16 mS cm-1.
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Figure 6.3. Photograph of ZI gels at 20 mol% ZI content at varying SBVI:MPC
molar ratio. All ZI gels were transparent except the ZI gel containing 100 mol%
SBVI, in which a brittle nature is also observed.
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However, the compressive elastic modulus test is not capable of capturing
the entire physical properties of an ionogel. Hence, tensile testing of ionogel
samples was performed to measure the percentage of elongation before mechanical
failure and the ultimate tensile strength (UTS), or the maximum stress the sample
can achieve before mechanical failure. Figure 6.4 displays the stress-strain plots of
20 mol% ZI content ionogels with varying SBVI:MPC content in addition to a
soaked (with SIL) commercial Celgard separator (polypropylene-polyethylenepolypropylene, PP-PE-PP). The solvate ionogel containing 100 mol% MPC
exhibited the most stretchable behavior with over 200% strain of plastic
deformation and no mechanical failure (i.e. physical break). However, the estimate
ultimate tensile strength of this composite is ~0.75 kPa, which is considered too
soft for flexible applications. The ionogel composite containing 100 mol% SBVI
was too brittle to be tested, hence, is not shown here. The ionogel containing 25
mol% SBVI (i.e. 1:3, SBVI:MPC ratio) exhibits the brittle nature of the SBVI-rich
composites with minimal plastic deformation and mechanical failure occurs at
~11% strain. The ionogel composite with the highest ultimate tensile strength while
demonstrating a relatively large plastic deformation region is the sample containing
13 mol% SBVI. The ionogel exhibited an UTS of ~150 kPa and was capable of
being stretched to ~100% strain before mechanical failure. Previous reports have
demonstrated the enhancement of stretchability in polymer networks via
zwitterionic repeat units16 and ionic cross-links (i.e. metal-polymer ligand
formation),17 which we hypothesize is occurring in the MPC-based ionogels due to
the high affinity of MPC and Li+-containing species, which will be further
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discussed in proceeding sections. As Figure 6.4 displays, the soaked Celgard
exhibiting the highest UTS of ~60 MPa while displaying minimal plastic
deformation and abruptly ruptures at ~30% strain, proving to be impractical for
next-generation flexible electronics. The critical factor here is the need for a
stretchable electrolyte that will be resistive to tearing which would lead to a battery
short circuit while posing a fire hazard. Further development needs to focus on
synthesizing stretchable electrolytes with an elastic response up to ~100% allowing
for reversible cycling of the mechanical properties of the electrolyte, which is not
the case for these electrolytes that enter into the inelastic plastic deformation region
at ~13% strain.

6.3.2. Thermal Characterization
The thermal stability of a battery electrolyte is usually the limiting factor in
terms of high temperature performance and safety.18 The solvate ionic liquid
comprised of G4 and LiTFSI implemented in this study has been previously
investigated in terms of optimizing its thermal stability via implementation of an
equimolar ratio of G4:LITFSI.6 The primary factor affecting the volatility of
[Li(G4)][TFSI] is the stability of the cation complex; the equilibrium of bound to
free G4 affects the volatility due to the volatile nature of pure G4 (see Figure 6.5a).
Solvate ionogels of 20 mol% ZI content containing entirely MPC and SBVI
polymer networks were verified to exhibit comparable thermal stability as
[Li(G4)][TFSI] (Figure 6.5a). The ZI polymer (SBVI and MPC-based samples) is
observed to decompose at ~300 ºC, which is at a higher temperature than the
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breakdown of SIL (~150 ºC), signifying the solvate ionogel composite is not limited
in its thermal stability due to the polymer network in this study. The TGA results
verify the stability of the solvate cation [Li(G4)]+ in both SBVI- and MPC-based
ionogels due to no observable weight loss at ~150 ºC. Further investigation of the
electrolytes was performed via an isothermal test at 80 ºC for an extended period
of time, as seen in Figure 6.5b. The solvate ionogel (20 mol% ZI content, 1:3;
SBVI:MPC) demonstrated a negligible weight loss at 80 ºC for the duration of 3
hours (<1 wt.%) comparable to neat SIL. A commercial electrolyte (1 M LiPF6 in
EC:DMC 50/50 vol.%) was investigated for comparison (see Appendix D) in which
complete volatilization of the sample occurs at ~150 ºC; when being held at 80 ºC,
the electrolyte completely volatilizes after only 2.25 hours.
Temperature-dependent ionic conductivity measurements were measured in
the temperature range of 23 ºC to 80 ºC for select solvate ionogels and neat SIL
(Figure 6.6a). The samples obeyed a simple Arrhenius model in this temperature
range since the glass transition temperature (Tg) of neat SIL is at -61 ºC.7
Temperatures above 80 ºC were observed to see a change in slope of ionic
conductivity possibly due to the melting of polymer allowing the SIL electrolyte to
leak from the ionogel, specifically for MPC-rich ionogels that possess elastic
moduli close to the gelation point (~100-101 kPa). The activation energy of ionic
conductivity (EA), calculated from the slope of the best-fit lines in Figure 6.6a,
represents the relative strength of interaction between the polymer network and the
mobile ionic species in the electrolyte. In other words, a higher activation energy
of ionic conductivity signifies a higher energetic barrier to overcome in order for

187

an ionic species to move under an applied potential. This parameter can be an
indication of the extent of coordination/attraction between ionic species and the
polymer network in which ionic motion is affected. Conventionally, the activation
energy increases relative to the neat liquid electrolyte as polymer is added to the
system and the elastic modulus (i.e. density of cross-links) increases, therefore,
making a more tortuous system for ions to diffuse through.19-20
Here, as seen in Figure 6.6b, the EA values of 20 mol% solvate ionogels
decrease from 25.2 kJ mol-1 for 100 mol% MPC to 21.0 kJ mol-1 for 100 mol%
SBVI, while the compressive elastic modulus increases from 23 kPa to 2.3 MPa,
respectively. This is an interesting finding due to the inversely proportional trend
of activation energy and elastic modulus typically not observed for polymer-based
gel electrolytes.19 This result demonstrates an increased interaction between the
MPC polymer network and the mobile ions of SIL ([Li(G4)]+ and [TFSI]-) that
hinders their ability to diffuse through the compoiste under an applied voltage,
despite the elastic modulus being two orders of magnitude lower in the MPC-based
ionogel (23 kPa vs. 2.3 MPa). The EA value of the 100 mol% SBVI ionogel (21.0
kJ mol-1) is remarkably close to neat SIL (20.8 kJ mol-1), indicative of comparable
ion transport to neat SIL, despite the ionic conductivity values being lower in the
tested temperature range. The decrease in ionic conductivity is most likely due to
the reduced concentration of SIL from addition of the ZI monomer. This finding
agrees well with the phase-separation observation (i.e. opacity of the ionogel) and
the brittleness under a mechanical load. Comparatively, investigators have
demonstrated a solid-state electrolyte with a phase-separated supporting scaffold
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possessing a measured EA value comparable to that of the neat IL of the system.21
It is hypothesized here that the SBVI-rich ionogels experience large phase
separation due to SBVI’s well-established tendency to self-aggregate and form
dipole-dipole cross-links,22 which is further promoted by its apparent low
miscibility in neat SIL. SBVI’s phase separation hinders the ability for the ionic
species of SIL to interact and complex with its charged groups which creates a
composite with larger voids in between SBVI aggregates, leaving the ionic species
of SIL to behave as it would in neat SIL.
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Figure 6.4. Mechanical tensile tests of soaked (with SIL) commercial Celgard
separator and solvate ionogels at 20 mol% total ZI content with varying amounts
of SBVI:MPC.
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Figure 6.5. (a) Thermogravimetric analysis traces of tetraglyme (G4), SIL
([Li(G4)][TFSI]), and 20 mol% solvate ionogels containing 100 mol% SBVI and
100 mol% MPC in the ZI network. The traces were performed at a heating rate of
10 ºC min-1; (b) isothermal tests performed at 80 ºC for [Li(G4)][TFSI] and a
representative 20 mol% ZI gel with a 1:3 molar ratio of SBVI:MPC.
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Figure 6.6. (a) Temperature-dependent ionic conductivity measurements from 23
ºC to 80 ºC for SIL and 20 mol% ionogels with varying SBVI:MPC content. Dashed
lines represent best-fit lines of the simplified Arrhenius equation; (b) the activation
energy of ionic conductivity (EA) for 20 mol% ionogels derived from the slope of
the best-fit line of the Arrhenius plot as a function of SBVI:MPC content. The
dashed line represents the measured activation energy value for neat SIL (20.8 kJ
mol-1). The secondary y-axis displays the compressive elastic moduli for each of
the ionogel samples.
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6.3.3. NMR Spectroscopy Analysis
Deeper insight into the local chemical environment of the ionic species was
performed via NMR measurements of the chemical shift (d). Figure 6.7a displays
the chemical shifts of the 7Li species that captures the chemical environment of the
solvated cation complex, [Li(G4)]+. The samples analyzed in this experiment were
5 mol% zwitterion-containing solutions dissolved in neat SIL; measurements of the
polymerized ionogel samples yielded too low signal-to-noise intensity making it
difficult to analyze for the scope of this investigation. Figure 6.7a shows relatively
no change in d of the MPC- and SBVI-containing samples compared to neat SIL,
which were all centered around 0.95 ppm. This result verifies no substantial change
in the local chemical environment of the 7Li species in the samples, further
confirming the stability of the [Li(G4)]+ complex. However, there is a drastic
decrease in signal intensity as the content of MPC is increased in the solution. A
decrease in signal intensity and increase in broadening takes place when the
dynamics of the probed species slows down to a rate that is in proximity to the
timescale of the NMR spectrometer.23 Comparable NMR spectra were also
obtained for both 19F and 1H species (see Appendix D) in order to capture the local
environment of TFSI- and G4, respectively. The NMR spectra of these species also
demonstrated a decrease in ion dynamics for MPC-rich samples with no change in
chemical shift.
Further investigation of the ion mobility was probed via pulsed-field
gradient spin-echo (PGSE) measurements of the 1H species in order to measure the
self-diffusivity of tetraglyme (DG4) which is assumed to be equivalent to the Li+
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diffusivity (DLi). Thermal stability, NMR chemical shifts, and Raman spectroscopy
(see Appendix D) verify stability of the solvated [Li(G4)]+ complex in the
zwitterion-containing samples. Hence, a true solvate ionic liquid is maintained in
this work, justifying the assumption of DG4 / DLi ≈ 1, as explained in previous SIL
reports.10, 24 Figure 6.7b displays the measured DG4 of 20 mol% solvate ionogels
of varying SBVI:MPC content with a dashed line representing the measured DG4 of
neat SIL. The trend is evident that an increase in MPC content in the polymer
network results in a marked decrease in DG4 from 7.3 x 10-12 m2 s-1 to 3.4 x 10-12 m2
s-1 for SBVI content from 100 mol% to 13 mol%. This result further confirms a
stronger interaction amongst MPC-SIL species relative to the SBVI zwitterion.
This strong interaction between MPC and [Li(G4)][TFSI] may cause rise to the
unique elasticity properties observed in the tensile testing. Plasticization of the
MPC polymer network by SIL may also facilitate a high concentration of dynamic
cross-links capable of performing a tensile strain of up to 200%.
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Figure 6.7. (a) 7Li NMR spectra of: neat SIL and 5 mol% zwitterionic-SIL
solutions with varying SBVI:MPC ratio referenced to 0.1 M LiCl in D2O at 0 ppm;
(b) tetraglyme (G4) self-diffusivity values (DG4) of 5 mol% zwitterionic-SIL
solutions with varying SBVI:MPC ratio and neat SIL (dashed line at 8.7 x 10-12 m2
s-1) measured via 1H PGSE.
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6.3.4. Self-Healing Ability
The development of a robust flexible battery needs to possess a safety
mechanism in the event of a mechanical failure in the system. The role of the
separator in a battery is to act as a mechanical barrier to prevent the cathode and
anode from coming into contact with one another. If this occurs, the current rapidly
increases in the device and heat generation beings to occur causing thermal
runaway and evaporation of the flammable liquid electrolyte (i.e. 1 M LiPF6 in
EC:DMC). This situation poses a safety hazard eventually resulting in an explosion
or the battery catching on fire. Hence, it is of relevant importance to develop an
electrolyte that can self-heal itself when punctured or physically damaged in order
to prevent thermal runaway and mitigate risk of a fire. The ionogel containing 13
mol% SBVI (at 20 mol% total ZI content) exhibited properties of self-healing under
conditions of 50 ºC for 1 hour (Figure 6.8a). The ionogel was sliced in half by a
razor blade and gently pushed back together while on a hot plate at 50 ºC for 1 hour.
As seen in Figure 6.8a, the incision line is no longer visible and the compressive
elastic modulus tests before and after the self-healing test are essentially identical
(Figure 6.8b). Furthermore, a puncture test is also a common method to determine
the extent of self-healing of a material. The 13 mol% SBVI ionogel was punctured
by a syringe needle of 21 gauge and exposed to 50 ºC for 1 hour. The ionogel was
observed to completely heal from the puncture and return to its initial state. It has
been previously reported in literature the ability of supramolecular networks
containing metal-ligand interactions to self-heal with the stimulus of UV light or
heat.25 The strong coordination between MPC polymer chains and [Li(G4)]+ prove
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to be favorable in the ability of the composite to self-heal. Further investigation
needs to take place to probe the mechanism of self-healing in zwitterion-based gels
in order to better optimize the ionogel.
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Figure 6.8. (a) A 20 mol% solvate ionogel with 13 mol% SBVI content cut in half
and self-healed at 50 ºC for 1 hour in a N2-filled glove box; (b) the compressive
stress-strain plot of the 20 mol% solvate ionogel before being cut in half and after
self-healing takes place; (c) a puncture test performed of the same 20 mol% solvate
ionogel by a syringe needle of 21 gauge and the sample was placed on a hot plate
at 50 ºC for 1 hour in a N2-filled glove box. The resultant picture displays the
puncture completely healed.
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6.3.5. Voltage Stability & Discharge Testing
For Li-ion battery applications, it is critical to determine the anodic voltage
stability of a given electrolyte in order to minimize parasitic side reactions and
decomposition of the electrolyte during battery operation. The operating voltage is
dictated by the electrochemical stability of the electrolyte for Li-ion batteries. As
seen in Figure 6.9a, linear sweep voltammetry (LSV) was performed on
[Li(G4)][TFSI] and a representative 20 mol% solvate ionogel (1:3, SBVI:MPC) at
a scan rate of 1 mV s-1. The breakdown of an electrolyte is typically considered to
occur once the current density reaches ~0.1 mA cm-2. Both neat SIL and the ionogel
demonstrate high voltage stability up to ~5.4 V vs. Li/Li+, making them ideal
candidates for high-voltage Li-ion and Li metal batteries. This result verifies the
high electrochemical stability of the zwitterionic network relative to the neat liquid
electrolyte. Galvanostatic charge-discharge measurements were performed in a
graphite|NCM (5:2:3) full-cell configuration at a high discharge rate of C/2 (Figure
6.9b). The results display a significant fading of capacity for both neat SIL and the
25 mol% ionogel until cycle ~50. The ionogel appears to perform comparable to
the neat liquid electrolyte in terms of capacity retention up to 100 cycles. The fading
of capacity is typical for NCM-based cathodes in which the cut-off voltages need
to be optimized for a given electrolyte system26 in order to maximize capacity
retention and Coulombic efficiency, which is out of the scope of this investigation.
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Figure 6.9. (a) Linear sweep voltammetry scan of neat SIL and a 20 mol% solvate
ionogel at a 1:3 SBVI:MPC ratio performed at a scan rate of 1 mV s-1; (b) discharge
capacity profile of neat SIL and a 20 mol% solvate ionogel (1:3, SBVI:MPC ratio)
at a scan rate of C/2 with a cut-off voltage of 4.2 V for charging and 1.7 V for
discharging in a graphite|NCM coin cell.
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6.4. Conclusion
In conclusion, the implementation of a zwitterion polymer network within
a solvate ionic liquid facilitated the creation of lithium-ion solvate ionogel
electrolytes that exhibit high stretchability and the ability to self-heal. An allzwitterionic polymer network proved to display tunable mechanical properties with
a 102 order of magnitude enhancement in compressive elastic moduli as the ratio of
SBVI:MPC is varied while the ionic conductivity remained relatively unchanged
(from 0.48 to 0.70 mS cm-1). The degree of interaction between SBVI/MPC and
solvate ionic liquid species was determined to be the primary factor in fabricating
ionogels with a highly stretchable and self-healing ability. The complexation of
[Li(G4)]+ and MPC elucidated an ionogel network with dynamic cross-links
capable of plastic deformation up to 200% strain and rapid self-healing at 50 ºC.
The solvate ionogel demonstrated a voltage stability >5 V vs. Li/Li+ and a
comparable cycling behavior in a full-cell to the SIL electrolyte, making solvate
ionogel electrolytes a promising candidate for solid-state Li-ion energy storage
devices with enhanced safety at a cost-competitive price relative to traditional ionic
liquid electrolytes.
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Chapter 7: Future Work and Concluding Remarks

7.1. Future Work
7.1.1. Nanoparticle-Polymer Hybrid Electrolytes
The synthesis of a highly conductive and mechanically strong (>1 GPa
modulus) electrolyte is of recent interest for the realization of reactive metal
batteries (i.e. sodium and lithium metal). Nanocomposites consisting of polymer
‘linkers’ and silica nanoparticles have been investigated for their tunable
functionalities and tendency to prevent dendrite growth at the Li metal|electrolyte
interface.1 Nanoparticle fillers act as a mechanical support for the enhancement of
stiffness in polymer-based electrolytes. The ability to link nanoparticles via
polymer chains in a composite system is beneficial in the prevention of nanoparticle
aggregation and phase separation, which reduces their effectiveness in the bulk
material. The functionality and robust tunability of nanoparticles (i.e. surface
functionalization) offers a route to facilitate Li-ion transport through the polymernanoparticle network.1 Given the promising results of this dissertation with
zwitterion-based polymers, a future project could be to fabricate a zwitterionic
polymer-nanoparticle network to enhance the mechanical modulus and tune the ion
transport properties of an ionogel. The nanoparticle will need to be surface
functionalized with polymerizable (i.e. acrylate or methacrylate) groups in order to
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act as a cross-linker in the system. Nanoparticles, such as silica and titania, offer
advantages of thermal stability and high surface area which reduces their loading
(i.e. more cross-linkable groups on the surface) in order to optimize the
concentration of IL and, thus, the ionic conductivity. The spacing and orientation
of cross-linked nanoparticles within a polymer network can be tuned to yield a
specific pore size which has been verified as a promising route for dendrite
prevention.2 Nanoparticles may also act as a means to prevent zwitterion
aggregation in compounds such as SBVI that prefer self-association when
polymerized. The zwitterion-nanoparticle hybrid could be polymerized in-situ
within the IL or processed as a stand-alone membrane before soaking in IL. It would
be interesting to characterize the composite via small-angle x-ray scattering
(SAXS), which is a technique commonly employed to study particle
packing/orientation and the extent of interparticle spacing between nanoparticles.
Characterization of the hybrid nanocomposite in the context of Li metal batteries
via strip-plate testing would be informative in determining the composite’s ability
to prevent dendrites. Structure-property relationship of the composite would be
valuable in order to gain insight into the effects of a zwitterion linker compared to
a non-charged polymer (i.e. poly(ethylene oxide), PEO). Characterization of the Li
metal|electrolyte interface is vital in determining the effectiveness of the
nanocomposite on the solid-electrolyte interphase (SEI) layer in hopes of creating
a stable interface with optimized Li-ion transport.

7.1.2. Zwitterionic Membrane Development
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For practical battery applications, the equivalent series resistance (ESR)
through the device is a critical parameter. The ESR affects the battery’s rate
capability performance at high discharge rates (i.e. 5C-10C) which is a growing
area of interest due to the demand for fast-charging electric vehicle stations. Ionogel
electrolytes fabricated in this investigation via in-situ polymerization possess a
thickness of ~500 µm which is mostly limited by the mechanical stability of the
electrolyte and the logistics of fabrication (i.e. handling of the gel). Commercial
separators (i.e. Celgard) typically possess a thickness in the range of 10 – 50 µm.
Since the ionogel has a thickness 10x greater than a commercial separator, it
becomes difficult to compare solid-state electrolytes to liquid electrolytes in terms
of half-cell and full-cell device performance. Fabricating a thin-film gel electrolyte
of approximate thickness to a commercial separator would be very relevant in the
optimization of ionogel electrolytes for practical applications. Many investigations
have developed a synthesis technique for polymer-based thin-films via controlled
atom transfer radical polymerization (ATRP)3 and interfacially initiated freeradical polymerization,4 to name a few. The membrane would need to be
synthesized as a stand-alone composite and then soaked in an ionic liquid. This
process allows for one to control the thickness of the membrane, yet the uptake or
swelling is a property that must be optimized. Zwitterionic polymer membranes
have been developed for water purification due to their anti-fouling properties.5
Zwitterionic membranes typically exhibit a high glass transition temperature and
high fragility due to their strong dipole-dipole cross-links formed between
zwitterionic chains. This would present a difficult challenge for a viscous ionic
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liquid to diffuse through the membrane. A future direction would be to design a
copolymer-supported membrane consisting of zwitterionic groups and a spacer
monomer (i.e. a non-charged monomer). The spacer monomer would be designed
to prevent large aggregation of zwitterion chains while providing a large pore size
to enable high uptake of the ionic liquid. This method also holds advantages in the
context of characterization of the polymer thin-film (before soaking with
electrolyte). One can perform microscopy analysis to analyze the pore size and
homogeneity, x-ray diffraction (small-angle, wide-angle) to determine if an ordered
structure is present in the composite, and thermal characterization (i.e. differential
scanning calorimetry) to probe the glass transition and copolymer structure.

7.1.3. Eutectic-Solvate Electrolytes
The benefits of solvate ionic liquids (SILs) include their low volatility,
relatively high ionic conductivity (~1 mS cm-1), and their facile synthesis that
utilize commodity chemicals. However, the thermal stability of SILs is still of
concern during cycling conditions as it has been proven that the solvate cation,
[Li(G4)]+, is desolvated (i.e. separation of G4 and Li+) during intercalation at the
electrode interface.6 This phenomenon potentially yields free tetraglyme which
then must quickly perform ligand exchange to solvate an available free Li+ at the
other electrode. Recall, tetraglyme is a volatile solvent with a thermal stability of
~150 ºC. The ligand exchange process must occur at a relatively fast timescale to
prevent redox and volatilization of G4. Alternatively, an eutectic ionic liquid with
a 1:1 molar ratio of zwitterion:Li salt exhibits high thermal stability and Li metal
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stability, yet a very low room temperature ionic conductivity (<0.01 mS cm-1) due
to its high viscosity.7 A future project could consist of developing an eutectic
solvate ionic liquid that takes the benefits of both electrolytes, i.e. high ionic
conductivity of SILs and high thermal/electrochemical stability of zwitterionic
eutectic mixtures. The project would vary the ratio of G4:zwitterion, while keeping
a constant 1:1 ratio of (G4 + zwitterion):Li salt, signifying that Li+ is either
complexed with G4 or a zwitterion molecule. One could also investigate the tradeoff when polymerizing the zwitterion in the mixture in order to optimize Li+
transport and Li+ transference number. One would expect a competition between
zwitterion-Li+ interactions and the solvated [Li(G4)]+ complex. It would be of
interest to perform chronoamperometry tests to characterize the Li+ transference
number in addition to Li metal strip-plate testing. Furthermore, an insightful test
would be to perform NMR PGSE diffusion spectroscopy via probing of the 1H, 7Li,
and
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F nuclei, to measure the diffusivities of G4, Li+, and TFSI-, respectively.

Another important tool would be to measure the diffusivities at various
temperatures in order to construct an Arrhenius plot in which the activation energy
of diffusion could be extracted for each species. Analysis of the activation energies
would provide insight into the mechanism of ion transport for the mobile species in
the system. It would be an interesting finding to decipher between Li+ transport
along the zwitterionic polymer chains vs. Li+ transport in the bulk solution via the
solvated complex ([Li(G4)]+).

7.2. Concluding Remarks
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Ionic liquids remain a scientifically intriguing class of electrolytes due to
their high concentration of ionic species and their molecular dynamics. The
development of solid-state electrolytes immobilizing ionic liquids is relevant for
the advancement of safe, flexible energy storage devices. In order to develop an
energy storage technology to advance at a rate comparable to the devices they are
powering (i.e. portable electronics, the electric grid, and aerial drones), a deeper
understanding of the ionic transport must take place in the scientific community.
Solid-state electrolytes must overcome their low ionic conductivity (specifically,
Li+ conductivity), high interfacial resistance with reactive metal electrodes, and
fragile mechanical properties.
Chemically cross-linked electrolytes are a promising approach to tune the
properties required for next-generation energy storage devices. Unlike ceramic
electrolytes that require sintering temperatures up to 900 ºC, chemically crosslinked ionogels utilize an UV-initiated process with commodity chemicals (in the
case of SIL), making them a compelling solution for scale-up and
commercialization. The selection of the polymer network that immobilizes the
ionic liquid is critical in elucidating the properties necessary for practical energy
storage applications. Until now, few investigations probed the interactions between
polymer networks and the mobile ionic species of the ionic liquid electrolyte.
Typically, the addition of a polymer network to an ionic liquid comes with the
drawbacks of hindered ionic motion and reduced ion concentration, effectively
reducing the ionic conductivity.
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This dissertation sought to probe the polymer-ionic liquid interactions in
hopes of leveraging said interactions to mitigate the trade-offs of solid-state
electrolytes. The findings of this dissertation confirm that polymer networks do
have a measurable impact on the ionic mobility, ion pairing, and cross-linking of
ionogel electrolytes. The use of a polymer network containing electronegative
groups, such as C-F and zwitterionic groups, have demonstrated increased
interactions with the ionic species of the electrolyte. Polymer networks with C-F
bonds appear to interact with the ionic species in a manner that promotes a higher
concentration of free ions, or ionicity, in the electrolyte facilitating a higher ionic
conductivity for a given elastic modulus. By implementation of a zwitterionic
polymer, strong interactions between the Li+-containing species and the polymer
network were discovered to yield: (1) a composite with conductive pathways for
enhanced ion transport or (2) a highly stretchable ionogel with the ability to selfheal. This work discovered that a polymer network can be leveraged to yield
specific properties based on the degree of polymer-ionic liquid interactions. It is
also evident that the chemical identity of the ionic liquid (i.e. the cation and anion)
needs to be taken into account for each polymer-ionic liquid pairing. This research
effort was successful as an initial investigation of the interactions occurring in
polymer-ionic liquid systems. Further work must be performed to fully understand
the molecular dynamics of ion transport in ionogel electrolytes.
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Appendix A: Supplementary
Concerning Chapter 3
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Information

FTIR Spectroscopy
Fourier transform infrared (FTIR) spectroscopy was used to determine the
presence or absence of any unreacted monomer/cross-linker acrylate groups within
the ionogel samples, following UV exposure and polymerization/cross-linking.
Figure A.1 shows representative FTIR spectra of the neat EMI TFSI ionic liquid,
three different ionogel types (22 mol% MMA, 23 mol% DMAEMA, and 25 mol%
TFEMA), and a 10:1 molar mixture of the scaffold precursors TFEMA and PETA4 (with 2 wt% HOMPP). Three spectral positions that can be assigned to the
unreacted acrylate groups are indicated by vertical dashed lines, highlighting peaks
located at wavenumbers of: 810 cm-1, 1410 cm-1, and 1635 cm-1 for the 10:1
TFEMA/PETA-4 precursor mixture. These peak positions were consistent for the
other two monomers used here (DMAEMA, MMA), as well; only the
TFEMA/PETA-4 spectrum is shown for clarity. As evidenced by Fig. A.1, no peaks
due to unreacted acrylate groups were observed for TFEMA-, DMAEMA-, or
MMA-based ionogels. This indicates complete reaction and incorporation of the
monomer/cross-linker into the polymer scaffold.
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Figure A.1. FTIR spectra of neat EMI TFSI, a TFEMA-based (25 mol%) ionogel,
a DMAEMA-based (23 mol%) ionogel, a MMA (22 mol%) ionogel, and 10:1 molar
mixture of TFEMA/PETA-4 scaffold precursors.
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Elastic Modulus Determination
The RSA3 (TA Instruments) dynamic mechanical analyzer was utilized in
compression mode to measure applied stress vs. resulting strain for the cylindrical
ionogel samples. Figure A.2 shows representative stress-strain data recorded for
TFEMA-based ionogels with different polymer contents (25-39 mol%). Elastic
modulus values were calculated as the slopes of best-fit lines to the data across the
5-10% strain region. The observed increase in the slope, or elastic modulus,
indicates a higher cross-link density as polymer content is increased within the
ionogel scaffold.
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Figure A.2. Compressive stress vs. strain data of four representative TFEMAbased ionogel samples with different monomer molar concentrations in the
precursor solution (25-39 mol%).
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Supplementary Discussion on ‘Apparent’ vs. ‘Effective’ vs. ‘True’ Diffusivity
Values and Ionicity vs. Degree of Ionic Dissociation
As noted in several previous PGSE NMR spectroscopy-enabled diffusion
studies of ILs or polymer/IL blends,1-4 the rate of exchange between dissociated
(‘free’) cations/anions and ion pairs (or aggregates) is significantly faster than the
time scale of NMR measurements. Therefore, it is essential to recognize that the
apparent diffusivity values obtained for cations (𝐷z|}4 , from the 1H signal) and
anions (𝐷^|}4 , from the 19F signal) via Eq. 3.1 in the main text reflect the collective
motions of both free and paired ions. Assuming the majority of associated ions to
be neutral pairs, we can follow the framework outlined by Stolwijk et al.5 and
express the experimentally measured apparent diffusivity values as:
D„„

𝐷z|}4 = 𝐷z

+ 𝐷…†$‡

D„„

(Eq. A.1)

D„„

(Eq. A.2)

𝐷^|}4 = 𝐷^D„„ + 𝐷…†$‡

where one can introduce effective diffusivity values for the dissociated cations
D„„

D„„

(𝐷z ) and anions (𝐷^D„„ ), as well as for the neutral pairs (𝐷…†$‡ ). The term
‘effective’ is employed here because although the steady-state degree of ionic
dissociation (or fraction of IL molecules dissociated), denoted as 𝜑, cannot be
readily determined experimentally, it follows logically from Eq. A.1 and Eq. A.2
that the effective diffusivity values must be given by:5
D„„

𝐷z

= 𝜑𝐷z

(Eq. A.3)

𝐷^D„„ = 𝜑𝐷^

(Eq. A.4)

D„„

𝐷…†$‡ = (1 − 𝜑)𝐷…†$‡

220

(Eq. A.5)

where 𝐷z , 𝐷^ , and 𝐷…†$‡ represent the (equally experimentally-elusive) true
diffusivity values of the individual dissociated cations, anions, and ion pairs,
respectively.
Next, an important connection can be made via the Nernst-Einstein relation
between the true cation/anion diffusivities (discussed up to this point only in the
context of PGSE NMR measurements) and the experimentally measured ionic
conductivity (via AC impedance spectroscopy), 𝜎Ko :
D2

𝜎Ko = 𝜑𝐶Š q

rW

(𝐷z + 𝐷^ )

(Eq. A.6)

where kB is Boltzmann’s constant, T is absolute temperature, e is the fundamental
electron charge, and Cs is the total concentration of IL molecules in the sample. Cs
is calculated as the product of the neat IL molar concentration (3894 mol/m3) and
the volume fraction of IL present in the ionogel sample. The volume fraction of IL
is found by calculating the volume of each component in the precursor solution
(pre-polymerization) from the measured mass and their reported density values,
assuming volume additivity.
As described in the main text, one can also define a charge diffusivity term,
𝐷p , as:
D„„

𝐷p = 𝜑(𝐷z + 𝐷^ ) = 𝐷z

q W

+ 𝐷^D„„ = 𝜎Ko o rD 2
\

(Eq. A.7)

The expediency of the effective diffusivity terms becomes readily apparent when
one sees that they can be solved for directly5 in terms of the experimentally
measured values 𝐷z|}4 , 𝐷^|}4 , and 𝐷p using Equations A.1, A.2, and A.7:
D„„

𝐷z

‹

= . (𝐷z|}4 − 𝐷^|}4 + 𝐷p )
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(Eq. A.8)

‹

𝐷^D„„ = (𝐷^|}4 − 𝐷z|}4 + 𝐷p )
.

D„„

‹

𝐷…†$‡ = . (𝐷z|}4 + 𝐷^|}4 − 𝐷p )

(Eq. A.9)
(Eq. A.10)

Now, while the term ‘ionicity’ utilized in the literature1,6-7 is given by the following
equation:
?w

𝐼𝑜𝑛𝑖𝑐𝑖𝑡𝑦 =

xyN z? xyN
?%
{

(Eq. A.11)

by substitution of Equations A.1-A.5 and A.7 into Eq. A.11, one may also obtain:
𝐼𝑜𝑛𝑖𝑐𝑖𝑡𝑦 = Œ(?

Œ(?% z?{ )

% z?{ )z.(‹^Œ)?•ŽA•

(Eq. A.12)

It is then straightforward to show using Eq. A.12 that the ionicity will be equal to
the steady-state degree of ionic dissociation, 𝜑, only when the following
relationship holds:
‹

𝐷…†$‡ = . (𝐷z + 𝐷^ )

(Eq. A.13)

Mathematically, this would occur if the true ion pair diffusivity were equal
to the average of the true cation and anion diffusivities (including the case where
all three values were equal). Although it is not readily apparent from a physical
viewpoint why Eq. A.13 might be expected to hold true a priori in any real
IL/ionogel electrolytes, Coulombic interactions experienced by the dissociated ions
(but not by neutral pairs) may enable such a relationship in certain samples. Future
molecular dynamics studies in these types of systems may be expected to lend
additional insights into the expected values of 𝐷z , 𝐷^ , and 𝐷…†$‡ .
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Additional Materials Details
Sulfobetaine vinylimidazole (SBVI), also referred to as 1-ethene-(3propanesulfonate)-imidazole, was fabricated with the reactants 1,3-propanesultone
and 1-vinylimidazole at a ratio of 14 mol% excess of 1,3-propanesultone.[1]
Initially, in a round-bottom flask, 50 mL of 1-vinylimidazole was added to 250 mL
of acetonitrile and then 55 mL of 1,3-propanesultone was added and this mixture
was stirred to dissolve the components. The reaction flask was bubbled with
nitrogen to remove inhibitors, such as water and oxygen. The mixture was left to
react at room temperature for 24 hours. The product was formed as a white
precipitate with a yield of about 85% and was then washed three times with diethyl
ether. The product was then dried in vacuo at 50 °C for 24 hours. 1H NMR
(CD3SOCD3, 500 MHz), ppm: 9.70 (s, 1H), 8.20 (s, 1H), 7.95 (s, 1H), 7.32 (t, 1H),
5.95 (d, 1H), 5.42 (d, 1H), 4.37 (t, 2H), 2.62 (t, 2H), 2.15 (m, 2H).
The

second

methylimidazolium

ionic

liquid

employed

in

bis(trifluoromethyl-sulfonyl)imide

this

study,

(EMI

1-ethyl-3-

TFSI),

was

purchased from EMD Millipore and stored in a nitrogen-filled glove box (H2O, O2
<1 ppm).

Determining an Optimal ZI Gel Composition
In order to determine the optimum ratio of SBVI:MPC for the polymer
composition in the fully-ZI copolymer-supported gels, a series of gels with varying
molar ratio of the two co-monomers was prepared. Then, room temperature ionic
conductivity and elastic modulus values were measured. Figure B.1 depicts these
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properties for a series of ZI gels all having 3 mol% total monomer content (97 mol%
liquid electrolyte) while varying the SBVI content from 0% (i.e. pure MPC) to
100% (i.e. pure SBVI) on a molar ratio basis (with MPC). The ZI gels demonstrate
relatively unchanged ionic conductivity as the SBVI ratio is varied; however, the
compressive elastic modulus increases from 0.01 MPa to 0.56 MPa as SBVI is
varied from 0% to 100%, respectively. The ZI gels having 50% SBVI, 75% SBVI,
and 100% SBVI were visually opaque, signifying nonhomogeneity in the
composite. The ZI gel with 25% SBVI (75% MPC) displays the highest elastic
modulus while still maintaining a clear, homogenous composite (among those
formulations examined here), which was the rationale for its selection in this
investigation.
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Figure B.1. Room temperature ionic conductivity and compressive elastic modulus
values plotted against the relative SBVI content (% of monomers on a molar ratio
basis with MPC; all gels contained 3 mol% total monomer(s)). ZI gels containing
>25% SBVI in the co-monomer mixture were observed to be opaque,
nonhomogeneous composites.
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Figure B.2. Room-temperature ionic conductivity values of ZI gels (3:1 mol ratio
MPC:SBVI) plotted as a function of total zwitterion content. At 15.8 wt.%
zwitterion content, the gel exhibited a marked decrease in ionic conductivity
relative to ZI gels having up to 12.5 wt.% zwitterion content. The 15.8 wt.% ZI gel
exhibited a compressive elastic modulus of 10.3 MPa.
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Thermogravimetric Analysis
Thermal stability of the liquid electrolyte 1 M LiTFSI-BMP TFSI and a 12.5
wt.% ZI gel were recorded via a TA Instruments Q500 Thermogravimetric
Analyzer using a heating rate of 10 °C min-1 under N2 gas flow. Thermal stability
is a critical measurement for energy storage devices in order to verify the viable
temperature window of the electrolyte without chemical breakdown. Figure B.3
displays stability of the liquid electrolyte up to ~360 °C while the 12.5 wt.% ZI gel
remained stable up to ~300 °C, after which the breakdown of the ZI network begins
to occur, followed by breakdown of the ionic liquid electrolyte. The inset of the
graph displays the weight loss of both samples up to 100 ºC, a region of interest for
observing the water content. Both samples lose ~0.3 wt.% at 100 ºC, verifying: (1)
no substantial water present in either sample, and (2) no increased water uptake due
to the hydrophilic ZI copolymer network present within the ZI gel.

230

Weight Fraction

1.0
0.8

1.00

0.6
0.99

0.4

100

1M LiTFSI-BMP TFSI

0.2
0.0

50

12.5 wt.% ZI Gel

100

200

300

400

500

Temperature [°C]
Figure B.3. Thermogravimetric analysis scans of 1 M LiTFSI-BMP TFSI and a
12.5 wt.% ZI gel at a heating rate of 10 °C min-1. Inset displays a magnification of
the scans up to 100 ºC.
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Figure B.4. (a) Room temperature ionic conductivity and compressive elastic
modulus values for ZI gel electrolytes synthesized in 1 M LiTFSI-EMI TFSI, plotted
as a function of zwitterion content (all with a 3:1 molar ratio of MPC:SBVI). The
ionic conductivity of 1 M LiTFSI-EMI TFSI was measured to be 3.95 mS cm-1. (b)
Temperature dependence of ionic conductivity between 23 ºC and 100 ºC. The
calculated activation energy of ionic conductivity (EA) values for 1 M LiTFSI-EMI
TFSI and the 12.5 wt.% ZI gel were measured to be 17.1 and 17.4 kJ mol-1,
respectively.
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Figure B.5. (a) 7Li NMR spectra of: 12.5 wt.% ZI co-monomer-1 M LiTFSI-BMP
TFSI solution (top), 5 mol% SBVI-LiTFSI BMP TFSI and 5 mol% MPC-LiTFSIBMP TFSI solutions (middle), 1 M LiTFSI-BMP TFSI solution (bottom), with the
use of a 0.1

M

LiCl in D2O reference; (b) 19F NMR spectra of: 12.5 wt.% ZI co-

monomer-1 M LiTFSI-BMP TFSI solution (top), 1 M LiTFSI-BMP TFSI solution,
5 mol% SBVI-LiTFSI BMP TFSI, and 5 mol% MPC-LiTFSI-BMP TFSI solutions
(middle), and neat BMP TFSI (bottom), with the use of a 0.1
reference.
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Figure B.6. Charge/discharge profiles of a 12.5 wt.% ZI gel in a graphite|ZI
gel|NCM cell at room temperature with varying C-rates; cut-off voltages were 3.2
V and 1.7 V. C/10 = 0.1 mA cm-2. The Coulombic efficiencies at discharge rates of
C/10, C/5, C/3, 1C, and 2C were determined to be 96.8%, 97.0%, 93.8%, 98.1%,
and 96.2%, respectively.
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Thermogravimetric Analysis
Thermal stability measurements were recorded for representative samples
of PEGDA-supported solvate ionogels, [Li(G4)][TFSI], and tetraglyme (G4) using
a TA Instruments Q500 Thermogravimetric Analyzer with a heating rate of 10
°C/min. Thermal stability is a critical consideration for energy storage applications,
in order to ensure safe operation at elevated temperatures. The TGA data shown in
Figure C.1 demonstrate that there is only a very small decrease in thermal stability
for PEGDA-based solvate ionogel electrolytes compared to neat [Li(G4)][TFSI].
The upper limit of thermal stability (<5 wt.% loss) for neat [Li(G4)][TFSI] is at
~180°C, whereas the PEGDA-based ionogel electrolytes demonstrate an upper
thermal stability limit of ~150°C for both 8 vol.% and 25 vol.% PEGDA content.
Figure C.1 also displays the TGA data for neat G4, which has much lower thermal
stability compared to both [Li(G4)][TFSI] and PEGDA-supported solvate ionogels.
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Figure C.1. Thermogravimetric analysis traces of [Li(G4)][TFSI], tetraglyme
(G4), 8 vol.% PEGDA, and 25 vol.% PEGDA solvate ionogels measured using a
heating rate of 10 °C/min.
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Raman Spectroscopy
Raman spectra were recorded at room temperature using a JASCO NRS3100 laser Raman Spectrometer with a resolution of 1 cm-1. The wavelength of the
excitation beam was 785 nm and 10 scans were performed for each sample using a
100 mW laser power. Raman spectroscopy has previously been shown as a means
to investigate the stability of the lithium-G4 cation complex via a peak that occurs
at ~860 cm-1 (the so-called breathing mode).1 Figure C.2 shows the Raman spectra
of [Li(G4)][TFSI], PEGDA monomer, and of 8, 19, and 25 vol.% PEGDAsupported solvate ionogel samples. The peak for the lithium-G4 complex at ~860
cm-1 can be seen in [Li(G4)][TFSI] and all solvate ionogel samples, verifying the
stability of the cation complex both before and after gel formation. Additionally, as
the PEGDA content increases, a shoulder on the low wavenumber side of the ~860
cm-1 peak appears, in addition to an increase in the peak height located at ~810 cm1

, which can be attributed to presence of the ethylene oxide chains of PEGDA.
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Figure C.2. Raman spectra of [Li(G4)][TFSI], PEGDA monomer, and three
representative PEGDA-supported solvate ionogels.
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FTIR Spectroscopy
FTIR measurements were performed using a JASCO Corporation FT-IR
6200 with a 4 cm-1 resolution. Spectra were obtained both for precursor solutions,
as well as for solvate ionogel samples 24 hours after being exposed to UV
irradiation (for 10 minutes). Figure C.3 depicts the FTIR spectra of a typical
solvate ionogel precursor solution and the corresponding solvate ionogel sample
(19 vol.% PEGDA). Comparison of the spectra clearly shows the disappearance of
the polymerizable acrylate groups of PEGDA, as seen by the loss of peaks at ~800
cm-1 and ~1400 cm-1 upon gelation. These results confirm a high degree of
polymerization of the monomer-containing precursor solution to form a solid-state
solvate ionogel.
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Figure C.3. FTIR spectra of a 19 vol.% PEGDA solvate ionogel precursor solution
(before UV curing) and the corresponding solvate ionogel sample (after UV
curing). Dashed lines indicate the locations of signals due to the polymerizable
acrylate groups of the PEGDA monomer in the precursor solution, which are not
visible in the solvate ionogel sample.
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Figure D.1. Thermogravimetric analysis (TGA) traces of a commercial electrolyte
1 M LiPf6 in EC:DMC (1:1 vol./vol.), neat SIL, and 20 mol% solvate ionogels of
100 mol% SBVI and 100 mol% MPC. The heating rate was 10 ºC min-1 and sample
sizes were in the range of 3-5 mg.
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Figure D.2. Chemical Shift, d, measurements via NMR spectroscopy of the 1H and
19

F nuclei to probe the tetraglyme (G4) and TFSI- species, respectively. Neat SIL

and 5 mol% zwitterion-solvate ionic liquid solutions of varying SBVI:MPC content
were investigated. The reference for 1H NMR is a 0.1 M LiCl in D2O solution that
has a peak at 4.73 ppm. The reference for

19

F NMR is a 0.1 M LiTFSI in D2O

solution that has a peak at -79.22 ppm. All signals were normalized to the reference
peak.
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Figure D.3. Raman spectroscopy of neat SIL and 20 mol% solvate ionogels
containing 100 mol% MPC and 100 mol% SBVI. The peak centered at 865 cm-1
is representative of the [Li(G4)]+ complex.
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