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Abstract

Salt Concentration Gradients in Block Copolymer Electrolytes
By

Michael D. Galluzzo
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley
Professor Nitash P. Balsara, Chair

Rechargeable batteries are ubiquitous in our daily lives thanks to advancements in
technology and low manufacturing costs for large scale production of lithium-ion batteries. State
of the art, commercially available batteries are comprised of a graphite anode and liquid
electrolyte. There is considerable interest in developing next-generation lithium batteries based on
a lithtum metal anode and solid-state electrolyte. While several commercial ventures have
indicated that there is demand for such a product and significant capital to back them, lithium metal
batteries have not been widely implemented due to high cost and poor cyclability compared to
lithium-ion technology. We are motivated to study solid electrolytes which are compatible with
lithium metal anodes. The majority of this thesis is focused on a nanostructured block copolymer
electrolyte with phase-separated mechanically rigid and ion conducting domains: polystyrene-
block-poly(ethylene oxide) (SEO) with lithium bis(trifluoromethanesulfonyl)imide salt (LiTFSI).
Polystyrene (PS) provides mechanical rigidity which aides stable lithium deposition during battery
charging and poly(ethylene oxide) (PEO) solvates the lithium salt and conducts ions between the
electrodes. A variety of morphologies are accessible by tuning the volume fraction of one phase
and the chain length. The viability of SEO/LiTFSI electrolytes in lithium metal batteries has been
well established in the literature. However, there are many open questions about the mechanisms
by which SEO facilitates the transportation of lithium ions between electrodes. Our goal is to shed
light on the phenomena which govern the performance of block copolymer electrolytes via
rigorous characterization of their ion transport properties and transient structure. The primary tools
used in our analysis are electrochemical techniques involving a potentiostat to study the rate of ion
transport under different conditions and small angle X-ray scattering (SAXS) to characterize block
copolymer structure at equilibrium and while ions flow through the electrolyte.

Unlike simple electronic conductors (e.g., a copper wire) which have only one charge
carrier (electrons), a battery electrolyte has two charge carriers (cations and anions). When
implementing an electrolyte into a lithium-ion or lithium metal battery, the electrodes are designed
such that only lithium cations can cross the electrode/electrolyte interface. The unavoidable
consequence is that passing ionic current through the electrolyte (i.e., charging or discharging the
battery) results in accumulation of ions near one electrode and depletion of ions near the other. In
other words, a salt concentration gradient develops along the axis perpendicular to the planar
electrodes. Under galvanostatic conditions (constant current), thermodynamics requires that a
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larger driving force (over potential) be required to maintain the same current as the salt
concentration gradient evolves. Under potentiostatic conditions (constant voltage),
thermodynamics requires that a smaller current density be passed through the electrolyte as the
salt concentration gradient evolves. Consequently, the nature of the salt concentration gradients
which develop during battery operation are closely tied to material performance. In this
dissertation, we characterize salt concentration gradients in symmetric cells composed of two
lithium electrodes sandwiched around a polymer electrolyte.

After introducing lithium-based batteries, polymer electrolytes, and SAXS in Chapter 1,
we develop a framework for quantifying electrolyte performance in the presence of small salt
concentration gradients. Measurement of the ionic conductivity, k, by ac impedance spectroscopy
characterizes ion transport in the absent of concentration gradients. In the presence of
concentration gradients, electrolyte performance is quantified by the product of k and the current
fraction, p,. The current fraction is the ratio of the steady state current, i ¢, to the initial current,
iy, in a potentiostatic experiment. We rank order a list of electrolytes reported on in the literature
based on kp, and find that there is a tradeoff between total ionic conductivity and selective cation
transport. In Chapter 3, we explore the relationship between p, and the cation transference
number, t, to show how the two parameters dictate ion transport at early and long times when an
electrolyte of initially uniform salt concentration is subjected to ionic current. Negative
transference numbers have been reported in the literature, however the result has not been
definitively proven. Our analysis leads us to propose a cell based on anion exchange membranes
which could be used to conclusively prove the result.

In Chapter 4, we return our attention to SEO/LiTFSI block copolymer electrolytes and
extend our discussion of electrochemical characterization beyond Chapter 2. By measuring k, p,,
the salt diffusion coefficient, D, and the equilibrium potential of concentration cells, U, we fully
characterize ion transport in a series of SEO/LiTFSI electrolytes with various morphologies and
chain lengths to solve for the transference number with respect to the solvent velocity, t9. We
obtain negative values of t$ over a wide range of salt concentrations and morphologies. Universal

relationships are uncovered for p, and d(liTUm which apply for any PEO/LiTFSI or SEO/LiTFSI

electrolyte. The result allows us to predict salt concentration gradients for any SEO/LiTFSI
electrolyte by simply measuring k as a function of salt concentration.

An important consideration when studying any electrochemical system is the interactions
which take place at the electrode/electrolyte interface. For PEO-containing electrolytes in contact
with a lithium electrode, we found that lithium metal is sparingly soluble in PEO. The primary
evidence is obtained from nuclear magnetic resonance spectroscopy (NMR), which is discussed in
Chapter 5. We show that this phenomenon is detectable by phase transitions in a low molecular
weight SEOQ/LiTFSI electrolyte. We take this result into account when studying the phase behavior
of SEO/LiTFSI electrolytes in lithium symmetric cells in the Chapters 6 and 7.

In Chapter 6 and 7, we describe simultaneous polarization and SAXS experiments on
SEO/LiTFSI electrolytes to study the transient structure in the presence of ionic current and salt
concentration gradients. Our methodology allows us to study the nanostructure of the electrolyte
as a function of time and distance from an electrode during polarization. In Chapter 6, we focus
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on a low molecular weight (3.1 kg mol") SEO/LiTFSI electrolyte which has accessible phase
transitions over a wide salt concentration window. Under dc polarization, the initially lamellar
morphology transforms into a disordered morphology near the negative electrode where salt
concentration is lower, and pockets of the gyroid morphology form near the positive electrode
where salt concentration is higher. The emergence of the gyroid phase is unexpected as it is only
thermodynamically favored at significantly higher salt concentrations than should be accessible
based on the initial salt concentration. We hypothesize the presence of the gyroid morphology is
indicative of localized salt dense pockets which form at bottlenecks in the block copolymer
structure. In Chapter 7, we study a higher molecular weight (39 kg mol™') SEO/LiTFSI electrolyte
which exhibits a lamellar morphology at all salt concentrations studied. The domain spacing, d,
increases with salt concentration, and we study the change in d as a function of position in the cell.
By measuring d at several current densities, we show that the spatial gradient in domain spacing
aligns with model predictions at low to moderate current densities based on the measurements
made in Chapter 4. The behavior at large current densities indicates that the rearrangement of the
structure may limit the maximum sustainable current density which can be passed through the
electrolyte. In our sample which consists of a distribution of lamellar grain orientations, we find
those with PS/PEO interfaces aligned perpendicular to the current are distorted more than those
with interfaces aligned parallel to the current. While grains with interfaces oriented perpendicular
to the current do not provide pathways for current to pass between the electrodes, we show that
the distortion of the structure is critical for facilitating the formation of a salt concentration
gradient.

In this dissertation, we discuss the physics that are responsible for the development of a
salt concentration gradient when current flows through an electrolyte. Careful characterization of
transport parameters provides microscopic insight into the mechanisms of ion transport and the
magnitude of salt concentration gradients. Structural characterization of block copolymer
electrolytes subjected to ionic current provides fresh insight into the mechanisms which limit the
rate of ion transport between the electrodes. Our characterization of the dynamic relationship
between salt concentration gradients, ion transport, and nanostructure in block copolymer
electrolytes provides guiding principles for the design of novel electrolyte materials aimed at
enabling the lithium metal anode.
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1. Introduction
1.1 Motivation

The demand for reliable energy storage has grown over the last few decades for several
reasons: increasing dependence on portable electronics, a shift towards intermittent renewable
energy sources such as wind and solar, the emerging dominance of electric vehicles, and interest
in alternative mobility options such as electric bikes, scooters, and skateboards. Batteries have
emerged as a key enabler for many of these technologies, and batteries themselves are a popular
area for research and development. While other energy storage systems such as pumped hydro,
compressed air storage, fly wheels, and fuel cells are competitive technologies for many
applications, recent investments in large scale manufacturing of lithium-ion batteries have
indicated that rechargeable batteries will be a relevant technology for the foreseeable future.!

A battery converts chemical potential energy into electrical energy by forcing the electrons
involved in the chemical conversion through an electrical circuit. There are three main components
to a battery: the anode, cathode, and electrolyte. The chemical mechanism that allows a battery to
charge and discharge varies between battery chemistries. Broadly speaking, during battery
discharge oxidation occurs at the anode, sending electrons around an external circuit. The electrons
are consumed at the same rate at the cathode, where reduction occurs. The electrolyte facilities the
passage of ionic current from the anode to the cathode, while being electrically insulating.
Charging occurs by the opposite process: oxidation occurs at the cathode, and ionic current is
passed from the cathode to the anode where reduction occurs. From a technical standpoint, the
term ‘anode’ and ‘cathode’ describe the electrode where oxidation and reduction occur,
respectively. For rechargeable batteries, it is common to define the anode and cathode based on
the discharge processes and use the designation for both charge and discharge. Batteries which
are designed to be discharged once and then discarded are known as primary batteries. Batteries
which can be charged and discharged multiple times are known as secondary batteries. The
purpose of this thesis is to characterize the mechanisms of ion transport through electrolytes
designed for next-generation secondary batteries.

1.2 Lithium-ion Batteries

A typical lithium-ion battery is shown schematically in Fig. 1.1a. Graphite anode particles
are separated from transition metal oxide cathode particles by a polypropylene separator. The
separator serves to physically separate the electrodes and prevent a short circuit.? All three
components are wetted by an electrolyte which facilitates the transportation of ions between the
electrodes. Commercial lithium-ion batteries are based on a lithium salt (e.g., lithium
hexafluorophosphate, LiPF¢) dissolved in a mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC). A variety of transition metal oxide cathode materials may be used.® Lithium
cobalt oxide (LCO) serves as one example, which produces a cell with a nominal voltage of 3.6 V
when paired with a graphite anode.* Both graphite and LCO operate through a lithium intercalation
mechanism. Lithium-ion batteries have achieved huge commercial success due to the high-power



density relative to other battery technologies (a lead acid battery, for example, operates at a
nominal voltage of 2 V) and development of cells which can achieve thousands of cycles with
minimal decay in performance.’

(@) T (b) TIPS

carbon

Liquid electrolyte
[Li]*[PFg] in EC/DMC

mick, L et al. Front.
Energy Res. 2019.

Anode reaction Cathode reaction Anode reaction Cathode reaction
Polypropylene LixCs « €™ +Li*  Li* + e~ « Li,CoO, Li® « e~ +Li*  Li* +e” « Li,CoO,
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Soc. 2019,

Figure 1.1. Schematic of a lithium-ion and lithium metal battery. (a) A lithium-ion battery which
comprises a graphite anode, lithium cobalt oxide (LCO) cathode, polypropylene separator, and liquid
electrolyte. SEM image of the polypropylene separator was taken from ref . A cartoon image of lithium
intercalated into graphite is shown. (b) A lithium metal battery which comprises lithium metal plated on a
copper current collector with the remaining components identical to the lithium-ion battery. In this
configuration, lithium deposition during charging is typically unstable, resulting in the formation of
dendrites which can result in a short circuit of the battery. A cartoon representation of the dendritic structure
which are typical of lithium metal deposited through a liquid electrolyte was taken from ref ’. The electrode
reactions for the charging process are shown below each electrode in (a) and (b). We use the convention of
defining the “anode” and “cathode” based on the discharge reactions at each electrode.

1.3 Lithium Metal Batteries

A graphite anode requires six carbon atoms to intercalate one lithium ion, as shown in Fig.
I.1a. A more energy dense solution is to plate lithium metal directly onto a copper current
collector, thus eliminating the need for a carbon-based anode.® The lithium metal anode has a
theoretical specific capacity of 3.86 Ah g'! compared to 0.372 Ah g™! for graphite®!°. A schematic
of a lithium metal battery is shown in Fig. 1.1b where the graphite anode in Fig. 1.1a is replaced
with a lithium metal anode. The main limitation of this approach is that unstable lithium deposition
results in the formation of branched structures, called dendrites, which can grow during charging
and short circuit the cell, resulting in catastrophic failure.”* Overcoming this limitation has been
an intense research focus over the last two decades.

Several strategies have been employed in attempt to enable commercial success of the
lithium metal battery, including liquid electrolyte additives,'' interfacial engineering,'”> and
implementing rigid solid electrolytes.'? For the latter, there are generally two classes of materials
which have been studied: polymer and ceramic electrolytes. In theoretical study, Monroe and
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Newman showed in 2005 that using an electrolyte with a shear modulus twice that of lithium metal
would mechanically suppress the formation of lithium dendrites during charging.!* Ceramic
electrolytes meet this condition yet still suffer from dendritic failure due to other mechanisms
involving propagation of lithium metal through defects.'>!® For polymer electrolytes, this
conclusion poses a significant challenge: in general, polymer materials become less conductive as
they become more rigid. We are thus motivated to study polymer electrolytes which overcome this
barrier.

1.4 Polymer Electrolytes

In 1973, Fenton, Parker, and Wright demonstrated that alkali metal salts were soluble in
poly(ethylene oxide) (PEO)."” Since then, there has been significant interest in studying
polymer/salt mixtures as electrolytes for secondary batteries. The ability of PEO to solvate lithium
salts derives from the formation of helical complexes where six ether oxygens stabilize the alkali
cation.'® Of particular interest for lithium-ion batteries, lithium salts are highly soluble in PEO,
and the resulting electrolytes have ionic conductivities on the order of 107 S cm™ at temperatures
above the crystalline melting temperature of the polymer (~60 °C).!° The development of polymer
electrolytes which exceed this ionic conductivity is a worthy research goal, however it has proven
a difficult task. In addition to the goal of enabling the lithium metal anode, polymer electrolytes
are typically far less flammable than their volatile organic liquid counterparts, and offer improved
safety over the current state of the art. For applications such as electric vehicles that require large
numbers of lithium-ion cells, complicated thermal management systems are required to avoid
thermal runaway and catastrophic failure. Implementation of non-flammable polymer electrolytes
may significantly reduce the need for such auxiliary systems which further improves the practical
energy density of the system.

Unfortunately, PEO is a liquid at practical operating temperatures with shear modulus far
below the threshold proposed by Monroe and Newman.?’ One strategy to overcome this is to use
PEO-containing block copolymers. Block copolymers are a class of materials which combine two
or more chemically distinct polymers through one or more chemical bond.?! Due to enthalpic and
entropic interactions, ordered nanostructures form by which the mechanical and ion conducting
properties are decoupled.?? The nature of these microstructures has been well studied in the
literature for a variety of systems.”*** Polystyrene-block-polyethylene oxide (SEO) is a system
of interest for battery applications where the polystyrene (PS) block provides mechanical stability
while PEO serves as the ion conducting block. The most common salt used in PEO-based
electrolytes is lithium bis(trifluoromethanesulfonyl)imide (LiTFSI). The chemical structure of
SEO and LiTFSI are provided in Fig. 1.2a. It has been demonstrated that SEO/LiTFSI electrolytes
can operate in a secondary battery configuration and offers resistance to dendrite growth.’*=2 A
schematic of an SEO-based rechargeable battery is presented in Fig. 1.2b. SEO/LiTFSI
electrolytes can form a variety of structures (including spherical, cylindrical, and co-continuous),
however the lamellar morphology is most commonly studied, and arguably the best-suited for
battery applications.>® Figure 1.2b illustrates a block copolymer electrolyte comprising randomly
oriented grains of the lamellar morphology. The domains are characterized by the conducting
phase volume fraction, ¢., and the distance between the center of two lamellae of the same
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component, i.e., the domain spacing, d. The commercial success of such a battery configuration
relies on: 1) stable deposition of lithium through the block copolymer electrolyte membrane, 2)
repeated cycling of the cell with minimal loss in capacity (thousands of cycles), 3) facile
manufacturing, 4) compatibility with high voltage cathodes, and 5) ability to sustain fast charge
and discharge rates.

(a) (b)

Polystyrene-block-polyethylene oxide
(SEO)

(LiTFSI)

Figure 1.2. Chemical structure of polystyrene-block-polyethylene oxide (SEO) and a schematic of a
lithium metal battery with a block copolymer electrolyte. (a) Chemical structure of SEO and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). Throughout this dissertation, red domains are indicative of a
polystyrene (PS) phase and blue domains are indicative of the conducting poly(ethylene oxide)/LiTFSI
phase. (b) Schematic of a lithium metal battery based on an SEO electrolyte. Several grains are drawn (not
to scale) to highlight the point that block copolymer electrolytes are typically comprised of many randomly
oriented grains.

Block copolymer electrolytes are formed by dissolving the block copolymer and salt in
solvent, and then removing the solvent either by freeze-drying or evaporation. The processing
conditions and thermal history is strongly correlated to the size of the grains depicted in Fig. 1.2b.3*
When the membrane is formed, the salt uniformly fills the PEO domains. (On the length scale of
a single lamella, salt may be distributed differently near the center of the domain versus near the
interfaces.)*>*® Both the grain size and d depend on the salt concentration of the electrolyte, as
discussed in ref *7 and Chapters 6 and 7. In Chapters 2 and 3, we discuss the formation of salt
concentration gradients which develop along the axis perpendicular to the electrodes during battery
operation. To briefly summarize, the magnitude of the salt concentration gradient increases with
increasing current density. In a liquid electrolyte, the solvent molecules can rearrange easily to
accommodate the salt concentration gradient. Prior to this work, few publications have addressed
how this process occurs in solid electrolytes.*® Our goal is understand the mechanisms by which
block copolymer electrolytes facilitate the passage of ionic current at high current densities by
studying their electrochemical and structural properties.

1.5 Small Angle X-ray Scattering



X-ray scattering techniques characterize the structure of a sample by analyzing diffraction
patterns in reciprocal space. When a sample is irradiated with an X-ray beam, some of the photons
interact with the electrons in the sample and are scattered. Two-dimensional (2D) detectors are
used to measure the intensity of the scattered photons. Contrast arises from differences in electron
density, and the length scale which is probed depends on the values of the scattering vector, q,
which are accessible based on the experiment geometry. q is related to wavelength of the incident
X-ray beam, A, and the scattering angle, 8, by:

4 0

q= TSinE' (1.1

Thus, the length scales probed in a scattering experiment depend on the wavelength of the incident
X-ray beam and the scattering angles which can be resolved by the detector. The later depends on
the detector pixel size and the distance between the sample and the detector. Small angle X-ray
scattering (SAXS) accesses small scattering angles by leveraging relatively large sample-to-
detector distances, typically on the order of 3 m and probes length scales of 2-100 nm in the sample.
A schematic of a typical SAXS experiment is presented in Fig. 1.3a. A sample is irradiated with a
monochromatic X-ray beam (1 = 1.24 A or 1.03 A were used in this work). The majority of the
beam is transmitted through the sample and blocked by a beam stop to avoid damaging the
detector. The intensity of scattered X-rays is measured by the detector at an angle, 8, relative to
the incident beam. The scattering pattern is then analyzed to extract real-space information from
the reciprocal-space data. A thorough discussion of X-ray scattering experiments, techniques, and
data analysis can be found in Chapter 2 of the thesis by Jacob Thelen, so we direct the reader to
that and other references for more details.** !
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Figure 1.3. Schematic of a small angle X-ray scattering (SAXS) experiment and data reduction. (a) A
block copolymer electrolyte comprising randomly oriented lamellar grains is irradiated with a
monochromatic X-ray beam. The transmitted beam is block by a beam stop, and the scattered X-ray
intensity is measured by a 2D detector. The scattering vector, q, is drawn from the beam center to the
location of the primary scattering peak. Increasing brightness on the detector represents increased scattered
intensity. (b) Azimuthal averaging of the data results in a 1D intensity versus q plot. A primary scattering
peak at q = q* with reflections at ¢ = 2q™ and 3q” is a signature of the lamellar morphology.



The scattering pattern shown in Fig. 1.1a resulted from a SAXS experiment carried out on
lamellar block copolymer sample with a distribution of grain orientations. The result is a ring of
scattered intensity. The 2D scattering pattern can then be azimuthally averaged to obtain the
scattered intensity versus q, 1(q). Analysis of distinct sectors of the detector can be performed to
deconvolute information from grains with different orientations in the sample, as discussed in
Chapter 7. In Fig. 1.1b, we present a 360° azimuthal average of the 2D scattering pattern. The
location of the primary scattering peak, q*, is related to the domain spacing of the lamellar sample
by Brag’s law:

., 2m

T

Higher order peaks in the I(q) data at ¢ = 2q™ and q = 3q" are characteristic of the lamellar
morphology. SAXS provides a tool to characterize the structure of block copolymer electrolytes
on the relevant length scale for phase separation. In this dissertation, we use SAXS to probe the

morphology of block copolymer electrolytes under inert conditions and during dc polarization
experiments.

(1.2)

1.6 Outline of this Dissertation

In Chapter 1, we have motivated the study of block copolymer electrolytes to enable high
energy density lithium metal batteries. Our goal is to understand how the nanostructure of a block
copolymer electrolyte is related to the electrochemical performance and how the nanostructure
evolves in the presence of salt concentration gradients which arise when ionic current passes
through the membrane. In Chapter 2, we describe a methodology for evaluating the performance
of electrolytes for lithium (or sodium) batteries based on polarization experiments in symmetric
cells with two lithium (or sodium) electrodes. We compile data from the literature and show that
there is a tradeoff between high ionic conductivity and selectivity of cation transport (characterized
by the current fraction, p,). In Chapter 3, we discuss the formation salt concentration gradients
when ionic current passes through an electrolyte and how the cation transference number, current
fraction, and concentration gradients are interrelated. Our discussion motivates the study of
lithium-ion battery electrolytes using cation-blocking electrodes. Next, we dive into the
electrochemical characterization of SEO/LiTFSI electrolytes as a function of their morphology in
Chapter 4. These measurements serve as the foundation for predicting the spatial dependence of
salt concentration as a function of applied current density. Before exploring the structure of block
copolymer electrolytes during polarization, we highlight an important phenomenon that is relevant
for PEO-containing electrolytes in Chapter 5: dissolution of lithium metal from the electrodes. We
show that when PEO is contact with lithium metal at elevated temperatures, lithium species
dissolve from the electrode into the bulk of the electrolyte using nuclear magnetic resonance
spectroscopy (NMR), electrochemical techniques, and SAXS. Signatures of this process are
readily observed in lithium symmetric cells containing an SEO/LiTFSI electrolyte. In Chapters 6
and 7, we use SAXS to study the structure of SEO/LiTFSI electrolytes in the presence of ionic
current with temporal and spatial resolution. In Chapter 6, we study a low molecular weight
SEO/LiTFSI electrolyte which exhibits phase transitions due to the presence of salt concentration



gradients. Our results indicate the formation of “concentration hotspots” where salt builds up into
dense pockets. In Chapter 7, we use a more practical SEO/LiTFSI electrolyte with a longer chain
length in similar experiments. Using Newman’s concentrated solution theory*?, we use the data
presented in Chapter 4 to predict the salt concentration gradients and compare the results to
experiment, using d as a proxy for salt concentration. We show that the distortion of the lamellae
depends on their orientation relative to the current direction and that the rearrangement of the block
copolymer limits the maximum sustainable current which can be passed through the electrolyte.
Chapter 8 provides a summary of the work and outlook for future experiments.

This work should appeal to anyone interested in implementing solid electrolytes into next
generation batteries. The formation of salt concentration gradients during battery operation is
ubiquitous, and the designers of novel electrolyte materials should consider how the material will
respond in their presence.

1.7 Nomenclature

Table 1.1 List of symbols and abbreviations

Symbol Meaning
d domain spacing (nm)
DMC dimethyl carbonate
EC ethylene carbonate
LCO lithium cobalt oxide
LiPFe lithium hexafluorophosphate
LiTFSI lithium bis(trifluoromethanesulfonyl)imide
PEO poly(ethylene oxide)
PS polystyrene
q scattering vector (nm')
SEO polystyrene-block-polyethylene oxide
SAXS small angle X-ray scattering
Table 1.2 List of symbols (Greek)
Symbol Meaning
0 scattering angle
A X-ray wavelength (A)
pPs current fraction




2. Ohm’s Law for Ion Conduction in Lithium and Beyond-Lithium Battery
Electrolytes”

ABSTRACT

The viability of next generation lithium and beyond-lithium battery technologies
hinges on the development of electrolytes with improved performance. Comparing
electrolytes is not straightforward, as multiple electrochemical parameters affect
the performance of an electrolyte. Additional complications arise due to the
formation of concentration gradients in response to dc potentials. We propose a
modified version of Ohm’s law to analyze current through binary electrolytes
driven by a small dc potential. We show that the proportionality constant in Ohm’s
law is given by the product of the ionic conductivity, x, and the ratio of currents in
the presence (iss) and absence (ig) of concentration gradients, p,. The importance
of p, was recognized by J. Evans, C.A. Vincent, and P.G. Bruce [Polymer 28, 2324
(1987)]. The product kp, is used to rank order a collection of electrolytes. Ideally,
both k and p, should be maximized, but we observe a trade-off between these two
parameters, resulting in an upper bound. This trade-off is analogous to the famous
Robeson upper bound for permeability and selectivity in gas separation
membranes. Designing polymer electrolytes that overcome this trade-off is a
worthwhile but ambitious goal.

2.1 Introduction

In a battery, the passage of ionic current between the cathode and anode is enabled by the
electrolyte. The dependence of the current on the potential drop between the electrodes is at the
core of battery design and engineering.*>** The kind of device that can be powered by a battery is
limited by the maximum current that can be passed safely through the electrolyte.

The starting point for understanding the relationship between potential drop and current is
Ohm’s law. For a simple conductor with one charge carrier, such as a copper wire (Fig. 2.1a), the
current density, i, is proportional to the potential drop per unit length, AV /L , and Ohm’s law can
be written as:

(2.1)

where o is the electronic conductivity of the material. All materials are electrically neutral and
have at least two charge carriers; the one charge carrier approximation is valid because the
compensating copper cations are essentially immobile. Current density versus AV /L for copper is
presented in Fig. 2.1b, where the slope, m, is given by 5.8 x10° S cm™.** In this case, m = o. For
a copper wire, carrier concentration gradients do not develop as the copper cations are stationary
and charge neutrality is maintained.

* Adapted (with permission) from Galluzzo, M. D.; Maslyn, J. A.; Shah, D. B.; Balsara, N. P. Ohm’s Law for Ion
Conduction in Lithium and Beyond-Lithium Battery Electrolytes. J. Chem. Phys. 2019. 151 (2), 020901.
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Figure 2.1. Empirical relationship between current density and normalized potential drop across
three types of cells. a) Schematic of a piece of copper metal, which is an electronic conductor. b) Current
density, i, as a function of normalized voltage drop, AV /L, for the copper metal depicted in Fig 2.1a.
Adapted from Ref. *. ¢) Schematic of a battery with a lithium metal anode, a lithium iron phosphate
cathode, and an EC:DEC/LiPF6 electrolyte. d) Steady-state current density, iss, as a function of normalized
overpotential, 7/L, for the battery depicted in Fig. 2.1c. Adapted from Ref.*’. e) Schematic of a lithium
symmetric cell containing a PEO/LIiTFSI electrolyte. f) Steady-state current density, iss, as a function of
normalized voltage drop over the electrolyte, A® /L, in the cell depicted in Fig. 2.1e. Adapted from Ref.*.
The difference between values of 7 obtained in electronic and ionic conductors is ten orders of magnitude.
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An example of a rechargeable battery is shown schematically in Fig. 2.1c. It consists of a
lithium metal anode and a lithium iron phosphate, LiFePOs, cathode separated by an
EC:DEC/LiPFs electrolyte in a porous separator. During discharge, the passage of ionic current
through the electrolyte from the anode to the cathode is driven by an overpotential, 7, which is the
equilibrium potential of the cell minus the operating voltage, U° — V.*> When an overpotential is
present, concentration gradients develop across the electrolyte because both cations (in this case,
Li") and anions (PF;) are mobile in the system. Under a constant overpotential, this would result
in a time-dependent current density until the concentration gradient reaches steady-state. Only Li"
ions are transported across electrode/electrolyte interfaces; this also affects the nature of the
gradients. In Fig. 2.1d, we plot the steady-state current density, iss, as a function of the
overpotential per unit length, n/L, for the cell depicted in Fig. 2.1c.*> It appears that the
relationship between igs and 77/L is approximately linear, similar to the copper wire. However, the
slope, m = 2.5 x10° S cm’!, is not equal to the conductivity of the electrolyte. It reflects numerous
processes that include charge transfer between the electrodes and the electrolyte, diffusion of
lithium in the cathode, and diffusion and migration of ions in the electrolyte. Thus, the relationship
between iy and /L in Fig. 2.1d, although it appears linear, is not a manifestation of Ohm’s law.

In Fig. 2.1e, a schematic for a symmetric cell consisting of an electrolyte sandwiched
between two identical non-blocking electrodes is presented. In this perspective, we focus on
symmetric cells comprising either lithium or sodium foil electrodes and electrolytes containing a
lithium or sodium salt, respectively. This cell, popularized by pioneering work of Evans, Vincent,
and Bruce, and others,*”* is similar to that shown in Fig. 2.1c¢ with one crucial difference: U° =
0 V. This cell enables a fair comparison of the ion transport properties of different electrolytes: the
symmetry of the cell allows electrode effects to be deconvoluted from the properties of the
electrolyte. In Fig. 2.1f, we plot iy as a function of the potential drop across the electrolyte, A® /L,
for a cell with lithium foil electrodes and an electrolyte comprising poly(ethylene oxide) (PEO)
and bis(trifluoromethylsulfonyl)amine lithium salt (LiTFSI).*® Here, the slope 7 = 9.9 x 107 S
cm! is not equal to the ionic conductivity of the electrolyte. However, unlike in a full battery, m
is related to the properties of the electrolyte alone. In our effort to design high performance
electrolytes, it is the slope in Fig. 2.1f which we wish to maximize. Many publications, however,
disregard this. It is fairly common, these days, to invent a new electrolyte, measure the ionic
conductivity, and declare victory if it is greater than that of a baseline electrolyte.

The purpose of this perspective is to analyze symmetric cell data obtained from different
electrolytes. Evans, Bruce, and Vincent** and Watanabe et al.,’® modeled symmetric cells
containing dilute and ideal electrolytic solutions. In later studies, Newman and coworkers*?>!
considered symmetric cells containing concentrated electrolytic solutions and developed the
relationships between 71 and intrinsic transport and thermodynamic properties of the electrolyte.
This perspective is focused on small applied potentials wherein the concentration dependence of
the relevant electrolyte properties can be neglected. Based on the work in Refs.**2, we develop a
framework for measuring the Ohm’s law coefficient which allows us to produce a rank ordered
list of electrolytes based on their ability to maximize the flux of lithium or sodium cations. We
conclude by discussing the limitations of our approach as, ultimately, the rank ordering of
electrolytes needs to be reassessed in the presence of significant concentration gradients for
practical devices.

2.2 Theory
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Electrolytes of interest comprise a salt (M*+), (X*-),_dissolved in a matrix.
Characterization of ion transport typically begins with measurement of the ionic conductivity, «,
by ac impedance spectroscopy. A powerful feature of ac impedance spectroscopy is that « is
measured without introducing significant concentration gradients. When a dc potential, A®, is
applied across an electrolyte of dimension L in a symmetric cell (Fig. 2.1¢e), there are, by definition,
no concentration gradients at the first instant of polarization (z = 0"). The initial current density,
i, at t= 0" is given by:

iy = K%. (2.2)

With time, i.e. at t > 0, salt concentration gradients develop in the cell and eventually the gradient
becomes time-invariant. The measured current density decreases with time as these concentration
gradients develop and reaches a steady value at long times. We refer to the current obtained at long
times as igs. In the limit of small applied potentials, an expression for igs can be derived based on

concentrated solution
theory, 553
K AP

oo = — 2.

s 1+ Ne L’ (23)
KRT (1 — t9)? diny,

_ 1+ —), 2.4

e=a F2Dc ( dilnm (24)

where R is the gas constant, T is the temperature, F is Faraday constant, D is the restricted diffusion
coefficient of the salt, c is the salt concentration, t is the transference number of the cation with
respect to the velocity of the solvent, y, is the mean molal activity coefficient of the electrolyte,
and m is the salt molality. The parameter a is related to the stoichiometry of the salt:

vV
a=——-
(viz,)?

where v is the total number of cations and anions to which the salt dissociates, v, is the total
number of cations to which the salt dissociates, and z, is the charge number of the cation. (For a
binary salt, a = 2.) Equations 2.3 and 2.4 are based on Newman’s concentrated solution theory

wherein electrolytes are characterized by three transport parameters, x, D, and t{, and a
diny

dlnm’
recognized that ion transport in binary electrolytes is governed by three Stefan-Maxwell diffusion

coefficients, Dy_, Dy, and D, _. Relationships between «x, D, and t?, and the Stefan-Maxwell
diffusion coefficients are given in Refs >3,

While all four parameters (k, D, t?, and Tf) dictate the time-dependent current at a given
applied potential, explicit knowledge of all these parameters is not required to determine is4 or Ne.
In fact, Ne can be determined in a single experiment by measuring i, and iz at constant dc
polarization, A®, over the electrolyte:

(2.5)

thermodynamic factor, T = 1 + This theory builds on the work of Onsager™* who

Iss 1

iy, 1+Ne’

(2.6)

Bruce and Vincent pioneered the measurement of iy /iy.**

Equations 2.6 and 2.4 can be recast as:
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- = 2.7
io B+1 2.7)
where
Dos €
=y _ 2.8
p=v D, co (2.8)

and c, is the solvent concentration. Equations 2.7 and 2.8 were first derived by Balsara and
Newman.*!' Only in the limit ¢ = 0, 8 = 0 does

a result presented by Bruce and Vincent.’ Determining the range of concentration over which f is
small enough such that Eq. 2.9 is valid requires knowledge of the Stefan-Maxwell diffusion
coefficients. For dilute 0.01 M aqueous potassium chloride (Fig. 14.1 of Ref.*?), D, _=1.1 x 10”7
cm? s, Do; =1.9x10% em? s, ¢y =56 mol L', £ =0.031 and Eq. 2.9 is a good approximation.
However, most practical electrolytes are not dilute. For a 1 M aqueous potassium chloride solution,
D, =19x10°cm?s!, Dy,=2.0x 103, c,= 53.6 mol L'}, and = 0.20. For 2.6 M PEO/LiTFSI
(Fig. 3 and 4 of Ref. %), D,_=4.0x 10° cm? s}, Dy, = 1.1 x 10®¥ cm? s, ¢; = 16 mol L}, and B
= 0.44. Equation 2.9 is not a good approximation for either IM KCl or 2.6 M PEO/LiTFSI.
We thus define the current ratio, p,, which can be rewritten on the basis of Eq. 2.6 as
Igs 1

p+=¥=1+Ne'

(2.10)

The current ratio is an intrinsic property of an electrolyte, irrespective of whether it is dilute or
concentrated. The transference number, t?, is defined as the fraction of current carried by the
cation in a solution of uniform salt concentration and is only approximated by p, when £ is small.

For this reason, we prefer to use p, to refer to the current ratio, ll,s—s, rather than using t9 or “the
0

transference number” as is commonly done in the literature. This point was alluded to by Bruce
and Gray in 1995, who referred to this current ratio as “the limiting current fraction”.>

The discussion thus far ignores the resistance of the electrode/electrolyte interface. In
practice, when a dc voltage, AV, is supplied to a symmetric cell, the potential drop across the
electrolyte, Ad, will be reduced by an amount equal to the product of the interfacial resistance and

the current. Assuming other sources of ohmic loss are negligible,
AD = AV —iR;A (2.11)

where R; is the interfacial impedance that is readily measured by ac impedance spectroscopy, A is
the electrochemically active surface area of the electrode, and i is the current density through the
symmetric cell. We can combine Eq. 2.2, 2.3, 2.10 and 2.11 to obtain a useful expression:

iss (AV —iyR;0A)

= 2.12
io (AV —igsR;55A) (2.12)

P+o =

where iz and i, refer to steady-state and initial current density through a symmetric cell as in Eq.
2.11. The importance of corrections for interfacial resistance was recognized by Evans, Bruce and
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Vincent'’ and Watanabe et al.”® We use the term p, o in Eq. 2.12 to clarify that this current ratio

is based on a measured value of i, which we discuss next.

In order to apply Eq. 2.10-2.12, the value of ij must be measured. A practical approach is
to take the first data point measured after the potential is applied. However, this method is
inherently problematic because the current is a strong function of time in the first instant of
polarization. An example of such a measurement is shown in Fig. 2.2. A small potential, AV = 8.9
mV, was applied across a lithium symmetric cell (4 = 0.079 cm? and L = 0.050 cm) containing a
35 kg mol! PEO/LiTFSI electrolyte with salt concentration » = 0.010, where 7 is defined as the
molar ratio of lithium ions to ethylene oxide moieties. A sampling rate of 1 ms™ was used for the
first few seconds. Figure 2.2 presents the current response over the entire time window (400 min)
required to reach steady-state and the inset highlights the first 10 ms. Over the first 10 ms, the
current is approximately constant with time. Thus, we have confidence that the current density we
measure, i, = 0.051 mA cm?, truly captures the initial current.

0.06 T T T T T T T T
0.05} i, = 0.047 mA cm” .
0.056F T T T L
0.04} .
o Y2 005280 6 b0 600 0]
5 <
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Figure 2.2. Example measurement of the current fraction, p_, in a PEQ/LiTFSI electrolyte. A plot
of current density versus time in a lithium symmetric cell containing a PEO/LiTFSI electrolyte with » =
0.010 after applying a potential of AV = 8.9 mV across the L = 0.050 cm electrolyte. The current response
over the entire time window (400 min) required to reach a steady-state is presented as a function of time.
(The breaks in the curve are due to ac impedance measurements.) The inset highlights the first 10 ms, when
the current is approximately constant with time. The dashed red line represents the value of in= 0.047 mA
cm™ calculated from Eq. 14. The high sampling frequency at early times provides confidence that the
measured initial current density is accurate. In this case, the first measurement of current density (i; =0.051
mA cm™) is in reasonable agreement with iq.

An alternative that has been proposed*’>" % is to calculate i, by combining Eq. 2.2 and
2.11. In this case,
i = K ot (2.13)
We can rearrange Eq. 2.13 to solve for i,. We refer to this calculated current density as i because
it is a statement of Ohm’s law (Eq. 2.1):
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For the electrolyte and cell used in Fig. 2.2, k = 0.33 mS cm™ and R; =495 Q, yielding ig = 0.047
mA cm (shown as a red dashed line in Fig. 2.2). We see reasonable agreement between i, and i,
from this experiment. The advantage of using i, instead of i is that it is based on parameters that
are easily measured (AV, L, R;, x, and A4). Further rationale for this is discussed in Section 2.4. For
the purposes of this paper, we define p, as:

_iss (AV —igRipA)
io (AV — igR; 5sA)

iq (2.14)

(2.15)

P+

Eq. 2.15 differs from Eq. 2.12 only in the use of i for i,. In the discussion below, electrolytes are
characterized by two transport properties, k and p,. We use Eq. 2.15 to calculate p, .

2.3 Data

To select the systems used in this perspective, we studied the 472 papers which cited Evans,
Vincent, and Bruce’s 1987 paper titled “Electrochemical measurement of transference numbers in
polymer electrolytes™’ since 2010. Only a small fraction of these papers reported all parameters
necessary for our analysis. These parameters are listed in Table 2.1.

Table 2.1. List of parameters related to the Evans, Vincent, and Bruce measurement of i /i,
gathered for the electrolyte systems described in this study. We also list their symbols and
descriptions.

Parameter Symbol Description
ionic conductivity of the electrolyte measured by ac
ionic conductivity, blocking Ky, impedance using blocking electrodes (e.g. stainless
steel)
ionic conductivity, non- ionic conductivity measured by ac impedance using
blocking nb | non-blocking electrodes (e.g. lithium metal)
. constant voltage applied by the potentiostat in order
applied voltage AV rant voltage appiied by the pot !
to elicit a steady-state current density
o . initial current density measured after polarization at
current density, initial iy
AV
: . current density measured at steady-state in response
current density, steady-state Iss u Y 4 Y P
to AV
interfacial resistance, initial Rio interfacial resistance measured by ac impedance

spectroscopy just before AV is applied

interfacial resistance, steady-
state

interfacial resistance measured by ac impedance
spectroscopy after the steady-state current is reached

bulk resistance measured in the cell during the

bulk resistance R )
" b steady-state current experiment
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cell thickness L distance between electrodes; electrolyte thickness

interfacial area A nominal electrode area in contact with the electrolyte

The four categories of electrolytes covered in this study are pictured in Fig. 2.3:
homopolymer electrolytes containing a lithium salt and no solvent (HPE), gel polymer electrolytes
containing a crosslinked polymer mixed with a solvent and a lithium salt (GPE), polymer
electrolytes containing a sodium salt (NaPE), and multicomponent polymer electrolytes containing
a polymer mixed with a salt and at least one additional component (MCPE). The additional
component in the MCPEs may be another polymer (blended or covalently bonded), an ionic liquid,
or a ceramic particle. All of the electrolytes were designed to transport lithium ions except for
those placed in the sodium electrolyte category. A long-form description of each electrolyte, its
category, and its reference is provided in Table 2.2.

(b)

Gel polymer electrolyte (GPE) Multicomponent electrolyte (MCPE)

Figure 2.3. Schematics of the four categories of electrolytes analyzed in this chapter. (a) Simple
homopolymer electrolytes containing a lithium salt (HPE). Blue spheres represent monomer beads on a
polymer chain, red spheres indicate lithium cations, and yellow ovals represent the negative counterion. (b)
Gel or crosslinked polymer electrolytes (GPE). Black triangles represent crosslinks in a polymer network
and green ovals represent solvent molecules. (¢) Polymer electrolytes containing a sodium salt (NaPE).
Green spheres represent sodium cations. (d) Multicomponent polymer electrolytes (MCPE). The schematic
depicts several types of MCPEs. Pink spheres represent a second monomer type on a copolymer chain,
orange cubes represent ionic liquid side chains grafted to a polymer chain, and the green octagon represents
a nanoparticle dispersed in the polymer.
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Table 2.2. Long-form descriptions of the electrolyte systems analyzed in this chapter and their
categories: HPE — homopolymer electrolyte, GPE — gel polymer electrolyte, MCPE —
multicomponent polymer electrolyte, NaPE — sodium ion polymer electrolyte.

Electrolyte description Category| Ref

polyethylene oxide with bis(trifluoromethylsulfonyl)amine lithium salt HPE 60
(PEO/LAiTFSI) with 0.017 moles of LiTFSI per mole of ether oxygen (»=0.017)

PEO/LiTFSI with = 0.08 HPE 58
poly(diethylene oxid-alt-oxymethylene) with LiTFSI (P(2EO-MO)/LiTFSI) HPE 61
with 0.04 moles of LiTFSI per mole of oxygen (» = 0.04)

P(2EO-MO)/LiTFSI with » = 0.08 HPE o1
P(2EO-MO)/LiTFSI with 7 = 0.14 HPE o1

perfluoroether containing 8 carbon atoms with dimethyl carbonate end groups
and bis(fluorosulfonyl)imide lithium salt (C8-DMC/LiFSI) with 5.84 wt%| HPE 62
LiFSI

C8-DMC/LiFSI with 19.9 wt% LiFSI HPE | ©
perfluoropolyether with hydroxyl end groups containing 10 fluoro-ether 6
oxygens (PFPE ,-Diol) and 9.1 wt% LiTFSI HPE

perfluoropolyether with dimethyl carbonate end groups containing 10 fluoro- HPE 63

ether oxygens (PFPE,,,-DMC) and 9.1 wt% LiTFSI

PEO/LiTFSI gel mixed with tetraethylene glycol dimethyl ether (TEGDME) GPE 64

80 wt% methoxy-PEO-methacrylate and 20 wt% hexadecal-PEO-methacrylate

L . gy GPE | ©
copolymerized into a matrix (PMH20) with LiClO4 salt
crosslinked PEO plasticized by TEGDME with LiTFSI GPE 66
PEO/LiTFSI blended with poly|[(trifluoromethyl)sulfonyl acrylamide] (PA- MCPE 67

LiTFSI)

Li,La,Zr,0,, (LLZO) dispersed in poly(vinylidene fluoride-hexa- MCPE 68
fluoropropylene) (PVDF-HFP)

polyhedral oligomeric silsesquioxane (POSS) grafted with ionic liquid (IL) side

69
chains doped with LiTFSI MCPE

perfluoropolyether with 2 ethylene oxide units on each end terminated with
dimethyl carbonate end groups containing 10 fluoro-ether oxygens (PFPE,,-| MCPE 63

DMC) and 9.1 wt% LiTFSI

corn starch crosslinked with y-(2,3-Epoxypropoxy)propyltrimethoxy-silane

70
with LiTFSI MCPE

PEO blended with sodium carboxyl methyl cellulose (Na-CMC) with sodium

71
perchlorate (NaClO4) NaPE
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organic ionic plastic crystals consisting of triisobutylmethylphosphonium
bis(fluorosulfonyl)imide with added bis(fluorosulfonyl)imide sodium salt| NaPE
(NaFSI)

72

For each electrolyte in Table 2.2, we calculated p, using Eq. 2.15 and the values of the
parameters we obtained from the publication. For some references, all parameters were listed
explicitly. In others, we needed to estimate the parameters from raw data such as Nyquist
impedance spectra or current versus time plots. In three cases, the parameters needed were supplied
in a personal communication from the authors.”®®!-”> Finally, if our calculated value for p, o
differed substantially from the reported value (usually referred to by others as t, ), the reference
was not included in this study. Only 13 out of the 472 papers satisfied all of the constraints. The
most common reason a paper was excluded from our analysis was not reporting L and A.
Unfortunately, we could not find any papers which characterized single ion conductors that met
all our requirements.

2.4 Characterization of Electrolyte Performance

In most papers, the reported current ratio is based on the measured value of i. One criterion
for including papers in this study was that all parameters needed to calculate i, from Eq. 2.14 were
reported. We were thus able to calculate p, using Eq. 2.15 and compare it with the reported value,
P+, Obtained using Eq. 2.12. Figure 2.4 is a plot of p,. versus p, o for the 19 electrolytes listed in
Table 2.2. For references that report only p,., we plot p, = p, o: these are represented by filled in
symbols. Points which lie on the dashed line in Fig. 2.4 indicate that the measured value of i, was
consistent with the calculated value of i. A significant number of data points in Fig. 2.4 fall well
below the dashed line. A likely reason for this is the use of a sampling rate that is too slow to
capture I, accurately. Because the current density falls rapidly at early times (see Fig. 2.2), use of
a less frequent sampling rate will result in a lower value of iy and thus an inflated value of p 4.
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Figure 2.4. Comparison of p, calculated using different values for the initial current for the
electrolytes in Table 2.2. On the vertical axis, p. is calculated using the initial current from Ohm’s law,
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[q, as defined in Eq. 15. On the horizontal axis, p g is calculated using the measured initial current density,
iy, as defined in Eq. 12. The dashed line indicates the case where i = i. For references that report only
P+, weplot p, = p, o: these are represented by filled in symbols.

While using i to calculate p, has been proposed by some,*’’%* the literature is
dominated by reports of p, o based on measured values of iy. Our analysis suggests that p, is a
more robust method for determining the current ratio of an electrolyte. For consistency, all
calculations will utilize i, beyond this point.

In principle, the conductivity of an electrolyte measured by ac impedance spectroscopy is
a material property that should not depend on the electrodes used in the experiment. Either non-
blocking electrodes (lithium or sodium metal), or blocking electrodes (stainless steel, aluminum,
etc.) can be used when conducting ac impedance spectroscopy. Conductivities measured using
non-blocking or blocking electrodes are denoted k,, and kj,, respectively. Fig. 2.5 presents
KnppVersus ky, for the electrolytes in Table 2.2. For many electrolytes, Ky, is significantly lower
than ky,. A few electrolytes show the opposite trend. It is not immediately clear whether k., or ky,
should be used to quantify the performance of an electrolyte. To answer this question, we rearrange
Eq. 2.3 and 2.10 to obtain:

iSS
= . 2.16

This is a statement of Ohm’s law for an electrolyte at steady-state under small polarization, where
Kkp, can be defined as the effective conductivity of the electrolyte at steady-state. In Fig. 2.6a we

Af;s/ o while in Fig. 2.6b we plot k,,p, versus A(L;S/L. The data in Fig. 2.6b are

consistent with Eq. 2.16 while the data in Fig. 2.6a are not. Fig. 2.6 shows that only k,;, can be
used to accurately describe the experimental steady-state current. This is because p, and k,, are
both measured in symmetric cells with non-blocking electrodes. For consistency, as we compare
the p, of electrolytes, we must also use k,, when evaluating the performance of an electrolyte.
Future studies aimed at characterizing new electrolytes should report both k}, and k. For cases
where Kk}, and K, differ substantially, attempts should be made to understand the root cause as it
may be an indication of electrolyte degradation or inconsistencies in cell fabrication. For ether-
based polymer electrolytes, it may be an indication of physical dissolution (i.e. non-
electrochemical) of lithium or sodium metal from the electrodes (see Chapter 5).

plot kyp, versus
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line represents Eq. 2.16, a statement of Ohm’s law for electrolytes under dc polarization at steady-state.

Only kppp . data are reasonably consistent with Ohm’s law. Rank ordering of electrolytes is thus based on

Knbp+'

the voltage drop per unit length, (a) Plot with k = Ky, the conductivity measured with blocking

2.5 Trade-off Between Conductivity and Selective Cation Transport

In an electrolyte, both cations and anions are mobile, but our main interest is to maximize the
flux of the working cation. This is similar to a gas separation process wherein a membrane is used
to concentrate a desired species.”>’* In this process, a pressure gradient is used to drive transport
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through the membrane, which is designed such that one species is more permeable. Selective
transport in this system is characterized by two parameters: (1) the permeability of species i, Pi,
relates the molar flux and driving force (AP /L), where AP is the pressure drop across a membrane
of thickness L, and (2) the selectivity of species i, aj;, which is defined as P;/P; where j refers to
the other species being transported. Ideally, one would like to maximize both P; and «;;. The
difficulty of realizing this ideal was noted by Robeson, who showed that membranes with high
permeability typically had low selectivity while membranes with high selectivity had low
permeability.”” When data from a large number of membranes were compiled on a plot of
selectivity versus permeability, a clear upper bound was evident. Robeson presented a straight line
on a log-log plot of selectivity versus permeability such that all compiled data lay below this line.
This is referred to as the Robeson upper bound for gas separation.

We present a similar analysis for ion transport in polymer electrolytes under a small dc
potential. Selective transport in this system is characterized by two parameters: (1) the
conductivity, k, relates the total current, with contributions from both ions, and driving force
(A®/L), and (2) the current ratio, p,, which is a measure of selectivity for cation transport. Ideally,
one would like to maximize k and p,.”*"® In Fig. 2.7, we plot p,. versus kp, for the electrolytes
in Table 2.2. The line in Fig. 2.7 is analogous to the Robeson upper bound. The upper bound is
defined empirically by p, = —0.64 — 0.34log ky;,, Where Ky, is in S cm™ and p, is bounded
between 0 and 1.

The best electrolyte would be one that supports the highest steady-state current density for a
given applied potential, i.e. maximizing the slope in Fig. 2.1f, m = k.. Since both parameters
have been calculated, we can rank order the electrolytes of interest. This is done in Table 2.3,
where the third column gives the product k,;,p, . For completeness, we also give values of ky,, kpp,
Ne, p,, and t? (when known). The top six electrolytes are identified by their rank in Fig. 2.7.
Interestingly, p, is less than or equal to 0.2 for all six. In other words, the best electrolytes to date
rely on high ionic conductivity rather than selective transport of cations, and efforts to achieve a
value of p, closer to 1 have come at the cost of a disproportionate reduction in ionic conductivity.
Considerable research has focused on surpassing the Robeson upper bound because there is no
physical reason that a membrane cannot surpass it. The same is true for polymer electrolytes: future
research aimed at surpassing the upper bound presented in Fig. 2.7 seems warranted.

While our analysis focuses on the bulk properties of the electrolyte, we recognize the
importance of the electrolyte/electrode interface. Both interfacial resistance and the stability of the
electrolyte/electrode interface contribute to the efficacy of an electrolyte in a battery. Our approach
accounts for interfacial resistance (Eq. 2.11-2.15). The rank ordering of electrolytes is, however,
based on bulk properties alone.

Table 2.3. Rank ordered list of electrolytes included in this study, in order of largest to

smallest k,,p ., . The top-ranked electrolyte is the most efficacious. Rank, electrolyte description,

effective conductivity at steady-state (k0. ), blocking electrode conductivity (k}, ), non-blocking

electrode conductivity (), Newman number (Ne), current ratio (p, ), transference number t?

(when known), category, and reference are presented for each electrolyte. All calculated
arameters are taken from the reference by methods described in Section 2.3.

Kp Knp (]
Rank Electrolyte (Ref) Kb P+ [mS/cm] bt | (e Ne P+ t] |Category
1 [PEO/LiTFSI with » = 0.017 0.28 0.34 1.8 5.4 0.16 HPE
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2 [PEO/LiTFSI gel mixed with TEGDME ¢ 0.21 1.6 1.6 6.8 | 0.13 GPE
3 |Crosslinked cornstarch with LiTFSI 7° 0.17 0.34 1.0 49 0.17 MCPE
4 [PEO/LiTFSI with r = 0.08 58 0.16 22 1.58 | 9.07 | 0.10 | 043 | HPE
5 |Organic ionic plastic crystals with NaFSI 72 0.14 2.1 6.6 45 2.2x10? NaPE
6 |[P(2EO-MO)/LiTFSI with r = 0.08 ©! 0.10 1.1 0.54 43 | 0.19 HPE
7 |PQREO-MO)/LiTFSI with r = 0.04 6! 6.9%107 0.69 0.34 39 | 020 HPE
8 |LLZO dispersed in PVDF-HFP ©8 4.9x107 0.11 0.16 23 | 031 MCPE
9 [P(2EO-MO)/LiTFSI with r = 0.14 ¢! 3.9x107 0.33 0.24 52 | o016 HPE
10 [C8-DMC with 19.9 wt% LiFSI 6279 3.7x10 5.5%102 | 45x102 | 023 | 0.81 [-0.07| HPE
11 [PMH20/LiClO4 2.4x107 8.9x102 | 0.11 34 | 023 GPE
12 [C8-DMC with 5.84 wt% LiFSI 627 1.2x1072 8.5x103 | 1.3x102 [9.0x102| 0.92 [-0.97 | HPE
13 (Crosslinked PEO/LiTFSI with TEGDME ® | 6.7E-03 0.110 | 1.5x102 | 1.3 | 0.43 GPE
14 [POSS with IL side chains and LiTFSI ¢ 3.6x10° 0.120 0.10 27 |4.0x102 MCPE
15 [PEO/LiTFSI blended with PA-LiTFSI ¢ 2.2x10° 0.141 | 3.3x103 | 0.64 | 0.61 MCPE
16 [PFPE_ -DMC with 9.1 wt% LiTFSI 1.4x1073 4.8x102 | 1.7%103 | 0.14 | 0.88 MCPE
17 [PFPE_, -DMC with 9.1 wt% LiTFSI ©* 9.1x10% 22x102 | 2.7x103 | 1.8 | 036 MCPE
18 [PEO/Na-CMC blend with NaClO, 7! 3.0x10* 0.10 | 6.5x102 | 210 |4.8x103 NaPE
19 [PFPE_ -Diol with 9.1 wt% LiTFSI ©* 7.4x10°° 3.70x102| 7.9x10% [5.0x10? 0.95 MCPE
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Figure 2.7. Plot of p, versus K, for the electrolytes in Table 2.2. The dashed line is analogous to the
Robeson upper bound in gas separation membranes, here defined by p, = —0.64 — 0.34 log k,;;,, where

Kqp is in S cm™ and p, is bounded between 0 and 1. The six electrolytes with the highest K, in Table
2.3 are identified by their rank.

2.6 Discussion

The relationship between p, and transport properties of concentrated electrolytes is quantified

by Eq. 2.4-2.7. In Table 2.3, there are some electrolytes for which Ne is small (i.e., Ne < 0.1), and
others for which Ne is large (i.e., Ne >10). In the limit of small Ne, rlNe ~ 1 — Ne and Eq. 2.3
reduces to

AP
iss = K(l - NG)T , (217)

which implies that the effective conductivity of the electrolyte at steady-state is marginally reduced
from that at t = 0% by a factor equal to (1 — Ne). When Ne is large, 1 + Ne = Ne and Eq. 2.3 can
be combined with Eq. 2.4 and written as

F?Dc AP

'S T GRT(A— 9T, L

(2.18)

The surprising conclusion from Eq. 2.18 is that there is a class of ion conductors for which the
relationship between igs and A® /L is independent of conductivity.

Maximizing p, is equivalent to minimizing Ne. It is clear from Eq. 2.4 that Ne may be reduced
by either reducing k, reducing (1-t2)?, reducing T¢, or increasing D. Ultimately, we desire small
values of Ne and large values of k: thus, reducing Ne by reducing k is not desirable. On the other
hand, reducing (1-t?)?, reducing Tf, or increasing D are desirable routes to increasing p,.. There
are very few publications where t9, Ty, and D are measured (see also Chapter 4).4>>>>"7%80 Table
2.3 presents values of t? in cases where it has been reported. Note that there is little correspondence

between p, and t.%® The relationship between p, and t? is discussed in further detail in Chapter
3.
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Our discussion has been limited to electrolytes under small applied dc potentials. Whether
polarizations are large or small, the salt concentration gradients in the cell affect the current-
voltage relationship. At large potential gradients obtained in practical batteries (Fig. 2.1c,d), the
concentration dependence of x, D, t?, and T, can no longer be ignored, and rank ordering
electrolytes would require numerical calculations described in Refs. 4676,

2.7 Conclusions

Ion transport through a binary battery electrolyte is governed by four concentration dependent
parameters: k, D, t?, and T;. Under large applied potentials typical of many battery applications,
explicit knowledge of these four parameters and their concentration dependence is required to
predict the relationship between i and A® /L. The problem is simplified for small applied potentials
wherein two parameters govern the relationship between i and A®/L: k and p,. Data obtained
from symmetric cells with non-blocking electrodes can be used to determine p, using Eq. 2.14
and 2.15. In principle, k can be determined using either blocking (k},) or non-blocking electrodes
(Kpp). Our study of the literature revealed a surprising discrepancy between these two
measurements reported in a significant number of publications (see Table 2.3). When a
discrepancy was found, k,;,, was often significantly lower than ky,, although a few electrolytes
show the opposite trend. While the analysis reported here is based on ky,y, it is likely that practical
electrolytes are those wherein the two conductivities are within experimental error, i.e., those that
are unaffected by contact with the alkali metal of interest. Our analysis is restricted to publications
wherein both k,;, and p, were rigorously measured. Ideally, both k,, and p, should be
maximized. However, there appears to be a trade-off between these two parameters, resulting in
an upper bound (p; = —0.64 — 0.34 log k1, Where Ky, is in S cm™) that is analogous to one
exposed by Robeson for the relationship between permeability and selectivity in gas separation
membranes. Designing polymer electrolytes to surpass this upper bound may enable next-
generation lithium and sodium batteries. In the limit of small applied potentials, the proportionality
factor between i and A®/L for binary electrolytes at steady-state is the product k,pp,. This
relationship is analogous to Ohm’s law for electronic conductors. When comparing electrolyte
performance, the preferred electrolyte is the one for which k,,p, is maximized. We use this
principle to rank order electrolytes. We hope this perspective will serve as a guide for quantifying
the efficacy of future electrolyte designs.
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2.9 Nomenclature

Table 2.4 List of symbols and abbreviations
Symbol Meaning
A electrode area (cm?)
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a salt stoichiometric coefficient
c salt concentration (mol cm™)
Co solvent concentration (mol cm™)
D restricted diffusion coefficient of the salt (cm? s™)
Do+ Stefan-Maxwell diffusion coefficient describing the interactions between the
solvent and cation (cm” s™)
Dy- Stefan-Maxwell diffusion coefficient describing the interactions between the
solvent and anion (cm? s™)
D, _ Stefan-Maxwell diffusion coefficient describing the interactions between the
cation and anion (cm? s™!)
F Faraday constant (96485 C mol ™)
i current density (mA cm™)
iy initial current density measured after polarization at AV (mA cm)
i current density measured at steady-state in response to AV (mA cm?)
ig initial current density calculated using Ohm’s law at # = 0", see equation 14 (mA
cm?)
L electrolyte or membrane thickness (cm)
m slope
m salt molality (mol kg™!)
M general cation
Ne Newman number
P; permeability of species i (mol m™! s Pa!)
R universal gas constant (8.314 J mol! K')
r molar ratio of lithium cations to oxygens in the electrolyte
Ry bulk resistance of the electrolyte measured by ac impedance spectroscopy (1)
R; interfacial resistance between electrolyte and non-blocking electrode (€2)
R;o interfacial resistance measured by ac impedance spectroscopy just before AV is
applied ()
R; s interfacial resistance measured by ac impedance spectroscopy after the steady-
state current is reached ()
T temperature (K)
T thermodynamic factor
t time (s)
t9 transference number of the cation with respect to the velocity of the solvent
U° battery open circuit potential (V)
V battery operating voltage (V)
X general anion
zZ, charge number of cation
Z_ charge number of anion
Table 2.5 List of symbols (Greek)
Symbol Meaning
aij selectivity of species i compared to species j
B dimensionless parameter defined by Eq. 8
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Y+ mean molal activity coefficient of the electrolyte
Ad dc potential drop across an electrolyte, excluding ohmic drop across interfaces (V)
AP pressure drop across a membrane (Pa)
AV dc potential drop across a symmetric cell (V)
1 overpotential (V)
K ionic conductivity (S cm™)
Ky ionic conductivity measured using blocking electrodes (S cm™)
Knb ionic conductivity measured using non-blocking electrodes (S cm™)
v total number of ions to which the salt dissociates
v, number of cations in the dissociated salt
v_ number of anions in the dissociated salt
p. current ratio obtained using i
P current ration obtained using i
g electronic conductivity (S cm™)
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3. Relationship Between the Transference Number, Current Fraction, and Salt
Concentration Gradients

ABSTRACT

Electrolyte performance can be quantified by measuring the product of the ionic
conductivity, k, and the current fraction, p,. While this is a good starting point for
rank ordering electrolytes based on their performance, these measurements alone
provide minimal insight into the microscopic interactions which govern ion
transport. Additional information can be gained by measuring the cation
transference number with respect to the solvent velocity, t2. In the limit of dilute
electrolytes, p, = t2. For most electrolytes, this is a poor approximation. t?
describes the contribution of the cation and anion fluxes to the current density in
the first instant of polarization in a cell of uniform concentration. p, is the ratio of
the current obtained at steady state in a constant polarization experiment to the
initial current. Thermodynamics bounds p, between zero and one while t? is
unbounded by thermodynamics. We describe the formation of salt concentration
gradients during a constant polarization experiment and show that there are
fundamental differences which arise when t2 >1,t9=1,0<t? <1land t{ <0. p,
is a function of t and we describe their relationship when all other transport
parameters are fixed. Importantly, there are two values of t which can result in
one value of p, for all cases except when p, = 1 (in this case, t? = 1). The true
value of t? can be determined by measuring the sign of the concentration gradient.
We further propose that measuring the current fraction in cells with cation blocking
electrodes would be more informative for typical polymer electrolytes than using
anion blocking electrodes (e.g., lithium metal), however the materials to do so have
not been fully developed to date. We propose a practical cell based on anion
exchange membranes which block cations while conducting anions to prove the
existence of negative transference numbers in PEO/LiTFSI electrolytes.

3.1 Introduction

In Chapter 2, we analyzed the performance of a series of electrolytes reported on in the
literature based on their conductivity, k, and the current fraction, p,. The product of these two
quantities, kp,, is a useful measuring stick for evaluating the efficacy of an electrolyte: kp, is the
proportionality constant between the potential drop across the electrolyte, A®, and the current
density at steady state, i;;. From a practical standpoint, measurement of k and p, is a good starting
point to predict the performance of an electrolyte in a battery. However, there is limited
fundamental insight that can be gained from measuring these properties alone. Using Newman’s

concentrated solution theory as our framework*?, ion transport is governed by in(n - 1)

independent transport parameters where n is the number of species in the system. In this thesis,
we are primarily interested in studying nanostructured block copolymer electrolytes where one
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phase conducts ions and the other is ionically insulating but provides mechanical rigidity. For such
a system, there are n = 4 component which thus requires six independent parameters to fully
characterize the system. In Chapter 4, we assume that we can neglect the insulating phase of the
block copolymer (polystyrene, in our case), and treat the system as a three-component system. In
Chapter 7, we revisit this assumption and find that it is valid, at least a low to moderate current
densities.

The basis of concentrated solution theory is the Stefan-Maxwell diffusion equations,
originally derived from the kinetic theory of gases. The gradient in electrochemical potential of
species i, Vyu;, is related to the species velocities, v;, by:

ClV:ul - RTZ TD (v] i): (3-1)
ij

where ¢; is the concentration of species i, R is the gas constant, T is the temperature, and D;; is a
Stefan-Maxwell diffusion coefficient. For a binary electrolyte (n = 3) comprising cations (denoted
i = +), anions (i = -), and solvent (i = 0), there are three independent transport parameters: D,
D_y,and D, _. It is expected, and has been shown experimentally, that these parameters vary with
salt concentration.” If all D; ;’s are known as a function of salt concentration, the theory can be
used to predict salt concentration and potential gradients as a function of time and position in a
cell under polarization with no adjustable parameters. Experimentally, D;;’s cannot be measured
directly, however they can be recast into measurable quantities.*>! Ton transport can be fully
characterized by the measurement of ionic conductivity, k, current fraction, p,, salt diffusion
coefficient, D, and a thermodynamic quantity related to the change in equilibrium potential of a

lithium/electrolyte interface (U) as a function of salt concentration, (where m is the salt

au
dlnm
molality). By measuring this set of transport parameters as a function of salt concentration, we
can gain considerable insight into the mechanisms which dictate bulk transport behavior compared
to simply measuring the x and p, .

In this chapter, we are particularly interested in the cation transference number, t,, and
how it relates to microscopic interactions of the molecules which comprise an electrolyte. t, is
defined as the fraction of current carried by the cation in an electrolyte of uniform concentration.
This definition is stated mathematically by Eqn. 1.26 of ref 4%

z,FN,

by =— (3.2)

where z; is the charge number of species i (for LITFSI which dissociates into Li" and TFSI", z, =
1 and z_= -1), F is Faraday’s constant (96485 C mol!), N; is the flux of species i, and i is the
current density. The current density is defined by:

i= zZiFNi (33)
i
The anion transference number is defined in the same way as t,, replacing all ‘+’ with ‘- in Eqn.
3.2. It follows from Eqn. 3.2 and 3.3 that the anion transference number, t_, is related to t, by:
_=1-t, (3.3)
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Next, we consider how the transference number relates to the formation of salt concentration
gradients when a dc potential is applied across an electrolyte in a cell with anion blocking
electrodes (e.g. lithium metal).

3.2 Salt concentration gradients in an electrolyte under polarization

The physical importance of t, is demonstrated in Fig. 2.1. Each cell in Fig. 2.1 shows a
schematic of a lithium metal anode (left), intercalation cathode (right), and electrolyte (center).
The electrolyte consists of a solvent matrix (blue) and salt where yellow circles represent lithium
atoms and green circles represent TFSI™ anions. In the electrolyte, lithium has a charge of +1, which
is denoted by a ‘“+’. In the cathode, lithium is electrically neutral, so no charge is drawn. When a
potential is applied across the cell, cations are driven in the direction of the electric field (shown
by a black arrow), and anions are driven in the opposite direction. Figure 2.1a shows the first
instant of polarization and the electrolyte is initially spatially uniform in salt concentration. If we
choose an arbitrary reference plane, we can count the number of cations and anions which travel
through the plane and use this to calculate the current density and t,. For the purposes of this
exercise, we state that each ion drawn represents 0.001 mol of ions, the reference plane has an area
of 1 m?, we count the ions which pass through the plane over the span of 1 s, and the positive x-
axis points in the direction of the electric field, from right to left. In this schematic, one cation
travels through the plane to the left, so N, = 0.001 mol s "' m™. Two anions travel through the
plane to the right, so N_ = -0.002 mol s m™. It follows from Eqn. 3.3 that the current density at
time t = 0 is given by iy = 3¥96485 C s m? =28.9 mA cm™ where the subscript ‘0’ denotes t =

0. From Eqn. 3.2, it follows that t, = é
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Figure 3.1. Development of salt concentration gradients in a battery electrolyte with 0 <t, <1. A
constant potential, A®D, is applied across the cell, resulting in an electric field pointing from left to right.
Yellow circles represent cations and green circles represent anions in solution. (a) Initial moment of
polarization. A reference plane is drawn which is used to “count” the ions as they pass and determine the
anion and cation contributions to the current density. (b) At later times, a salt concentration gradient begins
to form because anions cannot react at the electrodes. There is a diffusive component of the ion fluxes from
left to right, which is indicated by the blue arrow. (c) At steady state, the flux of anions to the right due to
migration is matched by the diffusive flux down the concentration gradient to the left and the net flux of
the anion is zero, and only cations carry current through the reference plane.

The above discussion is based on the first instant of polarization. As polarization continues,
salt concentration gradients develop across the cell because the anion cannot react at the electrode
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and the solvent remains electrically neutral on length scales larger than a few cubic nanometers,
i.e., the number of cations and anions in a region of the cell must be equal. We show this
intermediate time in Fig. 3.1b. Migration drives the anions to the right, so there is a buildup of
anions near the right electrode and a depletion near the left electrode. Electroneutrality dictates
that the anion and cation concentrations must be matched at each position in the cell, so the result
is a salt concentration gradient. Note that the total number of ions in the electrolyte phase in Fig.
3.1a, 3.1b, and 3.1c remain constant. The formation of a salt concentration gradients results in a
concentration overpotential which increases the total resistance across the electrolyte with time.
Thus, with the applied potential remaining constant, i decreases monotonically with time, and i,
< iy, where the subscript ‘1’ denotes a later time. Because the cell is no longer uniform in salt
concentration, Eqn. 3.2 is no longer valid. As the salt concentration gradient develops, diffusion
down the salt concentration gradient begins to contribute to the transportation of ions in the system.
Both cations and anions will have a component of their flux in the direction from right to left in
Fig. 3.1, i.e., down the concentration gradient, represented by the arrow below Fig. 3.1b. At long
times, the migratory flux of the anion in the direction opposite the electric field will be matched
by the diffusional flux in the direction of the electric field. When this occurs, the concentration
gradient becomes independent of time, as shown in Fig. 3¢ where the net flux of the anion is equal
to zero and the current density reaches a steady-state value, i, where igs < iy < ip. The current
fraction, p,, is given by the ratio iz /iy, as defined in Eqn. 2.10.

Thermodynamics places bounds on the value of ig¢ in a constant polarization experiment:
iss cannot be greater than i, and it cannot be less than zero. The system loses entropy in the
formation of a salt concentration gradient as more constraints are placed on where the ions can be
located. This is a non-spontaneous process and requires work. If the potential applied across the
cell (i.e., the work being done on the system) is fixed, the second law of thermodynamics requires
that the formation of a salt concentration gradient must be compensated by a reduction in work
done by the electrical current (i.e., the current must decrease). A current less than zero would
suggest that the Coulombic force acting on an ion in one direction results in momentum in the
opposite direction: this forbidden by the first law of thermodynamics. Therefore, p, is bounded
between 0 and 1.

Under certain circumstances (extremely dilute solutions of uncorrelated ions — see Chapter
2), p; and t, are equivalent, as discussed in the context of Eqn. 2.7 through 2.9. In most cases, t,
and p, are not equivalent. Importantly, thermodynamics places no bounds on the value of ¢,. In
this section and the previous chapter, we have introduced the current fraction and the cation
transference number while discussing them in the context of an electrolyte under polarization. The
purpose of the remainder of this chapter is to discuss the relationship between p,, t,, and salt
concentration gradients. We will consider the implications of t, values which are outside of the
bounds of 0 and 1.

3.3 Relationship between the transference number and the current fraction
Measurement of the transference number requires us to specify a reference frame, which

we have so far neglected to discuss. In Fig. 3.1, our reference plane was stationary relative to the
electrodes, which is perhaps the most obvious reference frame to choose. If we could simply count
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the ions which move through a stationary reference plane, as we did in our discussion of Fig. 3a,
we could easily determine the transference number from a constant polarization experiment. This
has not been done in practice. Mathematically, the task of recapitulating the transference number
into measurable quantities is more straightforward if we choose a reference frame which moves
with the solvent velocity. The cation transference number with respect to the solvent velocity, t2,
is related to the Stefan Maxwell diffusion coefficients by:*?

z:Dyq

t = : 3.5

Beginning with Eqn. 3.1, we can derive an expression for t? in terms of measurable quantities for
a monovalent salt:

F2Dc 1
o1y |PRT (Z_l) (36)
COERE)

where y.. 1s the mean molal activity coefficient of the salt. The denominator under the square root
in Eqn. 3.6 is often referred to as the “thermodynamic factor (T¢)”, and is related to the transport

T _(dlnyi_l_l)_ F < dUu ) 3.7)
F=\dinm ~ 2RT(1—-tH\dinm '

properties by:

A complete derivation of Eqn. 3.5 and 3.6, based on refs **°!, is presented in Appendix 10.1.

Equations 3.6 and 3.7 provide a mathematical relationship between t? and p., however k, D, and

T are also independent parameters.

In practice, it is extremely difficult to design electrolytes while independently tuning t?, k,
D and Ty, which makes deconvoluting their relationships to p, exceedingly difficult. For our
purposes, we will leverage the luxury of working with mathematical equations where we can easily
hold some parameters constant while varying others, with the goal of better understanding the
relationship between t¢ and p... In Figure 3.2, we plot p, as a function of t? in the range -2 < t, <
4 while holding k, D, Ty and ¢ constant. For the transport parameters we hold constant, we choose
their values corresponding to a PEO/LIiTFSI electrolyte above the entanglement threshold with a
molar ratio of lithium ions to ethylene oxide moieties, 7, equal to 0.08 (¢ = 1.59 x 107> mol cm™).
This corresponds to k = 1.60 x 10° Scm™, D =8.76 x 10® cm® s, and Ty = 3 based on ref *'.
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Figure 3.2. Relationship between the current fraction, p_, and transference number, t$, with all other
properties fixed, based on measurement in a symmetric cell with anion blocking electrodes. p, is bounded
between zero and one, and for any value of p,, there are two possible values for t{ except p, = 1.

Equation 3.5 is derived for p, measured in a symmetric cell with anion-blocking electrodes
(e.g., lithium metal for electrolytes with a lithium salt or sodium metal for electrolytes with a
sodium salt). Based on Eqn. 3.5, we are guaranteed that p, = 1 if t] = 1. When all other parameters
are fixed, as in Fig. 3.2, p, is symmetric about t = 1. The non-monotonic dependence of p, on
t? has an important implication: when measuring the current fraction, p, = iy /iy, there are two
possible values of t? which yield the same result for all p, # 1 (as indicated by the +/- symbol in
Eqn. 3.6). For example, if p, = 0.10, the possible values of t{ are 0.37 or 1.63 based on Fig. 3.2.
In Fig. 3.1, we discussed a scenario where 0 < t9 < 1. In Fig. 3.3, we consider the other
possibilities and how to distinguish between the two possible values of t9.

A cation transference number of unity implies that the flux of the anion is equal to zero at
the first instant of polarization. This is shown schematically in the top cell shown in Fig. 3.3a.
Initially, all the current is carried by the cation through the reference plane, unlike the situation in

. 1 . . .
Fig. 3.1 where t? = . Because the cations can react at the electrodes, no concentration gradients

develop. Therefore, the salt concentration is independent of both time and position in the cell: this
is depicted qualitatively in the plots of ¢ versus position below each schematic in Fig. 3.3a. Asa
result, the resistance across the electrolyte remains constant throughout the polarization
experiment and i is independent of time, as shown in the lower plot in Fig. 3.3a.
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Figure 3.3. Development of salt concentration gradients in electrolytes with different values of tJ. In
each figure, the top schematic represents the first instant of polarization and the lower schematic represents
the steady state condition. Below each schematic, the salt concentration, c, is plotted versus positon in the
cell. Initially, the salt concentration is uniform in all three cases. At the bottom of each figure, the current
density, i, as a function of time, ¢, is plotted. The current density at t = 0, iy, and at steady state, i, are
marked. (a) For t] = 1, concentration gradients do not develop, and the current density is independent of
time. (b) For t < 0, clusters of two anions (identified with dashed circles) drag a cation through the
reference plane and the net flux of cations is in the direction opposite the electric field initially. At steady
state, a concentration gradient forms with higher ¢ near the positive (right) electrode and lower ¢ near the
negative (left) electrode. (c) For t$ > 1, clusters of two cations (identified with dashed circles) drag an anion
through the reference plane and the net flux of anions is in the direction of the electric field initially. At
steady state, a concentration gradient forms in the opposite direction as part (b). In both (b) and (c), the
formation of a salt concentration gradient results in a current density which decays with time until reaching
a steady state value.

We next consider the case where t? < 0. Based on Eqn. 3.1, a negative cation transference
number implies that at the first instant of polarization, the net flux of cations is negative, i.e., the
net velocity of cations is initially in the direction opposite the electric field. There have been
several examples of negative cation transference numbers reported in the literature based on both
experimental and computational results.*>3>-8798284 1t ig hypothesized that this is the result of
negatively charged clusters of anions and cations which are highly mobile (relative to free cations).
This is shown schematically in the top cell in Fig. 3.3b. A dashed circle is drawn around a cluster
of two anions and one cation. If the motion of these species is highly correlated, the negatively
charged cluster will migrate towards the positive electrode, dragging two anions and one cation
through the reference plane to the right. If the number of cations in negatively charged clusters
passing through the reference plane to the right outnumber the number of free cations passing
through the plane to the left (as shown in Fig. 3.3b), the result is a negative net flux of cations and
therefore a negative t?. We conclude from this argument that migration drives cations opposite

32



the electric field initially. As polarization continues, salt accumulates near the positive electrode
and a salt concentration gradient begins to form. As a result, salt will begin to diffuse down the
salt concentration gradient from right to left. Eventually, the diffusive flux of cations to the left
will outweigh the migratory flux of cations to the right, and the net flux of cations will become
positive. Steady state is reached when the diffusive flux of anions to the left matches the migratory
flux of anions to the right, identically to Fig. 3.1c and shown schematically in the bottom cell of
Fig. 3.3b. The qualitative plot of ¢ versus position at steady state shows an increasing salt
concentration from left to right in the cell. So, when measuring the current fraction with anion-
blocking electrodes, there is no defining feature marking the change from a positive to negative
cation transference number.

There is, however, a definitive signature for t? > 1 compared to t{ < 1. Based on Eqn. 3.3,
t? > 1 implies t° < 0. Therefore, at the first instant of polarization, the net flux of anions is positive,
i.e., the net velocity of anions is initially in the same direction as the electric field, which is
unexpected for a negatively charged species. In a similar fashion, we hypothesize that this could
occur due to the presence of positively charged clusters of ions which are highly mobile (relative
to free anions). This is shown schematically in the top cell of Fig. 3.3c. A dashed circle is drawn
around a cluster of two cations and one anion. If the motion of these species is highly correlated,
the positively charged cluster will migrate towards the negative electrode, dragging two cations
and one anion through the reference plane to the left. If the number of anions in positively charged
clusters passing through the reference plane to the left outnumber the number of free anions
passing through the plane to the right (as shown in Fig. 3.3c), the result is a positive net flux of
anions and therefore a negative t° and t2>1. We conclude from this argument that migration
drives anions in the direction of the electric field initially. In this case, as polarization continues,
salt accumulates near the negative electrode and therefore salt begins to diffuse down the salt
concentration gradient from left to right (opposite to the case of t9 < 1). The condition for steady
state is the same as before when t < 1: steady state is achieved when the migratory flux of anions
is matched by the diffusive flux. The difference is that the signs have flipped: migration drives
anions to the left and diffusion to the right when t? > 1. This is shown schematically in the bottom
cell of Fig. 3.3c. The qualitative plot of ¢ versus position at steady state shows a decreasing salt
concentration from left to right in the cell.

Through the schematics in Fig. 3.3 we have shown that the defining feature of t? greater,

: . : . d
less than, or equal to one is the direction of the concentration gradient: for t2 > 1, d—; >0, for t9 <

1, % <0, and for t? =1, g = 0. (Recall that we defined the x-axis to be perpendicular to the

electrodes and pointing in the direction of the electric field, as shown in Fig. 3.3.) We next consider
how the sign of the concentration gradient impacts the current density at steady state. For a
monovalent salt, the current density in one dimension is given by:>!

P Y (3.8)
T F 7 dx '
where %is the potential gradient and % is the electrochemical potential gradient of the

L . . d d .
electrolyte. For the purpose of this discussion, we do not need to directly relate ﬁ and d—; but it is
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sufficient to say that they will always have the same sign. We use Eqn. 3.8 to describe an
experiment where the electric field (and thus %) are held constant. Based on the direction of the
electric field relative to the x-axis, the first term on the left side of Eqn. 3.8 is positive. Initially,

. : . . . do
there are no concentration gradients so the initial current is given by: i, = —k e The second term
X

on the right side of Eqn. 3.8 will always be negative: if t? > 1 (which implies % > 0), then
[—%(—1 +t9) ‘fiix]< 0, and if £ < 1 (which implies 22 < 0), then [—%(—1 +t9) ‘fiix]< 0. We
conclude from the above analysis that, regardless of the direction of the salt concentration gradient,
the steady state current will always be less than the initial current, as shown in the bottom plots of
Fig. 3.3b and 3.3c. This is consistent with the plot of p,. versus t? in Fig. 3.2 and our discussion
of how thermodynamics bounds p, between zero and one. An important conclusion is that it is
undesirable to design an electrolyte with t? > 1. For a fixed k, the product xp, is maximized when
t? = 1. Our analysis has shown that there is a way to differentiate between the two possible values
of t9 for a given p,. One must simply measure the sign of the salt concentration gradient. This
may be done using a spectroscopic technique such as X-ray absorption spectroscopy (XAS)* or
Raman microscopy®®*’ (see also Chapter 7) .

3.4 Negative transference numbers

Use of symmetric cells with anion-blocking electrodes to characterize electrolytes for
lithium ion (or sodium-ion) batteries is ubiquitous. Our conclusion in the last section was that
measurement of the sign of the salt concentration gradient that develops during a constant
polarization experiment in a lithium (or sodium) symmetric cell can distinguish between t¢ greater

d d d .
than one (d—; > (), less than one (d—; <0), or equal to one (d—; = (0). It turns out that this is not a

particularly useful conclusion. A few studies have experimentally measured the salt concentration
gradient which has indicated that t < 1 (including Chapter 7 of this thesis)®®’, and computational
work has suggested that negatively charged ion clusters are more prevalent than positively charged
ones in PEO/LiTFSI electrolyte.3® In my opinion, there is no evidence to suggest that a sodium- or
lithium-ion electrolyte with t2> 1 has ever been created, although there is no physical reason why
they cannot exist. There is, however, ample evidence to suggest that sodium- or lithium-ion
electrolytes with t2 < 0 have been created and are perhaps commonplace. For polymer
electrolytes with a lithium or sodium salt, reports of t? typically lie between -0.6 and 0.4.%%8!
These measurements come with large error bars, and many believe that negative transference
numbers have not been definitively proven.

It is easy to cast doubt on claims of negative transference numbers measured in anion
blocking cells. In Fig. 3.4, we replicate the plot of p,. versus t{ from Fig. 3.2 as a black trace. The
shaded blue region represents the range of t¢ values between -0.6 and 0.4 which represents typical
values of t? from the literature. This corresponds to values of 0.02 < p, < 0.1 based on the
electrolyte properties listed in Fig. 3.2. So, a wide range of t? values result in a relatively small
range of p, values and it is difficult to conclusively state that a negative transference number has
been measured based on the measurement of p,, even if k and D are measured carefully.
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Figure 3.4. Relationship between p, and t? for cells with cation blocking electrodes. The red line
plots the relationship between p, and t? for a hypothetical cell which has electrodes that are blocking to
cations but can transport anions across the electrode/electrolyte interface. The black line is reproduced for
anion blocking electrodes (e.g., lithium) from Fig. 3.2. All other transport parameters are fixed for both
traces. The blue shaded region denotes values of t? which are typically reported for polymer electrolytes.

If, on the other hand, a symmetric cell is constructed with cation blocking electrodes, the
picture becomes drastically different. The same formalism which is used to derive Eqn. 3.6 and
3.7 can be used to derive analogous expressions for a cell with cation blocking electrodes and the
‘+” in Eqn. 3.6 and 3.7 are replaced with *-’. Using the same fixed values of k, D, and Ty for an
electrolyte with = 0.08 (¢ = 1.59 x 10 mol cm™), we plot the relationship between p, and t?
based on a cell with cation blocking electrodes as a red curve. In this case, p, is a much stronger
function of t in the range -0.6 < t? < 0.4. Importantly, p, equals 1 when t? =0 (i.e. t2 = 1) if
cation blocking electrodes are used. In addition, based on our arguments around Fig. 3.3, we expect

o d . .. . . .
a change in sign of d—; from negative to positive when going from negative to positive tJ.

In Fig. 3.3b, we showed that a negative t? would result in a net velocity of cations in the
direction opposite the electric field. If this could be experimentally observed, one would
conclusively prove a negative transference number. This is challenging but there are ongoing

efforts to do this using electrophoretic NMR. Another approach would be to measure the sign of
dc . . . . . . dc .

d—; in a constant polarization experiment using cation blocking electrodes. If d—; is found to be
negative (using a spectroscopic technique described previously, for example), it can

unambiguously be concluded that t9 < 0.
3.5 Hypothetical cell to prove negative transference numbers

The proposed experiment requires a reliable cation-blocking electrode which can facilitate
dc current through an electrolyte that is suspected of having a negative cation transference number.
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It seems plausible that perovskites® or layered aromatic amines®® may be able to function as anion-

intercalation electrodes. Another possibility is to use anion-exchange membranes (AEM) in
conjunction with either lithium or sodium electrodes. Craig, et al demonstrated the use of a
Lithium/PEO/AEM/PEO/Lithium cell to measure Ty for PEO/LiTFSI electrolytes.”’ The AEM

used in that work was polydiallyldimethylammonium bis(trifluoromethanesulfonyl)imide
(polyDADMAT). We propose a similar cell configuration to measure the sign of Z—; in a constant

polarization experiment. The cell is shown schematically in Fig. 3.5. To alleviate the need for a
cation blocking electrode, we propose a cell with a two AEMs sandwiched around a PEO/LiTFSI
electrolyte. Because the AEM does not store anions (the number of anions in the membrane is
fixed, but anions can pass through in either direction while cations are blocked) it cannot function
as the electrode. To circumvent this, two additional PEO/LiTFSI electrolytes are placed next to
the AEMs with two lithium electrodes sandwiching the entire cell.

PEO/LIiTFSI
1= 1

PEO/ PEO/
LiTESI LiTFSI

r=m =1

[ I III IV vV VI VII

Figure 3.5. Schematic of a cell which could be used to prove negative transference numbers in
PEO/LIiTFSI electrolytes. Anion exchange membranes (AEM) are used to allow anions but block cations
from passing to and from phase IV. From left to right the phases are: I — lithium metal, Il — PEO/LiTFSI
with r =1y, [l - AEM, IV — PEO/LiTFSI with r = ry, V — AEM, VI — PEO/LiTFSI with r = 1y, VII -
lithium metal, where 7 is the molar ratio of LiTFSI to ethylene oxide moieties. The pathway for current to
flow through the cell is indicated by arrows. Green arrows represent electrons, gold arrows represent lithium
cations, and purple arrows represent TFSI anions.

The phases in Fig. 3.5 are labeled with Roman numerals from left to right: I — lithium metal,
II — PEO/LiTFSI with r = ry, Il - AEM, IV — PEO/LiTFSI with r =y, V — AEM, VI —
PEO/LiTFSI with r = 1y, VII — lithium metal. The pathway for ionic current is shown with
arrows. In general, lithium cations are transported across the Li/PEO interfaces, and TFSI anions
are transported across the AEM/PEO interfaces. It is suggested to make the length of phase IV
much larger than phase II and VI. This reduces the Ohmic drop across the two external
PEO/LiTFSI phases. A consequence of the cell configuration is that the salt concentration in phase
II decreases as current flows through the cell and increases in phase VI (salt concentration will not
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change in phase IV). The salt concentrations should be chosen such that 1y > 7y to allow for long
polarizations without depleting salt in phase II or over saturating with salt in phase VI. We are

. . . . dc . . . . .
interested in measuring the sign of -, in phase IV, so njy is a salt concentration for which a negative

t? is expected. Based on ref 8!, = 0.14 is a good candidate. Finally, a spectroscopic technique
such as Raman or XAS is used to measure the salt concentration as a function of position in phase

IV while current flows through the cell. If Z—; <0, then we can conclusively say that t¢ is negative.

The cell proposed in Fig. 3.5 is admittedly complicated and extracting accurate
measurements of p, based on cation blocking interfaces may be difficult or impossible. However,
the sign of the salt concentration gradient in phase IV should be measurable with no ambiguity,
and the result indicates if t? is positive or negative. The experiment may be more effective if
electrodes which intercalate TFSI anions can be used, however to my knowledge, such a
symmetric cell has not been implemented and there may be experimental challenges incorporating
a polymer electrolyte. The cell in Fig. 3.5 comprises components which are well studied and known
to be compatible.

3.6 Conclusions

In this chapter, we have demonstrated the mechanism by which salt concentration gradients
form in battery electrolytes when t?, p, # 1. We make the point that, for a given measurement of
p., there are two possible values of t? which can yield the same p, (one value that is less than
unity and one that is greater than unity). To distinguish between the two possibilities, the sign of
the concentration gradient must be measured. In practice, there is little evidence to suggest that
typical battery electrolytes exhibit a t? > 1. However, t < 0 have been routinely measured for
polymer electrolytes, particularly PEO/LiTFSI. There is some skepticism in the community as to
whether these reports are valid or simply due to imprecise measurements. p, is readily measured
in an anion blocking symmetric cell, however there is no distinct signature of an electrolyte with
negative t2. We propose a hypothetical cell based on anion exchange membranes which could be
used to definitively prove that PEO/LiTFSI electrolyte exhibit negative values of t9 by measuring
the sign of the salt concentration gradient.
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Figure 3.6. Relationship between p . and t? for different ratios of i/D. The values of k/D in the legend
are reported in S cm s™'. Smaller values of k /D result in larger values of p..

Figure 3.7. Relationship between p, and t? for different ratios of the thermodynamic factor, Ty.
Lower values of Ty result in larger values of p,. For PEO/LITFSI, T is approximately equal to three over
a wide range of salt concentrations.

3.9 Nomenclature

Table 2.4 List of symbols and abbreviations

Symbol Meaning
AEM anion exchange membrane
c salt concentration (mol cm™)
cr total electrolyte concentration (mol cm™)
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D restricted diffusion coefficient of the salt (cm? s™!)
Do+ Stefan-Maxwell diffusion coefficient describing the interactions between the
solvent and cation (cm? s™)
Dy- Stefan-Maxwell diffusion coefficient describing the interactions between the
solvent and anion (cm? s™!)
D,_ Stefan-Maxwell diffusion coefficient describing the interactions between the
cation and anion (cm?s™!)
F Faraday constant (96485 C mol ')
i current density (mA cm?)
iy initial current density measured after polarization at AV (mA cm)
igs current density measured at steady-state in response to AV (mA cm?)
LiTFSI lithium bis(trifluoromethanesulfonyl)imide
m salt molality (mol kg™
N; Flux of species i (mol cm™ s7™)
PEO poly(ethylene oxide)
polyDADMAT | polydiallyldimethylammonium bis(trifluoromethanesulfonyl)imide
R universal gas constant (8.314 J mol! K'!)
r molar ratio of lithium cations to oxygens in the electrolyte
T temperature (K)
T thermodynamic factor
t time (s)
t, Transference number of the cation with respect to the electrode reference frame
t9 transference number of the cation with respect to the velocity of the solvent
U battery open circuit potential (V)
v; velocity of species i, (cm s™!)
x axis perpendicular to the electrodes
zZ, charge number of cation
Z_ charge number of anion

Table 2.5 List of symbols (Greek)

Symbol Meaning
Y+ mean molal activity coefficient of the electrolyte
Ad dc potential drop across an electrolyte, (V)
n overpotential (V)
K ionic conductivity (S cm™)
U; electrochemical potential of species i (J mol™)
P, current ratio obtained using iq
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4. Measurement of Three Transport Coefficients and the Thermodynamic
Factor in Block Copolymer Electrolytes with Different Morphologies®

ABSTRACT

The design and engineering of composite materials is one strategy to satisfy the
materials needs of systems with multiple orthogonal property requirements. In the
case of rechargeable batteries with lithium metal anodes, the system requires a
separator with fast lithium ion transport and good mechanical strength. In this work,
we focus on the system polystyrene-block-poly(ethylene oxide) (SEO) with
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI). lon transport occurs in the
salt-containing poly(ethylene oxide)-rich domains. Mechanical rigidity arises due
to the glassy nature of polystyrene (PS). If we assume that the salt does not interact
with the PS-rich domains, we can describe ion transport in the electrolyte by three
transport parameters (ionic conductivity, k, salt diffusion coefficient, D, and cation
transference number, t?) and a thermodynamic factor, T;. By systematically
varying the volume fraction of the conducting phase, ¢ between 0.29 and 1.0, and
chain length, N between 80 and 8000, we elucidate the role of morphology on ion
transport. We find that k is the strongest function of morphology, varying by three
full orders of magnitude, while D is a weaker function of morphology. To calculate
t? and T;, we measure the current fraction, p,, and the open circuit potential, U, of
concentration cells. We find that p, and U follow universal trends as a function of
salt concentration, regardless of chain length, morphology, or ¢, allowing us to
calculate t? for any SEOQ/LiTFSI or PEO/LiTFSI mixture when k and D are known.
The framework developed in this paper enables predicting the performance of any
block copolymer electrolyte in a rechargeable battery.

4.1 Introduction

Polymer membranes that selectively transport small molecules are used in a variety of
applications including gas separations®>%*, water purification®**>, fuel cells’**%, and battery
electrolytes!”-202299-101 " Beyond tuning the chemistry, branching, or size of the polymer,
heterogeneous materials with novel properties can be created by adding components such as a
second polymer block!%*1%or nanoparticles.!%!% Understanding how the additional phase (or
phases) impacts the material properties is important for designing nanostructured materials with
improved transport capabilities. Nanophase-separated block copolymer electrolytes have been
applied to enable secondary batteries with lithium metal anodes.!?” Recharging a battery with a
lithium metal anode often results in the formation of dendrites that are detrimental to battery

T Adapted (with permission) from Galluzzo, M. D.; Loo, W. S.; Wang, A. A.; Walton, A.; Maslyn, J. A.; Balsara, N.
P. Measurement of Three Transport Coefficients and the Thermodynamic Factor in Block Copolymer Electrolytes
with Different Morphologies. J. Phys. Chem. B 2020. 124 (5), 921-935.
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performance and safety.””” Nanostructured block copolymer electrolytes are capable of
transporting ions and suppressing lithium dendrites simultaneously in lithium metal batteries.3>!%
These systems comprise mechanically rigid domains composed of a polymer such as polystyrene
(PS) and soft domains capable of transporting lithium ions such as polyethylene oxide (PEO)
mixed with bis(trifluoromethane)sulfonimide lithium salt (LiTFSI). Sax and Ottino developed
simple expressions for quantifying the effect of nanostructure on gas diffusion using an effective
medium theory.!”® These expressions serve as a starting point for quantifying ionic conductivity
in block copolymer electrolytes.

It is well understood that the diffusion of molecules through nanostructured materials
depends strongly on morphology.!”-!'! In Fig. 4.1, we present schematics of the experimentally
observed morphologies of a polystyrene-block-poly(ethylene oxide) (SEO) electrolyte as a
function of composition.?>?*!1> We use the volume fraction of the conducting domain (i.e. salt
dissolved in PEO), ¢., to quantify composition. For ¢ = 0 or ¢. =1, the system is a
homopolymer of the non-conducting (PS) or conducting phase (PEO), respectively. As ¢, is
increased from 0 to 1, we observe the following sequence of morphologies: PEO-rich spheres on
a body centered cubic lattice (BCC), PEO-rich cylinders on a hexagonal lattice (HEX), double
gyroid comprising a PEO-rich network in a PS-rich matrix (GYR), alternating PS- and PEO-rich
lamellae (LAM), double gyroid comprising a PS-rich network in a PEO-rich matrix (GYR”), PS-
rich cylinders on a hexagonal lattice (HEX"), and PS-rich spheres on a body centered cubic lattice
(BCC’). (The prime in our notation denotes that PEO/LiTFSI is the majority component.) A BCC
morphology is not expected to conduct ions because the salt-containing domains are isolated.
Similarly, a membrane with BCC’ morphology will not be mechanically robust because the rigid
PS-rich domains are not interconnected. Thus, neither BCC nor BCC’ morphologies are
particularly interesting for battery applications, and much research attention has been focused on
morphologies where ¢, is close to 0.5 (i.e. GYR, LAM, and GYR’). Recent computational studies
by Shen, Brown, and Hall have shown that the lamellar morphology is optimal for ion diffusion.>
The purpose of this paper is to experimentally characterize ion transport through different

morphologies.
PS BCC HEX GYR LAM GYR’ EO

HEX’ BCC’ P
¢'c =1

¢$:.=0
Improved mechanical (p Improved ion
properties C transport properties

Figure 4.1. SEO morphologies as a function of conducting phase volume fraction , ¢, with polystyrene
(PS) depicted in red and poly(ethylene oxide) (PEO) with LiTFSI depicted in blue. As ¢, increases from
¢c = 0 (PS homopolymer) to ¢, = 1 (PEO homopolymer), the observed morphologies are: BCC — body
centered cubic spheres of PEO in a PS matrix, HEX — hexagonally packed cylinders of PEO in a PS matrix,
GYR — minority gyroid of PEO in a matrix of PS, LAM — alternating lamellae of PS and PEO, GYR’ —
minority gyroid of PS in a matrix of PEO, HEX’ — hexagonally packed cylinders of PS in a matrix of PEO,
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BCC’ — body centered cubic spheres of PS in a matrix of PEO. At low ¢, the electrolytes are rigid due to
the continuous PS matrix but poor ionic conductors. At high ¢, the electrolytes are highly conductive due
to the continuous PEO matrix but not very rigid.

Complete electrochemical characterization of ion transport enables prediction of time-
dependent salt concentration and potential gradients across a battery electrolyte during dc
polarization.*>®! A desirable electrolyte will have small salt concentration and potential gradients
within the electrolyte at large current densities. Predicting the magnitude of these gradients in a
homogeneous (single phase) electrolyte requires knowledge of three transport coefficients: ionic

conductivity (k), salt diffusion coefficient (D), and the cation transference number with respect to

. . . dl -
the solvent velocity (t2). It also requires a thermodynamic factor defined as Tf = 1 + %,

where y, _ is the mean molal activity coefficient of the salt and m is the salt molality in mol kg~
14251 Fully characterizing transport in a nanostructured electrolyte will, in principle, require
measuring many more transport and thermodynamic factors. The presence of polystyrene makes
SEO/LiTFSI a four-component system (PS, PEO, Li", TFSI'). The presence of nanophase
separated domains adds additional complexity. In this paper, we make the simplifying assumption
that knowledge of three transport coefficients and the T is adequate to describe ion transport in
block copolymer electrolytes. We examine the effect of morphology and ¢, on each transport
coefficient and Tr. We find that T¢ exhibits a surprisingly complex dependence on morphology.
This dependence is outside the scope of simple effective medium theories. Our approach uses
concentrated solution theory*? to develop a complete picture of ion transport based on our
assumptions. The theory may be used to make testable predictions*®!'* and, in turn, validate or
invalidate our assumptions. We address this in Chapter 7. In principle, similar approaches may be
applied to other problems associated with simultaneous diffusion of small molecules through
nanostructured media.

4.2 Experimental Section
4.2.1 Polymer Synthesis and Characterization

All electrochemical and morphological characterization was carried out at 90 °C. The SEO
copolymers in this study were synthesized, purified, and characterized using methods described in
refs 2*!!%, The polymers are referred to as SEO(x-y) for block copolymers and PEO(y) for PEO
homopolymers, where x and y are the number-averaged molecular weights of PS, Mpg, and PEO,
Mpgo, in kg mol ™!, respectively. The volume fractions of each block of the copolymers are
calculated by:

VEo
G Y
FO" MgMpgo ~°

(4.1)

where vgg and vg are the volumes of ethylene oxide (0.0682 nm?®) and styrene monomers (0.167
nm?) and Mgg and Mg are the molar masses of ethylene oxide (44.05 g mol!) and styrene (104.1 g

M; .
B N’ , Where N, is Avogadro’s number. The
iVA

mol!). Monomer volumes were calculated by v; =
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densities of the PEO and PS blocks at 90 °C are ppgo = 1.07 g cm™ and ppg = 1.03 g cm™,
respectively.!'> The overall degree of polymerization, N, was calculated by N = Npg + Npgo

where
N, = i (4.2)
' piNAVref .
and V¢ was fixed at 0.1 nm>. The neat copolymers are completely transparent and colorless.

4.2.2 Electrolyte Preparation

The block copolymer and salt mixtures were prepared by freeze-drying using methods
described in ref ''®, except for SEO(240-260) and SEO(200-222) which were prepared by solvent
casting®. All electrolyte and cell preparation was performed in an argon-filled glovebox
maintained with water and oxygen concentrations below 1 ppm each. The molar ratio of lithium
ions to ethylene oxide (EO) moieties, r = [Li]/[EO], is used in this study to quantify salt
concentration. r is related to the salt molality, m, by Eqn. 4.3,

r

T (4.3)

m =
Note that m is the molality of the PEO domains in our nanostructured electrolyte (i.e. moles of salt
per kg of PEO) and it is calculated assuming that all of the salt resides in the PEO domains.?>*%!!7
We determine the volume fraction of the salty PEO domain, ¢, using

Ve

b = ’
MPSMEO

(4.4)

: : o M
where v, is the volume of the conducting phase per EO monomer and is given by v, = ﬁ where
ciVA

pc 1s the density of the conducting domain at a specific salt concentration. p. as a function of r
was taken from ref °® and we assume that the density of the conducting domain does not depend
on ¢. for the SEO electrolytes. In general, ¢ increases with increasing salt concentration.

The electrolytes used in this study are listed in Table 4.1. For each polymer we list Mpg,
Mpgo and N. For each electrolyte we list r, ¢, and the morphology at 90 °C. Information about
morphology is generally based on small angle X-ray scattering (SAXS) experiments. We include
the neat polymers for completeness. The morphologies of SEO(4-22.4), SEO(5.1-12.8), SEO(3.8-
8.2), and SEO(9.4-4) are given in ref *. We have taken electrochemical and morphological data
from previous studies on PEO(5) and a variety of other SEO/LiTFSI systems listed in Table 4.1,
and we list the relevant references next to the polymer name. Most of the electrolytes studied in
this work exhibit the ordered morphologies presented in Fig. 4.1. Many of the short-chained (i.e.
low-N) polymers are disordered (DIS) in the neat state and at low salt concentrations. The
disordered morphology is characterized by fluctuating PEO-rich and PS-rich domains but with no
long-range order.''® These fluctuations give rise to a characteristic broad scattering peak. The
disordered systems listed in Table 4.1 give way to ordered morphologies with the addition of salt.
All of the electrolytes are ordered when r > 0.05. The effect of added salt on the morphology and
thermodynamics of block copolymer electrolytes is an active research topic?*?*!1%-121 byt is not
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the focus of this study. In most cases, a single morphology is present at each salt concentration. In
SEO(4.0-22.4), we observe coexisting ordered morphologies as indicated in Table 4.1.

Table 4.1. List of electrolytes used in this study. The polymer name, molecular weight of
polystyrene block (Mpg) in kg mol!, molecular weight of poly(ethylene oxide) block (Mpgq) in kg
mol!, number of repeat units (N) calculated from Eqn. 4.2, salt concentration (r), conducting
phase volume fraction (¢.) calculated from Eqn. 4.4, and morphology are listed. Some
electrochemical data was taken from other works, and we report the reference for those electrolytes
next to the polymer name. An (’) indicates that PEO is the majority phase and an (*) indicates that
the morphology for that salt concentration was not determined experimentally but assumed based

on ¢..
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Polymer Mps | Mpgo | N r ¢. | Morph. | Polymer Mps | Mpgo | N r ¢. | Morph.
PEO(5)># 0 5.0 77 neat 1 - SEO(3.8-8.2) 3.8 | 82 188 | 0.250 0.78 | HEX'
0.005 1 - 0.300 0.80 | HEX'
0.010 1 - SEO(74-98)'22 74 | 98 2707 | neat 0.56 | LAM
0.020 1 - 0.085 0.61 | LAM
0.040 1 - SEO(6.0-7.0)* 6.0 | 7.0 205 | neat 0.53 | LAM
0.060 1 - 0.085 0.58 | LAM
0.080 1 - SEO(200-222) 20 | 222 | 6653 | neat* 0.52 | LAM
0.100 1 - 0.085* | 0.57 | LAM
0.120 1 - SEO(240-260)* | 24 | 260 | 7885 | neat 0.51 | LAM
0.140 1 - 0.020* | 0.52 | LAM
0.160 1 - 0.035% | 0.53 | LAM
0.180 1 - 0.050* | 0.54 | LAM
0.210 1 - 0.085* | 0.57 | LAM
0.240 1 - 0.100* | 0.57 | LAM
0.270 1 - 0.120* | 0.58 | LAM
0.300 1 - 0.150* | 0.60 | LAM
SEO(4.0-22.4) | 4.0 | 224 | 411 | neat 0.84 | DIS 0.200* | 0.62 | LAM
0.005 0.85 | DIS 0.250* | 0.64 | LAM
0.010 0.85 | DIS 0.300* | 0.66 | LAM
0.025 0.85 | HEX' SEO(16-16)'*1* | 16 | 16 505 | neat 049 | LAM
0.050 0.86 | HEX' 0.030 0.51 | LAM
0.075 0.87 | HEX"/ 0.060 0.53 | LAM
0.100 0.87 | HEX" 0.080 0.54 | LAM
0.150 0.89 | BCC' 0.110 0.56 | LAM
0.200 0.90 | BCC' 0.150 0.58 | LAM
0.250 0.90 | BCC' 0.180 0.59 | LAM
0.300 091 | BCC' 0.210 0.61 | LAM
SEO(5.1-12.8) | 5.1 | 12.8 | 280 | neat 0.71 | DIS 0.240 0.62 | LAM
0.005 0.71 | DIS 0.270 0.63 | LAM
0.010 0.71 | DIS 0.300 0.64 | LAM
0.025 0.72 | GYR' SEO(352-166)'* | 35 | 166 | 8232 | neat 0.31 | HEX
0.050 0.74 | HEX' 0.085 0.36 | HEX
0.065* | 0.74 | HEX' SEO(247-116)'* | 24 | 116 | 5769 | neat 0.31 | HEX
0.075 0.75 | HEX' 0.085 0.36 | HEX
0.100 0.76 | HEX' SEO(54-23)'% 54 |23 1225 | neat 0.29 | HEX
0.150 0.78 | HEX' 0.085 0.34 | HEX
0.200 0.79 | HEX' SEO(9.4-4.0) 94 | 4.0 213 | neat 0.29 | DIS
0.250 0.81 | HEX' 0.010 0.29 | HEX
0.300 0.82 | HEX' 0.025 0.30 | HEX
0.350* | 0.83 | HEX' 0.040* | 0.31 | HEX
SEO(3.8-8.2) | 3.8 | 82 188 | neat 0.67 | DIS 0.050 0.32 | HEX
0.005 0.68 | DIS 0.065* | 0.33 | HEX
0.010 0.68 | DIS 0.075 0.33 | HEX
0.025 0.69 | DIS 0.100 0.34 | HEX
0.050 0.70 | GYR' 0.150 0.37 | HEX
0.075 0.72 | HEX' 0.200 0.39 | HEX
0.100 0.73 | HEX' 0.250 041 | HEX
0.150 0.75 | HEX' 0.300 043 | HEX
0.200 0.77 | HEX' 0.350* | 0.45 | HEX
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4.2.3 Electrochemical Characterization

SEO samples for electrochemical measurements were prepared by placing electrolytes in
annular silicone spacers with inner diameters of 3.18 mm and hand-pressing them into pellets.
Samples were hot-pressed at 90 °C to create a uniform, non-porous films. The polymer sample was
sandwiched between stainless steel or lithium electrodes of known thickness. The total cell
thickness was measured using a micrometer before attaching nickel current collectors and sealing
the cell in polypropylene-lined aluminum pouch material. At this point the cells were removed
from the glovebox for testing. The inner diameter of the spacer and the thickness measurements
allow for determination of the cell constants A and L, the electrochemically active area and distance
between electrodes, respectively.

Ionic conductivity of samples with blocking electrodes (stainless steel), k, was measured
by ac impedance spectroscopy at 90 °C using a BioLogic VMP3 potentiostat with an amplitude of
80 mV and frequency range of 1 MHz to 100 mHz. The bulk resistance, R)},, was determined by
fitting an equivalent circuit and used to calculate k from Eqn. 4.5,

L

K
Prior to measurement, cells were annealed at 120 °C for at least 12 hours on a custom-built
temperature-controlled heating stage.

Cells with lithium electrodes were used to measure the current fraction, p,, as described in
refs 3 and Chapter 2. Our methods follow those pioneered by Bruce and Vincent.*”# Lithium cells
were annealed for at least four hours at 90 °C followed by at least four conditioning cycles.
Conditioning cycles allowed the interfacial resistance to reach a stable value that did not change
with time or as current was passed. The bulk resistance (i.e. conductivity) remained within the
reported experimental error bars throughout the conditioning cycles. Each cycle consisted of
passing current at +20 pA cm for 4 h followed by -20 pA cm™ for 4 h. p, is measured in an
experiment where a constant voltage, AV, is applied across the cell to obtain the ratio of the current
measured at steady state, ig, to the initial current given by Ohm’s law, i, corrected for the change
in potential drop across the electrolyte due to the change in current over the experiment. The
equation used to calculate p, is given by:

5. = lss AV~ igRio)
* i.() (AV - issRi,ssA) ’

(4.6)

where R; o and R; ¢ are the interfacial resistance measured by ac impedance spectroscopy before
the experiment and once steady state is reached, respectively. p,. is equal to the cation transference
number for an ideal electrolyte at infinite dilution. Because this is never the case for practical
electrolytes, we avoid calling this quantity “the transference number” as is commonly done in the
literature and instead refer to it as “the current fraction”.>® We measured the ionic conductivity of
the cells with non-blocking (i.e. lithium) electrodes, k,};,, and calculated i, using Eqn. 4.7:

o AV
T Lk, + RigA

(4.7)
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The same cells were used to measure the diffusion coefficient of the salt, D, in a restricted
diffusion experiment following methods described in refs *>°, We measure the open circuit
potential, U, over time as the salt concentration gradient relaxes and fit the data to Eqn. 4.8 to
obtain D:

dinU 7w%D
Cdt 12

Concentration cells of SEO electrolytes were prepared by placing an annular silicone
spacer of 0.5 or 1.0 mm thickness onto a lithium electrode. The electrolyte was then hot pressed
into the spacer at 90 °C to create a uniform film. Next, another electrode/spacer assembly was
made with an electrolyte of the same SEO polymer but different salt concentration. The two
assemblies were then pressed together and aligned in such a way that the two electrolytes were in
physical contact. We then measured the open circuit potential, U, of the cells at 90 °C once thermal

equilibrium was achieved. The cells were made with one electrolyte fixed at a reference salt
concentration of r = 0.065. The salt concentration of the second electrolyte was varied between r

=0.005 and r = 0.35 to obtain the quantity d?%.

(4.8)

4.3 Results and Discussion

This work focuses on the electrochemical properties of nanostructured electrolyte films
with thicknesses in the range of 250 to 500 um. The relationship between conductivity and
morphology in confined polymer films (<10 um thick) has been studied in detail.'?*"'?° The typical
length scale (domain spacing) of the ordered morphologies in block copolymers range from 10 to
100 nm. For all practical purposes, the electrolytes are isotropic comprising many randomly
oriented grains. Coherent order is generally restricted to grains with a characteristic length of a
few pum.'*® The morphologies depicted in Fig. 4.1 only show the structure within a grain.

In Fig. 4.2a and 4.2b, we present k as a function of salt concentration for many of the
polymers listed in Table 4.1 on a semi-log plot. The SEO electrolytes containing 3D conducting
pathways (BCC’, HEX’, GYR’) are shown in Fig. 4.2a. The conductivity of the homopolymer,
PEO(5), is shown for comparison. The inset of Fig. 4.2a highlights the conductivity trends at low
salt concentration (r < 0.05). All three SEO copolymers presented in Fig. 4.2a are disordered in
the neat state. The addition of salt results in the formation of ordered morphologies. The dominant
morphology of each electrolyte is indicated by the schematic in the legend above the plots. For
SEO(22.4-4.0), a HEX’ phase emerges when salt is added. Additional salt results in the
coexistence of HEX’ and BCC’ phases and further salt added results in a BCC’ phase. For
SEO(3.8-8.2) and SEO(5.1-12.8), the addition of salt results in a GYR’ morphology and further
salt addition results in a HEX” morphology. These phase transitions are discussed thoroughly in
ref 2. The dependence of conductivity on salt concentration of all of the copolymers discussed in
Fig. 4.2a is remarkably similar. At low salt concentrations, conductivity increases with increasing
salt concentration due to the increase in charge carrier concentration. It is well known that the
addition of salt slows down segmental relaxation of the PEO chains, and this results in a
conductivity maximum in the vicinity of 7 = 0.10."*! Qualitatively similar behavior is seen in
electrolytes based on PEO homopolymer; the slight dip in conductivity in the vicinity of r = 0.13
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in the PEO(5) data in Fig. 4.2a is a peculiarity of 5 kg mol"' PEO homopolymer. The data obtained
from different copolymers in Fig. 4.2a is relatively similar despite the differences in morphology
discussed above. There is little difference in the conductivity of disordered and ordered block
copolymer electrolytes, most apparent at 7 = 0.025 in the inset of Fig. 4.2a. We attribute this to the
presence of large concentration fluctuations in the disordered state. It appears as if the salt
molecules are localized in the PEO-rich fluctuations in the disordered state and this leads to ion
transport that is not very different from that observed in weakly ordered block copolymer
electrolytes. In all electrolytes discussed in Fig. 4.2a, ion transport occurs through the matrix phase
of the block copolymer. It is evident that the morphology of the dispersed polystyrene domains
has relatively little impact on ionic conductivity on SEO electrolytes with 3D conducting
pathways.

In Fig. 4.2b, we show conductivity versus salt concentration for SEO electrolytes with 2D
(LAM) and 1D conducting pathways (HEX). We first consider the values of k in the low r-limit.
We see the same general trend in Figs 4.2a and 4.2b: k increases with r at low salt concentrations.
At high salt concentration, k appears to approach a plateau. The conductivity of SEO(16-16) is
about an order of magnitude lower than that of PEO(5) while that of SEO(9.4-4.0) is about two
orders of magnitude lower than that of PEO(5). These drops correspond to transitions from 3D
(homopolymer) to 2D (LAM) to 1D (HEX) conducting pathways. The conductivity of SEO(240-
260) lies between SEO(16-16) and PEO(5). This effect has been previously discussed in studies

of symmetric block copolymer electrolytes.2%-!16:122
|- PEO(5) HP  (¢go =1) . -~ PEO(5) HP (g0 =1) .
-®- SEO(4.0-22.4) BCC' (dgo = 0.84) . -« SEO(240-260) LAM (¢go = 0.51) .
SEO(5.1-12.8) HEX" (¢go = 0.70) . -4- SEO(16-16) LAM  (¢go = 0.49) .
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Figure 4.2. Conductivity, i, of PEO and various SEO electrolytes as a function of salt concentration,
r, the molar ratio of lithium ions to ether oxygens. The color of the symbol denotes the morphology:
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black/homopolymer, blue/BCC’, cyan/coexisting BCC’ and HEX’, green/HEX’, gold/GYR’, teal/LAM,
red/HEX, purple (open)/DIS. The dominant morphology across the range of salt concentrations is indicated
by the schematic in the legend above the plots. The volume fraction of the neat polymer, ¢k, is listed in
the legend and the conducting phase volume fraction, ¢, of each electrolyte is given in Table 4.1. (a) k vs
r for PEO(5) and SEO electrolytes with 3D conducting morphologies. The inset is a magnified view of the
low salt concentration region. (b) k vs r for PEO(5) and SEO electrolytes with 2D and 1D conducting
morphologies.

The conductivity of SEO/LiTFSI electrolytes is a complex function of both chain length,
quantified by N, and composition, quantified by ¢.. In Fig. 4.3 we focus on the effect of chain
length at two fixed compositions: ¢, = 0.58 = 0.03 and ¢, = 0.35 £ 0.01 corresponding to LAM
and HEX morphologies, respectively. The salt concentration in these electrolytes is held fixed at
r = 0.085. For both morphologies, k increases by nearly an order of magnitude when N increases
from 200 to 2000. Ion transport through block copolymer electrolytes is affected by many factors
including ¢, the geometry of the conducting phase, the extent to which PS monomers are present
in the PEO-rich conducting domains, the width of the interface between the PS-rich and PEO-rich
domains''¢, and the grain size.>’ The similarity of the data from LAM and HEX phases in Fig. 4.3
suggests a common origin for the observed increase in k with N. The geometry of the conducting
phase and ¢, are more or less fixed within the two data sets in Fig. 4.3. The presence of a large
interfacial region between PS and PEO-rich domains will slow down the motion of ions that are
located in the vicinity of the interface. The width of this interface decreases with increasing
segregation strength (which increases with N), resulting in increased conductivity. Increasing N
also results in a dramatic decrease in polymer diffusion which is necessary for eliminating defects.
We thus expect smaller grains in samples with higher chain length: smaller grains also lead to an
increase in conductivity in samples with 2D or 1D conducting pathways.’”!?> Defects are not
expected to play an important role in electrolytes with 3D conducting pathways.
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Figure 4.3. Conductivity, k, of SEO electrolytes with LAM morphologies and HEX morphologies as
a function of chain length, /V. The salt concentration is fixed at r = 0.085 for all samples. The conducting
phase volume fraction, ¢, is 0.58 £ 0.03 for the LAM electrolytes and 0.35 + 0.01 for the HEX electrolytes.
For both LAM and HEX morphologies, conductivity increases by nearly an order of magnitude from N =
200 to N =2000.

The Nernst-Einstein relationship is often invoked to relate conductivity and the self-
diffusion coefficient of the ions.*? This relationship is only applicable to ideal electrolytes in the
dilute limit. (In ideal electrolytes, the salt dissociates completely to yield non-interacting ions and
the salt activity coefficient of ideal electrolytes is unity.) It is well understood that polymer
electrolytes do not behave ideally, even at very low salt concentrations.**>°8 In addition, the salt
diffusion coefficient relevant to ion transport in electrolytes is a mutual diffusion coefficient, D.
There may thus be little correlation between k and D. In Fig. 4.4a we present D as a function of r
for the polymers with 3D conducting domains listed in Table 4.1, with PEO(5) included for
comparison. To a good approximation, D of block copolymer electrolytes with BCC’, HEX’,
GYR’ morphologies is independent of salt concentration and not very different from that of
PEO(5). In Fig. 4.4b, we present D as a function of r for 2D and 1D conducting morphologies.
For the LAM morphologies, we again see that D is not a strong function of r. Similar to the trend
observed for k, we find that there is a significant increase in D for SEO(240-260) compared to
SEO(16-16). There is a four-fold increase in D of SEOQ(9.4-4.0) when r increases from 0.06 to 0.1.
We see a similar step change in conductivity in this copolymer around the salt concentration » =
0.1. We do not have a definitive explanation for these observations in low ¢, electrolytes; SAXS
data across this concentration range shows no discernable change in morphology.
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Figure 4.4. Salt diffusion coefficient, D, of PEO and various SEO electrolytes as a function of r, the
molar ratio of lithium ions to ether oxygens for the polymers listed in the figure. The color of the symbol
denotes the morphology: black/homopolymer, blue/BCC’, cyan/coexisting BCC> and HEX’, green/HEX”,
gold/GYR’, teal/LAM, red/HEX, purple (open)/DIS. The dominant morphology across the range of salt
concentrations is indicated by the schematic in the legend above the plots, which is identical to the legend
in Fig. 4.2. The volume fraction of the neat polymer, ¢gq, is listed in the legend and the conducting phase
volume fraction, ¢, of each electrolyte is given in Table 4.1. (a) D vs r for PEO(5) and SEO electrolytes
with 3D conducting morphologies. The inset is a magnified view of the low salt concentration region. (b)
D vs r for PEO(5) and SEO electrolytes with 2D and 1D conducting morphologies.

It is useful to define k and D for model nanostructured electrolytes and use these definitions
to normalize our data.?*!%%132 We define a model nanostructured electrolyte as one where salt does
not interact with the polystyrene chains and the PEO-rich nanodomains can be approximated as
homopolymer electrolytes. In addition, model electrolytes comprise randomly oriented grains with
negligible inter-grain resistance. We use the term “model” instead of “ideal” to avoid implying
that the electrolytes are thermodynamically ideal. The thermodynamic interactions between the
salt and EO monomer unit in a model nanostructured electrolyte are identical to those in PEO
homopolymer, which do not behave ideally at any salt concentration. To calculate k or D in a
model morphology, we must consider how ions move within a grain and geometric factors that
affect inter-grain transport of a given morphology. The baseline for our analysis is a homogeneous
electrolyte sandwiched between parallel electrodes which are used to apply an electric field across
the electrolyte. In a model nanostructured electrolyte, the ion moves in a tortuous path because it
can only reside in a conducting domain. For 3D conducting morphologies (i.e. GYR’, HEX’,
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BCC’), the hinderance to ion motion is quantified by a tortuosity factor, 7. The values of t for
these morphologies taken from the literature are given in Table 4.2. LAM and HEX phases do not
have tortuous paths within a grain and 7 = 1. Morphology influences ion transport in these systems
because the effectiveness of each grain depends on the orientation of the grain relative to direction
of the electric field. We use the morphology factor, £, to quantify this effect. Sax and Ottino
pioneered the use of effective medium theory to calculate f in the context of diffusion of small
molecules in nanostructured media.!®® Their results have frequently been applied to block
copolymer electrolytes in the literature.?%3%!22123 The values of f for LAM and HEX phases taken
from ref !*3 are listed in Table 4.2. When transport occurs through the matrix phase (i.e. BCC”,
HEX’, GYR’), we assume that f = 1. The numerical values of f and 7 reported in Table 4.2 are
taken from refs 33134,

Table 4.2. Morphology factor, f, and tortuosity, 7, for the morphologies of interest.

Morphology f T
BCC’ 1 (3-¢.)/2
HEX’ 1 2-¢,
GYR’ 1 5/4
LAM 2/3 1
HEX 1/3 1

We define the conductivity, k,,, and salt diffusion coefficient, D,;,, of model nanostructured
electrolytes in Eqns. 4.9 and 4.10:

Km (1) =L pekpgo (), (4.9)

D) =L Dogo (), (+10)

where Kkpgo () and Dpgo(7) are transport coefficients of the PEO homopolymer at a specific salt
concentration where it is assumed that the molecular weight of the PEO homopolymer is large
enough so that ion transport properties are independent of molecular weight.'>!* Physical
justification for the inclusion of ¢). in Eqn. 4.9 but not Eqn. 4.10 can be found in ref '*?. Next, we
define normalized transport coefficients, denoted by a subscript n, in Eqns. 4.11 and 4.12:

K

k(1) = -5 (4.11)
D = b 4.12
n(T)—m- (4.12)

Both k,, and D,, equal f7~! for a model morphology. In Fig. 4.5a and 4.5b we present k,, and D,,,
respectively, as a function of volume fraction with r = 0.05, 0.15 and 0.30. We include the
homopolymer for completeness where ¢p. = k,, = D,, = | by definition. The vertical lines separate
different morphologies observed within a volume fraction range, and the solid black line represents
the value of f771.
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Figure 4.5. Normalized conductivity and diffusion coefficient as a function of conducting phase
volume fraction. (a) Normalized conductivity, k;,,, and (b) normalized salt diffusion coefficient, D,,, as a
function of conducting phase volume fraction, ¢, for r = 0.05 (red circles), r = 0.15 (blue squares), and r
= 0.30 (green triangles). The vertical lines and illustrations indicate the volume fraction range where each
morphology is observed. For a model morphology, k, = D, = fT~1. We plot f~! as a black line based
on the values of f and t given in Table 4.2.

We discuss the data in Fig. 4.5a starting with the low salt concentration data set, r = 0.05.
In this salt concentration regime, the normalized conductivity spans three orders of magnitude. At
low ¢, values (i.e. the HEX morphology), k, is a factor of 40 below f7~1. However, more
reasonable agreement between k,, and f7 71 is observed once ¢, exceeds 0.4. Qualitatively similar
behavior is seen at an intermediate salt concentration, r = 0.15; however, at low values of ¢, (¢
<0.45), Kk, is still a factor of 3 below f7~1. At a high salt concentration, r = 0.30, we see reasonable
agreement between k, and f7~! even at the lowest value of ¢,. It is evident that conductivity
through block copolymers with low values of ¢. depends strongly on salt concentration. The
measured conductivity approaches that expected for a model nanostructured electrolyte as salt
concentration is increased. This observation appears to suggest that grain connectivity increases
with increasing salt concentration.’” An interesting observation is that k,, is significantly larger
than unity (i.e. k, = 4) for ¢. values of 0.67 and 0.79. This implies that the intrinsic conductivity
of PEO-rich domains in the block copolymer is higher than that of PEO homopolymer electrolytes.
Molecular dynamics studies have shown evidence for large ion clusters consisting of >100 ions in
concentrated PEO/LiTFSI electrolytes.®® It is not unreasonable to hypothesize that the PS domains
impact the size and nature of the salt aggregates, resulting in increased conductivity. Recent coarse-
grained simulations of ion transport through block copolymer electrolytes by Seo et al. suggest
similar effects.!3°

In Fig. 4.5b, we see that D, has similar behavior to k,,, except that the decay in D, versus
¢. compared to that of k,, is slightly less severe, especially for the HEX morphology at r = 0.05.
In general, D,, tends to be close to the value of fT~1 at high values of  and high values of ¢.. The
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value of D, does not vary much with salt concentration compared to k,. This is because D is a
much weaker function of salt concentration than k (compare Fig. 4.2 and 4.4).

The current ratio, p,, is an important electrolyte property as the product of kp, dictates
the performance of an electrolyte in the limit of small applied potentials.*”**-3%° In Fig. 4.6, we
present p,, for all of the polymers listed in Table 4.1. Regardless of composition and chain length,
all systems in this study show the same general trend of p, with salt concentration: p, decreases
with increasing salt concentration until 7 is approximately 0.15 and then increases until r = 0.30.
We fit a universal curve which can be used to predict the current ratio for any SEO or PEO/LiTFSI
electrolyte as a function of salt concentration. The fit is shown by the black curve in Fig. 4.6 and
is given by Eqn. 4.13,

ps = (0.18 £0.01) — (1.7 + 0.1)r + (6.3 + 0.5)r2, (4.13)

Equation 4.13 was determined by a least-squares fit through the data in Fig. 4.6 and the coefficients
are given with one standard deviation. Equation 4.13 can be used to predict the current fraction for
any SEO or PEO/LiTFSI electrolyte and is valid in the salt concentration range 0.01 <7 < 0.30.
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Figure 4.6. Current fraction, p,, for PEO(S) and various SEO electrolytes as a function of r , the
molar ratio of lithium ions to ether oxygens. The color of the symbol denotes the morphology:
black/homopolymer, blue/BCC’, cyan/coexisting BCC’ and HEX’, green/HEX’, gold/GYR’, teal/LAM,
red/HEX, purple (open)/DIS. The dominant morphology across the range of salt concentrations is indicated
by the schematic in the legend. Presence of the non-conducting phase does not have a significant impact on
the value of p, and we are able to fit a universal curve through the data (black line). The solid curve is
given by p, = 0.18 — 1.7r + 6.3r2.
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The current fraction is often equated to the cation transference number with respect to the
solvent velocity, t9. Much work, however, suggests that there is little correspondence between p..
and t9, especially in polymer electrolytes which exhibit behavior of non-ideal solutions even at
low salt concentrations.**»>7° To calculate t$, we use Eqn. 4.14,

(4.14)

1) (z+v+)Fch.'>c( dU >_1’

0 1
t+=1+<__ dlnm

P+
where z, is the charge on the cation and v, is the number of cations in the dissociated salt, F is
Faraday’s constant (96,485 C mol '), and c is the molar salt concentration in the conducting
domain.***"3 In Eqn. 4.14 we assume that t$ < 1 (see Chapter 3). The quantity c¢, is equivalent
to the moles of salt per unit of total volume (i.e. both the conducting and non-conducting domain).
c is calculated by Eqn. 4.15,

Knp

c= PpEoT
Mgo + rMyirps;

where My rgg; is the molar mass of LiTFSI (287.08 g mol™).

Ion transport in a block copolymer electrolyte is governed by numerous transport
coefficients as discussed in the Introduction. Equation 4.14 is strictly applicable to model
nanostructured electrolytes. The limitations of this approach are evident in Fig. 4.5 where
deviations from model behavior are seen especially in the low ¢ and low 7 limit.

, (4.15)

-1
Calculating t? from Eqn. 4.14 requires measurement of k, D, p,, and (d‘linum) . In

principle, k is an intrinsic property of the electrolyte and does not depend on the electrodes used
to measure it by ac impedance spectroscopy. In practice, we find some differences in the
conductivity measured with blocking electrodes, k, compared to that measured with non-blocking
electrodes, K}, at some salt concentrations. We compare these values in Fig. 4.7 for (a) SEO(4.0-
22.4), (b) SEO(5.1-12.8), (c) SEO(3.8-8.2), and (d) SEO(9.4-4.0). The general trends discussed
above in the context of Fig. 4.2 apply to the data in Fig. 4.7. The largest difference between x and
Kyp 18 seen in SEO(9.4-4.0) at r = 0.10. However even for this electrolyte, k and k,;, are within
experimental error for r > 0.15. Differences between k and k,;, may arise for block copolymer
electrolytes due to differences in the morphology of the block copolymer at the electrode-
electrolyte interface or differences in thermal history (see Section 4.2.2.). We note in passing that
discrepancies between k and k,;, are found in many instances throughout the literature but without
discussion.®*%667 For consistency, we use k,, for the conductivity in Eqn. 4.14 for calculating t?
in SEO(4.0-22.4), SEO(5.1-12.8), SEO(3.8-8.2), and SEO(9.4-4.0) because measurement of D,

av 1 : oy e
P+, and (d anm) must be done in a cell with lithium electrodes.
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Figure 4.7. Comparison of ionic conductivity measured with blocking versus non-blocking electrodes.
Conductivity, k, measured by ac impedance spectroscopy for (a) SEO(4.0-22.4) which exhibits a BCC’
morphology over most salt concentrations, (b) SEO(5.1-12.8) which exhibits a HEX’ morphology over
most salt concentrations, (c¢) SEO(3.8-8.2) which exhibits a HEX’ morphology over most salt
concentrations, and (d) SEO(9.4-4.0) which exhibits a HEX morphology over most salt concentrations. We
compare data obtained using lithium/polymer/lithium cells (non-blocking electrodes, red circles) and
stainless steel/polymer/stainless steel cells (blocking electrodes, black squares) for each system.

In Fig. 4.8, we present U as a function of the logarithm of the salt molality, In m, measured
in concentration cells for SEO(9.4-4) and SEO(5.1-12.8) using a reference electrolyte salt molality,
my, of 1.47 mol kg! (r = 0.065). The slope of U at a given value of Inm is independent of the
reference salt concentration. Choosing a different reference salt concentration results in a vertical
shift of U.”! Therefore, we can include data from previous studies by plotting U(Inm) with a
vertical offset, U’, such that U’'(Inm) = U(Inm) + C. We solve for the constant, C, by setting
U'(Inm) = 0 at m = 1.47 mol kg'! where U(Inm) is given by a polynomial fit through the data.
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For SEO(16-16), U(Inm) was reported in ref '** with m, = 0.681 (r = 0.030) and we obtained C
=43.0 mV. For SEO(240-260), U (In m) was reported in ref >°> with m, = 1.93 (r= 0.085), and we
obtained C = -17.5 mV. For PEO(5), U(In m) was reported in ref °® with m, = 1.36 (r = 0.060),
and we obtained C = 14.6 mV.

We find that U is remarkably consistent across all five systems with ¢, varying from 0.3
to 1 and N varying from 80 to 8000. This suggests that the presence of polystyrene does not affect

the potential of the concentration cell, and a universal relationship can be used to determine T

for any SEO or PEO/LiTFSI mixture, regardless of morphology, ¢., or N. We fit a single curve
through the data in Fig. 4.8 to obtain the function:

U=(25%5)— (741 7)(Inm) — (33 £ 2)(Inm)? — (4.6 £+ 2)(Inm)3. (4.16)
Equation 4.16 was determined by a least-squares fit through the data in Fig. 4.8 and the coefficients
are given with one standard deviation. The coefficients are given with one standard deviation.

Equation 4.16 is used to calculate du

T which is the last piece of information needed to calculate

t? according to Eqn. 4.14. Uncertainty in using Eqn. 4.16 to calculate is greater near the

dlnm
bounds of the data set, especially at the lower bound, so we limit use of Eqn. 4.16 to the range -

0.80 < Inm < 1.9 (i.e., 0.02 < 7 < 0.3).
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Figure 4.8. Open circuit potential, U, of concentration cells plotted against the natural log of the salt
molality, In m, where m is in mol kg'. Each data set is vertically offset by a constant such that U = 0 at
Inm=0.39 (i.e. r = 0.065). We fit a universal curve through the data (black line), given by Eqn. 4.16: U =
25 —74(Inm) — 33(Inm)? — 4.6(Inm)>3.
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We next consider the effect of morphology and ¢, on t? at salt concentrations ranging
from = 0.05 to r = 0.30 in Fig. 4.9a. We calculate t? from Eqn. 4.14 for SEO(4-22.4), SEO(5.1-

12.8), SEO(3.8-8.2) and SEO(9.4-4) electrolytes using k,, reported in Fig. 4.7, D reported in Fig.
du
dlnm

4.16. tQ has been reported elsewhere for PEO(5), SEO(16-16), and SEO(240-260) electrolytes;
however, we recalculate it using the universal relationships presented in this work for p, and U.
We use k presented in Fig. 4.2 for these systems because measurements of k,;, were not available.
We plot t¢ as a function of ¢, in Fig. 4.9a at various salt concentrations. At low values of ¢, t9
is negative. Increasing ¢ results in a maximum around ¢, = 0.6 for all salt concentrations. At low
salt concentrations (e.g. r = 0.05), t9 is a weakly decreasing function of ¢, above ¢, = 0.6, and
the maximum is relatively shallow. At intermediate salt concentrations (e.g. r = 0.20), t{ decreases
rapidly above ¢, = 0.6, reaching a minimum in the vicinity of ¢p. = 0.8. At high salt concentrations
(e.g. r =0.30), the behavior is similar to that seen at low salt concentrations. If the SEO electrolytes
behaved as model nanostructured electrolytes, then t? would be independent of ¢ and equal to
that of homopolymer electrolytes, represented in Fig. 4.9a by the values at ¢p. = 1. The horizontal
dashed lines in Fig. 4.9a show the behavior expected for model electrolytes at each salt
concentration.

4.3, p, given by Eqn. 4.13, ¢ given by Eqn. 4.15, and given by taking the derivative of Eqn.
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Figure 4.9. Cation transference number and thermodynamic factor as a function of conducting phase
volume fraction for SEO/LiTFSI electrolytes with different morphologies. (a) Cation transference
number, t?, and (b) thermodynamic factor, Tt, of various SEO morphologies as a function of conducting
phase volume fraction, ¢, at salt concentrations ranging from r = 0.05 to r = 0.30. t{ and T are calculated
based on Eqn. 4.14 and 4.17, respectively. Error bars on the first data point of each data series represent the
average percent error for the entire data set. The horizontal dashed lines represent the value of t9 and Tt
predicted for model nanostructured electrolytes.

A negative transference number implies the presence of negatively charged ion clusters
(containing both Li" and TFSI" ions) which are more mobile than free cations. Molinari et al.
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showed that large ion clusters with a net negative charge appeared more frequently in PEO/LiTFSI
electrolytes than ion clusters with a net positive charge,®® providing computational evidence for
this hypothesis. t? is negative and significantly lower than other morphologies for the hexagonally
packed PEO cylinders (SEO(9.4-4)) across all salt concentrations (see the range 0.32 < ¢, < 0.43
in Fig. 9a), indicating that negatively charged ion clusters especially dominate in this system (see
Chapter 3 for further discussion). Electrolytes with values of t? in the vicinity of unity are expected
to operate with minimal salt concentration gradients.

We calculate the thermodynamic factor, Tr = 1 + %, for these systems from Eqn.
4.17:
Z v, F < dUu )
Tr =— , 4.17
U (vy +Vv)2RT(1 -t \d Inm (4.17)

where R is the ideal gas constant and v_ is the number of anions in the dissociated salt. As with
Eqn. 4.14, Eqn. 4.17 only applies to model nanostructured electrolytes. We plot T as a function of
¢. in Fig. 4.9b. Here we see a clear trend with increasing salt concentration. At low salt
concentrations, Ty is a weak function of ¢.. At high salt concentrations, T¢ exhibits a pronounced
maximum in the lamellar region (¢. between 0.55 and 0.65). The amplitude of the maximum
increases systematically with increasing salt concentration. For a thermodynamically ideal
electrolyte (nanostructured or homopolymer), T = 1. It is clear that the SEO electrolytes are far
from thermodynamic ideality, especially at high salt concentrations. In theory, T¢ of model
nanostructured electrolytes should be independent of ¢. and equal to that of the homopolymer
PEO electrolyte at the same salt concentration. The dashed horizontal lines represent the
theoretical value for model nanostructured electrolytes. These horizontal lines emanate from the
data points at ¢p. = 1 in Fig. 4.9b.

The error bars on the first data point in each series in Fig. 4.9 represent the average percent
error for that particular data set. The uncertainty is propagated from the measurements of k, p,,
D, and U, where the error for p, and U is obtained from the standard deviations of the fit
coefficients from the fits in Figs. 4.6 and 4.8. Note that we have used a single function to describe
the dependence of p, and U on salt concentration irrespective of the electrolyte. While the percent
errors of t{ and Ty are relatively large, the general trends that we have noted above are consistent
across all of the salt concentrations and block copolymer compositions covered in this work.

The thermodynamic factor plays an important role in ion transport as it relates the salt
concentration gradient, Vc, to the electrochemical potential gradient of the electrolyte, Vu,. This
can be seen by combining Eqns. 12.12 and 12.13 of ref *? to obtain the expression:

dlilnc,
cVu, = [(v+ + Vv_)RT (1 e ) Vc] T, (4.18)

where e, = v, u, +v_pu_ is the electrochemical potential of the electrolyte, u, and u_ are the
electrochemical potentials of the cation and anion, respectively, and ¢ is the solvent concentration.
The product of the salt concentration and the gradient of the electrochemical potential of the
electrolyte, cVu,, is the driving force per unit volume for transport of the salt. It is evident from
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Eqn. 18 that, for a fixed concentration gradient (Vc), an electrolyte with a large value of Tr will
have a relatively strong driving force to relieve the concentration gradient.

We conclude this section by reviewing the literature on ion transport in nanostructured
block copolymer electrolytes. Irwin et al. examined the relationship between morphology and
by blending different amounts of PS and PEO homopolymer with a symmetric SEO block
copolymer doped with LiTFSI to obtain LAM, HEX, bicontinuous microemulsion, and disordered
phases.'” Their results suggest that reducing long range order and thus resistance across grain
boundaries results in increased conductivity, which is consistent with the trend of normalized
conductivity with salt concentration in Fig. 4.5a. Morris, Gartner, and Epps have used tapered
block copolymer electrolytes to demonstrate the relationship between conductivity and the glass
transition temperature.'*’” Park and coworkers have demonstrated that introducing strongly
interacting end groups to block copolymers can be used as a tool to tune morphology while holding
N and ¢, constant.?’ The resulting LAM and GYR morphologies show similar conductivities, in
agreement with Fig. 4.5a and previous work.'*® Interestingly, end-group functionalization has a
substantial impact on p,."* In an early study, Cho and coworkers used amphiphilic dendrons
containing linear PEO doped with lithium triflate salt which exhibit thermally accessible phase
transitions to probe the structure-conductivity relationship.!' Conductivity increases by a factor
of six across the 1D HEX to 3D GYR transition in this system, which is a two times larger increase
than predicted by effective medium theory. Osuji and coworkers have demonstrated that a
magnetic field can be used to align the conducting domains of a PEO-based liquid crystalline
diblock copolymer electrolyte, and they compared the conductivity of aligned systems relative to
systems with randomly oriented grains. They find a ten-fold increase in conductivity for the HEX
morphology!!! and two-fold increase for the LAM morphology, '’ suggesting that deviations from
model nanostructured electrolyte behavior are far more prominent in the HEX morphology with
randomly oriented grains. These results are consistent with our observation of unexpectedly low
conductivity for the HEX morphology in SEO (see Fig. 4.5a).

4.4 Conclusions

The nature of small molecule transport through polymer membranes is complicated when
the membrane consists of two (or more) distinct phases. For the simplest case where the small
molecule is insoluble in the second phase, we can perhaps make the simplification that the inert
phase only serves to divert the paths of the small molecules. For a block copolymer electrolyte
doped with a lithium salt, this simplification allows us to assume a three component system
(solvent, cation, and anion) wherein ion transport is governed by the ionic conductivity, k, salt
diffusion coefficient, D, cation transference number with respect to the solvent velocity, t2, and
thermodynamic factor, Tr and the role of the insulating phase is quantified by the tortuosity, t, and
morphology factor, f. Such a system is termed a model nanostructured electrolyte. We use this
framework to fully characterize ion transport in a library of SEO/LiTFSI electrolytes (summarized
in Table 4.1) with different conducting phase volume fractions, ¢, and chain lengths, N. By
systematically varying ¢. and N to obtain electrolytes with different morphologies and measuring
the transport properties, we can begin to elucidate the role of the insulating (PS) phase.
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Our results show that k and D are strong functions of morphology while the current
du

dlnm
are required to calculate t? and T;. We fit universal curves through data from

fraction, p,, and from concentration cells do not depend on morphology. The quantities p,

an
d dlnm

PEO/LiTFSI and multiple SEO/LiTFSI systems for these parameters. These fits should apply to
any SEO/LiTFSI or PEO/LiTFSI mixture. Measurements of k and D from SEO block copolymer
electrolytes with different morphologies can be presented on the same plot using a normalization
scheme presented in Eqns. 4.11 and 4.12. We compare experimental measurements of the
normalized quantities k, and D,, to predictions based on values of 7 and f for model nanostructured
electrolytes in Table 4.2 (see Fig. 4.5). Experimental data for t{ and T; based on the assumption
of model electrolytes are given in Fig. 4.9. Deviations from model behavior are most evident at
low salt concentrations in k, (see Fig 4.5a). Conversely, the largest deviations from model
behavior are seen at high salt concentration for T¢ (see Fig 4.9b). This suggests that, at low salt
concentration, the structure of the block copolymer (including morphology, grain boundaries,
defects, etc.) results in ion transport through the conducting domain that is fundamentally different
than that which occurs in PEO homopolymer with the same salt concentration. Conversely, at high
salt concentrations, the presence of the PS domains result in thermodynamic interactions of the
salt which are fundamentally different than that which occurs in PEO homopolymer at the same
salt concentration.

The framework developed in this paper enables predicting the performance of any block
copolymer electrolyte in a rechargeable battery. Further work?®!!® is required to test these
predictions, which we address in Chapter 7.
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4.6 Nomenclature

Table 4.3 List of symbols and abbreviations
Symbol | Meaning
A electrochemical active area of a cell (cm?)

BCC body centered cubic morphology with PEO-rich spheres

BCC' body centered cubic morphology with PS-rich spheres
salt concentration in the conducting phase (mol cm™)
solvent concentration in the conducting phase (mol cm™)
constant offset applied to U versus Inm data (mV)
salt diffusion coefficient (cm? )
salt diffusion coefficient of a model nanostructured electrolyte (cm? s!)
normalized salt diffusion coefficient
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DIS disordered morphology
f morphology factor
F faraday’s constant (96,485 C mol ™)
GYR | double gyroid morphology with a minority PEO phase
GYR' | double gyroid morphology with a minority PS phase
HEX hexagonally packed cylinders morphology with PEO-rich cylinders
HEX' | hexagonally packed cylinders morphology with PS-rich cylinders
io initial current density calculated using Ohm’s law (mA cm?)
Iss current density measured at steady-state during dc polarization (mA cm?)
L electrolyte thickness (cm)
LAM lamellar morphology with alternating PS- and PEO-rich domains
LiTFSI | bis(trifluoromethane)sulfonimide lithium salt
m molality of the conducting domain (mol kg™)
m, molality of the conducting domain of the reference electrolyte in a
concentration cell (mol kg™!)
Mgo molar mass of an ethylene oxide monomer (44.05 g mol™")
Myirps; | molar mass of LiTFSI (287.08 g mol ™)
Mpgo number averaged molecular weight of PEO (kg mol ™)
Mpg number averaged molecular weight of PS (kg mol ™)
Mg molar mass of a styrene monomer (104.1 g mol™)
N number of repeat units in a polymer or block copolymer chain
N, Avogadro’s number (6.022x10% mol™)
N; number of repeat units of component i in a block copolymer chain
PEO poly(ethylene oxide)
PS polystyrene
T molar ratio of lithium ions to ethylene oxide moieties, v = [Li]/[EO]
R ideal gas constant (8.314 J mol! K)
Ry bulk resistance of the electrolyte measured by ac impedance spectroscopy (€2)
Rio interfacial resistance measured by ac impedance spectroscopy before dc
polarization (Q)
Riss interfacial resistance measured by ac impedance spectroscopy at steady-state
during dc polarization ()
SAXS | small angle X-ray scattering
SEO polystyrene-block-polyethylene
SEO(x-y) | SEO with Mpg = x kg mol™! and Mpgg =y kg mol’!
t time (s)
t? transference number of the cation with respect to the velocity
of the solvent
T temperature (K)
T¢ thermodynamic factor
U open circuit potential of a concentration cell (mV)
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U’ open circuit potential of a concentration cell offset by a constant, C (mV)
AV dc potential drop applied across a symmetric cell (mV)

Ve volume of the conducting phase per ethylene oxide monomer (nm?)
VEo volume of the ethylene oxide monomer at 90 °C (0.0682 nm?)

Vg volume of the styrene monomer at 90 °C (0.167 nm?)

Z, charge number of the cation

Table 4.3 List of symbols (Greek)

Symbol | Meaning
Vo mean molal activity coefficient of the electrolyte
K ionic conductivity of an electrolyte (S cm™)
Km ionic conductivity of a model nanostructured electrolyte (S cm™)
Kp normalized ionic conductivity
Knb ionic conductivity of an electrolyte measured in a cell with non-blocking
electrodes (S cm™)
Uy, h— | electrochemical potential of the cation and anion, respectively (J mol™!)
Ue electrochemical potential of the electrolyte (J mol™!)
v,,V_ | number of cation and anions, respectively, in the dissociated salt
P+ current fraction
Pe density of the conducting phase (g cm™)
PPEO density of PEO at 90 °C (1.07 g cm™)
Pps density of PS at 90 °C (1.03 g cm™)
T tortuosity factor
¢bc volume fraction of the conducting phase in a salty block copolymer
dEo volume fraction of PEO in a neat block copolymer
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5. Dissolution of Lithium Metal in Poly(ethylene oxide)*
ABSTRACT

We demonstrate that lithium metal is sparingly soluble in poly(ethylene oxide)
(PEO). 'Li NMR shows that when a PEO sample is placed in contact with lithium
metal at elevated temperatures, a lithium species dissolves and diffuses into the
bulk polymer. A lithium/PEO/lithium electrochemical cell, containing no lithium
salts, shows increasing conductivity over time when annealed at 120 °C.
Chronoamperometry shows that the annealed cell obeys Ohm’s law, implying that
conduction occurs without the development of concentration gradients. To explain
the results, it is proposed that atomic lithium dissolves into PEO, where it exists as
a lithium cation and free electron. The dissolution of lithium also affects the phase
behavior of block copolymer electrolytes. These observations explain the strong
adhesion between lithium metal and PEO and have important implications for
lithium metal battery systems that contain PEO-based electrolytes.

5.1 Introduction

Rechargeable batteries containing a lithium metal anode will provide the next step towards
more efficient energy storage compared to today’s lithium ion batteries.® While lithium metal
batteries were once produced commercially, several issues resulted in their retraction from the
market place. Organic liquid electrolytes currently used in lithium-ion batteries cannot be used in
cells with lithium metal anodes due to dendrite formation, irreversible parasitic reactions at the
lithium-electrolyte interface, and the increased likelihood that a short circuit will ignite the
flammable electrolyte.'*"14? Solid electrolytes provide an attractive option to enable lithium metal
anodes.'"!

Salt-doped poly(ethylene oxide) (PEO) has been studied extensively due to its potential to
enable rechargeable batteries with lithium metal anodes.!”!**%!43 Mixtures of PEO and salt exhibit
reasonable conductivities at temperatures above the melting point of PEO. PEO-based solid
electrolytes can be prepared by adding salts to a block copolymer comprising a PEO block and a
mechanically rigid block such as polystyrene (PS). A remarkable property of the interface between
PEO-based electrolytes (both homopolymers and block copolymers) and lithium metal is the
observation that good mechanical and electrical contact are maintained even when tens of
micrometers of lithium are displaced during cycling.3"!** Rigid, inorganic solid electrolytes
(ceramics and glasses) have also been used to stabilize the lithium metal anode but are limited by
high interfacial resistance and require large applied pressures.!® In contrast, cells with polymer
electrolytes and lithium metal anodes cycle with no applied pressure.'** In spite of extensive
studies,'#*!1%” the nature of the PEO-lithium interface is not well understood.

1 Adapted (with permission) from Galluzzo, M. D.; Halat, D. M.; Loo, W. S.; Mullin, S. A.; Reimer, J. A.; Balsara,
N. P. Dissolution of Lithium Metal in Poly(ethylene oxide). ACS Energy Lett. 2019. 4 (4), 903-907.
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We report herein a simple observation that provides fresh insight into the nature of the PEO-
lithium interface: lithium metal is sparingly soluble in PEO. Primary evidence comes from ’Li
nuclear magnetic resonance (NMR) spectroscopy. In addition, we present the signatures of lithium
dissolution in electrochemical cells as well as changes in the thermodynamic properties of a PEO-
containing block copolymer electrolyte. To our knowledge, this is the first report of metal
solubility in a polymer.

5.2 Experimental Section

5.2.1 Materials

All hydroxy terminated poly(ethylene oxide) (PEO) was purchased from Polymer Source.
2 kg mol™! PEO terminated with dimethyl ether was purchased from Sigma Aldrich. Before use,
polymers were dried under vacuum at 130°C for at least 24 hours. The polystyrene-block-
poly(ethylene oxide) (SEO) block copolymers used in this study were synthesized, purified, and
characterized using methods described by Teran et al.>* and Hadjichristidis et al.!'* The block
copolymer electrolyte used in Fig. 5.4 of Section 5.3 (PS molecular weight of 1.7 and PEO
molecular weight of 1.4 kg mol!) was prepared following the methods of Yuan et al.!'¢ to produce
an SEO/LiTFSI mixture with a molality of 1.70 mol kg'!. Lithium metal was purchased from MTI
and scraped with a nylon brush prior to use to expose a fresh lithium surface.

5.2.2 Sample Preparation

All sample preparation was performed in an argon filled glove box (VAC) with oxygen
and water concentrations maintained below 3 and 1 ppm respectively. Electrochemical and small
angle X-ray scattering (SAXS) samples were assembled by placing polymer inside a silicone
rubber spacer sandwiched by two lithium, stainless steel, or aluminum electrodes/windows and
gently pressed on a hot plate at 90 °C. For electrochemical cells, nickel current collectors were
attached. Electrochemical and small angle X-ray scattering (SAXS) samples were sealed in
aluminum laminated pouch material purchased from MTIL.

5.2.3 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR measurements were performed at 14.1 T using a 600 MHz Bruker Avance III
spectrometer with a 5 mm PABBO direct detection broad-band probe (BB-1H/D Z-GRD) and a
variable temperature unit. All measurements were performed at 90 °C. The temperature was
calibrated prior to the experiment using the known temperature dependence of the 1H chemical
shift of ethylene glycol.'*® Measurements were performed on Li at a resonance (Larmor)
frequency of 233.23 MHz with a 90° pulse time of 12 us at a power level of -1 dB, acquisition
time of 0.1 s, and relaxation (recycle) delay of 1 s. Samples were placed in coaxial borosilicate
NMR tubes (5.0 mm outer tube diameter and 3.3 mm inner tube diameter) purchased from Wilmad
and sealed with custom built air-free caps. The PEO sample was placed in the inner tube and a
standard solution of LiTFSI in tetraglyme was placed in the outer tube. The mass of both the PEO
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and standard were recorded (approximately 50 mg each). Because the volume of the sample was
small (taking up less than 1 cm of the NMR tube), we assume that the entire sample contributed to
the signal observed, and the signal can be normalized to the mass of the sample. Each individual
spectrum was the result of 1600 scans to enhance signal to noise.

5.2.4 Electrochemical Measurements

All electrochemical measurements were made using a Biologic VMP3 potentiostat. Cells
were maintained at 120 °C using a custom-built heating stage. Ac impedance measurements were
made in a frequency range from 1 MHz to 100 mHz with an amplitude of 80 mV.

5.2.5 Small Angle X-ray Scattering (SAXS)

Lithium symmetric cells were assembled shortly before the SAXS experiments and
maintained at room temperature prior to the experiment. Sample temperature was maintained using
a custom-built heating stage calibrated with a separate polyethylene standard. Silver behenate was
used to determine the beam center and sample-to-detector distance. Two-dimensional scattering
patterns were integrated azimuthally using the Nika program for IGOR Pro to produce one-
dimensional scatter profiles'#’. The stage temperature was ramped at roughly 10 °C per minute. ¢
= 0 for the SAXS experiments was set as the time that the heating stage reached 120 °C.

5.2.6 Gel Permeation Chromatography (GPC)

Measurements were made on an Agilent 1260 Infinity series GPC with Waters Styragel
HR 3 and 4 columns. The eluent was n-methyl-2-pyrrolidone (NMP) with 0.05 M LiBr at 70 °C.
The GPC was calibrated using a set of PEO standards (Fluka).

5.2.7 Fourier Transform Infrared (FTIR) Spectroscopy

Measurements were taken on a Thermo Fisher FTIR spectrometer using an air-free
attenuated total reflectance attachment at room temperature.

5.3 Results and Discussion

A cell comprising two lithium foils sandwiched around a 2 mm thick PEO sample was
sealed in an aluminum laminated pouch and placed in an oven at 130 °C. After 12 days, the sample
was removed from the oven, cooled to room temperature, and brought into the glovebox to remove
the lithium foils. Lithium metal adheres strongly to PEO. A razor blade was used to extract a slice
of the polymer from the middle of the cell (taking care to exclude the lithium foils). We performed
this experiment on three PEO samples with molecular weights 5, 35, and 275 kg mol ™.

The PEO sample was placed in a 3.3 mm NMR tube and inserted into a 5 mm tube designed
for a coaxial sample configuration. The outer compartment was then filled with a solution of
bis(trifluoromethylsulfonyl)amine lithium salt (LiTFSI) in tetraglyme with known salt
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concentration. The mass of the PEO sample and the LiTFSI/tetraglyme solution was roughly 50
mg each. The entire coaxial sample was sealed with a hermetic cap and removed from the
glovebox. Variable temperature 'Li NMR was performed at 90 °C using a Bruker Avance III 600
MHz spectrometer. (For the purpose of the NMR experiment, it is only important that the sample
temperature be above the melting temperature of PEO.) The Li NMR spectra are plotted as open
circles for 5, 35, and 275 kg mol! in Figs. 5.1a through 5.1c.

I : T T T ' T ' T ) T ? 1§ T
|5 kg/mol § (a) | |35 kg/mol ° (b)

"Li shift (ppm) Li shift (ppm)

T T T T T

275 kg/mol

' t (C) - 0.104 T II‘IIHI LR AL T
(d)

- —

I
|

= Y -

T Ll Ll

2 4 2 4 2l
1 10 100

M,, (kg mol ™)

1

4 L2t 4
N i

8 4
"Li shift (ppm)

Figure 5.1. Evidence of lithium dissolution from nuclear magnetic resonance spectroscopy (NMR).
"Li NMR spectra (open circles) of (a) 5 kg mol™ (b) 35 kg mol™ and (c) 275 kg mol' PEO annealed against
lithium metal for 12 days at 130 °C in a coaxial NMR tube with a reference solution in the outer
compartment. Red lines are fits to the experimental data. (d) Lithium molality as a function of PEO
molecular weight calculated by comparing peak integrations from the lithium in the PEO sample to the
reference.

In Fig. 5.1a (5 kg mol! PEO), we see two peaks in the spectrum; a broad peak at
approximately 1.5 ppm and a sharper peak at -0.2 ppm. NMR spectra from samples without the
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reference solution only showed a broad peak at 1.5 ppm (see Fig. 5.5a). The sharp peak is attributed
to the LiTFSI in tetraglyme. We note in passing that the NMR signature of lithium metal is a peak
at 260 ppm.'*° In order to deconvolute the integrated intensity of the two peaks in Fig. 5.1a, we fit
the broad peak to a Lorentzian function and the sharp peak to a Gaussian function. The combined
fit is shown as a red line in Fig. 5.1a. We then obtained the integrated intensity for each peak and
compare them to solve for the lithium concentration (in molality, m) in the PEO sample (see details
of calculation in Section 5.6.1). Qualitatively similar results are obtained for 35 and 275 kg mol!
PEO in Fig. 5.1b and 5.1¢ annealed at 130 °C. While the dependence on the dissolution process
with annealing temperature remains to be determined, we have observed qualitatively similar
results (i.e. NMR signatures of a solvated lithium species) in samples annealed for a variety of
annealing times and at annealing temperatures ranging from 90 °C to 140 °C.

Figure 5.1d shows the lithium concentration in molality as a function of PEO molecular
weight. In 5 kg mol! PEO, the molality of lithium is 0.1 mol kg!'. We note that a typical
PEO/LiTFSI electrolyte will have an LiTFSI molality between 1.0 and 2.0 mol kg™'. When the
molecular weight is increased to 35 kg mol!, we observe a decrease in the lithium concentration
by a factor of about 5. The lithium concentration in the 275 kg mol! sample is similar to that in
the 35 kg mol! sample. If the dissolution mechanism was facilitated by a reaction with the hydroxy
end groups, we would expect the lithium concentration to be proportional to the molecular weight.
This suggests that the lithium dissolution occurs due to an interaction with the ether backbone of
the polymer chain. Gel permeation chromatography (GPC) and Fourier transform infrared
spectroscopy (FTIR) experiments on the PEO/L1 mixtures (presented in Fig. 5.6 and 5.7 of Section
5.6.3, respectively) indicate that the PEO chains are not degraded by the dissolution process.

To further characterize the solvated lithium species, we assembled lithium/PEO/lithium
cells and performed electrochemical impedance spectroscopy while annealing them at 120 °C.
The thickness of the PEO layer (L) was 275 pm. Figure 5.2a shows representative Nyquist plots
for the 35 kg mol™! PEO sample over the course of 7 days at 120 °C. The diameter of the
semicircle presented in the Nyquist plot is a measure of the overall resistance of the PEO layer.
Pure PEO conducts neither electrons nor ions, and at early times (less than 1 day), the Nyquist
plot indicates a resistance of 100 kQ cm?. We attribute this to the presence of ionic impurities
with the PEO. The diameter of the Nyquist semicircle decreases significantly after two days of
annealing, and it reaches a plateau after seven days. The data in Fig. 5.2a can be used to calculate
conductivity, K, as a function of time (see details in Section 5.6.2). The results are shown in Fig.
5.2b. Over the timescale of seven days, k increases by a factor of 16. We attribute this increase to
the dissolution of lithium species in PEO. We also performed a control experiment wherein PEO
was sandwiched between stainless steel electrodes at 120 °C. The result of this experiment is
shown in Fig. 5.2b. In the control experiment, k is more-or-less independent of time in the
window between 2 hours and 7 days. The finite conductivity measured in the control experiment
is attributed to impurities. It is clear that contacting PEO with lithium metal results in the
dissolution of lithium species that contribute to conductivity.
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Figure 5.2. Evidence of lithium dissolution in PEO from ac impedance spectroscopy. (a)
Representative series of Nyquist plots obtained from a lithium/35 kg mol” PEO/lithium cell annealed at
120 °C over the course of 7 days. (B) Conductivity, x, of a lithium/35 kg mol” PEO/lithium (closed
symbols) and stainless steel/35 kg mol™! PEO/stainless steel cell (open symbols) as a function of time at
120 °C.

Figure 5.3 presents the results of a dc polarization experiment on a lithium/PEO/lithium
cell (L =500 um). The cell, containing 35 kg mol! PEO, was annealed at 120 °C for 10 days and
the resulting Nyquist plot is shown in Fig. 5.3a. The resistance of the PEO with dissolved lithium
species is 5.7 kQ cm? at this point. A constant potential, @, of 19 mV was applied to the cell and
the resulting current density, i, as a function of time is shown in Fig. 5.3b. When lithium salts are
dissolved in PEO, a gradual decrease in i is typically observed due to the development of salt
concentration gradients.*’>> In contrast, i is independent of time in Fig. 5.3b. This is the
characteristic of conduction in samples without concentration gradients, e.g., a single-ion
conductor.!>"!52 In the absence of concentration gradients, i can be calculated using Ohm’s law
(see Section 2.2). The calculated i, 3.3 pA cm, is similar to the measured value of 3.4 pA cm™.
After imposing @ = 19 mV across the cell for 66 min, the current was set to zero and the resulting
@ (i.e. the open circuit potential) was monitored as a function of time. The result is shown in Fig.
5.3c where we see that the open circuit potential drops instantaneously to zero. This is also a
property of conductors without concentration gradients. The dissolved lithium species thus enable
conduction in PEO without the introduction of concentration gradients.
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Figure 5.3. Electrochemical signatures of lithium dissolution in PEQ. Electrochemical data from a
chronoamperometry experiment preformed on a Li/35 kg mol"' PEO/Li cell after being annealed at 120 °C
for 10 days. (a) Nyquist plot (open circles) from ac impedance spectroscopy performed before polarization.
The cell resistance is obtained by fitting to an equivalent circuit (red line). (b) Current density, 7, measured
in response to a 19 mV polarization. i is set to zero at £ = 66 min. (c) Cell potential, @, monitored over the
course of the experiment. At = 66 min, the cell is set to open circuit (i.e. i = 0). The applied potential was
momentarily interrupted at £ = 60 min, resulting in the spike observed in (b) and (c).

We posit that the dissolved lithium species in PEO comprise a lithium cation and free
electron. It is well known that alkali metals are soluble in polar solvents such as ammonia and
cyclic ethers; indeed the solubility of lithium metal in ammonia has been known for over a
century.'>® These mixtures are highly reactive electron conductors. While there are many reports
of dissolving sodium and potassium in cyclic ethers,'>* %’ the possibility of dissolving lithium in
ethers has, to our knowledge, not been reported. Additional work is required to establish the
properties of lithium metal dissolved in PEO. Recent work has shown that electrical conductivity
can be obtained in a radical-containing polymer.!*® The observed conduction in PEO with
dissolved lithium could be due to the mobility of lithium cations, free electrons, or both.

Block copolymers exhibit a reversible order-to-disorder transition, and dissolving salts is
known to stabilize the ordered phase.!>'®! In particular, the addition of LiTFSI to polystyrene-
block-polyethylene oxide (SEO) results in an increase in the order-to-disorder transition
temperature (Topt).>® Figure 5.4a presents a phase diagram of an SEO block copolymer with a PS
molecular weight of 1.7 kg mol™! and PEO molecular weight of 1.4 kg mol! reproduced from ref
38, (The molecule is terminated by a sec butyl group and a hydroxy group on the PS and PEO ends,
respectively.) The system exhibits a disordered phase at low salt concentrations and an ordered
lamellar phase at high salt concentrations. The 7opr of SEO/LiTFSI mixtures is plotted as a
function of salt molality, m, in Fig. 5.4a.
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Figure 5.4. Signatures of lithium dissolution into a PEO-containing block copolymer from small angle
X-ray scattering. (a) Order-to-disorder transition temperature (7opr) of the SEO/LiTFSI mixture as a
function of LiTFSI molality, m, denoted by open circles®. (b) Sample configuration for the SAXS
experiments, indicating the orientation of the X-ray beam. (c) SAXS profiles of the SEO/LiTFSI mixture
as a function of time. Filled and open triangles indicated the appearance of a primary and secondary
scattering peak at g* and 2¢*, respectively.

We sandwiched an SEO/LiTFSI mixture with m = 1.70 mol kg™ and L = 380 um between
two lithium windows and studied the morphology of this mixture as a function of time at 120 °C
using small angle X-ray scattering (SAXS). At equilibrium (i.e. with inert windows), this sample
is disordered and the filled star in Fig. 5.4a indicates the position of this sample on the phase
diagram. All SAXS measurements were performed at beamline 7.3.3. of the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory'®? and data was reduced using the Nika
program for IGOR Pro.'* The sample geometry is shown schematically in Fig. 5.4b. X-rays are
passed perpendicular to the lithium windows. The time dependent SAXS profiles thus obtained
are shown in Fig. 5.4c.

At early times, the SAXS profile contains a broad scattering peak which is a standard
signature of disordered concentration fluctuations.'®® This is not surprising, as the mixture is 25
°C above the Topt. However, the emergence of a sharp scattering peak superimposed on the broad
peak after 15-30 minutes indicates the presence of an ordered phase. As time proceeds, the sharp
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peak grows at the expense of the disordered peak. After 5 hours, the sample is nearly completely
ordered as indicated by a sharp primary peak at ¢ = g*. The second order peak at g = 2¢* confirms
that the ordered phase is lamellar. A control experiment was performed using aluminum windows.
The resulting SAXS profiles were independent of time with a scattering profile characteristic of a
disordered morphology (see Fig. 5.8b in Section 5.6.3). Qualitatively similar results are shown for
a higher molecular weight SEO polymer with no lithium salts added. A disorder-to-order transition
occurs at a temperature greater than 40 °C above the Topr when placed in contact with lithium
metal (see Fig. 5.8a in Section 5.6.3). The SAXS data in Fig. 5.4c and 5.8a indicate that the lithium
species that dissolves into the SEO copolymer (with or without LiTFSI present) stabilizes the
ordered phase. The arrow in Fig. 5.4a qualitatively depicts this phenomenon. This result is
consistent with the phenomena observed when neat PEO is placed against lithium metal and
confirms that the lithium dissolution process occurs in both homopolymer and block copolymers.

5.4 Conclusions

In summary, we have shown that when PEO-containing polymers are placed against lithium
metal, lithium ions along with the associated electrons dissolve into the polymer. This dissolved
species is shown to affect the conductivity of the polymer as well as the thermodynamics of block
copolymer systems. These results have important implications for battery systems containing
lithium metal and any PEO-based material. On one hand, the dissolution of lithium metal may be
problematic and lead to decreased coulombic efficiency. On the other hand, it may explain why
PEO-containing polymers exhibit strong adhesion to lithium metal, even in the case of block
copolymers with high elastic moduli. Future work should be directed at characterizing the
chemical environment of the solvated lithium, determining the solubility limit, and studying the
dissolution process when a lithium salt is present.
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5.6 Supporting Information

5.6.1 Fitting of NMR Data

72



All processing of NMR spectra was performed using TopSpin software package from
Bruker. The NMR spectra in Fig. 5.1a through 5.1¢ were fitted to two peaks in order to deconvolute
the peak integrations with a linear the offset. The function used to fit the data is given by:

18) = I, + G(8) + L(8), (5.1)

where I(6) is the intensity at Li chemical shift § in ppm, I, is a constant offset, G (&) is a Gaussian
function given by Eqn. 5.2 and L(&) is a Lorentzian function given by Eqn. 5.3.

—(5—b)2
G(8) =aexp lZ—cZ (5.2)
L(6) = d 53
( )—m (5.3

In Eqn. 5.2 and 5.3 a, b, ¢, d, e and f are fitting parameters.

The resulting fits allowed integration of G (&) and L(8) to obtain the peak integration for
the broad peak, Apgg, at 1.5 ppm (corresponding to lithium dissolved in the PEO sample) and the
sharp peak, A4 at -0.2 ppm (corresponding to LiTFSI in tetraglyme), respectively:

Aoso = | " 6(6)do (59
hea= [ L&) a5 (59

We assume that each lithium atom contributes equal intensity. We can then calculate the mass
fraction of lithium in the PEO sample, x;;, by:

Merg A
std APEO (5.6)

XLi = XListd )
Mpgo Asta

where my;; and mpg, are the total mass of the LiTFSI in tetraglyme standard solution and PEO
sample, respectively, and x;; ;¢4 1s the mass fraction of lithium atoms in the standard (note: this
value differs from the mass fraction of LiTFSI in the standard solution by a factor equal to the ratio
of the molar mass of lithium to the molecular weight of LiTFSI). For all three experiments, X;; s¢q
=0.000102. Because there is a small amount of lithium (pgs of lithium compared to mgs of PEO),
we can assume that the mass of the sample is approximately equal to the mass of the PEO. We
can then convert x;; to molality by:

XLi

=M, (5.7)

m
where M, ; is the molar mass of lithium in (6.941x 107 kg mol ™).

5.6.2 Conductivity Measurements

Ac impedance spectroscopy was used to measure the conductivity of the, initially neat, 35
kg mol!' PEO samples annealed against lithium electrodes at 120 °C. The resistance of the cell
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was obtained by fitting the Nyquist plot to an equivalent circuit consisting of a resistor and constant
phase element in series. The choice of equivalent circuit is justified by the single semi-circle
observed in the Nyquist plot. From the fit, the cell resistance, R, was obtained. Conductivity, «,
was calculated using Eqn. 5.8.

L
" AR
L is the distance between electrodes and A4 1s the interfacial contact area between the electrode and
PEO.

K (5.8

5.6.3 Supporting Figures
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Figure 5.5. Control experiment showing lithium dissolution in PEO with different end groups. (a) 'Li
NMR spectrum taken at 90 °C of 35 kg mol’! PEO annealed against lithium in a Li/PEO/Li cell
configuration at 90 °C for 12 days. The lithium foils were removed inside the glove box prior to placing
the sample in a 5 mm borosilicate NMR tube for characterization. Qualitatively similar spectra were
obtained for PEO annealed against lithium at a range of temperatures between 90 and 140 °C and a variety
of annealing times from 6 to 20 days. (b) 'Li NMR taken at 90 °C of a 2 kg mol"' PEO sample terminated
with dimethyl ether end groups (Sigma Aldrich) annealed against lithium metal for 6 days at 90 °C. Because
this sample has a low viscosity at this temperature which makes it difficult to contain in a symmetric cell
configuration, the PEO was placed in a glass vial with small pieces of lithium foil placed on top. The
sample was then stirred at 90 °C for 6 days before approximately 50 mg of the PEO was removed with a
pipette and placed in a 5 mm borosilicate NMR tube for analysis. The peak location for this sample with
DME end groups is identical to that shown in (a) for 35 kg mol”' PEO with hydroxy end groups. We attribute
the width of the peak in (b) being narrower than in (a) to faster diffusion in 2 kg mol”! PEO. These results
indicate that the lithium dissolution process is not limited to PEO molecules terminated with hydroxy end
groups, and the nature of the dissolved lithium species is independent of the end group.
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Figure 5.6. GPC results before and after annealing PEO against lithium metal. Gel permeation
chromatography (GPC) results for 35 kg mol™! PEO (a) annealed against lithium metal at 120 °C for 6 days
and (b) annealed under the same conditions with no lithium metal present. There are no significant
differences in the GPC traces between (a) and (b), indicating that the molecular weight distribution of the
PEO chains does not change due to annealing against lithium metal. For reasons that are unclear, the GPC
peak is narrower after exposure to lithium metal.
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Figure 5.7. FTIR results before and after annealing PEO against lithium metal. Results of Fourier
transform infrared (FTIR) spectroscopy on 35 kg mol PEO (a) annealed against lithium metal at 120 °C
for 6 days and (b) annealed under the same conditions with no lithium metal present. The spectra for the
lithium annealed sample and control are identical, indicating that the chemical bonds in the PEO chains are
not impacted by the dissolved lithium metal.
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Figure 5.8 Signatures of lithium dissolution in a neat block copolymer and SAXS control experiment.
(a) Time dependent SAXS profiles of a neat SEO block copolymer (L = 0.5 mm) against lithium windows
at 120 °C. Lithium dissolution stabilizes an ordered phase without the presence of salt. For this polymer,
the PS and PEO molecular weights were 6.4 and 7.3 kg mol" respectively and it exhibits an order-to-
disorder transition at 78 °C.'** (b) Time dependent SAXS profiles of a 0.5 mm thick SEO/LiTFSI mixture
(with 1.7 and 1.4 kg mol' PS and PEO molecular weight) against aluminum windows at 120 °C.
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5.7 Nomenclature

Table 5.1 List of symbols and abbreviations
Symbol | Meaning
A Integrated area under an NMR peak
DME | Dimethyl ether
FTIR | Fourier transform infrared spectroscopy
GPC Gel permeation chromatography
G(6) Gaussian function

i Current density (uA cm™)
I Intensity
L(9) Lorentzian function
L Distance between lithium electrodes (nm)
LiTFSI | bis(trifluoromethane)sulfonimide lithium salt
M, Molar mass of species 7 (g mol™)
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m Molality (mol kg™!)
NMR Nuclear magnetic resonance spectroscopy
PEO Poly(ethylene oxide)
PS Polystyrene
q Scattering vector (A™)
q* Scattering vector at the primary scattering peak (A™)
SAXS | Small angle X-ray scattering
SEO Polystyrene-block-poly(ethylene oxide)
t Time (h or min)
Topr Order to disorder transition temperature
x Mass fraction
Zim Imaginary component of impedance
ZRe Real component of impedance

Table 5.2 List of symbols (Greek)

Symbol | Meaning
6 Chemical shift (ppm)
K Tonic conductivity (S cm™)
¢ Potential (mV)

78




6. Dynamic Structure and Phase Behavior of a Block Copolymer Electrolyte
Under Dc Polarization®

ABSTRACT

An important consideration when designing lithium battery electrolytes for
advanced applications is how the electrolyte facilitates ion transport at fast charge
and discharge rates. Large current densities are accompanied by large salt
concentration gradients across the electrolyte. Nanostructured composite
electrolytes have been proposed to enable the use of high energy density lithium
metal anodes, but many questions about the interplay between the electrolyte
morphology and the salt concentration gradient that forms under dc polarization
remain unanswered. To address these questions, we use an in sifu small angle X-
ray scattering technique to examine the nanostructure of a polystyrene-block-
poly(ethylene oxide) copolymer electrolyte under dc polarization with spatial and
temporal resolution. In the quiescent state, the electrolyte exhibits a lamellar
morphology. The passage of ionic current in a lithium symmetric cell leads to the
formation of concurrent phases: a disordered morphology near the negative
electrode, lamellae in the center of the cell, and coexisting lamellae and gyroid near
the positive electrode. The most surprising result of this study was obtained after
the applied electric field was turned off: a current-induced gyroid phase grows in
volume for six hours in spite of the absence of an obvious driving force. We show
that this reflects the formation of localized pockets of salt-dense electrolyte, termed
concentration hotspots, under dc polarization. Our methods may be applied to
understand the dynamic structure of composite electrolytes at appreciable current
densities.

6.1 Introduction

There are many challenges associated with designing rechargeable batteries that offer
increased performance over the current state of the art in lithium-ion technology. From the
perspective of the electrolyte, one must address two critical design goals: 1) ensure compatibility
with high energy density electrode materials,”'** and 2) enable ion transport at rates required by
the application.'®® There is considerable interest in developing new composite electrolytes to meet
these goals. Multiple phases with different material properties are leveraged to obtain an
electrolyte with orthogonal properties (e.g. compatibility with lithium metal anodes and high ionic
conductivity). Examples include ceramic nanoparticles dispersed in an ion conducting matrix,'®
block copolymers with co-continuous ion conducting and rigid domains,?? and crosslinked
polymer gels swollen with an electrolyte solution.'®” In homogeneous electrolyte systems (i.e., a
mixture of a salt in a single solvent), the second law of thermodynamics requires that passing ionic

3 Adapted (with permission) from Galluzzo, M. D.; Loo, W. S.; Schaible, E.; Zhu, C; Balsara, N. P. Dynamic Structure
and Phase Behavior of a Block Copolymer Electrolyte under Dc Polarization. ACS Appl. Mater. Interfaces 2020. 12
(51) 57421-57430.
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current result in a monotonic salt concentration profile between the electrodes when the electrolyte
is initially uniform in concentration. There are, however, many unanswered questions about the
interplay between morphology and concentration gradients in multiphase systems wherein ion
transport is fundamentally different in the two phases. Passing current through these electrolytes
can lead to rearrangement of phases or the formation of new structures that are not present in the
quiescent state.>® In principle, composite electrolytes can exhibit salt concentration hotspots, i.e.,
pockets where the local salt concentration exceeds the nominal value due to transport bottlenecks.
Our understanding of these phenomena is limited.

The rearrangement of phases in a composite electrolyte is a natural consequence of dc
polarization because the structure of composite electrolytes often varies with salt
concentration?*>+168169 Concentration gradients emerge across the electrolyte when the mobility
of the anion is non-zero (see Chapter 3).*? At early times, the gradients are localized near the
electrodes and the salt concentration in the middle of the cell remains more or less unchanged.
With time, the gradients propagate toward the middle of the cell until a time-invariant
concentration profile is achieved. Consequently, the rearrangement of phases will depend on both
distance from the electrode and time. Additional complexities may arise due to concentration
hotspots. We note that these phenomena are also relevant for standard lithium-ion battery
components which inherently consist of multiple phases: the electrodes are comprised of active
particles mixed with electrolyte, and ion transport between the electrodes occurs within the pores
of an inert separator wetted with electrolyte.

The composite electrolyte system studied in this work is a polystyrene-block-poly(ethylene
oxide) (SEO) with bis(trifluoromethylsulfonyl)amine lithium salt (LiTFSI) where glassy
polystyrene (PS) provides mechanical rigidity and poly(ethylene oxide) (PEO) solvates the lithium
salt and enables ion conduction. The development of concentration gradients in SEO/LiTFSI
mixtures can be predicted using concentrated solution theory because ionic conductivity, salt
diffusion coefficient, cation transference number with respect to the solvent velocity, and
thermodynamic factor have been measured as a function salt concentration (see Chapter 4).%
However, concentrated solution theory does not account for the rearrangement of phases or phase
transitions. Our purpose is to study the effect of applied current on the morphology and phase
behavior of an SEO/LiTFSI electrolyte. We track the rearrangement of phases and phase
transitions that occur in this electrolyte during polarization by in sifu small angle X-ray scattering
(SAXS) experiments. These experiments enable determination of the local structure of the
electrolyte as a function of time and distance from the electrodes. The equilibrium lamellar phase
gives way to a disordered phase near the negative electrode and small pockets of a gyroid phase
near the positive electrode. The most surprising result of this study was obtained after the applied
field was turned off: the current-induced gyroid phase grows in volume for six hours in spite of
the absence of an obvious driving force.

6.2 Experimental Section

6.2.1 Materials
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The polystyrene-block-poly(ethylene oxide) (SEO) block copolymer used in this study was
synthesized, purified, and characterized using methods described by Teran et al?* and
Hadjichristidis et al''*. The block copolymer electrolyte (polystyrene (PS) molecular weight of 1.7
and poly(ethylene oxide) (PEO) molecular weight of 1.4 kg mol') was prepared following the
methods of Yuan et al.''® to produce an SEO/LiTFSI mixture with 7,,g = 0.07. Lithium metal with
nominal thickness of 0.75 mm was purchased from MTI and scraped with a nylon brush to expose
a fresh lithium surface. The lithium was then cut into a 3.18 mm diameter disk and pressed at 500
psi, resulting in disk approximately 1 cm in diameter and 0.1 mm thick. The lithium was then
pressed against a stainless-steel block and the excess trimmed away from the edges to form the
electrodes.

6.2.2 Electrochemical Cell for In Situ SAXS Experiments

We designed a custom electrochemical cell (shown schematically in Fig. 6.1a of Section
6.3.1) to enable structural characterization of the electrolyte during polarization via SAXS
measurements. The cell was held in a 2 mm thick polyether ether ketone (PEEK) component with
a rectangular channel cut through. Lithium metal was pressed on one face of two stainless-steel
blocks that served as current collectors and were then inserted into the channel resulting in a 1.23
mm gap between the two lithium electrodes. The active face of the stainless-steel block/lithium
metal assembly had dimensions of 1.95 mm by 3.95 mm and the lithium was approximately 100
um thick. The polymer electrolyte was then hot pressed into the resulting gap with Kapton
windows affixed over the exposed faces. Cell assembly was performed in an argon-filled glove
box with less than 1 ppm Oz and H20 levels. The entire cell was sealed in an aluminum laminated
pouch with nickel tabs secured to the stainless-steel blocks protruding out to allow electrical
connections. The cell was then removed from the glove box and affixed to a custom-built heat
stage for testing. The nickel tabs were attached to a Biologic VMP3 potentiostat for
electrochemical measurements. A picture of the assembled cell before pouch sealing is shown in
Fig. 6.5 of Section 6.6.6. The orientation of the cell was such that the X-ray beam passed parallel
to the electrodes, passing through the cell components in the following order: pouch, Kapton, 1.95
mm of electrolyte, Kapton, and pouch. All SAXS data was obtained at beamline 7.3.3. of the
Advanced Light Source (ALS) at Lawrence Berkeley National Laboratory.'%? The size of the beam
was approximately 700 um x 300 um. We oriented the cell such that the 700 pm dimension was
parallel to the electrode and the 300 um dimension was perpendicular. The X-ray beam was then
scanned between the two electrodes with the optimal spatial resolution considering the electrolyte
thickness, L = 1.23 mm, and beam dimensions. Previous studies have been conducted with the X-
ray beam oriented perpendicular to the electrodes, resulting in scattering data averaged over the
entire length of the electrolyte.’®!7° To our knowledge, this is the first report of an X-ray scattering
experiment performed on a block copolymer electrolyte under dc polarization with spatial and
temporal resolution.

6.2.3 Thermal History
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Prior to polarization, the sample was heated from room temperature to 120 °C to remove
any effects of thermal history. Based on the phase diagram in Fig. 6.1b of Section 6.3.1, the sample
should be disordered at this temperature and salt concentration. However, in Chapter 5 we
demonstrated that the dissolution of lithium metal from the electrodes into the electrolyte at
elevated temperatures can stabilize the ordered phase. To minimize the impact of this phenomena
on the experiment, we limited the annealing step at 120 °C to 20 min. Time and temperature
dependent SAXS data for the annealing step is presented in Fig. 6.6 of Section 6.6.6 which show
signatures of lithium dissolution. The coordinates of Region I, II, and III were mapped out after
cooling the cell back to 90 °C, so the two regions shown in Fig. 6.6 do not correspond exactly to
any of the three regions discussed in the main text. After cooling to 90 °C, the sample was
equilibrated for approximately one hour before beginning the polarization experiment. The sample
temperature was maintained at 90 °C for the duration of the experiment.

6.2.4 Small Angle X-ray Scattering (SAXS)

All SAXS data was obtained at beamline 7.3.3. of the Advanced Light Source (ALS) at
Lawrence Berkeley National Laboratory. Preliminary work was conducted at beamline 1-5 at the
Stanford Synchrotron Radiation Light Source.

Silver behenate was used to determine the beam center and sample-to-detector distance.
Two dimensional scattering patterns were collected with a Pilatus3 2M detector (Dectris Ltd) and
integrated azimuthally using the Nika program for IGOR Pro to produce one-dimensional scatter
profiles'*’. A custom-built sample heating stage was used for the measurements and temperature
was ramped at roughly 10 °C per minute. The beam size is fixed at 700 um (horizontal direction,
y) by 300 um (vertical direction, x) by the scatter slits which are positioned downstream of the
multilayer monochromator and toroidal focusing mirror. The sample is aligned such that the x-
coordinate (where x/L = 0 is defined as the anode/electrolyte interface and x/L = 1 is the
cathode/electrolyte interface) is along the vertical direction. Based on the cell geometry, we expect
the sample to be uniform in structure and r along the y-coordinate. The y-position of the beam
was consistent across all three sampled regions. The X-ray energy was 10 keV and the exposure
time at each position was either 2 or 5 s. When comparing scattered intensity, I(q), or the scattering
invariant (@), data was normalized by the exposure time. At each time point, Region I, 11, and III
were sampled in succession with each line scan taking less than 15 s. The x- and y- coordinates
on the cell were mapped out by scanning the beam around the sample and measuring the beam-
stop diode intensity. The intensity reading from the diode was zero when the beam was positioned
on the stainless-steel current collector and non-zero when passing through the lithium metal,
polymer electrolyte, or PEEK. The center of the cell was found by scanning the beam in 50 pm
increments along the x-coordinate and taking the middle point between the stainless-steel current
collectors, identified by where the beam-stop diode intensity went to zero. This was performed
just before the beginning of the polarization experiment after the sample had equilibrated at 90 °C.

6.2.5 Electrochemical Measurements
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All electrochemical measurements were made using a Biologic VMP3 potentiostat. Ac
impedance measurements were made in a frequency range from 1 MHz to 100 mHz with an
amplitude of 80 mV about a constant bias equal to the controlled voltage (623 mV for 0 <t < 8.3
h) or the last recorded open circuit voltage prior to initiating the impedance measurement.

6.3 Results and Discussion
6.3.1. Phase Behavior of the Electrolyte in the Quiescent State

The electrolyte was comprised of a linear SEO diblock copolymer with a 1.7 kg mol! PS
block and 1.4 kg mol! PEO block mixed with LiTFSI. The molar ratio of LiTFSI molecules to
[LiTFSI]

[EO]
average salt concentration for the entire electrolyte, which must be conserved throughout the
experiment. When a dc potential is applied across the cell, salt accumulates at the positive electrode
(where the anodic reaction, Li® = Li" + e, occurs) and is depleted at the negative electrode (where
the cathodic reaction, Li* + e = Li% occurs), which results in a gradient in the local salt
concentration, r(x, t). We define the x-coordinate such that x = 0 at the anode (positive electrode)
and x = L at the cathode (negative electrode). Salt concentration gradients have been measured
experimentally in homogeneous electrolytes.®>#%!”! For a nanostructured (i.e. inhomogeneous)
block copolymer electrolyte, there is the additional complication that morphology will depend on
the local salt concentration.

ether oxygens, 15,5 = , was 0.07. We use the subscript ‘avg’ to denote that this is the
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Figure 6.1. Experimental configuration and phase diagram. (a) Schematic representation of the
experimental set up. 10 keV X-rays pass perpendicular to the direction of ion motion (parallel to the lithium
electrodes), sampling three distinct regions of the electrolyte (pink shaded region) which are directly
adjacent to each other. Region I, II, and III are centered at xL™! = 0.24, 0.50, and 0.74, as shown by the
dashed boxes and the beam dimension in the x-direction is 300 um. Based on the cell polarity, the salt
concentration of Region I increases and Region III decreases during polarization. Representative 2D SAXS
patterns are shown for each region (corresponding to t = 7 h). (b) Phase diagram of the polymer electrolyte
SEO(1.7-1.4)/LiTFSI used in this study. The order-to-disorder transition temperature (7opr) versus salt
concentration, 7,yg, is plotted with triangle markers on the left axis; 7,y = [LiTFSI]J/[EO]. Shaded regions
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indicate the phases observed at each temperature and 7,,, where pink, blue, and green correspond to the
disordered, lamellar, and gyroid morphologies, respectively. The domain spacing, d, versus 1,y at 90°C is
plotted on the right axis as open circle markers. The filled circle represents the sample used for this study
(Tavg = 0.07) which exhibits a lamellar morphology but is near the disordered/lamellar phase boundary.
Data points with open markers were taken from refs >**®, The red line is a fit given by Eqn. 6.1.

We present the phase behavior of the SEO copolymer as a function of 7,y in Fig. 6.1b.
The addition of salt to a block copolymer affects the morphology, conducting phase volume
fraction (f.), and domain spacing, relative to the neat state.>>*3¢!17 The phase behavior of the
SEO copolymer doped with different amounts of salt was characterized by conventional SAXS
experiments in inert sample holders. At low salt concentrations, i.e. Tyg< 0.05, the sample is
disordered (DIS) at all temperatures (T > 40°C). Increasing salt concentration results in a phase
transition to an ordered lamellar (LAM) phase. The order-to-disorder transition temperature (TopT)
increases with 7,,5. We plot Topr as a function of 7, on the left axis of Fig. 6.1b as open triangles.
When 7, exceeds 0.17, the lamellar phase gives way to a gyroid (GYR) morphology, regardless
of temperature. The disordered-to-lamellar-to-gyroid transitions are driven by changes in
polymer/salt interactions'?® and changes in f.. As Tavg 18 increased from 0 to 0.25, f, increases
from 0.44 to 0.58. The shaded regions and cartoon schematics in Fig. 6.1b represent the
morphology in the designated temperature and salt concentration windows. SAXS data from this
system contains a primary SAXS peak at g = g*, where q is the magnitude of the scattering vector.
On the right axis in Fig. 6.1b, we plot the domain spacing, d, as a function of salt concentration at
90°C as circles (d = z—f). Data plotted with open symbols (circles and triangles) in Fig. 6.1b was
taken from Refs 238, The closed symbol represents the sample used in this study. The disordered
state (DIS) is characterized by fluctuations in the local density of styrene and ethylene oxide
monomer units with a characteristic spacing between fluctuations, dp;g, but no long-range order.
The lamellar morphology (LAM) is characterized by alternating 2D PS- and PEO-rich domains
where the characteristic distance, dj sy, is the distance between the center of two lamella of the
same component. The gyroid morphology (GYR) is characterized by 3D network of a minority
component (PS) dispersed in a matrix of the majority component (PEO) with a characteristic
spacing, dgyr. From the neat state (i.e., Tayg = 0) to 15,5 = 0.04, dp;g increases rapidly from 6.73

nm to 7.45 nm. Above 73,5 = 0.04, d increases slowly and smoothly across the disordered to
lamellar transition with dy o = 7.78 nm at 1,y = 0.17. The domain spacing for the disordered and
lamellar morphologies is well-described by a double exponential function:

d = 7.80 — 0.585 exp[—13.37,,,| — 0.486 exp[—2107,,,] (6.1)

shown as a red curve in Fig. 6.1b and applies for 0 < 1,y < 0.15. For 1,44 > 0.17, the transition

from lamellar to gyroid is accompanied by a discontinuous change in the dependence of domain
spacing on salt concentration, with dgyg = 8.09 nm at 7, = 0.19 and reaching 8.34 nm at 7, =

0.25.
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6.3.2 Phase Behavior of the Electrolyte under Dc Polarization

The electrolyte was loaded into the cell shown in Fig. 6.1a and subjected to a constant
potential of 500 mV mm! beginning at time t = 0 h. Based on the thickness of cell (L = 1.23 mm),
the applied potential translates to an anodic potential, @, = 614 mV; the cathodic potential, ®, is
defined to be zero. In a practical battery electrolyte, L is on the order of 10 um, which corresponds
to a potential drop of 5 mV across the electrolyte. While the cell thickness is much larger than a
practical battery electrolyte, the behavior we observe will be analogous in thinner membranes at
the same A®/L or iL, where A® is the potential drop across the electrolyte and i is the current
density.

The SEO electrolyte with 7,4 = 0.07 used in this experiment is represented by a filled blue
circle in Fig. 6.1b; it has a lamellar morphology but is near the DIS-LAM phase boundary. To
monitor the structure of the polymer in response to the applied field, we sample three regions of
the cell. Region I, II, and III are centered at xL™1 = 0.26, 0.50, and 0.74, respectively, and spaced
by 300 um, as shown in Fig. 6.1a. We use the notation 1, 171, and 1yj; to denote the average salt
concentration in each region. Before polarization, the sample was heated to 120 °C to access the
disordered state and erase any thermal history before cooling to 90°C to run the experiment. We
have established that lithium is prone to dissolve from the electrode at elevated temperatures (>90
°C)*, so we limited the annealing step to 20 min at 120 °C. In Fig. 6.2a through 6.2c, we present
the azimuthally averaged 1D SAXS intensity as a function of q for the three regions. The black
curve in each plot (¢t =-0.1 h) represents the structure after cooling to 90 °C and before polarization.
The sharp scattering peak at g* = 0.83 nm™' and higher order scattering peak at 2¢g* = 1.6 nm! is
indicative of the lamellar morphology. The red curves represent data taken during polarization at
500 mV mm', and the blue curves represent the data taken after the cell was switched to open
circuit at t = 8.3 h. The time stamp on the curves in Fig. 6.2c apply to Fig. 6.2a through 6.2¢c. A
total of 86 measurements were made for each region over the course of the experiment, and the
selected curves in Fig. 6.2a through 6.2¢ highlight the observed phase transitions.
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Figure 6.2. Results from in situ SAXS experiment on an SEQ/LiTFSI electrolyte. Azimuthally
averaged SAXS profiles as a function of time for (a) Region I, near the positive (salt rich) electrode, (b)
Region II, near the middle of the cell, and (c) Region III, near the negative (salt poor) electrode. Black
curves represent the initial morphology taken before polarization. Red curves indicate the morphology
during polarization at 500 mV/mm. Blue curves indicate the morphology after the cell is switched to open
circuit at t = 8.3 h. The inset in (a) highlights the emergent peak corresponding to the gyroid morphology
with Bragg reflections at q;yg and m qcyr (diamond markers). (d) 2D SAXS pattern of Region I at t
= 14.1 h. The ring corresponds to the primary scattering peak of the lamellar phase. The scattered spots
directly inside of the ring correspond to qgygr (magnified in the inset) and the spots outside of the ring
correspond to the \/4_/3 qcyr reflection. The highlighted sectors were selectively averaged to characterize
scattering from the gyroid phase. () 1D plots of I(q) for Region II from t = 0.8 h to t =4.8 h (gray curves).
I(q) att = 2.6 h is plotted with black open circles and the red curve is a fit of Eqn. 6.2 to the data. The fit
is deconvoluted into three parts and offset by a decade for clarity: background (green dashed line), broad
disordered peak (purple dashed line), and sharp ordered peak (blue dashed line).

Near the negative electrode (Region III, Fig. 6.2c), the sharp scattering peak seen at t = -
0.1 hand t = 1.0 h is replaced by a broad scattering peak characteristic of a disordered phase that
persists through the polarization step (up to t = 8.2 h). It is evident that the block copolymer
electrolyte in Region III undergoes an order-to-disorder transition. After the field is turned off at
t = 8.3 h, the sharp scattering peak characteristic of the lamellar phase is recovered. Near the center
of the cell (Region II, Fig. 6.2b), a similar trend is observed, however at t = 8.2 h, the scattering
profile contains signatures of both ordered and disordered domains. As was the case in Region III,
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the lamellar phase is recovered after the cell is switched to open circuit. Near the positive electrode
(Region I, Fig. 6.2a), the ordered lamellar phase persists throughout polarization (0 < t (h) <8.3).
At t = 8.2 h (near the end of the 500 mV mm™ polarization step), a small peak emerges on the
low-q side of the primary peak. As time progresses, an additional peak emerges on the high-q side.
The diamond markers in the inset of Fig. 6.2a denote these two peaks at ¢ =0.796 and 0.918 nm"
I, respectively.

The 2D SAXS pattern from Region I at ¢ = 14.1 h is presented in Fig. 6.2d. The primary
scattering peak corresponding to the lamellar phase in the 1D plot is represented by the narrow,
continuous ring of high intensity. The small peaks on either side of the primary lamellar peak in
the 1D plot correspond to the spots of high intensity inside and outside of the bright ring in the 2D
image. These spots are highlighted in the inset of Fig. 6.2d. The azimuthal angles of the spots do
not change during the course of the experiment. While the spots are clear in the 2D image, they
are not well resolved when the 2D scattering intensity profile is azimuthally averaged. To achieve
better resolution, we averaged selected sectors of the 2D scattering profiles which are indicated by
the shaded regions in Fig. 6.2d. An example of the resulting 1D profile is shown as an inset in Fig.
6.2a. In addition to the scattering peak corresponding to the lamellar phase, we observe peaks at
géyr=0.796 nm™ and \/4/3 gy = 0.918 nm™'. These peaks are standard signatures of the gyroid
morphology in block copolymers?®-3%172
morphology in Region L.

To track the phase transitions observed in Fig. 6.2a through 6.2¢, we fit the scattering data,
1(q) for 0.36 < g (nm™) < 1.48 to Eqn. 6.2:'¢!

1(q) = Ipis(q) + Iam(q) + Ipig (@), (6.2)

where Inis(q), I.am(q), and Iyg (q) account for the scattering from the disordered phase, lamellar

and this morphology coexists with the lamellar

phase, and background, respectively. (The scattered intensity from the gyroid phase in Region I is
much smaller than the lamellar phase, so we neglect it in the fit.) Ip;g is given by the Liebler
structure factor,!®® I; 5 is a Gaussian function, and Iykg is a decaying exponential. The details of
the fit are discussed in Section 6.6.1. The gray curves in Fig. 6.2e represent the raw data from
Region II from t = 0.8 h to t = 4.8 h and the raw data at t = 2.6 h is plotted as black data points.
We use the t = 2.6 h scattering profile to describe our fitting procedure. The solid red line in Fig.
6.2¢ represents the fit of Eqn. 6.2 and three contributions to 1(q), Ip;s (purple), I am (blue), and
Ikg (green) are shown by dashed curves that are offset by a decade for clarity. These fits were

repeated for all of the scattering profiles obtained from Region I, II, and III. When the sample is
completely disordered (e.g. t = 6.3 h in Fig. 6.2c), we set I} o = 0. For the scattering from the
SEO/LAiTFSI electrolyte in the quiescent state (i.e., t = -0.1 h in Fig. 6.2¢), our fitting procedure
results in a finite Ipg contribution. In other words, the sharp Gaussian function presented in Fig.
6.2e does not account for all scattering seen from the nominally ordered sample. Our sample is in
the weak segregation limit and, with the presence of salt, the Gibbs phase rule requires a
coexistence window between the lamellar and disordered phase.!” In other words, there must be
a range of salt concentrations where the equilibrium morphology of the SEO/LiTFSI electrolyte
consists of coexisting lamellae and disordered grains. The coexistence in this sample was predicted
from theory in Ref !"* and confirmed experimentally in Ref '®!. Given the proximity of our sample
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(with 1,36 = 0.07) to the order-disorder phase boundary, we interpret the diffuse scattering at the
base of the primary peak to indicate coexistence of a disordered phase with the ordered lamellar
phase. We certainly expect ordered and disordered phases to exist simultaneously as the sample
undergoes an order-to-disorder transition due to salt depletion near the negative electrode. The
scattering signatures of the disordered phase emerge smoothly from the diffuse scattering at the
base of the primary peak when the cell is polarized (see gray curves in Fig. 6.2¢). With increasing
time (in the range 0.8 <t (h) <4.8), the Ip;5 contribution to I(q) increases in Region II.
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Figure 6.3. Disordered phase volume fraction and domain spacing from SAXS. (a) Cell potential drop,
Ad, versus time, t. (b) Current density, i, versus t. From t =0 to t = 8.3 h, a constant potential of 614 mV
(500 mV mm™) is applied across the cell and the current is measured. At t = 8.3 h (represented by a vertical
dashed line), the current is set to zero and the potential is measured. The noise in the voltage and current
data is due to interference from the heating stage, shown in the inset of (b). (¢) Volume fraction of the
disordered phase, fp;s, versus t for Regions I (red squares), II (green circles), and III (blue triangles). (d)
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Domain spacing of the lamellar phase, d; 45, (open symbols) for Regions I, I, and III and domain spacing
of the disordered phase for Region III, dp;s (filled symbols) as a function of time.

The time dependence of cell potential drop, AP = &, — &, and current density, i, are
presented in Fig. 6.3a and 6.3b, respectively. A constant potential, A® = 623 mV (500 mV mm"),
was applied across the cell for 0 < t (h) < 8.33 during which time the current density, i, was
measured. At t = 8.3 h, the cell was switched to open circuit (i = 0 mA cm™ for 8.3 <t (h) <25.2)
and the open circuit potential was recorded. The bulk and interfacial resistance of the cell was
measured at intervals spaced by 0.5 h. Similar values were obtained at the beginning and end of
the experiment (see Fig. 6.7 of Section 6.6.6). The noise in the current and voltage data (inset of
Fig. 6.3b highlights an example) is due to interference from the power cycle of the heating stage
and could not be avoided. The gray dashed line in Fig. 6.3a through 6.3d represents the switch
from chronoamperometry to open circuit. In order to quantify the extent of the salt concentration-
induced order-to-disorder and disorder-to-order transitions, we calculated the scattering invariants
(see Section 6.6.4. for details) of the disordered and lamellar phases (Qp;s and Qyam, respectively)
from the fits described in the preceding paragraph.*®!%! We then calculated the disordered phase
volume fraction, fp;s, for Region I, II, and III as a function of time by:

Qpis
Qpis + aQpam

where «a is a correction factor that accounts for the anisotropic scattering of lamellar grains and the
presence of LiTFSI. While all of the scattering from the isotropic disordered phase reaches the
detector, lamellar grains with normal orientation along the path of the X-ray beam do not contribute
to the scattering signal. During a phase transition, the local salt concentration in the ordered domain
will not be equal to that in the disordered domain,!®! instead it is the chemical potential of the salt
that is equilibrated between the two phases. In principle, @ will be a function of both the salt
concentration in the ordered domain and disordered domain, both of which change with time in
our system. We make the simplification that @ does not depend on r and estimate a = 2.4, which
we use for all calculations of fp;s. Our methodology for estimating « is given in Section 6.6.5.
We present fps as a function of time for Region I (red squares), Region II (green circles),
and Region III (blue triangles) in Fig. 6.3c. In Region I, fp;s; remains fixed at about 0.30, the
lowest value seen in our experiment, for the duration of the experiment. Near the positive electrode
(Region I), we expect polarization to result in an increase in salt concentration, i.e. 17 > T,yq. Since

fois = ) (6.3)

the sample is ordered in the quiescent state at r = 7,,, and because the addition of salt stabilizes
the ordered phase (Fig. 6.1b), we expect this region to remain ordered during polarization. In
Region II1, fpisyp = 0.30 until ¢ = 0.6 h when fp;5 begins to increase sharply. Att = 1.8 h, fpis 11
= 0.98 and the region is almost completely disordered. Near the negative electrode, we expect
polarization to result in a decrease in salt concentration, i.e. 7jy; < T,yg, resulting in the disordering
of Region I1I based on the phase diagram presented in Fig. 6.1b. Near the center of the cell (Region
IT), we expect 171 = Tyyg due to the constraint that the average salt concentration in the electrolyte
must be constant throughout the experiment. Unlike Region I and III, fpg;; = 0.45 at t = -0.1 h.
Prior to polarization, we expect no difference in the morphology of Regions I, II, and III. We
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attribute this to subtle differences in the ordered morphology across a 1.23 mm wide sample due
to effects such as non-uniformity of sample temperature or an inhomogeneous stress distribution
from the electrodes and sample holder. In Region II, fps; increases in two steps. It first increases
from 0.45 to 0.49 over the first hour and approaches a short plateau. The second step occurs at t =
2.1 h: fpis 1 begins to increase sharply and reaches 0.92 at t = 4.5 h, reaching a plateau value of
0.94 that persists throughout polarization (5.6 < t (h) < 8.3). The second step commences shortly
after Region III is fully disordered, suggesting that the disordered phase propagates from the
negative electrode towards the center of the cell, and at steady state the boundary between disorder
and order resides in Region II. When the cell is switched to open circuit, the salt concentration
gradient begins to relax, and the disordered regions give way to the equilibrium lamellar
morphology. This disorder-to-order transition starts at the middle of the cell and propagates
towards the negative electrode; Region II is completely ordered by t = 18.1 h, at which point
Region III begins to transition from disorder to order. By t = 22.1 h the entire sample is ordered
with fpis = 0.30; an indication that the current induced phase transitions are completely reversible.
The subtle differences in fps in the three regions prior to polarization are not seen at t = 25.2 h.

Measurement of the domain spacing as a function of time and position provides insight
into the effect of polarization on molecular length scales; the data in Fig. 6.1b allows us to make
inferences about the local salt concentration based on measurements of the local domain spacing.
We plot the time dependence of dj sy (open symbols) and dpg (closed symbols) for the three
regions in Fig. 6.3d. Because the beam size is much larger than a single lamella (300 pm versus 8
nm), djam represents an average over many lamellar grains. In general, dj sy > 7.55 nm while
dpis < 7.55 nm. This is consistent with the equilibrium properties of the electrolyte: the value of
d at the equilibrium order-to-disorder transition is 7.55 nm (see Fig. 6.1b). As the salt
concentration in Region I increases, the lamellae near the positive electrode swell in response to
an increase in the local salt concentration. dy 5y | increases from 7.55 nm to 7.63 nm while the cell
is polarized and then remains more-or-less constant when the current is turned off. In Regions II
and III, dy v is nearly independent of time. The data for dpay yy; 1s absent in Fig. 6.3d between
2.2 <t (h) <17.1 because the sample is completely disordered during this time window.

In Region III, polarization results in a decrease in salt concentration and the order-to-
disorder transition as described by Fig. 6.3c. Before polarization, the disordered phase coexists
with ordered lamellae. The free energy required to place an LiTFSI molecule into a PEO-rich
lamella is lower than that required to place it in a homogeneous PS/PEO mixture. Since the salt
partitions to equate its chemical potential between the two phases, the local value of r in the
disordered region must be less than that in the PEO-rich lamella, as required by the Gibbs phase
rule. This is consistent with our observation that dpjgy;; measured at the beginning of the
experiment (7.37 nm) is lower than that of dyzp jp; (7.55 nm) based on the mapping of d to r by
Eqn. 6.1. At t = 0.55 h, the local value of r in the PEO-rich lamellae falls below the critical value
needed to maintain phase separation and they become disordered, starting first at the bottom of
Region III (depicted in Fig. 6.1a) and propagating upward. At t = 0.9 h, fp;s;;; = 0.55 and Region
IIT consists of a completely disordered morphology at the bottom (i.e., closer to the negative
electrode) and a lamellar phase in coexistence with a disordered phase at the top (i.e., closer to the
positive electrode). We refer to the neighboring ordered and disordered phases that are formed due
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the presence of ionic flux across the electrolyte as concurrent phases. It is important to distinguish
between concurrent phases formed out of equilibrium (e.g. t = 0.9 h) and coexisting phases
obtained at equilibrium due to the Gibb’s phase rule (e.g. t = -0.1 h). The sharp increase of dp;g j1
for 0.63 <t (h) < 1.8 is because the PEO-rich lamellae (prior to the order-to-disorder transition)
have a higher local r than the coexisting disordered phase, and as the lamellaec become disordered
(i.e. mix the PS-rich domains), the amount of salt per ethylene oxide moiety in the disordered
region must increase. At t = 1.8 h, the entirety of Region III is disordered and dpg 1y = 7.54 nm.
With no additional phase transitions occurring, dpg; begins to decrease as the local salt
concentration continues to drop and the domain spacing plateaus at dpjgy;; = 7.40 nm by t = 6.0
h. This indicates that the salt concentration gradient has almost fully developed by this time. When
the cell is switched to open circuit at t = 8.3 h, dpg 11y increases as the salt concentration gradient
relaxes and the local salt concentration in Region III increases. At t = 18.6 h, we begin to observe
the formation of a concurrent lamellar phase. Note that the ionic flux in the cell is not zero at this
time even though the cell is at open circuit. With time, fp;g 1y decreases and the equilibrium value
of 0.30 is obtained at t = 23.0 h. The decrease in dp;g ; from t = 18.6 to 23.0 h is attributed to the
partitioning of salt away from the disordered phase. For brevity, we do not include the data for
dpis; and dpjsy here but defer it to Fig. 6.10 of the Section 6.6.6. Assuming the cell was at
equilibrium at t = 0, we expect the cell to return to equilibrium at long times when A® =0 mV. It
appears that equilibration of our sample requires longer times; A® is 180 mV at 25.2 h, so it is not
surprising that dy apv 1 and dpgpp at t = 25.2 h are different from those at ¢ = 0 h.

We may use the measured domain spacing in Fig. 6.3d to infer the local salt concentration
as a function of xL™! and t based on the relationship between d and Tavg Presented in Fig. 6.1b.
The mapping between d and r by Eqn. 6.1 (obtained from data in Fig. 6.1b) requires accounting
for the presence of both coexisting phases at equilibrium and concurrent phases when ionic flux is
present. The value of d reported in Fig. 6.1b based on the location of the primary scattering peak
from ordered phases ignores the coexisting disordered phase. We thus rescale fp;g given in Fig.
6.3b to span from 0 to 1 and denote the rescaled volume fraction f'pg (i.e. f'pis = 0 when fpis =

0.3 and f'pis = 1 when fpis = 1; fois = %(fms — 0.3)) . We then calculate the local salt

concentration, 13, for each region (i = I, II, or III) by Eqn. 6.4 for each time point:

11 = fousiToisi + (1= foisi)TLam, (6.9
where 7;; is the solution to Eqn. 6.1 (with 7, replaced with r; ;) which yields d = d;; and
j denotes LAM or DIS. In Fig. 6.4a, we present the local salt concentration in Region I (red
squares), Region II (green circles), and Region III (blue triangles) as a function of time. Initially,
r; ~ 0.06 in all three regions, which is slightly lower than the nominal value of 7,,,= 0.07. The
changes in local salt concentration in Regions I, II, and III during polarization are shown in Fig.
6.4a. As expected, salt concentration increases in Region I with increasing time, remains more or
less constant in Region II, and decreases in Region III. The average salt concentrations in the
different regions at the end of polarization are r; = 0.090 (xL™1 = 0.26), rj; = 0.059 (xL~1 = 0.50),
and 7y; = 0.028 (xL™ = 0.74). We note that the average salt concentration in Region I cannot be
much higher than 0.09 because the salt in Region I must come from Regions I and III and the
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average salt concentration throughout the electrolyte is fixed at 7= 0.07. This analysis relies on

the assumption that the electrolyte morphology under applied electric fields at a given local salt
concentration is identical to that obtained at equilibrium in individual electrolytes cast at the same
salt concentration.
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Figure 6.4. Salt concentration versus position and characteristics of the emergent gyroid phase. (a)
Estimated local salt concentration in Region I (red squares), Region II (green circles), and Region III (blue
triangles) versus time, t, based on Eqn. 6.4. (b) 1D scattering profiles obtained from Region [ at t =9.6 h
(green curve) and t = 13.7 h (blue curve). The dashed lines represent a linear baseline. Gray curves represent
the scattering data from t = 5.9 (when no gyroid peak is present) to t = 14.8 h (when the height of the peak
is maximum). (c¢) Domain spacing of the gyroid phase, dgyg, versus t. The inset shows the scattering data
from t =9.6 h (green curve) and t = 13.7 h (blue curve) after subtracting the linear baseline shown in Figure
4b. The maximum value for each curve was taken to be hgygr, and the position of the maximum was used
to calculate dgygr. (d) Height of the gyroid peak, hgyr versus t. The green and blue filled symbols in (c)
and (d) correspond to the data at t = 9.6 and 13.7 h, respectively.

6.3.3 Emergence of the Gyroid Phase
We now discuss the formation of a gyroid phase which gives rise to the spots of high

scattering intensity seen in Fig. 6.2b on either side of the primary scattering ring. In Fig. 6.4b, the
gray curves represent the 1D scattering profiles obtained from selectively averaging the sectors of
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the 2D scattering imaging highlighted in Fig. 6.2b for data obtained from Region I between t =
5.9 and t = 14.8 h for 0.75 < g (nm™") < 0.82. At early times, there is no feature corresponding to
the gyroid phase; i.e., the t = 5.9 h data set has no noticeable peak. As the experiment proceeds, a
peak begins to emerge at ¢ = 0.77 nm™! which grows with time and shifts to higher g. The green
(t = 9.6 h) and blue (t = 13.7 h) data sets in Fig. 6.4b show two examples of scattering data with
noticeable gyroid peaks. The location and intensity of the peak provide information on the nature
of the current-induced gyroid phase. The measured scattering curves are corrected for scattering
from the lamellar phase by subtracting linear baselines shown as dashed lines for the two examples
in Fig. 6.4b. We define the height of the peak, hgygr, as the maximum intensity of the baseline

corrected data and qgyg to be the location of hgyg on the g-axis. We calculate the periodic length

scale of the gyroid phase, dgyr = qfn . The time dependence of dgyr and hgyg are presented in
GYR

Fig. 6.4c and 6.4d, respectively. Examples of background subtracted intensity profiles are shown
in the inset of Figure 4c for the t = 9.6 h (green curve) and t = 13.7 h (blue curve) data sets. The
dashed gray line in Fig. 6.4c and 6.4d represent t = 8.3 h when the cell was switched to open
circuit. The gyroid phase emerges near the end of the polarization step.

The gyroid phase is the thermodynamically favored morphology for the SEO copolymer
electrolyte when r > 0.17 (see Fig. 6.1b). The appearance of a gyroid phase in our experiment is
surprising because we have estimated the maximum salt concentration in Region I to be r; = 0.09
(see Fig. 6.4a) based on the domain spacing of the lamellar phase. The fact that the gyroid phase
is announced by spots rather than rings in the SAXS patterns indicates that the current-induced
transformation from lamellae to gyroid occurs in relatively few grains. The current-induced gyroid
phase first appears at t = 7.1 h and dgyg = 8.1 nm. This suggests that the salt concentration within
the gyroid grains is r = 0.19 based on the characteristic domain spacing of the gyroid morphology
under quiescent conditions (Fig. 6.1b). The fraction of Region I occupied by the gyroid phase is
extremely small at all times: the integrated intensity of the SAXS peaks associated with this phase
amounts to 0.42% or less (see Fig. 6.11 of Section 6.6.6; the value of 0.42% is an upper limit
calculated at t = 13.7 h when hgyg in near the maximum). Thus, the presence of a small volume
fraction of a salt-dense gyroid phase does not significantly change our calculation of the average
salt concentration in Region I presented in Fig. 6.4a.

The mechanism by which the gyroid phase forms in response to ionic current remains an
open question, although it has been previously reported in an SEO/LiTFSI electrolyte of the same
copolymer.®® We posit that the gyroid phase nucleates in Region I at defects where PEO-rich
lamellae orientated parallel to the electric field terminate in a wall of polystyrene. lons are driven
towards the positive electrode in the PEO-rich channel but cannot penetrate the polystyrene, and
salt accumulates in a highly salt-dense pocket, i.e., a salt concentration hotspot. This may result in
a steep microscopic salt concentration gradient on the length scale of the grain size (smaller than
1 pum). Such grain boundaries are necessarily rare in an unaligned sample, so we would expect
only a few gyroid grains to emerge. When the cell is switched to open circuit (¢t = 8.3 h), the salt
diffuses away from the pocket and dgyr decreases to 7.9 nm by t = 14.1 h, suggesting a decrease
in r within the gyroid from 0.19 to 0.17 over the first six hours of open circuit. The relaxation of
the microscopic salt concentration gradient results in an increase in the volume of polymer around
the pocket where r > 0.17, and a local lamellar to gyroid transition occurs. We thus observe an
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increase in hgyg from 6 to 31 in the time window from t = 8.3 to 14.9 h. The decay of hgyg from
31 towards O for t > 14.9 h reflects the reconversion of the gyroid grains to the lamellar phase as
the local salt concentration falls below the critical value needed to maintain the gyroid (r = 0.17).
As expected, dgyr remains constant during this decay. The changes in the 2D SAXS profiles in
Region I, particularly the non-monotonic changes in intensity of the gyroid scattering spots, can
be clearly seen in the movie file “Region l.avi” (see Section 6.6.7).

In a previous work, Mullin et al studied the same SEO copolymer with a salt concentration
of 1,yg = 0.085 under applied fields of 2.5 to 15 V mm™.*® They described the formation of
gyroidal grains with a continuous gradient in domain spacing, which the termed ‘“gradient
crystals”. In our experiment, we observe gyroid grains with a single, time-dependent domain
spacing at a much lower field of 500 mV mm. This suggests that steeper microscopic
concentration gradients that must form under higher potential gradients result in a gyroid phase
with a continuously changing domain spacing.

The effect of grain structure and defect density on ionic conductivity in block copolymer
electrolytes has been studied using ac impedance spectroscopy, and it understood that conductivity
decreases as grain size increases (i.e., number of defects decreases) in unaligned samples.®>!”> This
conclusion is based on ac impedance spectroscopy which is, by definition, carried out without
inducing concentration gradients. Our interpretation of how the current-induced gyroid phase is
formed in the SEOQ/LiTFSI electrolyte at 500 mV mm™' suggests that defects and grain boundaries
play a more dramatic role when dc potentials are applied. The formation of concentration hotspots
and the concomitant steep microscopic concentration gradients is outside the scope of 1D models
of ion transport that are currently used to model batteries.”®!’® The development of 2 or 3D models
based on Newman’s concentrated solution theory*? that incorporate the nanostructure of the
composite electrolyte may be illuminating. A complete understanding of ion transport in composite
electrolytes will require consideration of these effects.

6.4 Conclusions

To summarize, we have revealed rich phase behavior in a block copolymer electrolyte near
the lamellar order-to-disorder phase boundary during dc polarization and subsequent relaxation.
During polarization, three morphologies are present concurrently with characteristic spacings
which vary significantly as a function of both position and time: a pure disordered phase near the
negative electrode, coexisting lamellar and disordered phases in the middle of the cell, and
coexisting lamellar, disordered, and gyroid phases near the positive electrode. The observation of
a gyroid phase is especially significant because it implies the presence of concentration hotspots.
We hypothesize that steep microscopic concentration gradients can develop in the cell at defect
sites where the non-conducting polystyrene phase blocks the flow of ions parallel to the electric
field. Such effects are not captured by existing theories that describe ion transport in lithium
batteries using 1D models.*? The relaxation of the current induced gyroid phase under open circuit
conditions is non-monotonic due to the presence of microscopic concentration gradients. While
ion transport in block copolymer electrolytes (and composite electrolytes in general) has been
extensively studied both experimentally'?>!”7 (see also Chapter 4) and computationally,*>!"® it is
usually assumed that the structure remains fixed during polarization. We have shown that this is
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not the case for an SEO/LiTFSI electrolyte operating under practical conditions with significant
concentration polarization. It seems obvious that the interplay between the dynamic nanostructure
and ion transport will depend on parameters such as domain size, geometry, average salt
concentration, and current density. The experiment described in this work serves as an example of
how these complex relationships could be unraveled.
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6.6 Supporting Information

6.6.1 SAXS Data Fitting

The scattering intensity, I(q), data was fit using a Levenberg-Marquardt nonlinear least-
squares algorithm. Data was fit by Eqn. 6.2 in the range 0.36 < g < 1.48 nm™!. A 360° azimuthal
average was performed on the 2D scattering profiles to obtain 1D scattering profiles except where
explicitly stated in Section 6.3 (i.e. inset of Fig. 6.2a and Fig. 6.4b). The scattering from the
disordered phase, Ipg, was fit using the Leibler structure factor'®® modified for polydispersity
effects'”” and is given by:

-1

Ipis(q) =C l% - 2)(] (6.5)

with
S(@) = Saa(@) + Sps(q) + 2545(q) (6.6)
W(q) = Saa(@)Ss5(q) — Sis(q) (6.7)
Saa(q) = Ng(fa) (6.9)
See(q) = Ng(1 — fa) (6.9
$18(@) = 191~ g(f) — 9L — )] (6.10)

and
9(f) = 2(1/x*){fx — 1+ [k/(k + f2)]*} (6.11)

where
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X = qué (612)
and

1
“PDI-1°
where C is the scattering contrast, y is the Flory-Huggins interaction parameter, f, is the volume
fraction of the PEO block (f; = 0.44 for all fits), R, is the radius of gyration, N is the number of
polymer segments per chain (N = 49 for all fits), and PDI is the polydispersity index of the

copolymer (PDI = 1.035 for all fits). The primary lamellar scattering peak, I sy, Was fit to a
Gaussian function:

k (6.13)

q-— quM]

2w? )’
where y, is the scattering peak height, g; .y is the peak position, and w is the peak width. The
background scattering, Ik Was fit to a decaying exponential function:

Lam(q) = yo exp [— (6.14)

y
Iykg(@) = Ypo + Vb1 €XD (%); (6.15)

where Vy,0, ¥p1, and y,,, are constants. The adjustable parameters are C, ¥, Ry, Yo, 4iam> W» Ybo>

Yp1, and y,, for fitting Eqn. 6.2 to the experimental data (see Section 6.3.2). An example fit is
provided in Fig. 6.2¢ and the fitting parameters for each data set can be found in Section 6.6.7.

6.6.2. Gyroid Peak Analysis

To analyze the peaks associated with the gyroid phase, the 2D profiles were divided into
36 sectors spanning 10° intervals. 0° is defined as the line from g, =0, g, =0 nm™to g, =0, qy =

-1.0 nm™" and the angle increases from 0° in the counterclockwise direction. Sectors with relatively
intense spots of intensity corresponding to the gyroid phase were included in the average and the
rest were excluded. The sectors which were included are highlighted in Fig. 2d and include the
following ranges: 15-25°, 65-75°, 85-105°, 115-135°, 305-315°, 335-345°. These selected
averages are reported in the inset of Fig. 6.2a and 6.4b.

6.6.3. Domain spacing and hgyg calculations

The disordered phase domain spacing, dp;s, was calculated by:
g = 2mRy
DIS = =2

where the factor of v/3.6 was determined using the methodology of Teran et al** and R, was taken

(6.16)

from the fits of Ip;g described in Section 6.6.1. The domain spacing for the lamellar phase, dj py,
and gyroid phase, dgyg Was calculated by:
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21
dorda = —— (6.17)
Qora
where the subscript ‘ord” denotes LAM or GYR. g oy Was obtained from the fit in Eqn. 6.2.

The peak position of the gyroid was determined from an iterative process. For each data
set, a linear baseline was drawn between the data points I(g = 0.7687 nm™!) and I(q =
0.8053 nm™1). For each data point in the range 0.7687 < q < 0.8053 nm’!, the baseline was
subtracted from the raw data. We then took the maximum from this dataset and defined the location
of the maximum as qgyg. On the second iteration, the baseline was drawn between the two points
located +/- 18 data points from qgyg but truncated the data if it fell out of the range 0.7687 < q <
0.8053 nm!. The new baseline was then subtracted from the raw data and we took the maximum
of this data set to be hgyr and the location of the maximum to be ggyg. The results of the second
iteration are shown graphically in Fig. 6.4b in Section 6.3.2.

6.6.4. Scattering Invariant and Volume Fraction Calculations

The scattering invariant, Q, represents the total scattering power of the sample and is
proportional to the sample volume. For a heterogeneous system with two distinct phases separated
by sharp interfaces (e.g. alternating PS and PEO lamella), Q is well defined and depends only on
the volume fraction of one of the phases*’. The invariant for the lamellar phase, Q; oy, is calculated
by:

Qram = ] ILAM(CI)q2 dq. (6.18)
0

Equation. 6.18 cannot be applied directly to the disordered phase. Replacing I} o With Ipig results
in Qp;s which is unbounded. Following the methods of Thelen et al'®!, we calculate the scattering
invariant of the disordered phase, Qp;s, by:

Qpis = f AIDIS(q)qZ dq, (6.19)
0

where

Alpis(q) = Ipis(q) — IDIS,)(=O(CI)' (6.20)

and Ipisy=o(q) takes the form of Ip;s(q) and uses the same fit parameters but maintains y = 0.

While I(q) was reported with arbitrary units, the dimensions will be an inverse length (L™).
Conversion of 1(q) to absolute units is discussed in Ref * and data is typically reported in cm™.
We thus represent the units of Q as L™! nm™.

Because of the high electron density of the LiTFSI salt, Qp;s and Qs vary significantly
with salt concentration, which changes with both time and position in the cell. In addition, Eqn.
6.18 and 6.19 assume that the scattering from the sample is independent of the orientation of the
sample in the X-ray beam. While this should be a good assumption for the disordered phase, this
is not true for lamella. Grains oriented with a normal vector parallel to the X-ray beam do not

scatter. To account for these factors, we calculate the disordered phase volume fraction, fp;s, from:
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QDIS
0
QDIS
QDIS QLAM
0 + 0
QDIS QLAM

where the superscript ‘0’ denotes the scattering invariant measured when only that phase is present
(i.e. fors = 1 for QP sand fpis = 0 for QP Ay ). We then define the correction factor, a, by:

_ Qbis
QLam’
Equation 6.3 in Section 6.3.2 is obtained by substituting Eqn. 6.22 into Eqn. 6.21. We can calculate
a by plotting Qpis/texp versus Qpam/texp during a phase transition, where toy, is the X-ray

fois = (6.21)

(6.22)

exposure time of each measurement (either 2 or 5 s, as described in the main text). We normalize
Q by texp because it is expected (and experimentally observed) that Q is proportional to the sample
exposure time. (We note that the reason ty, does not appear in Eqn 6.21 or 6.22 is because these
equations are related to the scattering intensities of the two phases in a single measurement, so the
exposure time is the same for each phase and cancel out.) We do this for each of the four relevant
phase transitions in Fig. 6.8 in Section 6.6.6. The relationship is linear in all four cases, and the x-
and y-intercepts of the fit correspond to Qf;s/ texp and Qam/ texp, respectively. For the lamellar
to disorder transition in Region III and II, we obtain @ = 2.7 and 3.3, respectively. For the disorder
to lamellar transition in Region III and II, we obtain @ = 1.9 and 1.5, respectively. While QP and
QP still depend on salt concentration and are not identical in each of the four measurements, we
prefer to use only one value of « for all calculations of fj;s to avoid discontinuities in the data in
Fig 6.3c. Therefore, we take an average and use @ = 2.4 and note that the data in Fig. 6.3c is not
sensitive to the choice of a (see Section 6.3.2).

6.6.5. Quantification of Anisotropy in 2D Scattering Patterns

It is evident from the 2D scattering profiles that the scattered intensity is not uniform
azimuthally. For example, the ring of scattering corresponding to the primary lamellar peak in Fig.
6.2d has regions of higher scattering intensity near the top and bottom of the detector. To quantify
the anisotropy, we divided the 2D scattering images into 36 sectors and examined the scattering
from the disordered and ordered phases in each sector. The sector is identified by the azimuthal
angle at the center of the sector (¢). For each 10° sector, the intensity was azimuthally averaged
to obtain 1D scattering profiles. We then fit the /(q) data for each sector to Eqn. 6.2 in Section
6.3.2 and calculated the invariant for the lamellar and disorder phases to obtain Qps(¢) and
Qorp (). We calculate the ratio of the invariant for each sector to the invariant for a full azimuthal
average (Qpavg); Qp(@)/Qp avg, Where f = *DIS” or ‘LAM’. The angle ¢ is defined in Section
6.6.2. We plot this ratio as a function of ¢ for Region I and IIl in Fig. 6.9. If Qg(¢)/Qp avg = 1 for
all @, it implies the scattering is completely isotropic. We expect Qpis(¢)/Qpisavg = 1 because

the scattering from a disordered phase should be independent of the beam orientation. For the
lamellar phase, Qiam(¢)/Qramavg = 1 would imply that all grain orientations are present in the
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sample with the same prevalence. Scattering from a single lamellar grain will result in two
scattering spots with a difference in ¢ of 180°. Therefore, if one grain orientation is preferred (e.g.
in an aligned sample), there will be two peaks in Qg(¢)/Qp avg separated by 180°.

6.6.6. Supporting Figures

Figure 6.5. Picture of the assembled in situ SAXS cell. The picture was taken prior to placing a Kapton
window over the cell and sealing inside an aluminum laminated pouch. The two set screws above and
below the stainless-steel blocks were adjusted to apply slight pressure on the cell. The nickel tabs (to the
left of the stainless-steel blocks) provided electrical contact.
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Figure 6.6. Evidence of lithium dissolution prior to in situ SAXS experiments. SAXS profiles in two
regions of the cell during the initial heating to 120 °C offset by a decade for clarity. The stage temperature
was set to 120 °C and the temperature reached a maximum of 128 °C before equilibrating. The background
scattering from the pouch material changes significantly during the early times. The time stamps on the left
panel give the approximate elapsed time from the point when the temperature set point was changed (t' =
0) with time increasing from bottom to top. The temperature labels on the right side of the curves reflect
the real-time temperature of each profile. Red curves indicate the morphology during heating, and blue
curves indicate the morphology after the maximum temperature was reached and during equilibration at
120 °C. The fact that the sample shows a higher or similar degree of ordering after equilibrating at 120 °C
for 22 min (top blue curve in both panels) compared to at 90 to 100 °C during the initial heating (second
red curve from the bottom in both panels) indicates that the ordered phase is stabilized at higher
temperatures. This phenomenon has been established and is attributed to the dissolution of lithium metal
from the electrodes (see Chapter 5).
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Figure 6.7. Impedance measurements taken during the experiment. The bulk (Rp,x) and interfacial
(Rjnt) resistance of the cell measured by ac impedance spectroscopy at 30 min intervals throughout the
duration of the experiment. The increase in Ry, during polarization is due to the formation of salt
concentration gradients in the cell. Similar values of R}k and Ry are obtained at t =-0.11 and 25.2 h.
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Figure 6.8. Correction factor for calculating the disordered phase volume fraction. Calculation of
correction factor, @, used in Eqn. 6.3. We plot Qpam/texp versus Qpis/texp for the lamellar (LAM) to
disordered (DIS) transition (red circles) and DIS to LAM transition (blue squares) in: (a) Region II and (b)
Region III. We obtain a based on the methods discussed in the context of Eqn. S18. We fit a line to each
data set and the x- and y- intercepts give the expected Q°/ texp for a pure lamellar (fpis = 0) and pure
disordered phase (fpis = 1), respectively. We then use Eqn. 6.22 to calculate «. The average of all four
measurements, @ = 2.4, is used in Eqn. 6.3 of Section 6.3.2 to calculate fps.

Region I ¢
Region III
(a) 12 LAAARS RAbas ) (MAMALAAASS b TYrrTTTTTY LAMAALARAAS S 12 T T T T T 12 T T LAAAA | T T
e Q) © "R @
1A A B o
t=200 -2
10} B 1 J 10 Q- 10p S A N (A
t=178 10 /X t=178h
e L e e W e
. A
t=137h \\ t=137h _\' /‘,
8'.‘...,-'- 1 ? i O ) TERTENRR e ee——— ] § fscresetamasnacscsans, . -
E t=96h s 8 ¥ P "._‘ 2 t=96h 2
Py g e & j
- t=78h 5 g t=78h z
A l o d s
% = (s 9 % 6 g -
2 t=59h E % t=59h 3
e t=37h < t=37h g .
4+ 4 b ] |
t=19h 4 ; 7 t=19h
- X
w e . P - K, e A A
t=09h = B ~ t=09h # \. 7
) o ey e ] 2:";;/\ W \\: | — it 28 S !
t=-0.13h \/\,/ '\/ r=-o13\v/f\ \-/ r\
e Y L ¥ L By
0 : - z - c - 0 : . 2 . : . 0 L [TPPoT] 1 FPPP PP L] I N L L Laiisl
0 100 200 300 1] 100 200 300 (V] 100 200 300 0 100 200 300
9 () @ () o) o)

Figure 6.9. Anisotropy of scattering profiles over time. Ratio of the scattering invariant based on a 10°
sector centered at azimuthal angle ¢ to the scattering invariant for the 360° azimuthal average;
Qp(e)/Q p,avg Where B is either ‘DIS” or ‘LAM’ for (a) the scattering from the disordered phase in Region
I, (b) the scattering from the lamellar phase in Region I, (c) the scattering from the disordered phase in
Region II1, and (d) the scattering from the lamellar phase in Region III. The curves are offset vertically by
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increments of one for clarity, and the time stamps in (a) and (c) also apply to the data sets in (b) and (d).
Region I is near the positive electrode and exhibits a lamellar morphology for the entire experiment. In Fig.
6.9b, we observe two peaks in Qpam(¢)/Qramavg around 100° and 280°, indicating the preferred grain
orientation. In Fig. 6.9a, there are similar peaks for Qpis(¢)/Qpis,avg at the same angles. We would expect
that the scattering should be completely isotropic for the disordered phase. This result would thus imply
that the diffuse scattering at the base of the lamellar peak is in some way associated with the lamellar phase,
and not a completely independent disordered phase. In Region III, the block copolymer is completely
disordered during polarization and then reforms the lamellar phase when the cell relaxes during the open
circuit step. While the sample is completely disordered (fpysiy = 1 for 2 <t <16 h), Qps(¢)/Upisavg =
1 in Fig. 6.9c for all ¢, which is the expected result for a completely disordered phase. For the lamellar
phase in Region III, we observe peaks in Quam(¢)/Qram,avg at ¢ = 120° and 300° at t = -0.13 h (prior to
polarization), however when the lamellar phase reforms during the open circuit step, the peaks appear at ¢
= 60° and 240° at t = 24.2 h, indicating that the preferred grain orientation is different after the sample
reforms the lamellar phase. This is an indication that the preferred grain orientation is not tied to some
physical aspect of the cell but may be related to the nucleation of the lamellar phase.
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Figure 6.10 Disordered phase domain spacing in Regions I-III versus time. Domain spacing, d, of the
disordered phase in Region I (red squares), Region II (green circles), and Region III (blue triangles) as a
function of time. The gray dashed line denotes the switch to open circuit. The trends in dp;g yj; are discussed
in the main text. The trends in dp g j; are qualitatively similar: the increase in dp;gy between t = 2.1 to 4.5
h is related to the lamellar to disorder transition and the decreases in dp;gy; between t = 13.0 to 17.0 h is
related to the reformation of lamellae from the disordered phase. We attribute the increase in dpg; above
values observed in the quiescent disordered state after t = 5 h to the presence of a high local salt
concentration.
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Figure 6.11. Gyroid peak analysis. Primary scattering peak from the gyroid phase at t = 9.6 h (green data
set) and t = 13.7 data set (blue curve). The red curve is a fit to the t = 13.7 data set using a gaussian function.

The scattering invariant is calculated from Eqn S14 to obtain Qgyg = 0.18 L' nm™, where L' represents
the units of arbitrary inverse length. Att =13.7, Quam+ Qps = 43.6 L' nm™ (see Section 6.6.7), and we

calculate the gyroid phase volume fraction, fzyr = Cevr =0.0042. Here, we neglect the fact that
Qram+ @pis*+QGyYrR

only a fraction of the lamella scatter (i.e. QpaM 1S underestimated) and that we do not capture all of the
scattering from the gyroid phase in our fit because of the selected averaging performed based on Fig. 6.2d
in Section 6.3.2 (i.e. Qgyg is underestimated). We expect that former to be more significant than the latter,
and thus consider 0.42% to be an upper bound for the gyroid phase volume fraction.

6.6.7. Additional Supporting Information

Additional supporting information can be found at:
https://doi.org/10.1021/acsami.Oc16209.

The movie file, Region I.mov, depicts the time evolution of the 2D SAXS profiles
corresponding to Region I. The intensity scale bar in Fig. 2d of the main text applies for the images
in the movie file. The emergence of the spots of scattered intensity corresponding to the gyroid
phase (inside and outside the primary lamellar scatting ring) and the time evolution of their position
as described in the main text are clearly visible.

Fit parameters are tabulated, obtained from fitting Eqn. 6.2 in the Section 6.3.2 to the 1D
scattering profiles obtained from a 360° azimuthal average of the 2D scattering images and the
scattering invariants calculated from Ip;5(q) and I} op(q) for the disordered phase and lamellar
phase, respectively. The notation L! is used to denote the arbitrary units of the scattering intensity,
which have dimensions of inverse length.
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6.7 Nomenclature

Table 6.1 List of symbols and abbreviations

Symbol | Meaning
d domain spacing, nm
DIS disordered phase
f volume fraction
f' rescaled volume fraction
fe conducting phase (i.e. PEO/LiTFSI) volume fraction
GYR gyroid phase
h peak height, arbitrary units of inverse length
I X-ray sampling region corresponding to the beam centered at xL™! = 0.24
II X-ray sampling region corresponding to the beam centered at xL™1 = 0.50
11 X-ray sampling region corresponding to the beam centered at xL™1 = 0.74
i current density, mA cm™
I scattered intensity, arbitrary units of inverse length
L distance between the electrodes, mm
LAM lamellar phase
LiTFSI | bis(trifluoromethylsulfonyl)amine lithium salt
PEO poly(ethylene oxide)
PS polystyrene
q scattering vector, nm’!
q* scattering vector at the primary peak, nm’!
Q scattering invariant, arbitrary units of inverse length per volume
r salt concentration, molar ratio of LiTFSI molecules to ether oxygens
Tavg average r from xL™! = 0 to 1 in the electrolyte
SAXS | small angle X-ray scattering
SEO polystyrene-block-poly(ethylene oxide)
t time, h
T temperature, °C
Topt order-to-disorder transition temperature, °C
X spatial coordinate parallel to the path of ion motion, pm
y spatial coordinate perpendicular to the path of ion motion, um

Table 6.2 List of symbols (Greek)

Symbol | Meaning
a correction factor to obtain volume fraction from scattering invariants
D, potential at the anode, mV
D, potential at the cathode, mV
AD cell potential drop, mV
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7. Orientation-Dependent Distortion of Lamellae in a Block Copolymer
Electrolyte under Dc Polarization™

ABSTRACT

Lithium salt-doped block copolymers have the potential to serve as solid
electrolytes in rechargeable batteries with lithium metal anodes. In this work, we
use small angle X-ray scattering (SAXS) to study the structure of a polystyrene-
block-poly(ethylene oxide) doped with bis-(trifluoromethylsulfonyl)amine lithium
salt (LiTFSI) during dc polarization experiments in a lithium symmetric cell. This
block copolymer has a total molecular weight of 39 kg mol™! and exhibits a lamellar
morphology at all relevant salt concentrations. When ionic current is passed
through the electrolyte sandwiched between two lithium electrodes, a salt
concentration gradient forms which induces a gradient in the domain spacing, d.
The dependence of d on distance from the positive electrode, x, was determined
experimentally by scanning the incident X-ray between two lithium electrodes. The
SAXS experiments performed as a function of time and position reveal significant
asymmetry in d: on average, lamellae near the salt rich electrode swell in volume
more than is compensated by the contraction of lamellae near the salt deficient
electrode. As the salt concentration gradient becomes steeper (at higher current
densities), this effect becomes more pronounced. Our results indicate that this
effect limits the maximum current density which can be sustained through the block
copolymer below that predicted for a homopolymer electrolyte with the same bulk
transport properties. By studying the 2D SAXS patterns as a function of azimuthal
scattering angle, we find that at a given location x, lamellae with PS/PEO interfaces
oriented parallel to the flow of ionic current (LAM,|) swell and contract to a greater
degree than those with interfaces oriented perpendicular to the current direction
(LAM;). While domains with the LAM; do not provide conducting pathways
between the electrodes, our analysis suggests they play an important role in
facilitating the salt concentration gradient.

7.1 Introduction

Solid-state lithium metal batteries are an attractive alternative to standard lithium-ion
batteries as they offer improved energy density on two levels. At the cell level, lithium metal has
the highest theoretical specific capacity (3.86 Ah g!) of any anode material for lithium-based
batteries.’ At the pack and device level, the use of non-flammable solid electrolytes reduces the
need for auxiliary (and bulky) systems to mitigate thermal runaway and catastrophic failure, thus

= Adapted (with permission) from Galluzzo, M. D.; Grundy, L. S.; Takacs, C. J.; Cao, C.; Steinriick, H. G.; Fu, S.;
Rivas Valadez, M. A..; Toney, M. F.; Balsara, N. P. Orientation-Dependent Distortion of Lamellae in a Block
Copolymer Electrolyte under Dc Polarization. In Preparation. 2021.
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further increasing the practical energy density of the system while improving safety.!®0
Nanostructured block copolymer electrolytes present one approach for enabling solid-state lithium
metal batteries.!8! Polymer-based lithium metal batteries have had limited commercial success
due to many reasons including: limited electrolyte conductivity, the need to establish new
manufacturing protocols, and issues related to the reactive and pyrophoric nature of lithium
metal.'®?

The purpose of this paper to shed light on the nature of ion transport in nanostructured
block copolymers under dc polarization. Prior to polarization, the salt ions are uniformly
distributed in all block copolymer domains. In systems wherein both the cation and anion are
mobile, i.e., the cation transference number with respect to the solvent velocity, t9, is less than
unity, salt accumulates near the positive electrode where lithium ions enter the electrolyte and is
depleted at the negative electrode where lithium ions exit the electrolyte to react with (or intercalate
into) the positive electrode. The result is a salt concentration gradient along the direction
perpendicular to the current collectors while the total salt concentration within the entire electrolyte
is conserved. This process is well understood in the case of homogeneous electrolytes.*>”” During
battery operation, we thus obtain regions of the electrolyte where the salt concentration is higher
than the initial salt concentration, and regions where it is lower. If the volume of the electrolyte is
fixed, the inescapable conclusion is that the solvent must rearrange to accommodate the salt
concentration gradient. For liquid electrolytes, solvent molecules can rearrange easily, and we
expect a lower concentration of solvent in regions where there is a high salt concentration and a
higher concentration of solvent in regions where there is a lower salt concentration.!8!®* It is not
well understood how or if this occurs in solid polymer electrolytes where the “solvent phase” is
typically assumed to be immobile on macroscopic length scales. In this work, we show that this
process is complex for a block copolymer electrolyte and the lamellar orientation relative to the
electrodes plays an important role. Our results indicate that the process of block copolymer
rearrangement limits the maximum current that can be sustained by a block copolymer electrolyte.
We employ small angle X-ray scattering (SAXS) to study the structure of a block copolymer
electrolyte during dc polarization.*®!%> We focus on a system that has been well-characterized in
the literature®>->!%: polystyrene-block-poly(ethylene oxide) (SEO) block copolymer doped with
bis-(trifluoromethylsulfonyl)amine lithium salt (LiTFSI). Polystyrene (PS) provides mechanical
rigidity to suppress lithium dendrite growth while poly(ethylene oxide) (PEO) solvates and
conducts lithium ions. We previously reported similar experiments on an SEO/LiTFSI electrolyte
with PS molecular weight, Mpg, of 1.7 kg mol™! and PEO molecular weight, Mpgq, of 1.4 kg mol
!, which exhibited phase transitions over the range of salt concentrations studied.!' In this study,
we used an SEO copolymer with Mpg = 19 kg mol™! and Mpgy = 20 kg mol! which exhibits a
lamellar morphology over all salt concentrations, measured as the molar ratio of LiTFSI to
ethylene oxide moieties, r = [LiTFSI]/[EO]. Since the modulus of the electrolyte increases with
molecular weight, a longer chain block copolymer is more practical for battery applications.?’ Our
goal is to study the response of a practical nanostructured block copolymer electrolyte subjected
to dc polarization and understand the mechanisms which limit performance.

The maximum current that can be sustained through an electrolyte, i.e., the limiting current,
i1im>» depends on the salt concentration, r, and the distance between electrodes, L.!'>!87 In this
work, we study electrochemical cells comprising a block copolymer electrolyte sandwiched
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between two lithium electrodes (i.e., lithium symmetric cells). We will consider situations where
a constant current is passed through the electrolyte in a lithium symmetric cell. As concentration
gradients develop, the potential drop across the electrolyte increases. Eventually, the potential drop
will either stabilize at some constant value or diverge, depending on whether the applied current
density is below or above the limiting current density. The limiting current density is defined as
the maximum current density which can be sustained through the electrolyte and typically
coincides with the condition that the steady-state salt concentration at the negative electrode
approaches zero. Above the limiting current, the potential begins to diverge because, in the
absence of lithium ions at the electrode/electrolyte interface, electrons in the negative electrode
begin to participate in irreversible parasitic reactions with the electrolyte.'®

7.2 Experimental Methods

7.2.1 Materials.

The polystyrene-block-poly(ethylene oxide) (SEO) block copolymer used in this study was
synthesized, purified, and characterized using methods described by Teran et al.!” and
Hadjichristidis et al.'** The block copolymer electrolyte (polystyrene (PS) molecular weight of 19
and poly(ethylene oxide) (PEO) molecular weight of 20 kg mol') was prepared following the
methods reported by Yuan et al.!'® to produce an SEO/LiTFSI mixture with 7 = 0.16. We use the
notation SEO(xx-yy) to denote SEO block copolymers with molecular weight of the PS and PEO
blocks equal to xx and yy kg mol ™!, respectively. Lithium metal with nominal thickness of 0.75
mm was purchased from MTI and scraped with a nylon brush to expose a fresh lithium surface.
The lithium was then cut into a 3.18 mm diameter disk and pressed at 500 psi, resulting in a disk
approximately 1 cm in diameter and 0.1 mm thick. The lithium was then pressed against a stainless-
steel block and the excess trimmed away from the edges to form the electrodes.

7.2.2 Electrochemical characterization of conductivity and limiting current

SEO samples for electrochemical measurements were prepared by placing electrolytes in
annular spacers with inner diameters of 3.18 mm and hand-pressing them into pellets. Samples
were hot-pressed at 90 °C to create uniform, non-porous films. The polymer sample was
sandwiched between stainless steel or lithium electrodes of known thickness. The total cell
thickness was measured using a micrometer before attaching nickel current collectors and sealing
the cell in polypropylene-lined aluminum pouch material. At this point the cells were removed
from the glovebox for testing. The inner diameter of the spacer and the thickness measurements
allow for determination of the cell constants A and L, the electrochemically active area and distance
between electrodes, respectively.

Ionic conductivity of samples with blocking electrodes (stainless steel), k, was measured
by ac impedance spectroscopy at 90 °C. Prior to measurement, cells were annealed at 120 °C for
at least 8 hours and then cooled to 90 °C. The bulk resistance, Ry, was determined by fitting an

equivalent circuit and used to calculate the ionic conductivity, k, via k = —
b
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The limiting current was measured by assembling cells with lithium electrodes and L =
0.025 cm. All measurements were performed at 90 °C. The cells were polarized at constant current
until either a steady state potential was reached or the potential diverged. In some cases, multiple
polarizations were made on the same cell. After polarization, the current was set to zero and the
potential relaxed until it stabilized around 0 V. For subsequent polarizations, the direction of the
current was flipped.

7.2.3 SAXS measurements on samples with inert windows

SAXS characterization was performed on a series of electrolytes with different salt
concentrations to obtain the domain spacing, d, as a function of r. We synthesized a series of
electrolytes with salt concentrations ranging from r = 0 to 0.36. For each sample, electrolyte was
hot pressed into an annular rubber spacer to create uniform, non-porous films with nominal
thickness of 0.72 cm. Kapton windows with thickness of 0.025 cm were affixed on either side of
the spacer and the sample was sealed in an air-free aluminum sample holder. The samples were
then vacuum annealed at 120 °C for 8 h before bringing to the beamline for measurement. SAXS
measurements were carried out at 90 °C on a custom built-heating stage. All SAXS experiments
on samples with Kapton windows were performed at beamline 7.3.3. of the Advanced Light Source
(ALS) at Lawrence Berkeley National Laboratory at an X-ray energy of 10 keV.!6? Silver behenate
was used to determine the beam center and sample-to-detector distance. 2D scattering patterns
were collected with a Pilatus3 2M detector (Dectris Ltd).

7.2.4 Preparation of electrochemical cells for simultaneous SAXS experiments.

The polymer electrolytes were dried at 120 °C under active evacuation in a glovebox
antechamber for 24 h prior to constructing the cells for the simultaneous SAXS and
electrochemical experiments. Lithium electrodes were pressed onto stainless steel current
collectors and placed in the cell assembly which was machined out of poly(ether ether ketone)
(PEEK). Polymer electrolyte was then hot pressed between the electrodes. Set screws were used
to press the stainless-steel blocks closer together, until the distance between the two lithium
electrodes was approximately 1.5 mm. (The distance between electrodes, L, was measured
accurately at the beamline by X-ray transmission measurements, as detailed in the Supporting
Information.) Excess polymer was then scraped away, and nickel tabs were affixed to the stainless-
steel blocks. A reference channel, isolated from the electrochemical channel, was also filled with
electrolyte of the same salt concentration. The PEEK assembly was the screwed shut and sealed
in aluminum-laminated pouch material with nickel tabs protruding. A picture of the cell assembly
and dimensions is provided in the Section 7.6.2. After assembling the lithium symmetric cells, the
samples were vacuum annealed for 120 °C for 8 h. The samples were then cooled to room
temperature and brought to the beamline for testing. The samples were affixed to a heating stage
custom-built for simultaneous SAXS and electrochemical measurements. The samples were
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allowed to thermally equilibrate for 1 h at 90C prior to polarization and then maintained at this
temperature for the duration of the experiment.

7.2.5 Simultaneous SAXS and dc polarization experiments.

All simultaneous SAXS and dc polarization experiments were performed at Stanford
Synchrotron Radiation Light Source beamline 1-5 at SLAC National Accelerator Laboratory. A
custom-built sample heating stage was used for the measurements which allowed for up to three
electrochemical cells to be studied simultaneously. The beam size was fixed at 500 pm (y-axis) by
200 um (x-axis) by slits that are positioned downstream of a multilayer monochromator and
toroidal focusing mirror. The sample is aligned such that the x-coordinate (defined as the direction
of current flow between the electrodes) is along the vertical direction. The dimensions of the
lithium electrodes were 0.195 x 0.395 cm. Thus, the electrolyte formed a rectangular prism where
the 0.395 cm x L face was oriented with its normal parallel to the X-ray beam and the X-ray beam
passed through 0.195 cm of electrolyte. Based on the cell geometry, we expect the sample to be
uniform in structure and r along the y- and z-coordinates. The X-ray energy was 12 keV and the
exposure time at each position was 10 s. The x- and y-coordinates of the cell were mapped out by
scanning the beam around the sample and measuring the beam-stop diode intensity. The intensity
reading from the diode was zero when the beam was positioned on the stainless-steel current
collector and non-zero when passing through the lithium metal, polymer electrolyte, or PEEK.
Intensity readings were used to calculate L (see Supporting Information). Silver behenate was used
to determine the beam center and sample-to-detector distance. 2D scattering patterns were
captured on a SX165 CCD detector (Rayonix, LLC). The 2D scattering profiles were reduced to
1D profiles using the PyFAI package for Python.'®

7.2.6 Electrochemical measurements

All electrochemical measurements were made using a Biologic VMP3 potentiostat. Ac
impedance measurements were made in a frequency range from 1 MHz to 100 mHz with an
amplitude of 80 mV.

7.3 Results and Discussion

7.3.1 Electrolyte properties as a function of salt concentration.

To understand the transient phase behavior of a block copolymer electrolyte in the presence
of a salt concentration gradient between two lithium electrodes, we start by characterizing the
electrolyte under quiescent conditions over the range of salt concentrations that may be
encountered during polarization. LiTFSI selectively partitions into the PEO domains,*>*%!!7 and
as a result the volume fraction of the conducting phase (PEO + LiTFSI) increases with salt
concentration (see Chapter 4). One consequence is that the domain spacing, d, the distance

109



between the center of two lamella of the same component, increases as salt is added. Using sample
holders with inert Kapton windows, we performed SAXS on a series of SEO(19-20)/LiTFSI
electrolytes to extract the domain spacing, d, as a function of salt concentration, . The domain
spacing is related to the position of the primary scattering peak, g*, by Eqn. 7.1:

21

'
The results are presented in Fig. 7.1a. The neat block copolymer (r = 0) has a domain spacing of
28.1 nm. The domain spacing increases rapidly with increasing salt concentration until r = 0.04
where d = 35.9 nm. Above r = 0.06, d increases more gradually and shows a linear trend with r
up until the highest salt concentration measured, r = 0.36, where d = 52.2 nm. Based on the data
in Fig. 7.1a for individual electrolytes cast at different salt concentrations, we have a
straightforward analysis to predict the spatial dependence of the domain spacing when a known
salt concentration gradient forms across a lithium symmetric cell. This analysis, which relies on a
quantitative relationship between d and r, is enabled by empirically fitting the data. The least

squares fit using a sum of two exponential functions if given by the curve in Fig. 7.1a and the
resulting expression is:

d (nm) = 149 — 114 exp[—0.421r] — 7.09 exp[—46.37] (7.2)

d =

(7.1)

Newman’s concentrated solution theory allows us to predict the salt concentration and
potential gradient across a lithium symmetric cell during polarization.*> The steady-state
concentration profile, r(x/L), and potential drop, Uy, can be determined using integral
relationships when the conductivity, k, current fraction, p,, and a term related to the

: du
thermodynamics of the electrolyte, ——
dlnm

details for modeling salt concentration profiles are discussed in refs 1310 Briefly, the salt
concentration gradient at steady state, r(x/L), can be determined from Eqn. 7.3 by an iterative
process: 1) guess a salt concentration at x/L = 0, 2) calculate r(x/L) based on the initial guess
using Eqn. 7.3, 3) integrate r(x/L) from 0 to 1 to determine the average salt concentration, 4)
iterate the initial guess until the calculated average salt concentration matches the desired value
(in our case, r = 0.16). Equation 7.3 is given by:

, are known as a function of salt concentration. The

r(x/L=1) il /x
Ji(r)ydr =——|(= (7.3)
-[‘(x/L:O) ' F (L)
where F is Faraday’s constant and
-1
dU 1
Ji(r) =k (d o m) [r (1 - ;+> z+v+F¢Cl . (7.4)

Here, z, is the charge number of the cation, v, is the number of cations the salt dissociates into,
and ¢, is the volume fraction of the conducting phase. Once r(x/L) is known, the steady state
potential drop, Uy, across the electrolyte can then be calculated by solving:
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r(x/L=0)

Ug(x) = Fz_v_f Jo(r)dr (7.5)

r(x/L=1)

where z_ is the charge number of the anion and v_ is the number of anions the salt dissociates into
and

1) = ()

dinm

r <1 — %+> Z_,_V_,_Fd)cl— (7.6)

Derivations for Eqn. 7.6 through 7.9 are provided in ref 6. The equations presented here are
rearranged by substituting expressions for the anion transference number with respect for the
solvent velocity, t9, which is given by:

1 z,v,FDcop. s dU
9=1—0=—<——1>++ C( ) 7.7
t L+ D+ K dinm 7.7

d?nljn in SEO/LiTFSI electrolytes follow universal

trends regardless of chain length and conducting phase volume fraction, given by Eqn. 7.8 and 7.9
(see Chapter 4):

In previous work, we demonstrated that p, and

p; = 0.18 — 1.7r + 6.3r2 (7.8)

du
dinm

(mV) = =74 — 66 Inm — 13.8(Inm)? (7.9)

The dependence of ¢, on r is given by:
UC
e =
MpsMEgo
Ve ¥ MsMpgo

where Mpg and Mpg, are the molecular weight of the PS and PEO blocks (19,000 and 20,000 g
mol!, respectively), M, and M, are the molar mass of the styrene and ethylene oxide monomers
(104.2 and 44.05 g mol™!, respectively), and v, is the molar volume of the conducting phase (PEO

(7.10)

+ LiTFSI), given by v, = fff). The density of the conducting phase, p. (), was taken from ref 3%,

The implication of Eqn. 7.3 through 7.9 is that, for any SEO/LiTFSI electrolyte, we need only
measure the ionic conductivity, k, as a function of r to predict r(x/L) at steady state and Uy, for
a given current density. We present k as a function of r for SEO(19-20)/LiTFSI in Fig. 1b based
on ac impedance spectroscopy preformed on cells with blocking (i.e., stainless steel) electrodes.
The data presented in Fig. 1b was obtained at 90 °C after annealing at 120 °C for 8 h. The
conductivity of block copolymer electrolytes is a function of the grain size which can change
depending on the thermal history of the sample. To avoid this, we kept the thermal history identical
for all samples. The conductivity of SEO(19-20) increases with salt concentration from the dilute
limit until 7 = 0.1 and then plateaus at higher salt concentrations. The results are consistent with
measurements on other block copolymer electrolytes which have been reported on in the literature
and we defer discussion of the relationship between x and r to those references’”!!%123:186 and
Chapter 3. We fit the conductivity following the functional form presented in ref 13! and obtain:
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T
0.170

We can thus calculate /; (1) and J, (r) for SEO(19-20)/LiTFSI electrolytes using Eqn. 7.8 through
7.11 and the results are presented in the Section 6.6.2.

K (S cm™1) = 0.00237r exp [— (7.11)

55 I T T 1073

11 1 1.1

10~4

|
K(Scm™?)

0.0 0.1 0.2 0.3 0.4

Figure 7.1. Domain spacing and conductivity versus salt concentration. (a) Domain spacing, d, versus
molar salt concentration, r, for a series of SEO(19-20)/LiTFSI electrolytes at 90°C. The electrolyte exhibits
a lamellar morphology at all salt concentrations. The red line is a double exponential fit to the data given
by Equation 2. (b) Conductivity, k, versus r measured from ac impedance spectroscopy in cells with
blocking electrodes at 90°C. Each data point represents a measurement from a unique cell. We performed
measurements on 1-4 cells for each salt concentration. The black curve is a fit to the data given by Eqn.
7.3. In both (a) and (b), the samples were annealed at 120 °C for 12 h and then cooled to 90 °C prior to the
measurement.

In this paper, we will predict salt concentration profiles at steady state and Uy, for various
current densities. We test the predictions of concentrated solution theory by experimentally
measuring the voltage versus time behavior (at constant polarization current) of our electrolyte
with initially uniform salt concentration of v = 0.16. Lithium symmetric cells were constructed
with L = 0.025 cm. The cells were polarized at constant current density, i, and the potential was
measured. If iL is below ij;,, L, it is expected that the potential will plateau and reach a steady-state
value, Ug, indicating that a time-independent concentration profile is achieved. The timescale on
which the cell reaches steady state is proportional to L?. (For the simultaneous polarization and
SAXS experiments, which we discuss in the next section, L ~ 0.15 cm and the timescales are
expected to be about 36 times longer relative to the cells with L = 0.025 cm.) If iL is above i}, L,
then the potential will diverge instead of reaching a plateau. In Fig. 7.2a, we plot the potential
response for a series of applied current densities: iL = 0.025 (red trace), 0.10 (orange trace), 0.40
(yellow trace), 0.60 (green trace), 1.6 (blue trace), 3.2 (purple trace), and 6.4 pA cm™ (black trace).
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The cell potential, U, is the potential drop across the electrolyte. Experimentally, we measure the
potential drop across the current collectors, AV, which includes a significant contribution from the
resistance at the lithium electrode/electrolyte interfaces. We calculate the interfacial potential drop,
AVt by multiplying the interfacial resistance measured from ac impedance spectroscopy and the
current (AVi,: = RjptIA) (see Chapter 2). The interfacial resistance was approximately constant
throughout each polarization experiment, so AV, is assumed to be independent of time. The data
in Fig. 7.2a and 7.2b have been corrected by subtracting AV, from the measured voltage (U =
AV — AVi,he). In Fig. 7.2b, we plot Ugg versus iL with red star makers. We see excellent agreement
between theory and experiment up to iL =3.2 pA cm™. AtiL = 6.4 pA cm’!, the potential diverges
after about 5 h in Fig. 7.2a. In Fig. 7.2b, we denote this experimental observation by the red dashed
line which extends towards infinity above iL = 3.2 pA cm™'. We estimate i};, as the average
between the largest sustained current density and the lowest value measured which resulted in a

divergence of the potential. Thus, the limiting current measured experimentally is estimated to be
48+1.6 A cm.
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Figure 7.2. Comparison of an experimental limiting current measurement to theory. (a) Experimental
measurement of the limiting current. The potential drop across the electrolyte, U, is plotted versus time, t,
for increasing current densities from iL = 0.025 to 6.4 pA cm™ with L = 0.025 cm. A steady-state potential,
Uss is obtained for all currents except iL = 6.4 uA cm™ where U diverges after 5 h. We take the experimental
limiting current to be the average of the lowest unsustainable current density (6.4 pA cm™) and the highest
sustainable current density (3.2 pA cm™). The error bars in (c) depict the fact that the true value of i}, L may
lie anywhere between these two values. (b) Ugg versus iL from experiment (red stars) and theory (black
open circles). The dashed red line indicates that the steady state potential diverges to infinity at iL = 6.4 pA
cm’. (c) Normalized limiting current, ij;, L, versus molar salt concentration, 7. Black open circles represent
the predicted i};;,L from concentrated solution theory. The data point marked by a red star indicates the
value of i};;, L measured experimentally.

Using Eqn. 7.3 through 7.11, we can predict i};,,, by extrapolating to the case where the salt
concentration reaches zero at the plating electrode (see Fig. 7.11 in Section 7.6.2).4¢113:1%0In Fig,
7.2c, we plot theoretically predicted limiting current for SEO(19-20)/LiTFSI electrolytes with r
ranging from 0.02 to 0.16 as open black circles. The limiting current normalized by the distance
between electrodes, i)y, L, s plotted versus r; we choose this format because results obtained using
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symmetric cells with other values of L can be compared directly with the data presented here. We
note that these predictions are made using no adjustable parameters. We see the expected behavior
that ij;, L increases monotonically with salt concentration from 2.12 pA cm™ at r = 0.03 to 10.5
uA cm™ at r = 0.16. The red star in Fig. 7.2c represents the experimentally measured limiting
current. The experimental value is approximately a factor of two lower than that predicted by
concentrated solution theory. One of the motivations for the simultaneous SAXS and polarization
experiments described in the next section is to investigate the reason for this discrepancy.

7.3.2 Gradients in domains spacing as a function of current density

To monitor the structure of the SEO(19-20) with r = 0.16 electrolyte during polarization,
we built a custom electrochemical cell to allow simultaneous SAXS measurements. This cell is
shown schematically in Fig. 7.3a. The lithium electrodes are in the y-z plane such that the nominal
direction of ionic current is parallel to the x-axis. In Fig. 7.3b, we show an example of a SAXS
pattern obtained from SEO(19-20) where the incident beam is oriented in the z-direction. Our
sample, which is made by pressing the freeze-dried electrolyte into the sample holder, consists of
lamellar grains oriented in different directions. The information in a 2D SAXS pattern from a
collection of lamellar grains is dominated by lamellae which have normal vectors in the plane
parallel to the detector (the x-y plane, in our case); the normal vector is defined to be perpendicular
to the nominal interfaces between adjacent lamellae.!”! By scanning the beam along the x-axis,
the 2D scattering patterns contain information about the structure of lamellae with normal vectors
in the x-y plane along the axis which the salt concentration gradient forms in a dc polarization
experiment. We define the azimuthal angle, y, in Fig. 7.3b and denote y = 0° along the y-axis,
pointing upwards and increasing counterclockwise. The SAXS pattern is divided into 18 sectors
as shown in Fig. 7.3b and the cartoons in each sector indicate the orientation of lamellar grains
which give rise to scattering in that sector. By analyzing data at y = 0 and 180° (as defined in Fig.
7.3b) we obtain information about grains with lamellar planes parallel to the flow of ionic current
(we call these lamellae LAM,|, and note that their normal vectors are parallel to the y-axis). For y
=90 and 270°, we obtain information about grains with lamellar planes perpendicular to the flow
of ionic current (we call these lamellae LAM, and note that their normal vectors are perpendicular
to the y-axis).

From an electrochemical perspective, the component of the normal vector which lies along
the direction of current (x-axis) dictates the role of that grain in ion transport. For example, the
normal vector for LAM|, is along the y-axis, so no component of the normal vector is along the x-
axis. Electrochemically, LAM,, are identical to lamellar grains with normal vectors along the z-
axis (or any vector in the y-z plane, for that matter). Based on the scattering geometry, however,
the SAXS patterns contain no direct information about grains with normal vectors along the z-
axis. The subset of grain orientations with normal vectors in the y-z plane correspond to grains
with lamellar planes parallel to the current (although we reserve the term LAM,; to those with
normal vectors along the y-axis). This subset of grains provides conducting pathways directly
between the electrodes and contribute more than any other orientation to the ionic conductivity.!%
Although scattering data in the y = 0 and 180° sectors result from the LAM| orientation, we can
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extrapolate results to be representative of all grain orientations with normal vectors in the y-z
plane. This parity emerges because the y- and z- directions are identical: we do not expect
variations in salt concentration or structure in either direction. The grain orientations depicted in
the 18 sectors of Fig. 7.3b have fractions of their normal vectors lying along the x-axis spanning
from 0 (LAM;)) to 1 (LAM;) and thus cover all grain orientations for which we expect distinct
electrochemical behavior. The argument which led us to extrapolate results for LAM to any grain
with normal vector in the y-z plane can be made for each orientation shown in Fig. 7.3b: each
subset of grain orientations is generated by rotating the normal vector about the x-axis, and grains
in a single subset are expected to behave identically. Therefore, the information contained in the
2D scattering patterns is representative of all possible grain orientations in our sample.

& ] (b)

90° 4— 4 270°

\
' reference channel

Figure 7.3. Simultaneous SAXS and polarization experimental set up. (a) Schematic representation of
the simultaneous polarization and SAXS experiment. An SEOQ/LiTFSI electrolyte with randomly oriented
grains is sandwiched between two lithium electrodes with current passing parallel to the x-axis. X-rays pass
parallel to the z-axis, perpendicular to the current. Scanning the beam along the x-axis allows for spatial
resolution between the electrodes. A reference channel filled with electrolyte was placed next to the
electrochemical cell. (b) Characteristic 2D SAXS pattern obtained from experiments. The pattern is divided
into 18 sectors defined by the azimuthal angle, y. Scattering data in each sector corresponds to lamellae
oriented with the angle between the vector normal to the PEO/PS interfaces and the positive y-axis equal
to y. The cartoons in each sector show the lamellar orientation with normal vectors drawn. The white arrows
indicate the direction of current flow.

Using the experimental geometry shown schematically in Fig. 7.3, we studied three lithium
symmetric cells comprising an SEO(19-20)/LiTFSI electrolyte with r = 0.16 at three current
densities. The beam was aligned so that the 200 um beam dimension was along the x-axis of the
cell (i.e., the axis perpendicular to the planar electrodes, which is the direction of ionic current
flow). The 500 um dimension was along the y-axis of the cell and in the center of the channel
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along the y-axis. The sample was scanned in 100 um increments along the x-axis, beginning and
ending over the stainless-steel current collectors. When the beam was aligned over the stainless-
steel, the beam was completely attenuated, and the transmitted and scattered intensity were both
zero. We used the transmitted intensity to define the coordinates and measure L for each cell, as
described in the Section 7.6.2. We define the initial time, t = 0, as the first moment of polarization.
Throughout this work, we discuss the current in terms of iL which is the current, I (uA), divided
by the electrode surface area, 0.077 cm? for all three cells, multiplied by the distance between
electrodes, L (cm).

We begin by analyzing SAXS data for cells polarized at iL = 0.946 pA cm™ (Fig. 7.4a),
2.13 A cm’! (Fig. 7.4b), and 3.82 pA cm™! (Fig. 7.4¢). An example of a 2D SAXS pattern obtained
from these experiments is presented in Figure 7.3b. A 360° azimuthal average of the data was
performed to obtain 1D SAXS profiles of the scattered intensity, I, as a function of the scattering
vector, g. We obtain the domain spacing by fitting the primary scattering peak to a pseudo-Voight
function as described in the Supporting Information to obtain g* and calculating d from Eqn. 7.1.
In Fig. 7.4, we plot d as a function of normalized position between the electrodes, x /L. Lithium
stripping occurs at the positive electrode where x/L = 0 and lithium plating occurs at the negative
electrode where x/L = 1. The top panel in each figure (Fig. 7.4a-c) shows the potential, U, response
of the cell as a function of time. The black dashed line represents U predicted from theory. In all
cases, the measured potential stays below the predicted value and does not reach a clear plateau
before the experiment was halted at t =48 h, mainly due to limited access to the SAXS instrument.
The rainbow color scheme in the top panel and main figure are coordinated such that the color of
the data points on the U vs t plot correspond to the time which the data set of the d versus x/L
was obtained. Purple data sets were obtained near the beginning of the polarization step (¢ = 0 h)
and red data sets were obtained near the end (t = 47 h). To account for drift of the sample stage,
and thus changes in the sample-to-detector distance and interpreted d-values, we included a
reference sample of electrolyte in a cylindrical channel directly next to, but isolated from, the
electrochemical channel. The domain spacing of the reference, d,.r, was measured after each scan
of the cell and varied by about 0.5 nm over the course of the experiment. We thus corrected the
raw measurement of the domain spacing, d,,., by a correction factor given by Eqn. 7.12:

dref(t =0)
dref(t = t))

Plots of d¢(t) are presented in the Fig. 7.12 in Section 7.2 for each cell with additional discussion.

In Fig. 7.4a, a constant current density of 6.34 nA cm™ was applied across a cell with L =
0.143 cm (iL = 0.946 uA cm™). Att =0 h, the average domain spacing across all positions is 42.4
nm. The domain spacing is not completely uniform initially; d = 42.3 nm near the center of the
cell and d = 42.6 nm near the electrodes. We suspect this difference (less than 1% of the domain
spacing) is due to uneven pressure distribution on the lamella during sample preparation. This
trend is also seen in Fig. 7.4b and 7.4c. In Fig. 7.4b, a current density of 13.5 pA cm™ was applied
across a cell with L =0.158 cm (iL = 2.13 pA cm™), and in Fig. 7.4c, a current density of 27.3 nA
cm was applied across a cell with L = 0.140 cm (iL = 3.82 pA cm™). For each cell, d increases
near the positive electrode where local salt concentration increases and decreases near the negative
electrode where local salt concentration decreases. The gradient in d develops near the electrodes
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first, then propagates towards the center of the cell and becomes more linear with time. To
highlight this, we drew lines through the d versus x/L data sets corresponding to t =4.7 and 19.6
h along with the first (¢ = 0 h) and last data (¢t = 46.6 h) set. The vertical dashed lines in the top
figure correspond to the data sets with lines drawn through in the bottom figure. The qualitative
observation that the domain spacing changes first near the electrodes before propagating into the
center of the cell is consistent with predictions of time-dependent concentration profiles from
concentrated solution theory.!”

As the current increases from Fig. 7.4a to 7.4c, the magnitude of the domain spacing
gradient increases. For the lowest current density, the difference in d between the positive and
negative electrodes at t = 46.6 h is 1.63 nm, for the middle current density, it is 3.84 nm, and for
the highest current density, it is 9.08 nm. A larger salt concentration gradient is expected for higher
current densities as the flux of the anion due to migration is larger and thus a larger diffusive flux
is required to match it and achieve steady state. Interestingly, the domain spacing gradients are
not symmetric; the increase in domain spacing at the positive electrode is larger than the magnitude
of the decrease in domain spacing at the negative electrode. This effect is most prominent for the
largest current density in Fig. 7.4c. We will discuss this observation in more detail in the context
of Fig. 7.5 and 7.6. For all three current densities, the point where d shifts from increasing to
decreasing is at a position x/L = 0.6. We next turn to Eqn. 7.2 to convert the measured domain
spacings into local salt concentrations as they can be directly compared with theoretical
predictions.
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Figure 7.4. Results from simultaneous polarization and SAXS experiments at three current densities.
(a) The potential drop across the electrolyte, U, versus time, t, is plotted in the top panel of each figure.
The dashed line represents the steady state potential (Ugg) predicted from concentrated solution theory. In
the main panel, the domain spacing, d, is plotted versus normalized cell position, x/L. The color of each
data set corresponds with the U versus t plot in the top panel. Purple data sets were obtained at the beginning
of polarization (t = 0 h) and red data sets were obtained at the end of polarization (t = 46.6 h).

7.3.3 Domain spacing as a proxy for salt concentration.

For each data point in Fig. 7.4a through 7.4c, we calculate a local salt concentration from
Eqn. 7.2 to obtain r(x/L,t) for each cell, and the results are plotted as data points in Fig. 7.5,
following the same color scheme as Fig. 7.4. The black dashed lines represent the nominal initial
salt concentration (r = 0.16) of the cell, and the solid black lines represent the steady state salt
concentration gradient predicted from theory. Based on Fig. 7.2a, we calculate the ratio of the
current density to the limiting current, i/i};,,. Because the predicted limiting current differs
significantly from the measured limiting current, we report the ratio of the applied current to both
the experimental and theoretical limiting currents, ijim expt and fim theory- The applied current
density is 20%, 44%, and 80% Of ijjy expr and 9.0%, 20%, and 36% of ijim theory for Fig. 7.5a,
7.5b, and 7.5c, respectively. In Fig. 7.5a and 7.5b, we see good agreement between the experiment
and the theory; the magnitude of the salt concentration near the end of the polarization experiment
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matches the predicted salt concentration gradient. Conversely, the agreement with r(x /L) is poor
in Fig. 7.5c at iL = 3.82 pA cm’..
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Figure 7.5. Molar salt concentration, 7, versus normalized cell position, x/L, based on converting the
domain spacing, d, presented in Fig. 7.4 to r with Eqn. 7.2. We report the ratio of the applied current to
the experimental limiting current, ijjy expr and the theoretical limiting current, ijjm theory- (2) Data obtained
with iL = 0.946 uA cm™. (b) Data obtained with iL = 2.13 uA cm™. (c) Data obtained with iL = 3.82 uA
cm™. The color scheme for each data set matches that presented in Fig. 7.4a through 7.4c. The dashed black
line represents the nominal initial salt concentration, r = 0.16. The solid black line represents the predicted
salt concentration gradient from theory.

In Fig. 7.5c, using the domain spacing as a proxy for salt concentration results in local
values of r which are significantly greater than the theory across the entire cell. The salt
concentration averaged across all positions calculated from Eqn. 7.2 in Fig. 7.5cisr =0.157 at t
=0handr=0.186 at t =46.6 h, an increase of 18%. This is an unphysical result: the average salt
concentration must be conserved throughout the experiment. We thus conclude that the assumed
relationship between r and d, which was based on measurements on samples at equilibrium, is not
valid when ionic current flows through the sample. Nevertheless, we obtain considerable insight
into the origin of the observed gradients in d under applied electric fields by combining
equilibrium measurements of domain spacing with concentrated solution theory. Agreement
between theory and experiment is reasonable for i/ijim expt < 0.5 where we see good agreement

between theoretical and experimental Ugg versus iL data in Fig. 7.2b.

7.3.4 Swelling and contracting lamellae at high current density.
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To gain deeper insight into the swelling and contrition of the lamellae at high current
density, we performed the following experiments. After polarizing the cell in Fig. 7.4a at 0.946
nA cm! for 46.6 h, we increased the current by a factor of 12 to 11.3 pA cm™ (ie., i/ {lim,expt =
2.4 and i/i}im theory = 1.07). The potential of the cell is plotted as a function of time in Fig. 7.6a
beginning at t = 46.6 h when the current was abruptly increased in a blue to green color scheme.
At that time, the potential jumps from 0.08 V to 0.2 V and then steadily increases. At t = 58 h,
there is an inflection point and the potential diverges. A cutoff voltage was set at 1.0 V, and the
cell was switched to open circuit (i = 0 pA cm™) at t = 61.1 h. The potential then begins to decay,
plotted in a blue to pink color scheme, as the concentration gradient relaxes.

Throughout the experiment, we measured d(x) as a function of time. We define the change
in domain spacing, Ad, by Eqn. 7.13:

Ad(x/L,t) = d(x/L,t) — d(x/L,t = 0) (7.13)

Recall that t = 0 is at the beginning of the first polarization step at 0.946 pA cm’!, so the quantity
Ad(x/L,t) reflects the change in domain spacing from the quiescent, r = 0.16 electrolyte. In Fig.
7.6b, we plot Ad as a function of normalized position in the cell from t = 0 to 61.1 h. Data sets
plotted with black markers represent Ad during the first 0.946 pA cm™'. The magnitude of Ad is
less than 2 nm during this time (see Fig. 7.4a). Data for 46.6 <t (h) < 61.1 is plotted in a blue-to-
green color scheme where the color corresponds to the U versus t data in Fig. 7.6a. The right axis
of Fig. 7.6b represents the percent change of the domain spacing from the nominal initial value of
42.4 nm (averaged over all x/L att= 0 h). At x/L = 0.088 (near the lithium stripping electrode),
Ad reaches 10.8 nm at ¢ = 61.1 h, an increase of 25.4 % from the quiescent state. At x/L =0.93
(near the lithium plating electrode), we measure Ad of -4.4 nm at t = 61.1 h, a decrease of 10.4 %
from the quiescent state. This difference between Ad at x/L = 0.088 and 0.93 highlights the point
that the swelling of the salt rich lamellae is not compensated by the contracting of the salt deficient
lamellae. We take this analysis a step further by fitting the data set at t = 61.1 h to a 5™ order
polynomial plotted as a red in line in Fig. 7.6b and given by:

Ad = —272(x/L)% + 816(x/L)* — 955(x/L)3 + 542(x/L)? — 158(x/L) + 21.0) (7.14)

Because the cell operates above limiting current, the shape of d vs x/L when the potential
diverges (green data set) is non-linear: the gradient in d is most severe near the electrodes. The
area under the curve (calculated by integrating Eqn. 7.14 from x/L =0 to 1) is an average of 1.6
nm; if the lamellar volume were conserved, we would expect this value to be 0. This implies that
the average increase in d is 1.6 nm, or 3.8% from the quiescent state. Based on these significant
changes in the domain spacing, it is instructive to analyze the scattering profiles more closely.

In Fig. 7.6¢ and 7.6d, we present the 1D SAXS profiles during polarization (t =46 to 61 h) for the
x/L =0.088 (highlighted by the dashed gold box in Fig. 7.6b) and x/L = 0.93 (highlighted by the
dashed purple box in Fig. 7.6b) positions, respectively. We plot the scattered intensity from the
sample I;(q) divided by a reference intensity, I.ef. Iof 1S the maximum intensity of the primary
scattering peak of the reference sample (as described in Section 7.2.5). The scattering from the
reference sample was measured once for each data set in Fig. 7.6b. We use the same color scheme
in Fig. 7.6¢ and 7.6d to denote the time of each data set. Our main interest is to investigate if there
are any signatures of the lamellar structure being disrupted near the electrodes during the extreme
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polarization conditions. Overall, we see a shift of the primary scattering peak to lower g (higher
domain spacing) in Fig. 7.6c, but the character of the peak remains consistent throughout the
experiment. The same is true in Fig. 7.6d for as the peak shifts to higher g (lower domain spacing).
In Fig. 7.6e and 7.6f, we show the 1D SAXS patterns obtained during the open circuit relaxation
step (t = 61 to 80 h) at x/L = 0.088 and 0.93, respectively. Again, the character of the primary
scattering peak is maintained as the peak position shifts towards the initial peak position prior to
polarization.
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Figure 7.6. Results from simultaneous polarization and SAXS experiments performed above the
limiting current, iL = 11.3 pA cm™'. The current was increased from 0.946 pA cm™ at t = 46.6 h (data for
t <46.6 h is presented in Fig. 7.4a and 7.5a at the lower current density). (a) Potential drop across the
electrolyte, U, versus t. For 46.6 <t (h) < 61.1, a constant current of iL =11.3 pA cm™ was applied and
U is plotted in a blue to green color scheme. At t = 61.1 h, the cell switched to open circuit (iL = 0) and the
open circuit cell potential is plotted in a blue to pink color scheme. (b) Change in domain spacing, Ad,
defined by Eqn. 7.7 versus t for the constant current polarization for 46.6 <t (h) < 61.1. Data sets plotted
with black symbols were obtained during the 0.946 pA cm™ polarization for t < 46.6 h. The blue to green
color scheme of the remaining data set corresponds with the U versus t plot in (a). The red trace is a
polynomial fit to the final data set at t = 61.1 h (green data points). 360° azimuthal averages of selected
2D SAXS patterns are presented in (c) through (e) with colors corresponding to the U versus t data in (a).
(c) 1(q) plots for 46.6 < t (h) < 61.1 during the 11.3 uA cm™ polarization at x/L = 0.088 and (d) x/L =
0.93. (e) 1(q) plots for t > 61.1 h when the cell is at open circuit measured at x/L = 0.088 and (f) x/L =
0.93. The gold and purple dashed boxes in (b) through (f) highlight data obtained at x/L = 0.088 and 0.93,
respectively.

7.3.5. Lamellar orientation parameter

To further investigate the extent to which the lamella may rearrange due to polarization,
we calculated an orientation parameter for the electrolyte as a function of position and time. For
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each scan, the scattering pattern was divided into 18 sectors as shown in Fig. 7.3b and averaged to
obtain I(q) for each sector. The I(q) data was fit as described previously, and the scattering
invariant, Q, was calculated by integrating q2I(q) over the fitted primary scattering peak. The
result is Q () for each scan. The orientation parameter, f, was calculated according to Eqn. 7.15:

f = 3(cos? y)—1

5 (7.15)
using Eqn. 7.16,
(cos? 7) = 12° QQ0) cos? () sin(x) dx 16
M T 0G0 sinG) dx |

where 0° is defined such that it corresponds to lamellae with normal vectors perpendicular to the
direction of current flow, as shown in Fig. 7.3b.1>"1°* An orientation parameter f = 1 describes a
lamellar sample where all grains are oriented with lamellar interfaces perpendiuclar to the direction
of curent flow. For a sample with all lamellar interfaces oriented parallel to the direction of curent
flow, f =-0.5. Randomly oriented lamellae correspond to f = 0.

The Q(x) data ranges from y = 0 to 360°, while Eqn. 7.16 only includes data from 0 to
90°. We expect the same information to be reflected in all four quadrants of the 2D SAXS patterns
because a single lamellar grain generates identical scattering along two azimuths separated by
180°. To minimize noise in the data, we averaged the four quadrants of our data by first adding
Q(x) from 180 to 360° to the Q(x) from 0 to 180°. Next, we folded the resulting data, which
ranges from 0 to 180°, around y = 90°, thus resulting in Q(y) that includes data from all four
quadrants with y ranging from 0 to 90°. This data set of Q(0 < y < 90°) was numerically
integrated to obtain (cos? y) according to Eqn 7.16.

The resulting orientation parameter, f(t) is presented in Fig.7. 7 for each postion in the
cell with iL 2.13 pA cm™'. Similar plots for the other two cells can be found in the Section 7.6.2,
and are qualitatively similar. At all positions, f is approximately 0.25, with little change over time.
This indicates that before any current is applied, the lamellar grains have a slight preference for
orientations such that their normal vectors are parallel to the direction of current flow. This
orientation was likely introduced by the mechanical force necessary to deform the electrolyte and
fill the cell. Electrochemcial polarization does not affect the distribution of grain orientations. If
lamellar grains were to break up and re-form during electrochemical polarization, one would
expect newly formed lamellae either to be randomly oriented, corresponding to /= 0, or to form
with a new prefential orientation due to current flow. In either case, we would expect to observe f
which varies with time. The observation that f is time-invariant suggests that the grain structure
remains relatively constant throughout the experiment.

122



o Wl=013 Wl = 157
o Wls=019 wl = .63
e WL = 0 25 WL =07 W
WL =032 Wl =076
0.6 WL =018 o L= 083 -
Wl=044 o wmL=0Es
0.4 %L = 051

0 i} 20 i &0
tih)

Figure 7.7. Orientation parameter, f, versus time, t, for the cell polarized at iL = 2.13 pA cm™ for
positions ranging from x/L = 0.13 to 0.89. f is approximately constant with time across all positions,
indicating that polarization does not induce grain alignment or dealignment.

Our analysis of Fig. 7.4 through 7.7 has led us to the conclusion that the lamellae which
constitute the block copolymer electrolyte do not break apart and reform to accommodate the salt
concentration gradient. We hypothesize two alternative explanations for the observation of a 3.4%
net increase in d across the entire sample: 1) individual polymer chains diffuse from one lamella
to another, preserving the grain structure but resulting in a total decrease in the number of lamellae
in each grain, or 2) there is a net increase in lamellar volume which may be accommodated by
annihilation of defects, expansion of the cell walls, or compression of the lithium electrode. Both
processes come with large energetic penalties, which may explain the discrepancy between the
experimental and theoretical limiting current in Fig. 7.2c. With increasing current density, the
domain spacing gradient must increase to accommodate the increasing salt concentration gradient,
and eventually the energetic penalty to do so becomes too large, and the potential diverges.

7.3.6 Orientation dependence of lamellar distortion

We next analyze how different orientations of lamella swell and contract in response to the
salt concentration gradient. We focus our attention on data from a single positional scan taken at
t = 34.6 h in the cell polarized at 2.13 pA cm’!. The qualitative results are representative of all
cells studied at times significantly after the onset of polarization. We again divided the 2D
scattering pattern into 18 sectors as shown in Fig. 7.3b to obtain I(q, ). Here, y represents the
angle at the center of the sector. For example, if y = 90°, then we are averaging the scattering data
between y = 80 and 100°. Based on the sector averaged data, we follow the same peak fitting
procedure as discussed previously to obtain d () for each 2D scattering plot. Before polarization,
we found that d(y) was not constant. To account for this, we redefine the quantity Ad for a fixed
position x/L in Eqn. 7.17:

Ad(y,t) =d(x,t) —d(x t =0) (7.17)
123



In Fig. 7.8a, we plot Ad as a function of y for each position in the cell for the data set obtained at
t =34.6 h. From top to bottom, x/L increases from 0.13 to 0.89. Near the positive electrode, Ad
> ( for all y and there are local maxima at y = 90° and 270°. Near the center of the cell, Ad is
approximately equal zero for all values of y. Near the negative electrode, Ad <0 for all y and there
are local minima at y = 90° and 270°. The results presented in Fig. 7.8a suggest that grains with
lamellar planes perpendicular to the flow of ionic current (LAM; ) undergo greater expansion (near
the positive electrode) or contraction (near the negative electrode) when compared to those with
lamellar planes parallel to the flow of ionic current (LAM})). To highlight this point, we plot the
difference in domain spacing between LAM; and LAM||, djam, — dLAM”, in Fig. 7.8b. The color

of each data point in Fig. 7.8b corresponds to the data set of the same color in Fig. 7.8a and 7.8c.
At t = 34.6 h, the LAM near the positive electrode are swollen 1 nm larger than LAM,;. Near the
negative electrode, the LAM; are about 1 nm smaller than the LAM|,. Near the end of polarization,
this difference increases to about 1.6 nm (see Fig. 7.16 in Section 7.6.2).

The orientation-dependent distortion of lamellae shown in Fig. 7.8a and 7.8b indicates that
the salt which is preferentially depleted from LAM; at the negative electrode accumulates
preferentially in LAM; near the positive electrode. In a randomly oriented lamellar sample, one
would conclude that grains in the LAM| orientation contribute the most to dc conductivity relative
to any other orientation, while those in the LAM do not contribute to the dc conductivity.!®® Our
analysis shows that LAM; also play a critical, but more subtle, role in ion transport. The swelling
and contracting of the lamellae are required to allow the formation of a salt concentration gradient
and thus sustain the applied current, and a larger portion of this volume change is accommodated
by those lamellae in the LAM; orientation. While a lamellar sample with only the LAM;
orientation would not be desirable as there would be no path for ionic current to pass between the
electrodes, one with only the LAM,; orientation may also be undesirable because the resistance to
volume change would reduce the limiting current. Therefore, we may conclude that a collection of
lamellar grains with a distribution of orientations is likely to lead to the largest limiting current
due to the need to accommodate both large ionic currents and to accommodate large salt
concentration gradients.

We may take our analysis a step further by using Eqn. 7.2 to estimate the local salt
concentration in the lamellar grains as a function of y. The results are shown in Fig. 7.8c. The
shape of the curves in Fig. 7.8c are like those in Fig. 7.8a because of the linear relationship between
d and 7 in the range of salt concentrations from r = 0.1 to 0.2. Although we have discussed that
the conversion from d to r fails at high current densities, we do expect that for two grains at the
same x/L but different with different d, the grain with higher d will have higher local r. Thus, by
calculating r versus y for each position, we approximate sense of how the salt concentration varies
in grains with different orientations. Based on Fig. 7.7b, r is about 0.015 higher in LAM; compared
to LAM,| near the salt rich electrode, and about 0.008 lower near the salt deficient electrode. These
results suggest that salt concentration gradients can form along all three axes (x, y, and z), not just
the axis along ion transport (x). For the y- and z- axis, the concentration gradients which form are
on the length scale of the grain size, while along the x-axis, the concentration gradient is on the
length scale of L. In Chapter 6, we identified the formation of concentration hotspots in SEO(1.7-
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1.4). This new insight suggest that the nucleation of these hotspots likely emerges from grains in
the LAM; orientation where salt accumulates more heavily.
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Figure 7.8. Orientation dependence of lamellar distortion for the cell polarized at iL =2.13 pA cm™ at
t =34.6 h. (a) Change in domain spacing, Ad, defined by Eqn. 7.10 as a function of azimuthal angle, y. (b)
Difference in domain spacing between LAM; and LAM| as a function of normalized position, x/L. (¢)
Local salt concentration, r, versus y based on the data in (a). r was calculated from d(x) using Eqn. 7.2.
Data sets of the same color were obtained at the same position in the cell (x/L) which is reported on the
bottom axis of (b).

The local salt concentration within a single lamellar grain and domain spacing are
intimately related. If salt preferentially accumulates into one grain over another, that grain must
swell more to accommodate the higher local salt concentration. Alternatively, if mechanical forces
preferentially stretch one grain over another, the density of EO monomers in the PEO phase of that
grain will be lower, so salt will preferentially go into the lamella to equalize the density between
neighboring grains. We hypothesize that the later situation is what drives the orientation
dependence of d and, subsequently, r in Fig. 7.8. Thermodynamically, there is no reason why salt
would prefer to reside in one grain over another based strictly on the orientation relative to the
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current direction. The salt concentration gradient forms along the x-axis, which is independent of
the block copolymer structure (salt concentration gradients also develop along the x-axis in
homopolymer electrolytes). Thus, there is force driving the solvent to expand in the x-direction
for regions near the positive electrode where r > 1,4, and a force driving the solvent to contract in
the x-direction for regions near the negative electrode where r < 1,,,. This mechanical force
preferentially distorts lamellae which have PEO-PS interfaces oriented perpendicular to the x-axis
(LAM;), as the interfaces are drawn apart near the positive electrode and driven closer together
near the negative electrode. For lamellae with interfaces oriented parallel to the x-axis (LAM|)),
this mechanical force acts parallel to the PEO-PS interfaces, and therefore does not result in
additional distortion.

7.4 Conclusions

Concentrated solution theory provides a framework to predict the development of salt
concentration gradients and the associated potential drop across the electrolyte when current is
passed through a cell. This can be extended to predict the maximum current density which can be
sustained through the electrolyte (i.e., the limiting current, ij;,,). The prediction is based on the
condition that the salt concentration reaches zero at the negative electrode where lithium plating
occurs. Experimentally, we find that the limiting current in SEO(19-20)/LiTFSI is approximately
a factor of two lower than what is predicted from concentrated solution theory. Small angle X-ray
scattering performed on the electrolyte during dc polarization provided several key insights into
this observation. We found that there was a net increase in the domain spacing of the polymer as
the salt concentration gradient developed. At large current densities, the rearrangement of the
polymer chains comes at a large energetic penalty, which results in divergence of the cell potential
at currents below the predicted limiting current (see the black curve in Fig. 7.2a). Additionally, we
observed that grains with lamellar planes perpendicular to the flow of ionic current (LAM;) swell
and contract to a greater extent compared to those with lamellar planes parallel to the flow of ionic
current (LAM)|). Because the formation of a salt concentration gradient relies on the ability of the
lamellae to swell and contract, this observation indicates that lamellae that do not provide a straight
path between electrodes still play a critical role in the functionality of the block copolymer
electrolyte.
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7.6 Supporting Information
7.6.1 Data Fitting

The scattering intensity as a function of the scattering vector, 1(q), data was fit using a
Levenberg-Marquardt nonlinear least-squares algorithm. Data was reduced to I(q) based on either
a 360° azimuthal average or by sector averages, as described in the main text. In all cases, the
fitting procedure was the same regardless of whether the 1(q) data represented a 360° azimuthal
average or a 20° sector average. The I(q) data was fit to the sum of a pseudo-Voigt function and
a background function given by Eqn. 7.17 in the range 0.05 < g (nm™) < 0.3:

(@) = Ly (@) + Ipkg (@) (7.17)
I,y (q) is a pseudo-Voigt function given by:
Ly (q) = AlnG(q) + (1 —n)L(q)], (7.18)

where A is the area under the curve, 1 is the Gaussian fraction. G (q) is the Gaussian component
of the fit given by Eqn. 7.19 and L(q) is the Lorentzian component of the fit given by Eqn. 7.20:

2 /In2\%° —4In2(q - q*)?
G(q) = W(%) exp[ e VSZ ) l (7.19)
w
L(q) = 2 (7.20)

(a—q)*+ (%)2

where w is the peak width (i.e., full width at half maximum) and q”* is the position of the primary
scattering peak. For fitting the background, we used:

y
Iykg(@) = Ypo + Yp1 €XP [%] : (7.21)

In Eqn. S1, the fitted parameters are: 1, w, q*, Ypo, ¥p1, and Yp,. The value of 7 must lie between
0 and 1. The value of ¢* was used to calculate the domain spacing, d, by Eqn. 7.1 in the main text.

7.6.2 Supporting Figures
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Figure 7.9. Schematic of the cell designed for simultaneous SAXS polarization experiments. (a)
Schematic representation of the bottom plate in the two-part PEEK sample holder. Two stainless steel
blocks sit in a channel cut into the PEEK. The blocks have lithium metal pressed on the inside face to serve
as electrodes. Polymer electrolyte (pink) is hot-pressed between the blocks, and a set screw is used to adjust
the distance between the blocks and create an air free sample. The length of the polymer channel along the
y-axis is 0.395 cm and the distance between electrodes (width of the polymer channel) was measured in
Figure S4 for each sample. The thickness of the polymer channel is 0.195 cm (as shown in part ¢). The
reference sample is isolated from the electrochemical channel and consists of a cylindrical channel cut into
the PEEK, also with thickness of 0.195 cm. In this view, the X-rays would pass into the page along the z-
axis. The holes near the four corners of the sample holder are tapped to allow the top plate to attach with
tapered screws. (b) Top plate of the two-part PEEK sample holder. The top plate screws into the bottom
plate and secures the tabs to the stainless-steel blocks which are used to make electrical connections. The
dashed lines show the hidden O-ring groove which is cut into the side of the plate which contacts the bottom
plate. A Viton O-ring is used to seal the cell around the polymer channel. (c) View of the cell in the x-z
plane of a slice taken through the center of the cell. The thickness of the polymer channel is 0.195 cm. The
dimensions of the lithium electrodes are 0.395 x 0.195 cm. Dashed lines indicate the location of the tapered
screws. Current collectors (nickel foil) are secured to the stainless-steel blocks by a Viton O-ring which
also serves to seal the area around the polymer channel. The green arrow indicates the direction which X-
rays pass during the experiment. (d) Left panel: picture of the bottom plate (shown schematically in part a)
loaded with polymer electrolyte in both the reference channel and electrochemical channel. This cell had
two reference channels but only one was used for measurements during the experiment. Right panel:
picture of an assembled cell sealed in aluminum laminated pouch material. The nickel tabs protrude out of
the pouch and connect to the potentiostat.
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Figure 7.10. Integral parameters used for calculating salt concentration and potential gradients from
concentrated solution theory using the methodology discussed in the Section 7.3.1. (a) Calculated values
for J; as a function of r plotted with open circles. Eqn. 7.4 is reproduced above the plot. The red line is a
fit to the data given by the 10™ order polynomial and the fit equation and resulting coefficient values are
provided. (b) Calculated values for J, as a function of r plotted with open circles. Eqn. 7.6 is reproduced
above the plot. The red line is a fit to the data given by the 10™ order polynomial and the fit equation and
resulting coefficient values are provided. There is no physical meaning to the fit equation, it is simply used
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to obtain the area under the curve. A numerical approach could have also been used.
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Figure 7.11. Example calculation of the limiting current based on an average salt concentration of r =
0.16. Salt concentration gradients are predicted for increasingly large currents until the salt concentration
at x/L = 1 reaches the lower bound of the model. The bottom axis is the value of  at x /L = 1 for the current
density (iL) plotted on the left axis. The red curve is a polynomial fit and is extrapolated to r =0 at x /L =
1. The current at the y-intercept is the limiting current. This calculation was repeated for each salt
concentration in Fig. 7.2c.
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Figure 7.12. Transmission versus motor position for cell (a), (b), and (c), which corresponds to the cells
in Figure 4a, 4b, and 4c, respectively. The transmission is given by the intensity recorded from the ion
counter at the beam stop divided by the intensity from the ion counter upstream of the sample. We normalize
the transmission by the maximum transmission for each data set. The color of each data set corresponds to
the data in Figure 4 of the main text. Where T /T,,x = 0, the beam is centered over the stainless steel
electrode. Where T /T,.x > 0, the beam is passing through polymer and/or lithium metal. The dashed lines
represent the motor position for x/L = 0 (left most dashed line) and x/L = 1 (right-most dashed line). The
distance between electrodes, L, is calculated as the distance between the two dashed lines and is reported
in the figure for each cell.
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Figure 7.13. Nyquist plots obtained from ac impedance spectroscopy performed on cells (a), (b), and
(c) which correspond to the data in Fig. 7.4a, 7.4b, and 7.4c, respectively. Green circles represent data
points obtained prior to polarization (t <0 h). Blue triangles represent data points obtained after polarization
and subsequent open circuit relaxation (t > 80 h). Red lines are fits to the data using a resistor and constant
phase element in parallel as the equivalent circuit. In all cases, we only observe one semi-circle. The fitted
resistance is reported in the figure. Prior to polarization, the conductivity calculated from the resistance is
1.62x 107 S cm™ for cell (a), 1.48 x 10° S cm™ for cell (b), and 1.13 x 10 S cm™ for cell (c). These values
are in good agreement with the conductivity measured from cells with blocking electrodes (Fig. 7.1b in the
main text). The conductivity of SEO(19-20)/LiTFSI as a function of r is given by Eqn. 7.11 in the main
text: atr =0.16, k = 1.48 x 107 S cm™. Therefore, we can assume that the contribution of the interface to
the total resistance of the cell is relatively small and explains why we cannot deconvolute it from the Nyquist
plots. We thus assume that AVj,; = 0 for the cells designed for simultaneous polarization/SAXS
experiments. The increase in resistance at the end of the experiment may be due to an increase in the
interfacial resistance or due to the lingering presence of a salt concentration gradient (in general, the
measured resistance decreases as the salt concentration gradient relaxes).
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Figure 7.14. Example fit of a 1D SAXS profile obtained from a 360° azimuthal average of the 2D SAXS
profile. The data set corresponds to the cell polarized at 2.13 A cm™ at t = 34.6 h and x/L = 0.51. The
black open circles represent the raw data, and the red curve is the total fit given by Eqn. 7.17. The pseudo-
Voigt fit is shown in blue (given by Eqn. 7.18) and the background (given by Eqn. 7.19) is shown in green,
both offset by -20 a.u. for clarity.
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Figure 7.15. Domain spacing, d, as a function of time, t. The vertical dashed lines divide the plots into
sections and indicate changes in the electrochemical conditions. The color of each data set corresponds to
the position of the cell given in the legend on the right side of the plot. (a) Left section: iL = 0.946 pA cm’
!, middle section: iL = 11.3 pA cm’, right section iL = 0 uA cm™ (i.e., open circuit) (b) Left section: iL =
2.13 pA cm™, right section: iL = 0 nA cm™ (i.e., open circuit) (c) Left section: iL = 3.82 pA cm’, right
section: iL = 0 uA cm™ (i.e., open circuit). The left section of each plot was reported as d vs x/L plots in
Fig. 7.4. The middle section of part (a) was the basis of Fig. 7.6b. The change in d during open circuit was
not discussed in the main text. In general, d converges towards the original d at t = 0. In all cases, there is
still a spatial gradient in d at t = 80 h, which indicates that we do not reach equilibrium on the time scale
of the experiment, but we would expect d to eventually become independent of position at longer times.
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Figure 7.16. Orientation dependence of domain spacing. Change in domain spacing, Ad, for LAM (left
panels) and LAM; (right panels) as a function of time, t. Ad is defined by Eqn. 7.17, where y = 0 and 180°
corresponds to LAM;; and y =90 and 270° corresponds to LAM; . The vertical dashed lines divide the plots
into sections and indicate changes in the electrochemical conditions. The color of each data set corresponds
to the position of the cell given in the legend on the right side of the plot. (a) Left section: iL = 0.946 pA
cm’, middle section: iL = 11.3 pA cm’, right section iL = 0 pA cm™ (i.e., open circuit) (b) Left section:
iL =2.13 pA cm™, right section: iL = 0 A cm™ (i.e., open circuit) (c) Left section: iL = 3.82 uA cm™, right
section: iL = 0 pA cm™ (i.e., open circuit). The green dashed lines represent the maximum and minimum
Adiam, based on the data in the right plots. We draw the green lines at the same value of Ad on the left
plot to highlight the point that LAM; are distorted more than LAM,.
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Figure 7.17. Correction of domain spacing data for the cell corresponding to Fig. 7.4a (polarized at iL
=0.946 pA cm™). (a) Uncorrected domain spacing, d, versus time, t, for a single cell position at x /L = 0.8.
(b) d versus t of the reference sample. The reference sample was isolated from the electrochemical polymer
channel, so we expect d,.f to be independent of time. (Note: each cell was constructed with a reference
channel, so the data in Fig. 7.17, 7.18, and 7.19 are corrected using data from the reference channel in that
cell.) We suspect that changes in d,.f are due to slight changes in the sample-to-detector distance (+/- 3.5
mm) which occurred during the experiment, most likely due to the sample stage drifting. (c) Correction
dref(t=0
driit=ti’
and Eqn. 7.12. For the cell polarized at iL = 0.946 pA cm’, the correction produces a smooth curve in d
versus t in part (d).
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Figure 7.18. Correction of domain spacing data for the cell corresponding to Fig. 7.4b (polarized at
iL =2.13 pA cm™). (a) Uncorrected domain spacing, d, versus time, t, for a single cell position at x /L =
dref(t=0)

, versus t. (d) Corrected domain
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spacing, d, versus t using the correction factor in part (c) and Eqn. 12. See caption of Fig. 7.17 for additional
discussion. For the cell polarized at iL =2.13 pA cm™, the correction produces a smooth curve in d versus
t in part (d), however there still appears to be an artifact around t = 35 h.
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Figure 7.19. Correction of domain spacing data for the cell corresponding to Fig. 7.4¢ (polarized at iL
=3.82 uA cm™). (a) Uncorrected domain spacing, d, versus time, t, for a single cell position at x/L = 0.8.
dref(t=0)

’ dref(t=t)’
spacing, d, versus t using the correction factor in part (c) and Eqn. 12. See caption of Fig. 7.17 for additional
discussion. For the cell polarized at iL = 3.82 pA cm’, the correction produces a some additional artifacts
in the data in part (d). The artifacts in (a) and (b) are similar, but the correction factor overcorrects in some
places (e.g. around t = 34 h). We could improve the correction by artificially scaling the correction factor,
however there is no physical justification for doing this. In general, the correction is good in Fig. 7.17, but
is less satisfactory for Fig. 7.18 and 7.19. Because the drift of the sample stage results in subtle changes in
d (i.e., /- 0.5 nm), it does not significantly impact the analysis in the main text where we are concerned

with changes in domain spacing on the order of 3-10 nm.

(b) d versus t of the reference sample. (c) Correction factor versus t. (d) Corrected domain
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Figure 7.20. Orientation parameter, f, versus time, ¢ for all three cells. f is defined by Eqn. 7.15 and
7.16. The vertical dashed lines divide the plots into sections and indicate changes in the electrochemical
conditions. (a) Left section: iL = 0.946 nA cm™, middle section: iL = 11.3 pA cm’', right section iL = 0
uA cm™ (i.e., open circuit). (b) Left section: iL = 2.13 pA cm™, right section: iL = 0 pA cm™ (i.e., open
circuit). The left section of part (b) was reported in Fig. 7.7 of the main text. (c) Left section: iL = 3.82 pA
cm’, right section: iL = 0 pA cm™ (i.e., open circuit). f is approximately constant with time across all
positions, indicating that polarization does not induce grain alignment or dealignment in any of the samples,
even at very high polarizations (middle section of part (a)). We exclude data very close to the electrodes
(i.e., x/L =0.07 and x/L = 0.93) because the beam partially passes through the lithium electrode at these
positions, and some sectors of the 2D scattering patterns contain artifacts, resulting in noisy data. However,
because the beam spans 200 pm along the x-axis, most of the sample is accounted for by the positions listed
in the legends of part (a) through (c).
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Figure 7.21. Calculation of the thickness of lithium deposited during polarization. The cell in Fig.
7.4a and Fig. 7.6 of the main text is shown in red at the two different current densities used in the
experiments. The cells in Fig. 7.4b and 7.4¢ of the is shown in blue and green, respectively. The amount of
lithium deposited is less that 7 um for all three cells. The cell thicknesses are on the order of 1400 pm and
the beam samples a 200 um region along the x-coordinate of the cell. Therefore, the shifting of the cell
positions due to the stripping and plating of the lithium is relatively small and we do not account for it in
our definitions of the cell positions.

139



8. Conclusions and Outlook

Ion transportation through a battery electrolyte is a complicated process. Cations are driven
in the direction of the applied electric field while anions are driven in the opposite direction. The
principle of electroneutrality ensures that the concentration of cations and anions is equal on length
scales larger than a few nanometers. The electrodes allow cations to travel across the
electrolyte/electrode interface while anions are blocked. These phenomena result in salt
concentration gradient along the axis perpendicular to the electrodes, which introduces a diffusive
flux of cations and anions down the salt concentration gradient. Newman’s concentrated solution
theory provides a framework to describe these processes, but applying the equations to a
nanostructured electrolyte is not straightforward. In this dissertation, we take a small step towards
understanding ion transport through block copolymer electrolytes.

We have studied a variety of SEO/LiTFSI electrolytes with different morphologies and
chain lengths. After introducing the system and characterization techniques in Chapters 1 through
3, we treated the block copolymer structure as a black box in measuring the transport properties in
Chapter 4. Instead of accounting for the insulating polystyrene phase directly in our equations, we
treated the system as a three-component system (anion, cation, and solvent) and then used
geometric arguments to rationalize the results. These approximations were validated in Chapter 7
when we found reasonable agreement between theoretical predictions and experiment by using the
domain spacing as a proxy for salt concentration at low to moderate current densities. At higher
current densities studied in Chapters 6 and 7, we found that the polymer rearranged in interesting
ways to accommodate the salt concentration gradient. The formation of salt-dense gyroid pockets
in Chapter 6 indicated that salt can accumulate at pinch points in the structure. In Chapter 7, we
found that there was an orientation-dependence to the lamellar distortion in response to the salt
concentration gradient. Our conclusion was that a lamellar sample with a distribution of grain
orientations may be preferable to one with well oriented grains, even though some of the
orientations do not provide pathways for ions to travel between the electrodes. When designing
polymer electrolytes, one must also consider the interactions between the polymer in the electrode.
In Chapter 5, we showed that, in the case of PEO-containing polymers, lithium is sparingly soluble
and the dissolution results in spectroscopic and electrochemical signatures.

It is quite evident that complete understanding of ion transport through composite
electrolytes for lithium batteries will require a combination of electrochemical and structural
characterization. In our analysis, we have deferred discussion of rheological properties of the
electrolytes to other studies. However, to gain more complete insight, rheological measurements
should be coupled with the electrochemical and structural characterization to understand how the
block copolymer responds to the effects such as volume change of the electrodes and non-uniform
lithium deposition. Our structural characterization was limited to length scales ranging from 5 to
50 nm, which excludes information on the dynamics of individual chains. Ongoing work is
directed at addressing these deficiencies. Nonetheless, we have gained considerable insight into
the mechanisms which govern ion transport through block copolymer electrolytes and the
relationship to salt concentration gradients. Using the techniques and methodology presented in
this dissertation, further insight may be gained by more carefully exploring the effect of chain
length, morphology, and salt concentration on rearrangement processes.
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10. Appendices

10.1  Derivation of an Expression for the Cation Transference Number in Terms of Measurable
Quantities

In this section, we derive an expression for the cation transference number with respect to

the solvent velocity, t9, in terms of measurable quantities for a binary electrolyte: k, D, p,, and
au

dlnm
between two lithium electrodes. The ionic conductivity, k, is measured by ac impedance

spectroscopy. The salt diffusion coefficient, D, is measured through a restricted diffusion
experiment. The current fraction, p,, is measured using the Bruce and Vincent method. The

. The transport parameters are measured in cells comprising an electrolyte sandwiched

d?ﬁ’ is measured from concentration cells. The methodology for measuring
these quantities is described in Chapters 2 and 4. This derivation is based on the framework
developed in Chapter 12 of Electrochemical Systems, 4™ Ed by John Newman and Nitash Balsara.
The purpose of this section is to compile the derivation and include all algebraic steps while

providing additional commentary.

thermodynamic term,

10.1.1 Derivation of Cation and Anion Flux Equations from Concentrated Solution Theory

Concentrated solution theory is based on the Stefan-Maxwell diffusion equations originally
derived from the kinetic theory of gases. The velocity of species i, v;, with respect to all other
species j is related to the gradient in electrochemical potential, Vy;, by:

iV = Z Kij(vj —vy), (10.1)
j

where ¢; is the concentration of species i and K;; is a drag coefficient which represents the
frictional forces between species i and j which is related to the Stefan Maxwell diffusion

coefficient, D;;, by:
RTCl' Cj
crDyj

where cy is the total concentration of the solution (c;y = Y ¢;). Plugging in Eqn. 10.2 into 10.1 we
obtain:

Vi = RTZ L ). (10.3)
cr l]

The electrochemical potential of the electrolyte, y,, is given by the sum of the components:

He = Villy +V_lU_ (10.4)

where the subscripts + and - denote the cation and anion, respectively and v; is the number of
moles of species i that a mole of salt dissociates into. It follows that:

151



Ve =v, Vu, +v_Vu_ (10.5)

The flux of species i, N;, is the product of the velocity and the concentration:
N, =c,v,, (10.6)
N_=cuv_. (10.7)

Based on stoichiometry, the salt concentration is related to the concentration of the individual ions
by:

c=-82 (10.8)

vy V-

For simplicity, we will consider univalent salts which implies:

v, =v_=1, (10.9)
and it follows:

c=c,=cC_. (10.10)

The cation transference number with respect to the solvent velocity is given by the ratio:

Do

td = ——m——,
Dyo+ Dy

(10.11)

where the subscript ‘0’ denotes the solvent. The cation and anion transference number are related
to each other by:

t0+t =1, (10.12)
and it follows:
D_,
0 = ——— 10.13
Dio + D ( )

We also define the diffusion coefficient of the electrolyte based on a thermodynamic driving force,
D, by:
2D4oD-
= — 10.14
Dio + D ( )

At any location within the electrolyte, the current density, i, is related to the flux of cations and
anions by:

i=F(z,v,N,—2z_v_N_) (10.15)

where z; is the charge number of species i. Most salts for lithium-ion battery electrolytes have
z, = —z_ = 1, so we will make this simplification. Our goal is to use Eqn. 10.11 through 10.15
to obtain flux equations of the form:

N; = AVu, + Bi + ¢;v, (10.16)

where A and B are constants to be solved for. The first term in Eqn. 10.16 is the flux due to
diffusion, the second term is the migratory flux, and the third term is flux due to convection.
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We can recapitulate Eqn. 10.3 where species i is the cation for a solution containing
solvent, cations and anions:

iV,  chc

RT oD, (v_—vy)+ TDO+ (vo v,) (10.17)
Using the relationships given by Eqn. 10.6 and 10.7 and noting Eqn. 10.10 it follows:
C+R'77’f * = C; (V- = N.) + 5 (eywp = N) (10.18)
Similarly, taking species i to be the anion:
CVh- NN+ (c_vy—N_) (10.19)
RT c+D, TDO+

Taking the sum of Eqn. 10.18 and 10.19 and applying Eqn. 10.5:

(cvo N, c¢v, N_)

c
—Vpy,=— (N, +N_—N_—N,) + 2 .
¢ ¥ ¥ Dio Diyo Do Doy

RT TD+_

(10.20)

The left term cancels out. We multiply both sides of Eqn. 10.20 by (D+0D 0 ) and obtain:

CVﬂe = Do_CVO - N+D_0 + D.,_OCVO - N—D+0! (1021)
coRT
which can be rearranged
crDyoD_
240720 Wy, = cvo(D_y + Dyg) — NyD_y — N_D,y, (10.22)
coRT
and dividing through by (D_, + D) and applying the definition of D given by Eqn 10.14:
crD N.D_, N_D,,
Vi, = — - + 10.23
2c,RT "M = "Dy 1Dy, Dy + Dy, | 1O (10.23)
Using the definitions of t{ and t° given by Eqn 10.11 and 10.13 we obtain:
crD 0 0
2, RT cVu, = =N, t2 — N_t] + cv, (10.24)
Using Eqn. 10.12 to eliminate t°:
crD 0 0
and rearranging:
crD
We introduce the current density, i, using Eqn. 10.15 withz, =1, z_ = -1, and v, =v_ =1,

and solving for N, :

153



crD t?
N, = CT Vo +—i + cv,, (10.27)

we arrive at our desired expression for N, given in the form of Eqn. 10.16. We can arrive at a
similar expression for N_ by returning to Eqn. 10.24 and eliminating t{ by Eqn. 10.12:

crD
2¢,RT cVpu, = =Nt —N_(1 —t%) + cv, (10.28)
and rearranging:
crD
2eoRT cVp, =—N_+t°(N_—N,) + cv, (10.29)
We introduce the current density, i, using Eqn. 10.15 withz, =1,z_ =—-1,and v, =v_ =1,
and solving for N_:
crD t0
= — 2¢,RT Vi — Fi + cv,. (10.30)

10.1.2 Introduction of the Potential Gradient, V®

We are interested in deriving an expression for the transference number based on
measurements made in a cell comprising an electrolyte containing a lithium salt sandwiched
between two lithium electrodes. Thus, the electrode reaction is given by:

Lit +e™ o Li° (10.31)
At equilibrium, the electrochemical potentials are related by:
Ue— = Up0 — Hpi+) (10.32)
and with the simplification that the electrochemical potential of a neutral species is zero:
Vie- = =Vpu,. (10.33)
We insert Eqn. 10.5 to obtain:
Vie-==Vu, +Vu_. (10.34)

The gradient of the electrochemical potential of electrons is related to the potential gradient (i.e.
the electric field) by:

Vide- = —nFV @, (10.35)

where n is the number of electrons which participate in the electrode reaction (n = 1 in our case)
and F is Faraday’s constant. Combining Eqn. 10.34 and 10.35 we obtain:

—FV®d =—-Vu, +Vu_. (10.36)

In the next section, we will derive an expression for Vu_.
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10.1.3 Derivation of an expression for Vu_ in terms of k, t2, i, and Vy,

We begin with Eqn. 10.3 for the anion:

RTc_c RTc_c
* (vy —vo)+ 0

c_Vu_ = (vy —vo). (10.37)

crD,_ crD_,

Dividing through by c_ and applying Eqn. 10.6 and 10.7 noting Eqn. 10.10:

ru =L (N, —N_) + I ( ) (10.38)
=D, T D Yo —¥-). '
Inserting Eqn. 10.27 and 10.30 for N, and N_ and canceling terms:
RT ([t t° RTc,
Vu_ = —i+—=i —v_). 10.39
u CTD+_(Fl+Fz>+CTD_O<vO v.) (10.39)

Rearranging, applying Eqn. 10.12 to the first term on the right-hand side and multiplying the last
term on the right-hand side by E and applying Eqn. 10.30:

RT . RTcy
= L+
FerD, _ ccrD_y

Vi (cvy — N_). (10.40)

Inserting Eqn. 10.30 we obtain:

RT RTCO<

Vu_ = i+
# FcD,_ ccrD_y

crD t0
vy + mcv,ue + Fl —CVy |. (1041)

Multiplying through the last term on the right-hand side and simplifying, we obtain:
RT D RTcyt? |

Vu_ = FerD,. i+ 2D, Ue + corD_oF i. (10.42)
Combining terms:
Vu_ = KT ( !, C°t9>i+ D Vi,, (10.43)
crF\D,_ c¢D_, 2D_,

and multiplying the first term on the right-hand side by % and eliminating D by Eqn. 10.14:

L +C°t9 iFt— 20 (10.44)
K== F2\D,_ " cD_, D,o+D_, He '

The conductivity, k, is given by:

L_[RT (1 ot - (10.45)
k |cpF2\D,_  ¢D_, ’ '

and we substitute Eqn. 10.45 into Eqn. 10.44 and substitue Eqn. 10.13 to the last term in Eqn.
10.44 to obtain the desired expression:

155



F
Vo =—i+7p,. (10.46)

10.1.4 Introduction of the current fraction, p,

We can now insert Eqn. 10.46 into Eqn. 10.36:
F
FV® =Vu, — ;i —t90u,, (10.47)
and apply Eqn. 10.12:
F
FVo = _Ei + t2Vu,. (10.48)

In a constant polarization experiment, the potential is held constant, and the current is measured.
At long times, the current reaches a steady state value, ig;, when the net flux of the anion becomes
zero. This also implies that the solvent velocity is zero:

cvy, = 0. (10.49)
We can thus set Eqn. 10.30 equal to zero and plugging in Eqn. 10.49:
0
- ZZZ;)T Vi, —%_iss =0, (10.50)
and solving for Vu,:
Vi, = —Mi”. (10.51)
FcyDc

We now eliminate Vu, from Eqn. 10.48 by substituting Eqn. 10.51:
F 2(t9)%¢yRT .

FVD = ——ig — . 10.52
KI‘SS FCTDC lSS ( 05 )
Rearranging and multiplying through by «:
2(t%)2cyRTK ]
—kVd = IW lgs (1053)

In the constant polarization experiment, the current density at the first moment of polarization is
given by a statement of Ohm’s law:

ip = —kKV® (10.54)
which can be substituted into Eqn. 10.53 to obtain:

2(t%)?%c,RTk
i0=[—( )< +1liss

e e (10.55)

Rearranging:
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iss 1 1

= = , 10.56
io 1+ 2(t%)2cyRTk 1+ Ne ( )
F?c;Dc
Where we define the Newman number, Ne, as:
2(t%)%c,RTk
Ne = ——— 10.57
¢ F2c;Dc ( )
The current fraction, p,, is defined as:
i
pr == (10.58)
Lo
Substituting Eqn. A.58 into Eqn. A.56 and rearranging:
2(t%)2%coRTk 1
()—0 = (10.59)

F2c;Dc Py

Finally, solving for the anion transference number, t2:

£0 = + (i _ 1) F*Dere (10.60)
T \ps 2KkRTc,

10.1.5 Expression for the salt diffusion coefficient, D

Equation 10.60 contains the diffusion coefficient of the salt based on a thermodynamic
driving force, D. This quantity cannot be measured directly. Instead, it is more common to measure
the salt diffusion coefficient based on a concentration gradient, D, in a restricted diffusion
experiment. We thus need to derive a relationship between D and D.

In a restricted diffusion experiment, a salt concentration gradient is established across a
lithium symmetric cell and the current is set to zero. In the absence of convection, Eqn. A.30 is
simplified to:

N. = Dcr
T 2¢oRT

V. (10.61)

Based on electroneutrality and in the absence of migration, N, = N_ and the cation flux is related
to the salt concentration gradient (in one dimension) by:

N = _p (10.62)
o dx’ '

where x is the direction perpendicular to the electrodes in the lithium symmetric cell. Combining
Eqgn. 10.61 and 10.62 we obtain:

dc  Dcere dpe
dx  2coRT dx

(10.63)
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The electrochemical potential of the electrolyte is defined by (see Chapter 2 of Ref [Newman]):
te = 18 + 2RT Iny,m, (10.64)

where uf is the electrochemical potential of a reference state, Y+ is the mean molal activity
coefficient, and m is the salt molality. Taking the derivative of Eqn. 10.64 with respect to x we
obtain:

du, diny, dinm
dx 2RT [( dx ) * ( dx )] (1065)
Plugging in Eqn. 10.65 to Eqn. 10.63 and multiplying both sides by . ?:m'

dc dx  Dcre [<d In yJ_,) N (d In m) dx (10.66)
dxdinm ¢, dx dx /ldinm’ '
which simplifies to:
dc Dcrcdliny +
= 1 10.67
dinm Co (dlnm+ ) ( )
The molality and salt concentration are related by the solvent density, py:
m
c=— (10.68)
Po
We can show that the left side of Eqn. 10.67 simplifies by:
dc D dexp(lnm m
dinm p, dilnm Po
and therefore:
Dcy (diny +
= — + 1) 10.70
Co ( dinm ( )
Finally, we solve for D to obtain:
Dc,
D= (d T 1) (10.71)
T\dinm

In Chapter 4, we refer to the thermodynamic factor, T¢, which is given by the term in parenthesis
in Eqn. 10.71:

diny +
Tf=

10.72
dinm (10.72)

10.1.6 Expression for t9

We can now eliminate D from Eqn. 10.60 by substituting Eqn. 10.71 to obtain:

158



F?Dc /1
D CY
(0 = 4 |2RRT (p+ ) (10.73)

(ddl7l1nymi + 1)

The thermodynamic factor can be measured in concentration cells. In particular, for a lithium
symmetric cell comprising two electrolytes of the same composition but different salt
concentrations separated by a transition region, the potential is given by (see Chapter 2.6 and 2.9
of ref [Newman 4™ ed]):

ms

FU = —2RT f tg(

mq

diny +
dinm

+ 1>dlnm, (10.74)

which we write in differential form and solve for the thermodynamic factor:

(dlnyi+1>_ F ( du > (10.75)
dinm ~ 2RTt°\dIlnm |

. du . D
The methodology for obtaining the term T asa function of salt concentration is given in Chapter

nm

4 and refs [pesko, Ma]. Eliminating the thermodynamic factor from Eqn. A.72 using Eqn. A.74
we obtain:

—FDct?® (pi - 1)

0 _— +
t? =+ K( U ) (10.76)
dinm
Squaring both sides and solving for t°:
FDc /1 du \7!
£0 = i—(— — 1)( ) (10.77)
K \p; dinm
Finally, using Eqn. 10.12 we obtain an expression for tfﬂ in terms of measurable quantities:
FDc /1 dvu \ !
0 =14 <_ _ 1)( ) (10.78)
K \p; dinm

au
dlnm
Distinguishing between the two possibilities requires measurement of the sign of the salt

concentration gradient. This is discussed in detail in Chapter 3.

For a block copolymer electrolyte, c is the salt concentration in the conducting phase and
¢c the salt concentration based on the entire volume of the electrolyte, where ¢, is the conducting
phase volume fraction. Thus, for a nanostructured block copolymer electrolyte where salt is
excluded from one of the phases, Eqn. 10.78 becomes:

It is important to note that measurement of k, D, p,, and yields two possible values for t9.

-1

FD 1 du
(0 =1 4 (PP (— _ 1) ( ) (10.79)
K o dinm
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Eqn. 10.79 is used to solve for t$ in Chapter 4.
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10.2  Additional discussion on simultaneous SAXS and dc polarization experiments

Small angle X-ray scattering (SAXS) is a useful technique for characterizing the structure
of an electrolyte on the 5 to 100 nm length scale. In Chapter 6 and 7, we described experiments
wherein we performed SAXS simultaneously with dc polarization on a block copolymer
electrolyte in a lithium symmetric cell. In this section, we discuss some best practices and tips for
performing these measurements effectively. There are two experimental geometries that are
employed in this thesis that are depicted schematically in Figure 10.1. In Fig. 10.1a, we show a
geometry where the X-ray beam passes parallel to the flow of ionic current (i.e. perpendicular to
the planar lithium electrodes). This orientation was utilized in Chapter 5. In Figure 10.1b, we
show a geometry where the X-ray beam passes perpendicular to the flow of ionic current (i.e.
parallel to the planar lithium electrodes). This orientation was utilized in Chapter 6 and 7. There
are benefits and challenges associated with each experimental geometry which we discuss in this
section.
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Figure 10.1. Two possible experimental geometries for simultaneous SAXS and polarization
experiments. (a) The X-ray beam passes parallel to the flow of ionic current. (b) The X-ray beam passes
perpendicular to the flow of ionic current. (¢) Grain orientations with current and X-ray directions indicated
for the geometry in part (a). (d) Grain orientations with current and X-ray directions indicated for the
geometry in part (b). In (¢) and (d) and ‘x’ indicates the direction is in/out of the page.

10.2.1 X-ray beam oriented parallel to the flow of ionic current.

The main advantages associated with the geometry depicted in Fig. 10.1a are related to the
simplicity of the cell construction. To assemble the cells, two lithium electrodes are sandwiched
around the polymer electrolyte. An annular spacer may be used if the electrolyte does not form a
free-standing membrane (typical for block copolymer electrolytes with total molecular weight
below about 100 kg mol™). Nickel current collectors are placed in contact with the lithium metal,
but the cell must be constructed such that the current collectors are not in the X-ray beam. Nickel
is strongly attenuating, and even thin nickel foils will completely attenuate the X-ray beam. The
inner layer of pouch material designed specifically for lithium-ion batteries (in this thesis, the
pouch material was purchased from MTI) is compatible with lithium metal, so it is acceptable for
the lithium to be in direct contact with the pouch. For any materials that X-rays pass through, the
attenuation of that material must be considered. When introducing new materials into the cell
design, it is good practice to test compatibility with lithium metal and the attenuation of the X-ray
beam. It is important to consider that the attenuation depends on the X-ray energy, which may or
may not be an adjustable parameter based on the beamline used.

Advantages:
e Relatively easy cell to assemble, no custom-made parts required.
e A well-defined beam size and shape is not as important.

Disadvantages:
e No spatial resolution, data is an average over the entire distance between electrodes.
e For lamellar samples, all grain orientations sampled have normal vectors which are
perpendicular to the X-ray beam (see Section 10.2.3)

10.2.2 X-ray beam oriented perpendicular to the flow of current

SAXS experiments performed in the geometry depicted in Fig. 10.1b offer a variety of
advantages over the geometry in Fig. 10.1a. Performing the experiment in this configuration
requires a more complicated cell design. In this thesis, custom built cells were made as discussed
in the Supporting Information of Chapter 6 and 7. Poly(ether ether ketone) (PEEK) was used for
the body of the cell construction. PEEK is a good material to use because the X-ray attenuation is
low (in our cells, the X-ray beam passed through 2-3 mm of PEEK). The cells were also sealed
with aluminum laminated pouch material to maintain an air-free cell environment.

Advantages:
e By scanning the sample through the X-ray beam, spatial resolution is attainable.
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e For lamellar samples, the normal vectors of the grain orientations sampled in the
experiment range from 0 to 360° (see Section 10.2.3).

Disadvantages:
e A more complicated cell design is required.
e Beam size and shape is important. As of 2021, the beamline 7.3.3. of the Advanced Light
Source did not have the optics necessary to create a well-defined beam size and shape.
Out of the two beamlines that we used for these experiments, the best data we obtained

for the experiments were obtained at beamline 1-5 of the Stanford Synchrotron Radiation
Light Source (SSRL).

10.2.3 Lamellar grain orientations

For a lamellar sample, we define a normal vector which is perpendicular to the planar block
copolymer interfaces, as shown in Figure 10.1c. In a scattering experiment, only grain orientations
with a normal vector perpendicular to the X-ray beam (within a certain acceptance angle, we
estimate 10°) will contribute to the scattering pattern. In Figure 10.1c, we show 6 cartoons of the
lamellar morphology with their corresponding normal vectors, representative of the experimental
geometry in Fig. 10.1a. In this schematic, both the X-ray beam and current are directed into and
out of the page (as indicated by a red and green ‘x’, respectively). The lamellar cartoons represent
the grain orientations which would contribute to the scattering pattern because the normal vectors
are perpendicular to the X-ray beam. In this configuration, all grain orientations shown in Fig.
10.1c¢ are identical with respect to the current direction: they each provide direct pathways between
the two lithium electrodes. However, in a bulk electrolyte sample there are a distribution of grain
orientations. Some grain orientations provide direct conducting pathways between the electrodes,
others completely block current. Therefore, the data obtained in this configuration is limited to
information about one particular orientation relative to the current direction. In Fig. 10.1d, we
present a similar schematic for the experimental geometry presented in Fig. 10.1b. Here, the
current passes from left to right. The advantage of this geometry is that we sample the entire
distribution of grain orientations relative to the current direction. By analyzing different sectors
of the scattering pattern, we obtain information about unique grain orientations relative to the
current direction, as discussed in Chapter 7.

10.2.4 Tips for performing simultaneous SAXS and polarization experiments.

Sample preparation:
e Anneal the pouch material prior to bringing the cell to the beamline.

o There is a scattering signal from the pouch material. We found that this signal
changes over time when the sample is heated. However, if the pouch material is
annealed above the temperature that the experiment is performed, this effect is
significantly reduced.

o The pouch material can be annealed before sealing the cell inside or after

e Ensure the block copolymer sample is completely transparent and free of air pockets
before beginning the experiment.
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e Check that the sample does not leak at elevated temperatures prior to bringing it to the
beamline.

e Take pictures of the cells before and after the experiment and check the polymer for
beam damage.

e Be sure placement of nickel tabs does not enter the intended path of the X-ray beam

e Minimize the thickness of any materials that must be placed in the path of the X-ray
beam (e.g., Kapton, PEEK).

e It is prudent to perform the electrochemical experiments that you plan to run at the
beamline ahead of time and ensure repeatability.

e Test compatibility of all materials used with lithium metal at the temperatures planned for
the experiment.

e Check the attenuation of the cell windows at the X-ray energy and flux planned for the
experiment to insure adequate scattered intensity will be obtained.

At the beamline:

e For the experiments, drift of beam intensity and position may significantly impact the
results. Take control measurements often. Measuring a reference sample at the same
frequency that the electrochemical cell is scanned is a valuable strategy to detect drift
in the beamline set up.

e  When scanning the sample, scan in regular increments and being and end over the
electrode where the beam is completely attenuated. This allows you to determine the
cell coordinates independently from each scan (see Supporting Information of
Chapter 7) and monitor if there is any drift in the motor positions.

e Consider strategies for mitigating beam damage. It is a good idea to take the
minimum number of scans needed to achieve the necessary temporal resolution. In
Chapter 7, we did not observe any beam dagame, however we also could have
increased the increment of each scan by a factor of two.

o Depending on the beam size and sample dimensions, it may be possible to
scan the cell in different locations at the same distance between electrodes.

e Itis a good idea to take multiple scans of the sample prior to beginning any
polarization experiments. This will alert you to any variation in the data which is not
due to the electrochemistry.

¢ Bring an empty cell to measure, this will help with analyzing any transmission data.

e Perform impedance spectroscopy throughout the experiment to check for large
changes in resistance, which could indicate that the polymer has leaked out of the cell
or air has leaked into the cell.

Data analysis:
e Begin data analysis by analyzing the 2D scattering images and note any irregularities.
Image] is useful software for quickly cycling through stacks of image files.
e PyFAl is a useful tool for reducing data from 2D images to 1D I(q) plots.

164



It is beneficial to have code set up to analyze and fit the scattering peaks as the data is
obtained. This will aid decision making, and you can avoid stopping an experiment
prematurely if a sample is showing interesting behavior.

Transmission data can be analyzed to give the salt concentration. Several issues arose in
the experiments presented in this thesis that prevented us from obtaining clean
transmission data, however it should be straightforward. A similar calibration curve of
transmission versus salt concentration as was done in Fig. 7.1a to relate the domain
spacing to salt concentration. In principle, this should give a more direct indication of the
local salt concentration compared to using domain spacing as a proxy.
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