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ABSTRACT

Solid electrolytes have great potential to address the safety issues of Li-ion
batteries, but better synthesis methods are still required for ceramics electrolytes such as
lithium lanthanum titanate (LLTO) and lithium lanthanum zirconate (LLZO). Pellets
made from ceramic nanopowders using conventional sintering can be porous due to the
agglomeration of nanoparticles (NPs). Electrospinning is a simple and versatile technique
for preparing oxide ceramic nanowires (NWs) and was used to prepare electrospun LLTO
and LLZO NWs. Pellets prepared from the electrospun LLTO NWs had higher density,
less void space, and higher Li* conductivity compared to those comprised of LLTO
prepared with conventional sol-gel methods, which demonstrated the potential that
electrospinning can provide towards improving the properties of sol-gel derived ceramics.
Cubic phase LLZO was stabilized at room temperature in the form of electrospun NWs
without extrinsic dopants. Bulk LLZO with tetragonal structure was transformed to the
cubic phase using particle size reduction via ball milling. Heating conditions that
promoted particle coalescence and grain growth induced a transformation from the cubic
to tetragonal phase in both types of nanostructured LLZO. Composite polymer solid
electrolyte was fabricated using LLZO NWs as the filler and showed an improved ionic
conductivity at room temperature. Nuclear magnetic resonance studies show that LLZO
NWs partially modify the polymer matrix and create preferential pathways for Li*
conduction through the modified polymer regions. Doping did not have significant effect
on improving the overall conductivity as the interfaces played a predominant role. By
comparing fillers with different morphologies and intrinsic conductivities, it was found

that both NW morphology and high intrinsic conductivity are desired.
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I: BACKGROUND

1.1. Introduction

Electrical energy can be stored in many forms, such as mechanical, chemical,
thermal, nuclear, etc. In modern society, there has been a booming development and
popularity of portable electronics, and a rising trend for device miniaturization, posing a
high demand on batteries, which is the chemically stored form of electrical energy.
Laptop computers, cell phones, smart watches, Bluetooth devices... almost every gadget
is powered by batteries. Even for motor vehicles that are propelled by internal
combustion engines, batteries are needed to start the engine and to maintain the operation
of various electronic circuits within, and lead-acid batteries are still the dominant type
being used. Not to mention the growing production of all-electric cars, which drive
entirely on batteries. Technically speaking, cells are the building blocks of batteries, and
a battery is made by stacking two or more cells together, which is also why this device is
called a ‘battery’. A cell has three fundamental components: anode, cathode and
electrolyte. The materials chosen for the anode and cathode (the two electrodes) have the
property such that when they are in contact, a reduction-oxidation (redox) reaction will
take place spontaneously between them. In a redox reaction, the anode material is
oxidized, giving away electrons, and the cathode material accepts these electrons and
becomes reduced. However, by doing that alone does not provide us with electricity, as
all the electrons in the materials participated directly in the redox reaction. But if the two
electrodes are separated by a medium in which only ions can move across (electronically

insulating), and another electron-only connection is established between the two



electrodes, then the flow of electrons can be extracted and used by an external circuit, i.e.
chemical energy is converted to electrical energy. Such a medium is called the electrolyte,
which serves as an ion reservoir, ensuring charge balance and supplying reaction species.
When the cell is not in use, the two electrodes should be electronically disconnected to

prevent power dissipation.

Batteries are categorized into primary batteries and secondary batteries. Primary
batteries are of single-use and cannot be recharged after all the chemically stored energy
is depleted. Secondary batteries are also called rechargeable batteries, which means that
their charged state can be restored. This is done by selecting appropriate material
combinations with reversible redox reactions. To recharge the battery, an electrical bias
(voltage) is applied between the two electrodes, providing sufficient electrochemical
potential and electrons to reverse the redox reaction until the initial state is reached. It
should be pointed out that a good number of the redox reactions in the primary batteries
can actually be reversed as well. But doing that is either too expensive, or practically not
feasible. Among all the commercially available rechargeable batteries, our research is

focused on the electrolyte materials for lithium-ion batteries.
1.2.  Lithium-ion Batteries

Lithium is the lightest metal and exhibits the highest oxidation potential, which
makes it an ideal material for batteries with the highest energy density.! In 1976,
Whittingham reported the intercalation chemistry of lithium into a layered compound
(TiS2) and conceived a new type of reversible battery with high energy density?. Because
lithium metal was used as the anode, this type of battery can only be called a lithium
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(metal) battery, but it nonetheless laid the very foundation for the development of
lithium-ion batteries. However, it was found out later that upon charging, lithium was
essentially being electrodepositing onto the anode non-uniformly, resulting in the
formation of lithium dendrites.® The dendrites could keep growing after each charge-
discharge cycle, and at some point they could pierce through the separator (an
electronically insulating but ionically conducting material), putting the cathode and anode
in direct electrical contact and causing a short circuit to the battery. As the name suggests,
a short circuit means that it is the ‘shortest’ path for the electric current (electrons) to run
through. Therefore, the battery would discharge with a large current, generating a large
amount of heat due to Joule heating. This is extremely dangerous as the organic liquid
electrolyte and lithium metal in the battery are highly flammable, which could lead to fire

or even explosion.

It was discovered later that graphite, which is also a material with layered
structure, could also act as a host for Li* intercalation.* This means that the highly
reactive lithium metal can be replaced by graphite, leaving only Li* in the system to ‘rock’
back and forth between the two electrodes. This type of battery is called a lithium-ion
batteries, and hence the term ‘rocking chair’ batteries. After that, some layered oxide
materials (e.g. LiCoO3) were also found to have intercalation chemistry, and much higher
operation voltage (electrochemical potential) than sulfides when used as the cathode,
allowing for higher energy density to be achieved.>® In 1991, Sony released the first
commercial lithium-ion battery, using graphite anode and LiCoO; cathode.” Nowadays, a
typical commercial lithium-ion battery still uses graphite as the anode, and lithium

transition metal oxides as the cathode. The most commonly used electrolyte is 1 M LiPFs
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dissolved in a mixture of ethylene carbonate (EC, C3H4Oz3) and diethyl carbonate (DEC,
CsH1003). The separator, usually a porous polymeric material, is placed in the electrolyte
between the anode and cathode. As mentioned earlier, the purpose of this separator is to
prevent short circuits caused by electrical contact between the two electrodes, while
allowing ions to pass through.® Because of its light weight and high energy density, the
lithium-ion battery has become the prevailing battery type on the market, thanks to the
fast development and popularization of portable electronic devices. Most consumer
electronic devices today, such as cell phones, laptop computers, personal medical devices,
etc., are powered by lithium-ion batteries. Modern electric and hybrid vehicles also

utilize lithium-ion batteries as their primary source of energy.
1.2.1. Safety Issues with Lithium-ion Batteries

Although the lithium-ion battery has so many advantages and applications, some
inherent safety issues associated with the current design and material selection have
already caused a series of accidents. The two organic solvents (EC and DEC) used in the
liquid electrolyte are highly flammable by themselves, and their mixture has a flash point
lower than 30 <C.%1° The flash point is the lowest temperature at which the vapor of a
flammable liquid can ignite in air. 30 <T is merely above room temperature, not to
mention that the device will heat up to even higher temperature during operation. As the
temperature rises, the internal vapor pressure builds up, sometimes causing the battery to
swell or bulge. When the battery’s external casing is no longer able to hold the pressure,
it will be ruptured and release the flammable gases. These high-temperature gases, upon

contact with air, can then catch fire and the whole battery will burn, or even explode in



some extreme cases. Another common fire hazard is a short circuit in the battery, which
is usually due to the failure of the separator. As already mentioned, short circuits generate
a large amount of heat, which accelerates the exothermic chemical reactions and
generates even more heat. This process is called thermal runaway and is analogous to a
chain reaction. Separator failure is typically caused by mechanical damage. For example,
if the battery is overcharged, lithium dendritic growth can take place, and continues as the
battery cycles, eventually breaching the separator. In some rare cases, the quality control
of the battery manufacturing is poor and some hard particles are accidentally introduced
into the battery, which can also puncture the separator after a certain number of cycles as
the battery expands and shrinks. Overheating is another major cause of separator failure,
which either softens the separator so that its mechanical strength is reduced and the
lithium dendrites take less effort to break through, or causes deformation of the separator

to widen some pores, providing extra room for the dendrites to grow.

According to the U.S. Consumer Product Safety Commission, almost all major
computer companies, especially Dell and HP, have recalled millions of laptop computer
batteries due to fire and burn hazard. In 2006, Sony recalled over 7 million defective
batteries that could lead to sudden ignition.** Tesla Motor’s all-electric cars, which use
standard 18650 lithium-ion cells in the battery pack, have encountered multiple fire
accidents after running over debris.'? In 2013, the entire Boeing 787 Dreamliner fleet was
grounded due to problems caused by lithium-ion battery thermal runaway in the electrical
system.'® On October 10 2016, Samsung recalled all of its Galaxy Note7 cell phones due
to potential overheating and fire risk of the phone’s lithium-ion battery, which was less

than two months from the release date.'* Numerous (more than 40) incidents of phones
5



catching fire or even exploding were reported during that short period of time.
Preliminary investigations stated that the phone’s battery was faulty and caused the
insulation to fail, resulting in a short circuit and consequently rapid heating.
Approximately one million sold devices were affected, while about 2.5 million were
manufactured. All these incidents are pointing to the same demand — a safer design and

material selection for safer lithium-ion batteries.
1.3.  Solid Electrolytes for Lithium-ion Batteries

There are many different approaches to deal with the flammability problem for
liquid electrolytes, but none of them can completely solve it so far. For instance, adding
flame retardant additives into the liquid electrolyte can make it less vulnerable to
catching fire, but often the performance is compromised as a trade-off. The viscosity of
the liquid electrolyte can be increased to lower the ion transfer speed, and hence the
current density is decreased in the external circuit to reduce heating, but this also means
less overall power. The electrochemical instability of the additives may also cause the
capacity to fade.!® Alternatively, this issue can be addressed by replacing the liquid

electrolyte with solid electrolyte, forming an all-solid-state battery.

Compared to liquid electrolytes, solid electrolytes generally offer reduced
flammability, better thermal and mechanical stability, and broader electrochemical
window. Additionally, most of them are electronic insulators, eliminating the need for a
separator.'>1 However, solid electrolytes typically suffer from low room temperature
ionic conductivity, which is an inherent issue due to the nature of solid-state ionic motion.
In order to be usable practically, the ionic conductivity of solid electrolytes have to be

6



comparable to that of the liquid electrolytes (~102 S/cm)*8, or at least on the order of 1073
S/cm.™® This criterion narrows the material selection down to a small number of
candidates, which will be briefly discussed in the following sections. Solid electrolytes
can be classified into inorganic solid electrolytes, polymer solid electrolytes and

composite solid electrolytes. 1920
1.3.1. Inorganic Solid Electrolytes

Inorganic solid electrolytes generally have better mechanical and thermal stability
over organic (polymer-based) electrolytes.?* Also, since many of them are electronic
insulators, they have the potential to completely eliminate the need for a separator, and
hence lower the total cost of batteries as the separator’s cost contributes nearly 25%.222%
Nevertheless, there are still drawbacks with inorganic solid electrolyte materials, such as
low room temperature conductivity, and energy-consuming synthesis or processing
conditions. For example, the ionic conductivity of solid electrolytes is usually in the
range of 10 to 10 S/cm at room temperature.® Some materials, especially oxides,
require high temperature synthesis, and some other materials need vacuum deposition
techniques. A number of different material classes have been studied, including sulfides,
oxides, oxynitrides (e.g. lithium phosphorus oxynitride, LIPON), NASICON-type
phosphates (Na Super lonic CONductor) and LISICON-type materials (Li Super lonic
CONductor).?42* Among these materials, sulfides do not have very good chemical
stability, LIPON suffers from low room temperature ionic conductivity, NASICON-type
materials have good conductivity but are unstable against Li, and LISICON-type

materials have both low conductivity and stability.® Some oxides, on the other hand,



either have exceptional room temperature conductivity, or are stable by themselves
and/or against Li.?® In this work, two oxide materials are of particular interest to us:
lithium lanthanum titanate (LLTO) and lithium lanthanum zirconate (LLZO). Detailed

studies will be presented in the following chapters.
1.3.2. Polymer Solid Electrolytes

For pure solid polymer electrolytes, their room temperature ionic conductivity is
too low (~10® S/cm) for practical use.?” The first reported polymer electrolytes with
reasonably high ionic conductivity were some polyethylene oxide (PEO) systems by
Wright et al.?8 Later it was found that the addition of certain salts could amorphize some
polymers and form complexes, which helped promote the delocalization/dissociation of
the ions in the salts.?® The ions, especially the anions, then had more freedom to be
carried around by the segmental motion of the polymer chains. It was also discovered that
the amorphous regions in the polymer are actually contributing to ionic conduction.®® A
general material selection criterion is that the salt should have low lattice energy, and the
polymer should have high dielectric constant.3* Up till today, different systems with a
variety of polymer and salt combinations have been identified with satisfactory room
temperature ionic conductivity. The PEO-based systems are the most studied and
therefore are usually used as a model. Among all the polymer solid electrolytes, there is
one type that is of particular interest to us, which is the composite polymer solid
electrolyte. Sometimes another type of polymer electrolyte, called a gel electrolyte, is
counted as a polymer solid electrolyte; gel electrolytes are, essentially polymer soaked

with organic liquid electrolyte.?®3! Although significantly reduced compared to a battery



using solely liquid electrolyte, the amount of liquid electrolyte in the system is still

substantial and therefore the flammability problem is not fully addressed.
1.3.3. Composite Solid Electrolytes

Generally speaking, electrolytes that utilize two or more different types of
materials can all be categorized as composite electrolytes. Composite polymer electrolyte
is the most widely studied type of solid electrolyte, which is typically composed of a
polymer matrix and a small amount of inorganic solid particles as the filler, or in other
words, inorganic particles embedded in a polymer solid electrolyte.*?**> Sometimes when
ceramic NPs are used, it is also termed as the ‘nanocomposite polymer electrolyte’. The
overall ionic conductivity of the polymer matrix can be greatly improved (up to several
orders of magnitude) by dispersing a certain amount of ceramic NPs within the matrix.
The exact mechanism of this drastic increase in conductivity is still unclear, but it is
widely accepted that the presence of NPs interfered with the crystallization of the
polymer matrix, i.e. the crystallinity of the matrix is reduced.?-#3> This is understandable
because those particles can inhibit the ordering and/or aligning of polymer chains,
creating amorphous regions around themselves. Another popular theory is that each
ceramic particle acts as a Lewis acid/base center, which helps promote the dissociation of
Li" from the lithium salt, generating more ‘free’ Li" and hence increasing the ionic

conductivity.***¢3 This will be discussed in more detail in Chapter IIL
1.3.4. Parameters for Evaluating Solid Electrolytes

1.3.4.1. Conductivity and lonic Transport



In solid electrolytes, the conductivity consists of two components: electronic
conductivity and ionic conductivity.*’ Since the aim is to replace both the liquid
electrolyte and the separator by solid electrolyte, the material needs to have negligible
electronic conductivity in order to prevent the cell from shorting. Therefore, solid
electrolyte materials are ideally electronic insulators. The ionic conductivity, usually
expressed as o, is one of the most important properties for evaluating solid electrolyte
materials. The overall/total ionic conductivity is the resultant of all the conduction
mechanisms taking place within the material. For inorganic solid electrolytes, the two
major contributions to the total ionic conductivity are conduction through the bulk (grain
volume) and through the grain boundaries (GBs).!”!%4!4? The bulk conduction is
intragranular, meaning that it concerns how ions move within a grain. In ceramics, for
example, atoms are bonded together by strong covalent bonds, making it difficult to free
an ion by breaking bonds, and to move it all the way across the entire grain. Rather, ionic
conduction in ceramics depends on a short-range process called ‘hopping’. No material is
perfect, and so there are always some defects in the structure, including vacancies.
Vacancies are high-energy sites, which makes it energetically more favorable for Li" to
‘hop’ to the nearest vacancy, than to travel from one end of the grain to the other.
Because the bonding strength, the structural configuration and the chemical environment
etc. of Li" are governed by the types of material, and therefore the bulk ionic conductivity
is mainly a material property. The GB conduction is intergranular, in which Li" have to
travel from across the GB between adjacent grains. One could image that this process
would be energy-demanding and requires physical contact between grains. This GB
conductivity can be improved by means of increasing the contact area between grains,
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such as eliminating pores and gaps, applying external pressure, or using better

preparation methods. The total ionic conductivity can be calculated by the relationship

1 1 1
= + (1)
OTotal OBulk OGB

where opuik and ogg represent the contribution from bulk and GBs, respectively. Detailed
explanation of how this relationship is established, and how to extract information from
experimental results to calculate these values, will be given in Section 1.6. It can be seen
in Equation (1) that the order of magnitude of orotal is determined by the smallest value in
the individual contributions since it is a reciprocal sum. Therefore, it is necessary to
improve both osuik and ogs in order to achieve a oroal high enough for practical
applications. The best total ionic conductivity one can get from all the ceramic solid

electrolytes so far is in the range of 10~107 S/cm at room temperature,'!7:19-2641.42

In composite polymer solid electrolytes, the scenario is more complex and not
well-understood. For pure polymers, as mentioned earlier, ionic conduction happens
primarily through the amorphous regions*’, and more specifically, through the polymer
backbone segmental motions,** with surface groups also participating in conduction.***
With the addition of ceramic particles, the list of conduction processes goes even longer.
Similar to pure ceramic solid electrolytes, intragranular and intergranular conductions can
take place in the particles. At the same time, conduction along and across the
polymer/ceramic interface, conduction of dissociated ions generated by the presence of
ceramic particles, so on and so forth, can all be taking place. Although a lot of the times,

it is nearly impossible to separate out and distinguish the contribution from every

conduction mechanism, the total ionic conductivity is still the most important.
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Another important parameter is the ion transference number, or ion transport
number. The transference number of a given ion species is defined as the proportion of
the total electric current that is carried by that specific ion in the electrolyte, and the sum
of the transference number of all ions in one system should be unity.!® Ideally, for
applications in lithium-ion batteries, the transference number for Li" should be 1, or very
close to it. It means that the current in the battery is completely (or mostly) due to the
motion of Li*, which is desired for maximum efficiency, because only Li* can participate
in the intercalation-disintercalation reactions.?° For inorganic solid electrolyte materials
this is usually not an issue, but for the majority of polymer-based solid electrolytes, the
transference number can only reach ~0.5,%° which calls for further improvement.
However, some composite polymer solid electrolytes are an exception because the
selection of salt and polymer can be carefully tailored so that Li* is only cation in the
system, and the anion(s) are trapped or immobilized by the polymer backbone, and hence

the transference number can approach unity.!”
1.34.2. Interfaces

Within a cell, there are a number of different interfaces that are of importance to
the overall performance, namely, the interface between ceramic solid electrolyte particles
(for ceramic electrolytes), the interface between the polymer matrix and the ceramic
fillers (for composite electrolytes), and the interface between the solid electrolyte and the
electrodes. In all-solid-state cells, the contact between solid materials has been one of the
major problems faced by researchers.*®4” Unlike the liquid/solid interface in a

commercial cell, the solid/solid contact is very poor, and can even be considered the

12



limiting step to overall performance. The quality of interface generally depends on the
area that is in contact — more contacting area means a better interface. In the case of
contact between solids, surface roughness and the presence of external compressive
forces are two major factors dictating the amount of contact area. A rough surface
increases the exposed area, but contact can still be bad if the surface pattern/texture does
not match that of the other surface. Pressing two materials against each other help
improve the contact most of the time, but the magnitude of the force needs to be carefully
controlled to prevent the solids from cracking. Another issue with applying a
compressive force to a cell is that, since the force is uniaxial in most cases, only a
fraction of the surfaces, especially those that are perpendicular to the force direction, can
benefit from it. Surfaces that are parallel to the force direction usually will not be
affected. By using some bottom-up growth techniques, e.g. sol-gel or other deposition
methods, the materials can be directly grown onto another solid surface to produce a
uniform interface with good contact. Taking the sol-gel method as an example, it can
benefit from the liquid/solid interface when the liquid phase is in contact with the solid
phase. The sol/gel is then processed to remove the solvents, so the material can use the
surface of the solid as nucleation sites.*® Since the grains grow directly on the solid, the
interfaces tend to have low energy, and thus adhesion is considered to be improved.
Another example would be epitaxial growth, in which the material crystallizes with the
same lattice orientation (lattice match) as the substrate because that is the orientation with

the lowest energy.

For composite polymer solid electrolytes, the interface between the polymer

matrix and the ceramic filler particles is usually considered to be better than that in
13



ceramic solid electrolytes. This is because that the fabrication of such composite
electrolytes starts from the solution of the polymer matrix material in most cases.
Ceramic fillers are dispersed into the solution, which is then cast to form a thin film, and
dried by removing the organic solvents. It is still unclear, however, what is exactly
happening at the interfaces due to the complexity of the system. Recently, Zheng et al.*®
studied the Li* pathways in PEO-LLZO system by replacing Li with °Li, and found that
conduction was more favored within the LLZO particles than at the PEO/LLZO interface.
It shed some light on how the conduction processes can be probed for the composite

system.

The quality of the interface can be quantitatively evaluated by the
resistance/impedance associated with it, or sometimes capacitance, too. A low value in
these properties means a good interface. But a lot of the times, due to the complexity of
the system, or the limit of the measuring technique, it is very difficult or even impossible
to distinguish/extract the interfacial component from the experimental data. In that case,
the overall or averaged value is used to approximate the order of magnitude of the actual

one.
1.3.4.3. Stability

The stability of the solid electrolyte materials includes chemical, physical and
electrochemical stabilities.® The material needs to be chemically stable during synthesis,
fabrication and normal operation. Although air exposure is a very unlikely event under
normal operation conditions, it is still desirable to test the air stability (against oxygen
and moisture). Sometimes carbon dioxide (CO2) can be harmful to the material as well,
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and therefore should also be looked at. In terms of physical stabilities, a series of
mechanical properties can be tested, including elastic moduli (e.g. Young’s modulus,
shear modulus), hardness and fracture toughness. Shear modulus is crucial to all types of
solid electrolytes since a large modulus (> 8.5 GPa) can in theory suppress Li dendrite
formation.® For ceramic solid electrolytes, the fracture toughness is especially important
because ceramics are brittle materials, and cracks tend to form due to the calcination-
cooling cycles, or shocks during handling. The Young’s modulus should be studied on

polymer-based solid electrolytes when bending is required in the application.

Electrochemical stability means that the electrolyte must remain stable across the
operation voltage window of the battery. The material should not decompose, or take part
in any unwanted side reactions. In order to have an energy density as high as possible for
lithium-ion batteries, materials with high electrochemical potentials are preferred as the
cathode, as mentioned earlier. The problem with this is that, by increasing the working
voltage of the battery, the energy density is improved, but the electrolyte is also polarized
by a high voltage at the same time. In conventional lithium-ion batteries, this can cause
the organic liquid electrolyte to be oxidized at the cathode, and reduced at the anode,
forming a layer termed the ‘electrode-electrolyte interface’ (EEI) or ‘solid-electrolyte
interphase’ (SEI) on each electrode. This EEI layer does not contribute to the total battery
capacity; on the contrary, it consumes a small amount of energy to form upon the initial
cycle. On the other hand, it acts as a passivating layer that prevents further reaction
between the electrode and the electrolyte, while still allowing Li* to go through, and
hence ensuring safety, long cycle life, high Coulombic efficiency and high voltage

efficiency.>? Therefore, in polymer-based solid electrolytes, the formation of EEI must be
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assessed. For inorganic solid electrolytes, due to the absence of organic components and
the relatively high dielectric constant of ceramics, EEI is usually considered non-existing
and the materials can withstand higher voltages. However, a recent study*® showed that at
the LiCoO2/LLZO interface, a very thin layer of EEI would form if the two materials
were in direct contact, which negatively affected the electrochemical performance. This
suggests that EEI formation might have been overlooked for inorganic solid electrolytes

and therefore should also be carefully examined.

Thermal stability, apart from non-flammability, is still very important because the
reactions inside the battery are quite exothermic, not to mention that batteries are usually
located in a constricted space within the device where ventilation or any type of heat
dissipation is extremely poor and lacking, which can result in localized high temperatures.
This is especially true in polymer-based systems as organic materials are not known for
withstanding too high of a temperature, so melting and/or thermal decomposition can
happen, which can cause degradation of the performance, or even catastrophic failure.
Moreover, the added salts (e.g. LiClOa) can be highly reactive and problematic. For most
oxide-based ceramic solid electrolyte materials, they are completely immune to those
issues because of their refractory nature. However, another aspect of thermal stability is
required, which is the resistance to thermal shocks. Thermal shocks are rapid temperature
changes, and ceramics are brittle materials that are prone to cracking under thermal
shocks. Therefore, the tolerance of rapid thermal expansion/contraction should also be an

important parameter when evaluating candidate materials.

1.3.4.4. Activation Energy
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The concept of activation energy was first introduced by Svante Arrhenius in
1889. It is the minimum energy required to initiate a process (chemical reaction). Ionic
conduction in solid electrolytes is considered to be an activation process, which follows

the Arrhenius equation (relationship)

o(T) = Aexp(— % (2)

where ¢ is the ionic conductivity, T is the temperature in Kelvin, 4 is a pre-exponential
factor, E, is the activation energy and R is the universal gas constant. A lower activation
energy means that the reaction is easier to take place, and therefore is desired for all solid

electrolytes. We can re-arrange the Arrhenius equation to get a new relationship:

E,
1 =——+logd 3
ogo o T 108 (3)

1. o . . . E

If a plot of logo vs. 7 is drawn, then it will be a straight line with a slope of — f and an
intercept of logA. Therefore, to measure the activation energy, a common practice is to
measure the ionic conductivity at various temperatures, and then make a logo vs. % plot to

calculate the slope.
1.4.  One-Dimensional Nanomaterials as Solid Electrolytes

When materials reach the sub-micron regime, especially tens of nanometers in
size, their properties become significantly different from the bulk ones. This is because

bulk properties are essentially the average or overall behavior of all atoms within the

17



material. When the particle size is reduced, fewer and fewer atoms are left within the
material, and eventually the behavior of individual atoms becomes more dominant than
the overall effect. For instance, the NPs of some materials show different colors than their
bulk forms because factors like quantum confinement®*** and surface plasmon
resonance® come into play. In terms of mechanical properties, metals are generally
considered to be ‘soft’, as they are ductile and malleable, which is due to the fact that
atoms can ‘slide” over each other when in bulk. However, inside metal NPs, these large-
scale ‘slidings’ are no longer present, and the relative density of dislocations and stacking
fault are largely increased. As a consequence, the metal becomes a very hard material.>®
Other properties such as electrical, optical, chemical, magnetic, etc., can all exhibit very
interesting changes as the particle size is reduced. This is also why nanomaterials and
nanostructured materials have been attracting researchers’ attention for many years.
When used as solid electrolytes in lithium-ion batteries, nanomaterials can also be
advantageous in different aspects.®>” For example, nanocrystalline solid electrolytes have
been shown to display higher ionic conductivities than their bulk single crystal forms.>8°
Recent studies have also shown improved properties when nanosized solid electrolyte is
used compared to bulk materials, such as higher ionic conductivity,®® cycling
performance and current density,*” and fracture strength.%* Among the different forms of
nanomaterials, one-dimensional (1D) nanostructures, e.g. nanowires (NWs), nanorods
and nanotubes, are of particular interest to us. A common point to all 1D nanostructures
is that their radial dimension (i.e. diameter) is on the nanometer scale, but the axial length
is orders of magnitude higher. Such high aspect ratio can have multiple advantages on the

material properties. For example, transport across the diameter, whether it is mass,
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electron or heat, can benefit from the short distance. While on the other hand, processes
that happen along the length are highly directional, meaning that they can be made very
selective or controllable. A pertinent example would be that researchers have made
electrodes with different types of NWs and nanoribbons and demonstrated significant
improvement in performance,®? % which is a direct result of the unique morphology and
properties of 1D nanomaterials. Electrospun LLTO NWs were used as fillers in a
polyacrylonitrile-LiClO4 polymer complex to make a composite solid electrolyte and
achieved a room temperature ionic conductivity of 2.4 <10* S/cm.*® Electrospun LLZO
NWs were also embedded as a filler network in a PEO-LITFSI (lithium
bis(trifluoromethane)sulfonimide salt) complex and demonstrated an ionic conductivity

of 2.5 x10™* S/cm at room temperature.5®
1.5.  Characterization Techniques
1.5.1. X-ray Diffraction

X-ray diffraction (XRD) is a very useful and straightforward technique for
identifying phases in crystalline samples, as well as revealing crystallographic
information. It is based on the fact that the wavelength of X-rays is comparable to the
interatomic spacing of solid materials, so diffraction will happen when the incident X-ray
beam hits the sample, and scattered X-rays are collected by the detector. The fundamental

relationship governing the diffraction behavior is described by Bragg’s Law

nA = 2dsinf 4)
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where n is an integer, 1 is the wavelength of the incident X-ray, d is the interplanar lattice
spacing and @ is the incident angle. A simple explanation of this formula is that, for a set
of planes with a fixed d, the incident beam is diffracted by a fixed angle (26), provided
that 4 is kept unchanged. It means that, for crystalline samples, because of the presence
of long range order, all beams diffracted from a specific set of planes will point to the
same direction and hence can produce distinct and strong signals when they interfere with
each other constructively. When these signals are plotted on a signal intensity vs. angle
diagram, they appear as sharp peaks (high intensities), and this plot is called an XRD
pattern. For amorphous materials, or the amorphous part within the materials, the incident
beams are scattered to all possible directions due to the lack of long range order.

Therefore, only a very broad ‘hump’ is obtained, which is termed the amorphous halo.

All XRD analyses in this work were performed using a PANalytical X Pert Pro
high resolution X-ray diffractometer. The X-ray used was CuK, radiation with 1 =
1.541874 A. Sample powders were held by a zero background substrate during
measurement. Sometimes double-sided tape was used to hold the sample in place. The
pattern of the tape is mostly low-intensity and amorphous, with some very broad peaks at
low angles. This means that the presence of tape does not interfere with crystalline
samples, and its contribution to the overall pattern can be simply subtracted. For polymer
film samples, they are placed directly onto the zero background substrate without any

adhesives.
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1.5.2. Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a commonly used technique for
examining sample morphology. In an SEM machine, electrons are generated from the
emission gun under high voltage, and are focused into a beam by electromagnetic lenses
onto the sample. As the incident electrons bombard the sample, some electrons in the
sample are knocked off from their orbitals within the atoms and become the secondary
electrons, while some incident electrons are deflected backwards and become the back-
scattered electrons. These two types of electrons are collected to image the sample as the
beam scans across it. Secondary electrons are useful in showing the sample topography,
while back-scattered electrons carry information about the mass of the atoms in the
sample. The SEM facility used in this work is an XL30 Environmental FEG, which is
also equipped with the EDAX system, capable of doing energy-dispersive X-ray
spectroscopy (EDS or EDX). Upon the bombardment of the incident beam, electrons on
the inner shell of an atom in the sample are excited and ejected, then electrons from a
higher energy shell fall back to fill the vacancies, emitting X-rays at the same time. The
energy of the X-rays is equal to the energy difference between the two shells. Because the
energy of each shell is quantized and specific for each element, the emitted X-rays are
called ‘characteristic X-rays’ and can be used for elemental identification and
compositional analysis. For SEM specimen preparation, sample powders were dispersed
in isopropanol through sonication. Droplets of the resulting suspension were then
deposited onto a substrate till the isopropanol dries out. For bulk samples, such as

electrospun fiber mats or polymer films, they can be directly loaded onto the holder using
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a double-sided carbon tape. Sometimes a very thin layer of gold (~10 nm) was sputtered

onto the specimen to improve electronic conductivity for better image quality.
1.5.3. Transmission Electron Microscopy

As the name suggests, transmission electron microscopy (TEM) collects
transmitted electrons, rather than secondary or back-scattered electrons, to obtain
information. High energy electrons have very short wavelengths, and therefore they are
able to interact with features that are extremely fine (sub-angstrém level) in the material.
For example, a 200 keV electron has a wavelength of only ~0.025 A, comparing to the
aforementioned wavelength of CuK, X-rays of ~1.54 A. This resolving power enables us
to look directly at crystallographic planes, dislocations, domains, etc., which is not
achievable with SEM. Also, since the interaction and imaging are both based on
diffraction, it is very easy to distinguish between crystalline and amorphous regions.
However, one important requirement for TEM specimens is that they need to be thin
enough for electrons to pass through (i.e. electron-transparent). Therefore, for bulk
materials, careful grinding and milling are usually needed in specimen preparation. But
for nanomaterials, fortunately, most samples automatically meet the size/thickness

requirement, and therefore can be used directly.

In this work, TEM studies were performed on a JEOL 2010F microscope at 200
kV accelerating voltage. Specimens were prepared firstly by dispersing the sample
powder in isopropanol using sonication, and then a tiny droplet of the dispersion was
deposited onto a copper TEM grid with lacey carbon (or carbon film) to allow all the
isopropanol to fully evaporate.
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1.5.4. Inductively Coupled Plasma Optical Emission Spectrometry

Due to the fact that lithium is transparent to EDS, i.e. the characteristic X-rays of
light elements are blocked by the beryllium window protecting the detector, a different
technique is needed to measure the amount of lithium in the sample. The technique we
chose was the inductively coupled plasma optical emission spectrometry (ICP-OES).
Solid samples need to be prepared in the dissolved state, and therefore are often digested
by acids. Sometimes when the sample is difficult to dissolve under ambient conditions,
the digestion process can be assisted with microwaves under elevated temperature and
pressure. Droplets of the digested solution are fed into the device chamber and vaporized
by the plasma, releasing solute atoms. These atoms are ionized to an excited state,
emitting photons of characteristic wavelengths, which are then collected and measured to
identify each elemental species. The number of photons is proportional to the amount of
corresponding elements contained in the sample, and therefore quantitative measurements
can be achieved. This technique has very high sensitivity, which is ideal for ppm (parts

per million, mg/L) to sub-ppb (parts per billion, pg/L) level analysis.

The ICP-OES equipment used in this work is a Themo iCAP6300. The digestion
protocol used in this dissertation was to first add the sample into 50% H2SO4 (usually
around 5-10 ppm), and then the mixture was heated at 100 <C for 20 min using a CEM
SP microwave reactor (50 W, 2.56 GHz) with stirring. The resulting solution should be a
transparent one without any visible solid particles. If that is not the case, then the heating

temperature and/or time can be increased until all solids are fully dissolved.

1.6.  Electrochemical Measurement Technique
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1.6.1. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a widely used technique for
measuring the ionic conductivity of solid materials. Typically, the sample is probed by a
small sinusoidal potential or current stimulus across a range of frequencies, and its
response to such a perturbance is recorded and analyzed. The principle behind this
technique is that, in a system, each individual component or conduction mechanism has
its own response to various electrical stimulus frequencies.®’ For ionic conductivity
measurements, the obtained data are usually presented in a Nyquist plot (imaginary
impedance vs. real impedance), and fitted to an equivalent circuit in order to extract the

contribution of each individual component.

Microscopically, the ‘brick-layer’ model can be used to study and extract the
ionic conductivity of different contributions, namely, bulk (grain or grain interior) and
GBs, from the experimental data. This model was proposed by van Dijk et al. and
Verkerk et al., and has been successfully applied to polycrystalline solid electrolyte
materials.®®% As illustrated in Figure 1 (adopted from Haile et al.”%), inside the
polycrystalline sample, this model represents the grains as cube-shaped ‘bricks’ with
edge length G, close-packed together. Between the grains are the GBs with thickness g,
which are divided into two categories: series GBs (perpendicular to the applied electric
field) and parallel GBs (parallel to the applied electric field). Since the intrinsic GB
thickness is usually on the order of 1 to 10 nm,’*"? and the grains are large after being
sintered, the condition g << G is met and therefore, the total length of all series GBs (L1)
is
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L=l (5)

and the total area of all series GBs (AL) is

A, =A (6)

For parallel GBs, the total length and total area are

Ly=1L (7)
4y = %gA (8)

respectively, where L is the sample length between the two electrodes, and A is the

sample cross-sectional area.

series grain boundaries

electrode _, ctrode

interiors

i parallel
G g grain boundaries

A
Y

Figure 1. Schematic of the brick-layer model

For a typical pure solid electrolyte sample with ionically non-blocking electrodes,
the Nyquist plot typically consists of two semicircles/arcs and a tail, as shown in Figure
2a.497374 The tail at low frequencies is usually a straight line with a slope around 45 <if

non-blocking electrodes are used, and is a result of solid-state diffusion through the
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electrodes.*®™ This plot can be fitted using the equivalent circuit in Figure 2b, in which
Q is a constant phase element with impedance Z, = m;w)n (j = V-1, w is frequency, Y

and n are constants, 0 <n < 1), and R is a resistor with impedance Zr = R. If we assume
that both the bulk and GB components in the brick-layer model can be represented by a
pair of Q and R, then Figure 2b can be further improved to suit the model, as shown in
Figure 3a. This circuit can be simplified (Figure 3b) so that the value of Qguik+cai is (Ysulk
+ Yegi), and the value of Reuk+cai is (1/Reuk + 1/Raei) . If we make another assumption
that ionic conduction in both the grain interior and GBs is governed by the same

mechanism (e.g. oesl = oeBL), We get

1_ 1 1
R;  Rpux Rgpy
éa = Agui g + ﬂa
)
A A 2g A
791 = 7 9Bulk + ?ZUGB
2g
01 = Oylk + ?O-GB
11
R,  Rgpl
A A AG
702 =ZO_GBJ_ =ZEO-GB (10)
G
02 = — 0GB

when we take the definition o = %% into account.
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Figure 2. (a) Schematic of an ideal Nyquist plot for solid electrolyte. (b) An equivalent
circuit of (a).

Figure 3. (a) Equivalent circuit for a typical polycrystalline sample. (b) Simplified
equivalent circuit of (a).

From the derivation we can see that the first semicircle Ry at high frequencies
corresponds to the bulk and parallel grain boundary impedance, and the second
semicircle Rz in the intermediate frequency range corresponds to the series GB
impedance. However, because it is difficult to characterize the microscopic properties of
g and G, some approximations must be made in order to get o1 and o2 using the
information that we are able to extract from the impedance measurement. First, as
mentioned above, since g «< G, the ratio 2g9/G becomes negligible and hence Equation (9)

approximates to

01 = OBulk (11)
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Second, the relationship between the macroscopic and microscopic GB conductivities is

G .
0GB = 0GB (12)
9
according to van Dijk et al.,®® and therefore Equation (10) becomes

02 = OGE . = 0GB (13)
The macroscopic GB conductivity will be termed ocs henceforth. It should be noted that,
although the macroscopic GB conductivity is not the ‘true’ conductivity, we at least can

obtain an estimation of the order of magnitude of the microscopic one.®®

So far, we have demonstrated that the bulk and GB conductivities can be
extracted from the experimental EIS data. The leftmost arc in the Nyquist plot
(corresponding to high frequencies) is associated with the bulk conductivity, and the

other arc at intermediate frequencies is associated with the GB component.

In this work, EIS was performed using a Biologic VMP3 potentiostat over the
frequency range 1 Hz — 1 MHz, or a Biologic SP-200 potentiostat over 1 Hz — 5 MHz,
both with 10 mV stimulus voltage and at various temperatures. Details pertaining to

different samples will be given in their corresponding chapters.
1.7.  Electrospinning

Electrospinning is a simple and versatile technique of producing very fine
fibers/NWs from liquids or gels. It is based on electrostatic interactions, and can be
deemed as a variant of electrospraying.’® In 1887, C.V. Boys discovered that fibers can

be drawn from various viscous materials when insulated and connected with an electrical
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machine, and the phrase ‘electrical spinning” was mentioned for the first time.”” In 1995,
Doshi and Reneker described the electrospinning of polymer fibers. The modern lab-scale
electrospinning set up typically consists of a spinneret (e.g. a metallic needle tip), a
metallic collector and a power supply, as depicted schematically in Figure 4. Before
spinning, a syringe is filled with a viscous solution, and the spinneret is connected to the
syringe. The positive electrode of the power supply is linked to the spinneret, and the
collector is connected to ground. During spinning, both the syringe pump and the power
supply are turned on, and the solution will be pushed out of the spinneret tip, forming a
droplet. Since the droplet is electrified, it will experience dragging forces towards the
collector, exerted by the electric field, but is still balanced by the surface tension of the
liquid at this stage. When the applied voltage exceeds a critical value, surface tension can
no longer hold the liquid in place, and then the droplet will shape into a cone and a jet
will shoot out from the apex. This geometry is termed the ‘Taylor cone’, which is named
after Sir Geoffrey Taylor, who studied extensively the formation of such process.”®%° The
jet gets accelerated along the field direction, and at the same time, is being
stretched/elongated due to its high viscosity, forming into a fiber, which will eventually

land on the collector.

Some important parameters for electrospinning are the applied voltage, distance
between the tip and the collector, feed rate and viscosity of the liquid. The applied
voltage determines whether the Taylor cone can form, and usually several kilovolts (kV)
is required to overcome the liquid surface tension. The distance from the tip to the
collector should not be too short, as it allows the liquid to be stretched completely into

fibers. The combined effect of voltage and distance, which is the electric field strength
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(kV/cm), can be used for selecting an appropriate range for the spinning to work.
Empirically, a field strength of 0.7 to 2 kV/cm should fit most systems. The feed rate, i.e.
the speed at which the pump is pushing the liquid, should match the applied voltage, in
order to achieve a steady stream of jet. Like the field strength, the feed rate can also have
a range within which the spinning is stable. Therefore, when other parameters are fixed,
changing the feed rate can fine tune the diameter of fibers on the order of tens of
nanometers. A rule-of-thumb is that a slower feed rate produces finer fibers. If the tip is
‘spitting’ liquid and there is no Taylor cone forming, the voltage needs to be increased. If
the Taylor cone is formed, but disappears due to not enough liquid at the tip, then a faster
feed rate is needed, and/or the voltage needs to be turned down. The viscosity of the
liquid needs to be sufficiently high to produce uniform fiber diameter. Low viscosity
solutions often leads to ‘beaded’ fibers, or varying diameter within one fiber. When
beading is observed under SEM, more polymer should be added into the precursor
solution. Some other factors can have effect on the spinning process as well. For
example, the evaporation speed of the solvent(s) can affect the porosity of the fibers. The
electrical property of the liquid, e.g. the ion species in it, can also determine how it
behaves under applied voltage. It should be noted that the ambient humidity can also
have significant effects on electrospinning. If the humidity is too high, the evaporation of
solvents can be inhibited, especially for water-based precursors. Thus the jet can have
difficulty solidifying, resulting in droplets on the collector (similar to spraying). In that
case, a dehumidifying device should be used to reduce and control the humidity around

the working area. Fortunately, the Phoenix area in Arizona is very dry most of the time
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(average annual humidity: 37%), and therefore no device was deployed to control the

ambient humidity in this work.

In our experiments, the home-made electrospinning setup (Figure 5) was
composed of a syringe pump (New Era), a high voltage power supply (Gamma Power
Supply, ES40P-20W/DAM), and a flat stationary collector made of aluminum foil. A BD
PrecisionGlide 21 gauge (21G) needle firstly had its bevel removed by pliers, and then
the remaining flat/blunt tip was polished by both coarse and fine sand papers. The
processed needle tip was then installed onto a BD Luer-Lok Tip 5 mL syringe. Of course,
needles with flat tip as-purchased are good to be used, too. Electrical connections were
established using cables with alligator clips. In a typical electrospinning experiment, the
voltage was set between 7 to 11 kV, depending on the type of sol (but unfortunately no
rule-of-thumb can be followed); the distance between the needle tip and the collector was

kept at 10-15 cm, and the feed rate was adjusted between 0.1 to 0.3 mL/h.

Taylor ——
cone —

Spinneret
(Tip)

+ve voltage Collector

Figure 4. Schematic of an electrospinning setup
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Figure 5. Electrospinning setup used in this work

1.7.1. Electrospinning of Oxide Materials

Technically speaking, the electrospinning of oxide materials can be roughly
categorized into ‘decorative’ spinning and ‘formational’ spinning, in terms of the type of
precursor materials. For ‘decorative’ spinning, the oxides used are pre-synthesized
particles, usually in the nano- or microscale to avoid clogging the tip. These particles are
dispersed in the electrospinning precursor solution as a secondary phase. After being
spun, the fibers are decorated by those particles (on the surface and/or embedded in the
fiber), and are usually used as-spun without any calcination. On the other hand,
‘formational’ spinning involves the formation of fibers made up completely by the oxide
materials, thanks to the development of sol-gel synthesis of oxides. Typically, the oxide
precursors are dissolved into a homogeneous sol, and a polymer is also dissolved in the
sol to act as a sacrificial carrier, as well as to increase the viscosity. The as-spun fibers
are then calcined at high temperature to remove all the organic components and to
crystallize the oxides. As long as the heating ramp rate is fast, and the calcination time
and/or temperature do not allow significant sintering to take place, the resulting oxides

should be able to preserve the fiber morphology, owing to the dimensional confinement
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of the as-spun fibers. Each calcined oxide fiber is composed of multiple crystal grains
(crystallites), either small or large, connecting each other.8! This is significantly different
from the NWs yielded using other growth techniques, such as hydrothermal or

chemical/physical vapor deposition, in which each NW is one single crystal.
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II: ELECTROSPINNING OF LITHIUM LANTHANUM TITANATE
2.1. Introduction

LLTO is an ABOs type perovskite material with a generic chemical formula
LisxLaz/zx01/3-2xTiO3 (0 < X < 0.16), where O stands for vacancies. Its crystal structure is
shown in Figure 6 (image adopted from Stramare et al.??). LLTO has by far the highest
reported bulk ionic conductivity among all oxide solid electrolyte materials, which
exceeds 1x10 S/cm at room temperature,®® only one order of magnitude less than that of
the typical liquid electrolyte. This high value is achieved when x = 0.1, i.e. the
stoichiometry becomes Lio33Laoses TiO3. The conduction mechanism is considered to
depend mainly on the concentration of A-site vacancies and the size of cations.?? Besides,
it has been determined that the ionic conductivity is due entirely to the motion of Li* ions,
so the transference number is 1.8 However, one major problem with LLTO is that the
Ti** can get reduced to Ti®* when in direct contact with metallic Li,®? thus greatly
compromising its stability and preventing its use in battery applications where Li metal is
used as the anode. Such reaction also promotes LLTO’s electronic conductivity, which
may cause the cell to short circuit. Another problem is that the GB ionic conductivity of
LLTO is typically several orders of magnitude less than the bulk conductivity, and
therefore the total ionic conductivity is dominated by the GB conductivity’s order of
magnitude, according to Equation (1). A lot of research efforts have been focused on the
origin of this large difference in conductivity, and also on how to improve the GB

component.
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Figure 6. Crystal structure of LLTO
2.2.  Experimental
2.2.1. Synthesis of LLTO

All chemicals were purchased from Sigma-Aldrich and used without further
purification. To synthesize LLTO NWs, the electrospinning precursor was prepared by
mixing a LLTO sol with a polymer solution. The LLTO sol was prepared according to
procedures described by Dokko et al. & Lithium acetate (LiCH3CO2, 99.95%), lanthanum
acetate hydrate (La(CH3CO3)3 xH20, 99.9%), and titanium isopropoxide
(TiI[OCH(CHz3)2]4, 97%) were weighed so that the Li:La:Ti molar ratio was 0.33:0.56:1,
with 10% excess Li used to compensate loss during calcination. In a typical synthesis, 3.3
mmol lithium acetate and 5.6 mmol lanthanum acetate hydrate were dissolved in 25 mL
de-ionized (DI) water. 10 mmol titanium isopropoxide was first dissolved in 5.72 mL
acetic acid (CH3;COOH, > 99%) to inhibit hydrolysis, and then 15.27 mL isopropanol
(CsH70H, anhydrous) was added into the mixture. The two solutions were then mixed to

create the LLTO sol. The sol looked slightly ‘foggy’ at first, but it would turn completely
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transparent after several hours of sitting. The polymer solution used was a 10 wt%
polyvinylpyrrolidone (PVP, (CsHoNO),, Mw ~ 1,300,000) in acetic acid, which was
prepared by dissolving PVP in acetic acid with vigorous stirring. The LLTO sol and PVP
solution were then mixed at a 1:1 volume ratio to form the precursor solution for
electrospinning. In a typical electrospinning run, the voltage was set to 7 kV, the distance
between the needle tip and the collector was kept at 10 cm, and the feed rate was 0.3
mL/h. After electrospinning, the as-spun NWs were peeled off the collector as a free-
standing, flexible mat (Figure 7a and b) and calcined in an alumina combustion boat in
air at 1000 <C for 3 h (Lindberg/Blue M Moldatherm box furnace) to remove all the
organic components and to crystallize the LLTO NWs. The mass of the calcined NWs is
about 1/7 of the as-spun ones.

To serve as a comparison, LLTO was also synthesized using a conventional sol-
gel method.® The conventional sol-gel was prepared by dissolving 3.3 mmol lithium
nitrate (LINO3z, > 98.5%) and 5.6 mmol lanthanum nitrate hexahydrate (La(NO3)3-6H0O,
>99.0%) into 12.5 mL DI water, and 10 mmol titanium isopropoxide into 10 mL
isopropanol. The two solutions were mixed together to form the gel, which was then
dried at 100 <C on a hotplate for 10 h in air. The dried gel was calcined in air at 500 C

for 5 h and then 1000 <C for 5 h with 10 <C/min ramp rate (Lindberg/Blue M

Moldatherm box furnace).
2.2.2. Materials Characterization

XRD was performed for phase identification, and sample morphology was

examined using SEM. TEM studies were carried out to examine the sample’s
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microscopic features. ICP-OES was performed for compositional analysis. The samples
for ICP were prepared by digesting in 50% H2SO4 at 100 <C for 20 min using a CEM

Explorer SP microwave reactor (50 W, 2.56 GHz).

2.2.3. lonic Conductivity Measurements

In order to measure the conductivity of powders, the most common way is to
press the powders into a dense pellet, sinter the pellet and then perform EIS measurement
on it. As mentioned earlier, for ceramic materials, due to the fact that most of them are
very poor electronic conductors, and their ionic conduction rely predominantly on the
solid-state movement of conducting species through lattice defects and vacancies, it is
necessary to establish a network through which the ions can ‘hop’ from one particle to
another. Apparently, mere ‘touching’ of particles does not serve the purpose very well
because particles only have point contacts between each other. Also since there are no
externally applied forces holding the particles together, the pellet could even disintegrate
on its own. Therefore, an additional sintering step is introduced to ‘fuse’ the particles

together, creating GBs that act as an intergranular interface for ionic movement.

To make a pellet, the powders are placed in a die, and then a uniaxial force is
applied to the die, generating pressure on the order of megapascals (MPa) to compact the
powders. Typically in this work, 100 mg of powder was loaded into a 7 mm die set to
make one pellet, and a pressure of ~250 MPa was applied (corresponding to ~1.3 metric
ton). When the pressure reached the desired value, the system was left undisturbed to

equilibrate for 5 min, and then the pressure was removed.
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The calcined LLTO NWs and conventional sol-gel powder were made into pellets
using identical procedures for ionic conductivity measurements. The sample was pressed
into a 7 mm diameter pellet with a pressure of 255 MPa using a Specac Atlas manual
hydraulic press. The pellet was then placed in an alumina combustion boat and sintered in
air at 1100 <C for 12 h using a tube furnace (Lindberg/Blue M Mini-Mite) with a ramp
rate of 1 <C/min. Both surfaces of the sintered pellets were polished using a fine grit (e.g.
2000 grit) sand paper and then gold (Au) electrodes were sputtered onto both surfaces. It
should be noted that since Au and Li can form alloy, Au electrodes are not completely
ion-blocking for Li*, and therefore a non-vertical tail is seen in the EIS spectrum
(diffusion is present). The impedance of the bulk and GB components are Reuik and Reg,

respectively. The ionic conductivity (o) of each individual component can be calculated

by

c=— (14)

in which t is the thickness of the pellet, R is the impedance and A is the surface area of

the pellet. The total ionic conductivity can then be obtained using Equation (1).

2.3. Results and Discussion

The as-spun NWs had diameters around 1 pm and smooth surface (Figure 7c).
After calcination, the NWs shrank to around 100 - 200 nm in diameter and showed rough
surfaces with kinky morphology, as seen in Figure 7d. SEM observation at higher
magnification revealed that the NWs were formed through the merging of LLTO particles

(Figure 7e), but without void or porosity, as was seen in TiO2 NWSs prepared by
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electrospinning.®! This is likely due to the higher crystallization temperature of 1000 T
for LLTO, which promoted grain coarsening, compared to only 500 <C for TiOx.
However, despite the higher temperature to crystallize LLTO, coalescence was
minimized due to the separation of the NWs, with grain growth restricted by the

dimensions of the as-spun NWs.

(@)

Intensity (A.U.)

26/degree

Figure 7. Photographs of (a) as-spun LLTO NW mat being removed from the collector,
(b) free-standing as-spun LLTO mat with good flexibility. SEM image of LLTO NWs (c)
as-spun, (d) after calcination. (e) A higher magnification of (d) showing the NW surfaces.
(F) XRD pattern of electrospun LLTO NWs after calcination with P4/mmm tetragonal
structure.
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LLTO is stable over a wide range of compositions and can adopt simple cubic,
hexagonal tetragonal, tetragonal, and orthorhombic perovskite (ATiOz) distorted
structures with different distribution of La®*, Li*, and vacancies on the A sites.®? The
XRD pattern of the crystallized NWs (Figure 7f) matched the tetragonal structure of
LLTO with no impurity phases observed. ICP analysis gave a composition of
Lio.26Lao61TiO3 for the acid-digested NWs, indicating that the NWs are Li*-poor (x <
0.10), possibly due to Li" loss during calcination. Although the annealing times were

short, the high surface area of the NWs could facilitate Li" volatilization during heating.

Rietveld method was used to refine the crystal structure of the LLTO samples
from their XRD patterns. This method, developed by Dutch scientist Hugo M. Rietveld,
is a simulation-based technique used for the refinement of powder XRD or neutron
diffraction results. Parameters such as crystallographic configuration, crystallite size and
shape, instrument settings, efc. are varied until the simulated pattern is the closest match
to the experimentally obtained pattern. Then the crystal structure of the simulated pattern
can be deemed as a good representation of the sample’s crystal structure. The program
used was PANalytical X Pert HighScore Plus with built-in Rietveld refinement function.
Rietveld analysis of the calcined LLTO NWSs XRD pattern using the La content
determined from ICP, the tetragonal (P4/mmm) space group, and the atomic coordinates
from Fourquet et al.?” yielded lattice constants of a = 3.875 Aand ¢ = 7.739 A, with Rexp
=16.03, Rw = 15.57 (Figure 8a). Rietveld analysis of the calcined LLTO powder from
conventional sol-gel is shown in Figure 8b, in which Rexp = 19.54, Rw = 19.42. Due to the
low scattering factor of Lli, its contribution to LLTO XRD patterns is often neglected and

therefore was not included in the refinement.®®
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Figure 8. XRD pattern with calculated pattern from Rietveld refinement of (a)
electrospun LLTO NWs and (b) conventional sol-gel LLTO; (c) XRD pattern comparison
of conventional sol-gel LLTO vs. electrospun LLTO NWs after calcination.

TEM examination showed that the calcined NWs were about 50 - 500 nm in
length and were polycrystalline, consisting of connected grains with the grain width
spanning the diameter of the NWs (Figure 9a). Figure 9b shows a zoomed-in view of one
grain and the inset is the corresponding selected-area electron diffraction (SAED) pattern
with major spots circled and indexed, showing that each grain is a single crystal. Figure
9c is a high-resolution TEM (HRTEM) image showing the lattice fringes with spacing of
3.88 A, which is close to the a-parameter obtained from XRD Rietveld refinement (3.875
A). A typical HRTEM image of the boundary between two adjacent grains is shown in
Figure 9d with the fast Fourier transform (FFT) of each grain shown in the insets.

Analysis of the lattice spacings in each grain revealed that the GB is highly coherent and
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the mismatch between the two grains is relatively small. There are also no visible or

secondary phase segregations at the boundary.

Figure 9. TEM image of calcined electrospun LLTO NWs at (a) low magnification; (b)
high magnification showing individual grains. Inset shows the corresponding SAED
pattern. HRTEM image of (c) the lattice fringes and (d) GB between two grains. The
upper and lower inset shows the FFT of the upper and lower grain, respectively.

From these results, we can see that the calcination temperature and time required
to obtain crystalline LLTO using the electrospinning approach (1000 <C for 3 h) is
greatly reduced compared with conventional solid state methods.®® Also, one problem
with conventional sol-gel synthesis of LLTO is the tendency to form impurity phases
such as La,Ti»O7, particularly when using calcination times < 12 hours.*>*° However, we

can see that the LLTO prepared using electrospinning does not have these problems due
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to the short diffusion distances along the NW diameters, which allows for better

distribution of the ionic species.

To better characterize the Li* transport properties of the electrospun LLTO NWs,
room temperature EIS measurements were performed and compared with LLTO
synthesized using conventional sol-gel methods. The XRD pattern of the conventional
sol-gel powder was very similar to that of the NW sample and had the same tetragonal
structure as the NWs (Figure 8b and c). The measured impedance data are presented as
Nyquist plots in Figure 10. The total ionic conductivity of the sample can be
approximated by extrapolating the low frequency semicircle to intercept the x-axis.*® The
total conductivity given by this method is 7.8 <107 S/cm for the conventional sol-gel
sample and 3.3 %10 S/cm for the electrospun NW sample (tconventional = 0.076 cm,
telectrospun = 0.064 cm). The impedance associated with Li* conduction in the grain interior
is typically observed in the high frequency range between 200 kHz — 13 MHz as a
depressed semi-circle.838 The high frequency region of the Nyquist plots is shown in
Figure 10a. Due to the frequency limitation of the instrument (1 MHz maximum), the full
semi-circle could not be resolved in our data. However, it is clear that the impedance is

higher for the pellet prepared from conventional sol-gel compared to the NW sample.
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Figure 10. Nyquist plots of LLTO pellets derived from conventional sol-gel vs.
electrospun NWs, normalized by pellet thickness in the (a) high frequency range and (b)
full frequency range with fitted curves; inset shows the equivalent circuit used for fitting.

The Nyquist plots over the entire frequency range are shown in Figure 10b. Semi-

circles associated with Li* conduction through the GBs were observed from about 200

kHz — 30 Hz and a tail due to the polarization behavior of the blocking electrode was

observed at low frequencies. The GB arc is clearly much larger for the conventional sol-

gel sample compared to the electrospun NW one. An equivalent circuit (Figure 10b inset)

proposed by Bohnke et al.®* was used to fit the experimental data, where L represents the

inductance of the wire connections, Ch is the high frequency capacitance, which is

related to the high frequency dielectric constant of the material, C, is the bulk

polarization capacitance, Qy is a constant phase element for the bulk interface, Qe is a

constant phase element for the electrode interfaces, and Relect, Rgb, and Reond represent the

resistance from the electrode interfaces, GBs, and grain interior, respectively. The fitting

parameters and fitted values for both samples are shown in Table 1.
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Table 1. Impedance analysis results of both conventional sol-gel and electrospun LLTO

samples
Equivalent Fitting Value Value
Circuit Symbol | Parameter!@ (Conventional) (Electrospun)
L L1 0.121 <108 H 9.805 x102° H
Cht C1 3.958 <1012 F 1.169 <1011 F
Co C2 4,982 x10°F 8.753 <10 F
Qb Q2 4.938 %107 3.313 <108
N/A 02 0.8339 0.9091
Rcond R2 245231 Q 37121 Q
Qgp Q3 7.848 %10 2.244 %10
N/A o3 0.6476 0.6403
Rgb R3 1046000 Q2 273266 Q
Qo Q4 1.092 %107 3.214 <108
N/A a4 0.3836 1.141 x10°
Relect R4 7593 Q 1384 Q

1

[a] The impedance of a constant phase element is expressed by Z = YRR where Ag is a
0

capacitance related term, j is the current, w is the applied frequency and o is an exponent.
Here 02, a3 and a4 are the corresponding o for Qb, Qgb and Qel, respectively.

The bulk (grain interior), GB, and total conductivities calculated from the fitting
results are shown in Table 2. The bulk conductivity for the electrospun sample was on
the order of 10* S/cm, which is comparable to some LLTO samples that were
synthesized using solid state method.®>% Based on the ICP data, the electrospun NW
sample was slightly Li* deficient, which would decrease its bulk ionic conductivity.8893-
% The total conductivity from the fitted data was on the order of 10”7 S/cm for the
conventional sol-gel sample and 10 S/cm for the electrospun NW sample, similar to the
values determined from extrapolation of the low-frequency semi-circle. Compared to the
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total Li* conductivity reported of 7 <10 S/cm for the record LLTO samples synthesized
with solid state method,® these values are still lower. This is reasonable considering that
the sol-gel LLTO typically demonstrates lower conductivity compared to LLTO prepared

with solid state methods.586%

Table 2. lonic conductivities (S/cm) calculated from fitted impedance data of two LLTO
samples

Sample Bulk Grain VVolume Grain Boundary Total
Conventional 2.63 x<10° 8.16 <107 7.91 %107
Electrospun 1.22 <10 4,54 %10 4,37 x10°

The total conductivity of LLTO is typically limited by its GB
conductivity,838586.9293.959798 Hance, using nanostructured LLTO with high surface-to-
volume ratio and large GB area could be considered a disadvantage. Indeed, LLTO
nanopowders 15 - 20 nm in diameter prepared using a combustion method showed an
extremely low GB conductivity of ~ 10"2° S/cm at room temperature.®® Also, previous
studies have shown that increasing the LLTO grain size with sintering can improve
(lower) the GB resistance,*>!% suggesting that nanostructured LLTO is undesirable.
However, the advantages of the electrospun NW samples over the conventional sol-gel
sample can be clearly seen in our results. Both the bulk and GB conductivities of the
NW-derived sample were more than four times higher than that in the conventional sol-

gel sample, with the GB conductivity nearly six times higher for the NW sample.

To better understand the observations, the pellets were fractured and SEM images

of the cross-sectional areas were taken. The pellet derived from conventional sol-gel
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(Figure 14a) had many more pores and voids compared to the one derived from the
electrospun NWs (Figure 14b). In general, the sintering of particles involves neck
formation, mass transport and pore closure, with the major driving force being the
reduction of total surface energy. NPs have very large surface-to-volume ratio, which
means that the driving force of reducing surface energy is tremendous, and should in
theory yield high density in sintered pellets. However, one common problem with NPs is
that they tend to form agglomerates due to electrostatic or van der Waals forces. Figure
11 shows an example of such behavior. Figure 11a is an SEM image of an oxide material
(LLZO) in bulk form, and Figure 11b is the same material after being ball milled, with
the average particle size being approximately 25 nm. It can be seen that although the
particles have their dimensions greatly reduced after ball milling, they are not scattered
uniformly all over the place. Instead, they stick together and form agglomerates with
different sizes. Figure 12 is a schematic of a more microscopic view to this
phenomenon.'®! It shows that particles are more close-packed within each agglomerate,
but the inter-agglomerate pores are large.2°-1% During sintering, these agglomerates will
start to densify first since the particles inside are close together. This process is very
effective and most of them can reach nearly full density. However, because the total
surface energy is significantly reduced by those as-sintered agglomerates, the driving
force for further densification diminishes, and so the inter-agglomerate pores are difficult
to eliminate (Figure 13). On the other hand, using 1D nanomaterials can potentially
circumvent this problem by taking advantage of their shape.1%1% As illustrated in Figure
13, 1D nanomaterials tend to lie down on their axial direction (long axis) because it is the
most stable (lowest energy) position, which allows them to pack more efficiently.
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Additionally, the particle size of 1D nanomaterials (a few hundred nm in the long axis) is
usually much larger than NPs (several tens of nm in diameter), so the increased mass
helps cancel out the attractive forces between particles, and the particles are less likely to
adhere to each other. These combined effects should in theory yield denser pellets and
hence improved GB conductivity. The sol-gel method is known to produce very fine
nanopowders, but they also suffer from agglomeration, which means that the large pores
seen in Figure 14a are very likely to be the inter-agglomerate ones. Moreover, the necks
between adjacent pores, which formed during the necking stage of sintering, acted as the
‘bottlenecks’ for ionic conduction. Because ions cannot move across the void area of
pores, the effective cross-sectional area for conduction is limited to the necks only, which
are usually very thin, as is apparent in Figure 14a. It has also been shown, in LLZO for
example, that improving the pellet density can greatly increase the total ionic
conductivity.!%” Therefore, it becomes clear that the relative density of the pellets needs
to be included when reporting the conductivity, which serves as an indicator of how
relevant the calculated value is to the ‘true’ (theoretical) conductivity. For instance, a
pellet with 50% porosity (i.e. 50% relative density) means that only half of the volume
participates in the conduction process, and the calculated macroscopic conductivity will
be undoubtedly far lower than the theoretical value. In other words, the
calculated/measured conductivity has at most 50% correlation with the true value, and
hence cannot be deemed significant. Although there has not been an established universal
relationship between the pellet density, measured conductivity and theoretical
conductivity (but empirical ones exist for some individual materials), and to what extent

of the pellet density can one report the measured conductivity with confidence, it shows
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that improving the pellet density is very important, which again is one of the reasons for

using 1D nanomaterials.

Figure 11. (a) SEM image of bulk LLZO powder. (b) SEM image of the same powder in
(a) after being ball milled.
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Figure 12. Schematic showing agglomeration in NPs
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Figure 13. Schematic showing the pellet making process with different starting
morphologies

Figure 14. Cross-sectional SEM image of pellet made of (a) conventional sol-gel LLTO
and (b) electrospun LLTO.

Nanocrystallites from electrospinning, on the other hand, circumvent the
agglomeration problem by connecting each other and forming NWs at the crystallization
stage. This is clearly observed in the TEM images of the LLTO NWs (Figure 9a), in
which the NWs formed due to the merging of adjacent particles. Thus, agglomeration in
NWs derived from electrospinning can be greatly prevented while maintaining many high
energy surfaces, which means that the main driving force for sintering is not
compromised. Hence, with the pellet preparation and calcination steps kept identical for
the two samples, the increase in conductivities in the NW-derived sample can be
attributed to the improved microstructure and densification processes in the pellet. Using

the mass and dimensions of the pellet, the density of the pellet prepared from
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conventional sol-gel LLTO was 3.42 g/cm?3. This corresponds to a relative density of ~68%
(with respect to the theoretical LLTO density of 5.01 g/cm?), which is comparable to
other results obtained using similar pellet preparation conditions. For example, Ban and
Choi used 1050 <C for 2 h and obtained a relative density of ~58%,% while Yang et al.
achieved ~64% when sintering at 1050 <C for 8 h.® Higher density (> 90%) can only be
achieved using more advanced techniques, such as hot-pressing.®® In contrast, the pellet
derived from electrospun NWs had a density of 4.06 g/cm?3, or a relative density of ~81%,
showing improved densification using conventional sintering. These observations are also
similar to previous studies that showed pressed pellets of titanate-based ferroelectric
NWs had higher green and sintered densities than pellets derived from sol-gel
synthesized nanopowders.1%1% Even though the NWs lost their 1D morphology and
nanostructure after sintering, the pellets derived from NWs still showed better dielectric
and piezoelectric properties than those from conventional sol-gel nanopowders. The
improved sinterability of the NWs in that study was attributed to: 1) better packing
efficiency, 2) enhanced plastic deformation under uniaxial pressing, and 3) high amounts
of surface defects such as oxygen vacancies, which can accelerate mass and energy
transfer between reactants.®® It is also reasonable to believe that similar processes may
occur in the LLTO NW pellets and contribute to the better ionic conductivity properties

compared to the conventional sol-gel powders.
2.4.  Conclusions

In summary, LLTO NWs were successfully synthesized for the first time using

electrospinning. The calcination temperature and time required to obtain crystalline
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LLTO NWs was greatly reduced compared with conventional solid state and sol-gel
methods, with only 3 hours at 1000 <C needed to obtain the tetragonal form of the
perovskite-type structure. Characterization results showed that the NWs were
polycrystalline with diameter < 200 nm and grain sizes ranging from 50 - 500 nm. Pellets
derived from the electrospun materials were denser, had less void space, and displayed
improved ionic conductivities over LLTO made through the conventional sol-gel route. It
IS expected that the ionic conductivity of the electrospun LLTO NWs can be further
enhanced by tuning the parameters during synthesis, for example by identifying and
minimizing the source of the Li* loss. These results highlight the potential of utilizing the
electrospinning method to improve the ionic conductivity of sol-gel derived solid

electrolytes.
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I11: ELECTROSPINNING OF LITHIUM LANTHANUM ZIRCONATE
3.1. Introduction

LLZO belongs to the garnet-type fast Li* conducting material family, with a
nominal chemical formula LisLasM2012 (M = Nb, Ta).1% When M is replaced by Zr, and
seven instead of five Li atoms are contained per formula, the nominal stoichiometry
becomes LizLazZr.O12, which is also called the ‘Li-stuffed’ (Li-rich) garnet. It has been
found that the total Li* conductivity can reach 10 S/cm at room temperature,*'® which is
considered to be originated from the excess Li in the structure.!!! Moreover, it is stable
against metallic Li,''? making it a very promising candidate for battery applications. But
on the other hand, studies show that there are three polymorphs of LLZO: a tetragonal
phase (t-LLZO), and two associated with the cubic phase (c-LLZO), namely, high
temperature cubic (HT-cubic), and low temperature cubic (LT-cubic). The remarkable
high conductivity is only associated with the HT-cubic phase (space group: Ia3d, Figure
15a), which is due to the disordered Li sublattice with partial site occupation.!?
Unfortunately, this phase will transform into the tetragonal phase when temperature drops
below 650 <T.'* A common way to achieve stabilization of the HT-cubic phase at room
temperature is by adding dopants, such as Al, Ta and Nb.113115116 The stabilization
mechanism of Al for instance, is believed to be due to the formation of Li* vacancies (2
per each AI** added to maintain electroneutrality), which increases the total entropy and
reduces the free energy gain from Li ordering to destabilize t-LLZO with respect to HT-
cubic.!’ Indeed, when the Li content is increased from 6.24 to 7.32 per formula unit, a

transformation from HT-cubic to t-LLZO was observed.!® However, the drawback to Al
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doping is that non-conducting compounds such as LaAlOz may form as byproducts that
segregate at the GBs and are detrimental to the ionic conductivity.*"'3 Also, a higher
activation energy for Li* conduction was observed in Al-containing HT-cubic LLZO
compared to the Al-free counterpart, likely because the partial occupation of Al on the Li
sites can cause increased electrostatic repulsion from the +3 charge of Al and also hinder
Li* mobility.1** For Zr substitutional dopants such as Ta and Nb, a narrow composition
range for peak conductivity was observed, meaning that doping must be carefully
controlled.16119120 For the tetragonal phase (space group: 141/acd, Figure 15b), the ionic
conductivity is 2-3 orders of magnitude lower than that of the HT-cubic phase.*?! The
tetragonal distortion is a result of Li* ordering (blue spheres in Figure 15) that eliminates
the short Li-Li interactions and disordered Li* clustering that is responsible for the high
conductivity in the HT-cubic phase.t"1?271% The LT-cubic phase was discovered through
the development of low temperature synthesis methods.'?12” This phase has the same
structure as the HT-cubic phase, but with a slightly larger lattice constant and lower ionic
conductivity than even t-LLZ0.?® Detailed studies on LT-cubic LLZO have indicated
that it may be stabilized at low temperatures due to adsorption of CO2 or H,0,!14128.129
and that it transforms to t-LLZO once these adsorbates are removed using calcination (e.g.
between 450 to 650 <T).1* Therefore, it is advantageous to find other ways to stabilize
the HT-cubic LLZO phase at room temperature without relying on extrinsic dopants, or

incurring the formation of LT-cubic phase.
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3.2.  Experimental

In order to obtain nanostructured LLZO and investigate its phase transformations,
the electrospinning technique was selected as it has been a versatile method for preparing
ceramic nanofibers or NWs from sol-gel precursors.8-13° To our knowledge, this is the
first report on the synthesis of LLZO NWs using electrospinning. The synthesis of LLZO
NWs also enables detailed structural characterization using TEM to better understand the

formation mechanism of LLZO synthesized from sol-gel precursors.
3.2.1. Synthesis of LLZO Nanowires

All chemicals were purchased from Sigma-Aldrich and used without further
purification. The precursor for electrospinning was prepared by mixing an LLZO sol with
a polymer solution. For the nitrate-based sol, lithium nitrate (LINO3z, > 98.5%),
lanthanum nitrate hexahydrate (La(NOz)3-6H20, > 99.0%), and zirconium oxynitrate
hydrate (ZrO(NOz)2 xH20, 99%) were weighed so that the Li:La:Zr molar ratio was

7.7:3:2, with 10% excess Li used to compensate loss during calcination. In a typical
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synthesis, the three salts were dissolved in 25 mL DI water with stirring. For the acetate-
based sol, lithium acetate (LICH3CO3, 99.95%), lanthanum acetate hydrate
(La(CH3CO2)3 xH20, 99.9%), and zirconium propoxide (ZrCi2H2g04, 70 wt% in 1-
propanol) were weighed so that the Li:La:Zr molar ratio was 7.7:3:2. In a typical
synthesis, 7.7 mmol of lithium acetate and 3 mmol of lanthanum acetate hydrate were
dissolved in 14.5 mL DI water with stirring. 2 mmol zirconium propoxide was dissolved
in 1.2 mL acetic acid (CH3COOH, > 99%) first, and then 3.06 mL isopropanol (CsH7OH,
anhydrous) was added. The two solutions were then mixed to make the sol. In both
methods, the polymer solution is a 15 wt% PVP (Mw ~ 1,300,000) solution, prepared by
dissolving PVP in acetic acid with vigorous stirring. The LLZO sol and PVP solution

were then mixed at a 2:1 volume ratio to form the precursor for electrospinning.

In the electrospinning setup, the distance between the needle tip and the collector
was kept at 10 cm. For the acetate-based precursor, the voltage was set to 7 kV and the
feed rate was 0.12 mL/h. After electrospinning, the as-spun NWSs were peeled off the
collector and calcined in an alumina crucible in air at 700 <C (Lindberg/Blue M
Moldatherm box furnace) to remove the PVP and crystallize LLZO. The ramp time for
calcination was 1 h in order to retain the NW morphology. For the nitrate-based precursor,
the voltage was set to 11 kV and the feed rate was 0.16 mL/h. The ramp time for

calcination was 2.5 h. The mass of the calcined NWs is about 1/4 of the as-spun ones.
3.2.2. Synthesis of Bulk LLZO

Bulk LLZO was prepared using the sol-gel method described by Janani et al. but
without the addition of Al20s.1?" In a typical synthesis, 0.7 mmol lithium nitrate, 0.3
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mmol lanthanum nitrate hexahydrate, 0.2 mmol zirconium oxynitrate hydrate and 2.4
mmol citric acid (CeHgO7, 99%) were dissolved in 50 mL DI water with stirring and
heating (60 <C). 10 mL isopropanol was added into the solution as a surfactant. The
mixture was then stirred and heated at 60 <C until a thick and transparent gel formed. The
gel was fired at 250 <C for 1 h (Lindberg/Blue M Moldatherm box furnace) in air to
obtain a brown foam-like solid. The solid was ground into powder with mortar and pestle.
The powder was calcined at 500 <C for 2 h in air first, then 700 <T for 5 h in air to obtain

t-LLZO, both with 2 <T/min ramp rate (Lindberg/Blue M Moldatherm box furnace).

To obtain c-LLZO from the bulk LLZO, the powder was ball milled for 1 h using
a SPEX SamplePrep 8000M with methacrylate cylinder and tungsten carbide balls and
caps. Ball milling is a type of grinding process in which solids are crushed by taking
impact from a hard grinding media, and therefore particle size reduction can be achieved.
The media needs to have higher hardness than the sample material, and the impact needs

to have enough energy to induce cracking/fracture on the sample material.

3.2.3. Materials Characterization

XRD was performed for phase identification. The sample morphology was looked
at using SEM. TEM examination was conducted to take high-resolution images and to

study the structure of the samples.
3.3.  Results and Discussion

SEM images of the as-spun NWs prepared from acetate-based precursor are

shown in Figure 16a, showing diameters ranging from ~100 to 200 nm. Figure 16b-e
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shows the morphology evolution of the LLZO NWs after being heated at 700 <C for 1.5 h,
2 h,2.5hand 3 h, respectively. Figure 16f and g are both from the same sample that was
calcined for 5 h. The dimensions and morphology of the NWs did not change much after
1.5 h of heating (Figure 16b). However, as the heating time increased, the NWs became
thicker and underwent coalescence to form larger ligaments. More interestingly, these
morphology changes were also accompanied by a phase transformation, as determined
using XRD. As shown in Figure 16h, 1.5 h was not sufficient time for formation of
LLZO. The peaks labelled with asterisks were assigned to the intermediate phase
La>Zr,07. After 2 h of calcination, a small amount of cubic phase LLZO was observed,
but the majority of the sample was still La,Zr,O7. After 2.5 h of calcination, c-LLZO was
the majority product and the amount of La»Zr,O7 decreased significantly. This is also
consistent with the findings of other groups that La>Zr.Oy is the first intermediate phase

as well as the main byproduct.5%:110.126.127
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Figure 16. SEM image of (a) as-spun LLZO NWs and the NWs after calcination at

700 <T for (b) 1.5h, (c) 2 h, (d) 2.5 h, (e) 3 h, (f) & (g) 5 h. (h) XRD patterns showing
the effect of calcination time on the product. e: unidentified intermediate phase; *:
LaxZr,07; light blue: c-LLZO phase; dark blue: mixture of tetragonal + cubic LLZO
phases. (i) Zoom-in of XRD patterns around 31< showing the emergence of peak doublet
during heating from 2.5 hto 5 h.
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Figure 17a shows a flexible fiber mat made of as-spun LLZO NWs from nitrate-
based precursor. The NWs showed similar as-spun morphology to that in Figure 16, only
that the higher feed rate during electrospinning resulted in larger NW diameter. After
being calcined with the same conditions as the ones from acetate-based precursor, the
NW morphology retention appeared to be better, but they contained a higher amount of
byproduct (Figure 17d, upper pattern) apart from c-LLZO. For NWs calcined in quartz
crucible, c-LLZO still formed (Figure 17d, lower pattern), meaning that the formation of
c-LLZO in alumina crucible was not due to Al doping. A large amount of La>Zr>O7 was
present in the product, which was likely due to the reaction between Li and the quartz

crucible.
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Figure 17. LLZO NWs from nitrate-based precursor. (a) Photograph of an as-spun LLZO
fiber mat. (b) SEM image of as-spun LLZO NWs. (¢) SEM image of LLZO NWs after 3
h of calcination at 700 <C. (d) XRD patterns of LLZO NWs calcined in alumina and
quartz crucibles, matching the HT-cubic LLZO phase shown as reference. (e: La2Os; *:
LaxZr,07)

60



To better understand the spatial distribution of La,Zr,O7 and LLZO in the acetate-
based NW sample calcined for 2.5 h, TEM studies were performed. As shown in Figure
18, TEM imaging revealed that the sample contained two types of morphologies.
Polycrystalline NWs composed of small crystallites 10 to 20 nm in size (Figure 18a inset)
were observed as the first morphology. The measured lattice spacing from the HRTEM
image is 3.12 A (Figure 18b inset), which corresponds to the {222} spacing of La2Zr,0x.
It is also evident from the corresponding XRD pattern (Figure 16h, 2.5 h) that the
LaxZr>O7 peaks are broadened, indicating nano-sized crystallites. The NWs appeared to
be surrounded by a layer of amorphous material, as noted by the arrows in Figure 18b,
which is believed to be a Li-containing amorphous phase. The formation of sol-gel
derived LLZO from LazZr,07 and an amorphous Li-phase has been proposed before®!
based on XRD analysis. Figure 18c shows the other morphology, which is composed of
much larger crystals with particle size of 100 — 200 nm interconnected to form ligaments,
similar to those observed more distinctly in the SEM images of the samples calcined for 3
h (Figure 16€). The inset in Figure 18c is an HRTEM image showing the lattice fringes
with d = 2.91 A, in good agreement with the {024} spacing (2.90 A) in c-LLZO. Due to
the thickness of the samples, it was difficult to measure the grain sizes within the
ligaments, but using the Scherrer equation on the XRD pattern yielded a grain size of ~

65 nm, which is smaller than the size of the ligament diameter.
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Figure 18. (a) TEM image of the acetate-based NWs calcined for 2.5 h, showing one of
the morphologies. Inset is a zoomed-in view showing the La>Zr.Oy7 crystals. (b) TEM
image of one branch in (a) Areas indicated by arrows are considered to be a Li-containing
amorphous phase. Inset is an HRTEM image showing the lattice fringes. (c) TEM image
of the same sample calcined for 2.5 h, showing the other morphology (LLZO crystals).
Inset shows the HRTEM image with lattice fringes.

From the TEM image (Figure 18a), it appears that nucleation of these ligaments
occurred at the intersections between adjacent or crossing NWs, as shown by the dark
regions. These results along with the XRD data in Figure 16h suggest that, during the
calcination process, LaxZr>07 first formed as small crystallites within the NW core, and
then reacted with the Li-rich amorphous shell to form c-LLZO. During the reaction, the

NWs changed in morphology and the resulting c-LLZO formed ligaments with larger
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grain sizes due to the coalescence of neighboring La>Zr,O- crystallites with the
amorphous Li-containing regions. To our knowledge, this is the first time that the
formation steps of LLZO are elucidated, which is made possible by studying the LLZO

NWs synthesized from electrospinning.

As shown in the XRD pattern in Figure 16h, after 3 h of calcination, the sample
was composed of phase pure c-LLZO, which is consistent with the SEM images showing
the sample morphology consisted entirely of ligaments associated with c-LLZO. The c-
LLZO derived from the electrospun NWs was structurally stable, as XRD performed on a
sample after 14 months of storage showed the structure remained in the cubic phase
(Figure 19). When heated for an additional 2 h, some of the XRD peaks split into
‘doublets’ (Figure 16h, 5 h), indicating the emergence of t-LLZO. This is shown more
clearly in Figure 16i, in which the (024) planes for c-LLZO split into the tetragonal
double peaks as the set of (042) and (024) planes at ~31< Based on the visible coarsening
of grains from the corresponding SEM images in Figure 16f and g, this cubic to
tetragonal phase transformation between 3 and 5 h calcination time appears to be due to
the increase in ligament diameter. Morphologically, the 5 h sample is a mixture of small
ligaments (Figure 16f) and larger micron-sized particles (Figure 16g). The small
ligaments are almost identical in morphology and size to the ones observed in the 3 h
sample. Therefore, it is not unreasonable to assign the c-LLZO peaks to the small
ligaments. On the other hand, the large particles would give rise to the tetragonal peaks
emerging in the XRD pattern. Hence, from these results, we can see a clear correlation
between the particle size and preferred crystal structure, with smaller particles adopting

the cubic phase and larger particles the tetragonal phase.
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Figure 19. XRD pattern of bulk LLZO calcined at 700 <C for 3 h, showing a mixture of
cubic and tetragonal LLZO. (e: La203)

In fact, similar observations have been made in other studies. Kokal et al.
synthesized Al-free LLZO using the Pechini sol-gel method and calcined the sample at
various temperatures. They found that after heating at 700 <C, the sample was c-LLZO
with a particle size of 300 - 500 nm. When 800 <C was used, the particle size increased to
500 - 1000 nm and the phase changed to tetragonal.*? In the study by Xie et al., Al-free
c-LLZO particles with ~20 nm in size was also obtained by sol-gel methods.**! Neither of
the aforementioned groups discussed the possible mechanism for stabilization of the
cubic phase in Al-free LLZO. Several mechanisms from the literature could be in play,
e.g. a high concentration of Li vacancies,!'"18132 CO, adsorption 14?8 and H,0
doping'?® (the latter two are proposed to stabilize the LT-cubic phase). Additionally, here
we propose another possible mechanism, in which the phase transformation can be
induced by the change in particle size as a result of the difference in surface energy

between the cubic and tetragonal LLZO phases.

Several differential thermal analysis (DTA) and differential scanning calorimetry

(DSC) studies have shown that the t-LLZO to HT-cubic phase transformation is an
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endothermic reaction, and the reverse transformation is an exothermic one. 114126129
Filipovich, Kalinina and Garvie independently postulated that for any solid state
endothermic transformation, there exists a critical crystallite size below which the high
temperature structure is stable at temperatures much lower than the bulk transformation
temperature.®3134 This in fact has been confirmed both theoretically and experimentally
in several systems, perhaps most famously in the titania (TiO2) and zirconia (ZrO)
polymorphs. Although rutile is the thermodynamically stable (equilibrium) phase of
titania at both room temperature and elevated temperatures, anatase is a kinetically stable
(metastable) phase at low temperatures.'® Anatase can transform irreversibly to rutile by
heating, which acts to accelerate the phase transformation kinetics. However, when the
crystallite size is reduced to a few nanometers, anatase becomes the thermodynamically
stable phase.**®1% For zirconia, the monoclinic structure is the equilibrium phase at room
temperature and it transforms to a tetragonal phase at around 1200 <C.***13 Since pure
zirconia cannot be quenched to retain the tetragonal phase, a common practice is to
stabilize it with dopants, such as yttria (Y203), to form yttria-stabilized zirconia (YSZ).
However, by reducing the size of the crystallites, the tetragonal phase can exist at
ambient conditions without requiring extrinsic dopants.t3013413%-141 The origin of this
phenomenon is the difference in surface energy between the two polymorphs for each
material. As proposed by Garvie,’** the most probable reason of such a transformation is
that the high temperature phase zirconia has a lower surface energy than the low
temperature phase. When the crystallite size is sufficiently small, the material has to
undergo a phase transformation to the low surface energy phase in order to relieve the

internal stress (to lower the total energy). Indeed, it was verified that the surface energy
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of rutile is larger than that of anatase,**® and the surface energy of monoclinic zirconia is
larger than that of tetragonal zirconia.*® Based on these previous works, therefore, we
envision that a similar size-dependent phase transformation could also be present in
LLZO. In other words, for particles with grains below a critical size, the HT-cubic phase

of LLZO will be more stable than the t-LLZO phase at room temperature.

Several proof-of-concept experiments were conducted as follows. First, bulk
LLZO powder was prepared and calcined at 700 <T in air for 3 h (Lindberg/Blue M
Moldatherm box furnace) in an alumina crucible. Unlike the electrospun NWs, these
conditions were not sufficient for a complete phase transformation, as the products were a
mixture of the cubic and tetragonal phases (Figure 19). This shows that the shorter
diffusion distances for the reactants (e.g. diffusion of Li from the Li-rich amorphous
phase) in the NWs is advantageous for obtaining the crystallized LLZO using shorter
calcination times. After calcining the bulk LLZO at 700 <C for 5 h, the XRD pattern
showed that the product was t-LLZO (Figure 21a). SEM imaging of this product showed
agglomerated particles 1 — 10 microns in size (Figure 11a). These results are consistent
with the calcination studies on the c-LLZO NWs, showing that the t-LLZO structure was
favored for the larger particle sizes. The data also show that Al dopants diffusion from
the crucible was unlikely in the calcination conditions used, which rules out the
possibility that stabilization of c-LLZO in the NWs calcined at 700 <C for 3 h was from
the Al dopants. Example reaction conditions that have been used to intentionally
introduce Al dopants include 850 <T for 25 h,'*2 or 1180 <TC for 35 h,431% which are
obviously of much higher temperatures and heating time periods. Moreover, examination

using EDS in the SEM showed that there was no Al in the c-LLZO NW sample (Figure
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22). Calcination of the as-spun NWs in a quartz crucible at 700 <C for 3 h also resulted in

c-LLZO (Figure 17d), further suggesting that the stabilization is due to the small size of

the NWs and not from Al dopants.
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Figure 20. XRD pattern of c-LLZO derived from electrospun NWs after 14-month

storage.
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Figure 21. XRD patterns of bulk LLZO prepared from nitrate-based sol-gel (a) after
calcining at 700 <C for 5 h, (b) after ball milling, (c) after 4-month storage, (d) after
annealing at 700 <C for 12 h. The bulk LLZO changed from tetragonal to cubic after ball
milling with the re-emergence of t-LLZO after heating. Tetragonal peak doublets are

marked with arrows.
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Figure 22. EDS spectrum obtained in an SEM of the c-LLZO NW sample.

The bulk t-LLZO was then subjected to ball milling for 1 h in order to reduce the
particles size. SEM imaging after ball milling showed that the sample consisted of
agglomerates of smaller particles (Figure 11b). The XRD pattern (Figure 21b) of the ball
milled sample showed broadening of the diffraction peaks, which is an indication of
particle size reduction. The grain size was determined to be ~ 25 nm using the Scherrer
equation. Additionally, most of the tetragonal double peaks became unified, indicating
the transformation of the bulk t-LLZO to c-LLZO after ball milling. The ball milled
powder was then stored in a capped scintillation vial in air. After 4 months, the sample
was re-examined with XRD. Notably, the ball milled sample was still c-LLZO (Figure
21c); also the peak widths had significantly reduced and the position of some peaks had
shifted, which we interpret to be due to the relaxation of the large residual strains in the
crystal lattice induced by ball milling. This stored sample was then annealed at 700 <C in
a quartz crucible for 12 h in air (Lindberg/Blue M Moldatherm box furnace), the same

temperature at which the sample was initially synthesized, to induce grain growth. The
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resulting XRD pattern (Figure 21d) showed that a number of the doublets re-appeared,
indicating the return of t-LLZO. According to the Scherrer equation, the grain size of the
c-LLZO doubled to ~ 50 nm, and the grains corresponding to the t-LLZO peaks were
even larger at ~ 80 nm. This further confirms our hypothesis that c-LLZO can be
stabilized below a certain critical grain size, and the transformation to t-LLZO during
heating is due to grain growth and particle coalescence. This notion, that c-LLZO can
exist at room temperature without stabilizing extrinsic dopants provided that the particle
size is small enough, is consistent with our results as well as those reported by Kokal et
al.1%® and Xie et al.*3! We point out that the recent work by Teng et al.,**> whereby t-
LLZO was transformed to c-LLZO using pulsed laser annealing, is not in conflict with
our observations, as the LLZO grain sizes in that work were ~ 4 pm and the laser
irradiation may have caused sufficient local heating to thermally promote the tetragonal

to cubic phase transformation.

On the other hand, the fact that the LT-cubic phase is difficult to distinguish from
the HT-cubic phase by XRD complicates the discussion. One could argue that since
smaller particles have larger surface area, the stabilization effect from adsorption of
CO./H20 would be easier than with larger particles. For example, as shown by Toda et
al., t-LLZO (presumably bulk particles, although the size was not reported) transformed
into the LT-cubic phase after being annealed in air at 450 <C for 20 h. Partial
transformation back to t-LLZO could be achieved with heating at temperatures as low as
600 <T to drive off the COg; full transformation could be achieved by annealing at 800 <C
for just 1 h.1?® Matsui et al. also showed that the extraction of CO2 from LLZO occurs

around 450-650 <C.* Based on these results, we believe that calcination of LT-cubic
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LLZO at 700 <C for 12 h would most likely drive off any adsorbed CO- or H2O and cause
the material to transform completely to t-LLZO, if the cubic phase stabilization were
indeed adsorption-based. Since our sample remained mostly c-LLZO (Figure 21d), it is
not likely that the stabilization was, as reported for the LT-cubic phase, due to CO> or
H>0 adsorption. Similarly, in Xie et al.’s study, their cubic phase LLZO had been
calcined at 750 <C for 20 h,**! which means that it is also unlikely that CO2 or H,O was
causing the stabilization. Since in their study, detailed particle size information was not
provided either, it is not clear how much coalescence had occurred after 20 h of
calcination. But from the TEM data provided, the LLZO was still only 20 nm after 8 h of
calcination at 750 <C, so the crystallite size could still be smaller than the critical

transition size even after 20 h of calcination.

This critical grain size for the LLZO phase transition can be determined from the
difference in surface energy between the cubic and tetragonal phases. In the titania and
zirconia systems, the calculated critical grain size showed good agreement to the
experimental observations.314° The surface energy difference between rutile and anatase
titania is approximately 0.59 J/m? and the critical size is ~14 nm.**® For monoclinic and
tetragonal zirconia, the surface energy difference is ~0.36 J/m? and the critical size is ~9
nm.%*° Hence we can see that a smaller difference in the surface energy between the two
polymorphs of a material would require a smaller critical grain size in order to stabilize
the higher temperature phase. Although the surface energy for the tetragonal and cubic
LLZO structures is not yet known, we expect that the surface energy difference is
relatively large, since the LLZO grains must be at least larger than the La>Zr.O7

crystallites at the intermediate stage. Based on our SEM and TEM data, it appears that c-
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LLZO with dimensions of ~200 nm (the grain size would be even smaller, since the
LLZO studied here was polycrystalline) have sufficient excess surface area to be
stabilized at room temperature, which can be feasibly obtained with top-down approaches
such as ball milling, in addition to more sophisticated chemical synthesis approaches

such as the electrospinning method we present here.

While achieving c-LLZO particles using these surface energy considerations
should not be difficult, the more challenging aspect is how to maintain the cubic phase
once it is integrated into a suitable form, such as a dense pellet, for use as a solid state
electrolyte in a Li-ion battery. Conventional sintering conditions for preparing dense
LLZO pellets, e.g. calcination at 1230 <C for 36 h,**° would promote significant grain
growth/coalescence and hence the transformation of c-LLZO to t-LLZO. lonic
conductivity measurements on pellets derived from Al-free, c-LLZO fine powders
synthesized using sol-gel methods at 750-800 <T gave rather low bulk conductivities of ~
10 S/cm, 28131 or two orders of magnitude lower than the c-LLZO stabilized with Al
doping at high temperature. This is why the LT-cubic phase was proposed as a separate
(and undesired) polymorph of LLZO with low ionic conductivity. However, based on the
observations presented here, it is possible that this low apparent ionic conductivity is due
to the c-LLZO transformation to the tetragonal phase during the pellet formation. For this
reason, structural characterization of fine powders should also be performed after

densification, particularly for correlation to ionic conductivity measurements.

Another possible reason for the lower ionic conductivity observed in Al-free,

nanostructured c-LLZO could be a high GB resistance in the sintered pellet due to
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insufficient densification.'?® Wolfenstine et al. found that the total conductivity of t-
LLZO can be greatly improved by about 2 orders of magnitude to ~10° S/cm by making
a very dense pellet (~98% relative density) through hot-pressing.l®” NPs have very large
surface-to-volume ratios and should in theory yield sintered pellets with high density, but
tend to form agglomerates due to electrostatic or van der Waals forces. Indeed, we
observed this phenomenon in the ball milled LLZO (Figure 11b). Particles are more
close-packed within each agglomerate, but the inter-agglomerate pores are large.10:-104
During sintering, these agglomerates can reach near-full density, while the pores between
them are difficult to eliminate. This is because that the surface energy of the as-sintered
agglomerate is already significantly reduced, and hence the material loses its driving
force to densify further. This could possibly explain the high GB resistivity observed in

the c-LLZO pellets prepared by Xie et al., which had a density of 89.2%.%

In this regard, the electrospun LLZO NWs have a clear advantage in that the
nanocrystallites connect to each other and form larger structures (NWSs) at the
crystallization stage. Thus, agglomeration in powders derived from electrospinning can
be greatly prevented while maintaining many high energy surfaces, which means that the
main driving force for sintering is not compromised. Additionally, advanced sintering
techniques such as two-step sintering (TSS), spark plasma sintering (SPS), or templated
grain growth sintering (TGGS) may also be employed to create dense pellets from c-
LLZO NWs. TSS suppresses grain growth by first using rate-controlled sintering to
produce uniform pore microstructures, followed by sintering at a lower temperature
where GB-controlled densification predominates.'*® SPS uses a very high current through

the material, causing localized heating, with pressure applied at the same time for better
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densification. Therefore the temperature required is much lower than conventional
sintering and grain growth is greatly inhibited.*” TGGS is typically achieved by
embedding anisotropic particles into a precursor matrix, followed by calcination to grow
the templates from the matrix materials and densify the films.1*® All of these methods
have been used for preparing dense pellets of other types of NWs while preserving the
1D morphologies!®®146-149 and are anticipated to work similarly for LLZO NWs.
Moreover, the highly anisotropic NWs are ideal templates for using TGGS to obtain

dense films.
3.4. Conclusions

In summary, we synthesized LLZO NWs using the electrospinning technique for
the first time. During calcination, La»Zr,O7 nanocrystals and Li-containing amorphous
phases are first formed, and then react with further annealing time to form c-LLZO. We
also show that the transformation between the tetragonal and cubic phases in the LLZO
system can be induced by a change in particle size, with c-LLZO stabilized in
nanostructures and t-LLZO preferred for larger particles. The mechanism is likely related
to the difference in surface energy between the high temperature cubic phase and the low
temperature tetragonal phase. Using nanostructured LLZO as solid electrolyte can be
beneficial in terms of ionic conductivity, cycle life, and mechanical strength, in addition

to improving the safety characteristics of lithium-ion batteries.
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IV: COMPOSITE POLYMER ELECTROLYTE WITH LLZO NANOWIRE FILLERS
4.1. Introduction

Developing solid Li* conducting electrolytes for all-solid-state batteries has
attracted a great deal of research interest recently!’, particularly since solid electrolytes
have the potential to increase the safety characteristics of Li metal batteries'®®, mitigate

the polysulfide dissolution problem in Li/S batteries®!

, and circumvent the organic
electrolyte oxidation problem in Li/O; batteries'>2. Polymer-based electrolytes avoid the
brittleness and interfacial problems found in inorganic electrolytes, but are typically
characterized by poor mechanical properties and low ionic conductivities at room
temperature®2333%, The use of composite polymer electrolytes (CPESs), comprising a
polymer electrolyte embedded with ceramic fillers, has become an attractive strategy for
enhancing the mechanical stability and ionic conductivity of the polymer?7:32:343643.153
The ceramic filler can increase the ionic transport of Li* in the CPE by several orders of

magnitude, for example by decreasing the crystallinity of the conducting polymer and

creating space-charge regions that can enhance the Li* diffusion323436:39.154,

While early studies investigated ceramic fillers comprising spherical particles of
inert or ‘passive’ components with no intrinsic Li* conductivity (e.g. Al2Os and
Si0,)**1%5 recent advances in nanomaterials synthesis have enabled the development of
novel CPEs containing fillers of ‘active’ Li* conductors with NW morphologies.
Electrospinning has emerged as a versatile and effective method to prepare oxide Li*
conductors such as LLTO*!® and LLZO®157 as NWs . So far, very promising results
have been reported regarding the use of these materials as CPE fillers. LLTO NWs
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embedded into polyacrylonitrile (PAN) achieved three orders of magnitude improvement
in room temperature Li* ionic conductivity compared to the polymer and Li* salt alone,
but the mechanism was not thoroughly investigated*. A CPE prepared from a mat of Al-
doped LLZO NWs infiltrated with PEO was effective for preventing Li dendrite
formation under repeated lithium stripping/plating and also showed good flammability
resistance®®. Both studies attribute the long-range and continuous Li* diffusion pathways
formed at the interfaces between the NWs and polymers as key to the improvements in
conductivity. However there are still many critical questions remaining, such as how the
nature of the ceramic filler and its properties (e.g. morphology, composition) affect the

total conductivity of the CPE and the mechanism of conductivity enhancement.

Our group’s recent studies™®"%8 on nanostructured LLZO have examined the role
of particle and grain size on the phase stability of this garnet-type material.
Nanostructured LLZO, either prepared by electrospinning, templating onto cellulose
nanofibers, or ball milling bulk powders, was observed to remain stable in the non-
equilibrium cubic phase (c-LLZO) at room temperature without the use of extrinsic
dopants. Calcining the c-LLZO induced grain growth and coalescence, which was
correlated to the formation of the thermodynamically stable tetragonal phase (t-LLZO).
As t-LLZO typically displays two orders of magnitude lower ionic conductivity than c-
LLZO™?, our findings point to a new way to access c-LLZO, namely through the use of
nanostructures, which can subsequently be exploited as new ceramic fillers for CPEs.
This approach allows for the systematic study of different c-LLZO fillers (with and
without dopants), in order to understand the critical parameters needed for high

conductivity CPEs. The substitution of AI** on Li* sites!!3114118.142159 anq Ta% on Zr#*
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sites!15:120.159-161 hoth stabilize c-LLZO and create Li* vacancies, which could increase

the number of hopping sites for Li*,*21:160-163

Herein we report the following: 1) the synthesis of undoped and doped (with Al or
Ta) c-LLZO NWs using electrospinning from a dimethylformamide (DMF)-based
precursor solution; 2) the evaluation of the aforementioned LLZO NWs as fillers in CPEs
containing PAN and LiClO4 using EIS, and 3) the determination of the Li* pathways
through the CPEs using selective isotope labelling and solid-state Li nuclear magnetic
resonance (NMR). We also evaluated CPEs containing c-LLZO NPs or Al,O3 NWs to
understand the role of filler type (active vs. passive), c-LLZO composition (undoped vs.
doped), and c-LLZO morphology (NW vs. NP) on the total ionic conductivity of the

CPE.
4.2.  Experimental
4.2.1. Preparation of LLZO Sol-gel Precursor

All chemicals were purchased from Sigma-Aldrich and used without further
purification. The precursor for electrospinning was prepared by mixing an LLZO sol and
a polymer solution. In a typical synthesis, the sol was prepared by first dissolving 2 mmol
zirconium propoxide (ZrCi2H2804, 70 wt% in 1-propanol) into and 2 mL acetic acid
(CH3COOH, > 99%), an then 10 mL N,N-dimethylformamide (DMF, C3H7NO, > 99%)
was added into the solution. The purpose of acetic acid was to inhibit hydrolysis of the
alkoxides. Then, 7.7 mmol lithium nitrate (LINOs3, > 98.5%) and 3 mmol lanthanum
nitrate hexahydrate (La(NO3)3-6H20, > 99.0%) were dissolved into the above solution

with stirring (10% excess Li was used to compensate for losses via volatilization during
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calcination ). For the polymer solution, a 15 wt% PVP (Mw ~ 1,300,000) solution was
prepared by dissolving PVP in acetic acid with vigorous stirring. The sol and PVP
solution were then mixed at 1:1 volume ratio and stirred for 5 h to form the precursor
solution. For the Al-doped sample (Al-LLZO), 0.24 mmol aluminum nitrate nonahydrate
(AI(NO3)3-9H20, > 98%) was added into the sol with the other nitrates during the
preparation (nominal final composition: Lis.2slLasZr2Alo.24012). For Ta-doped (Ta-LLZO),
0.5 mmol tantalum ethoxide (TaC10H250s, in < 2 wt% toluene) was added together with
1.5 mmol zirconium propoxide into acetic acid (nominal final composition:

LissLasZrisTaos012).

4.2.2. Electrospinning of LLZO Nanowires

The electrospinning setup used a syringe pump (New Era) to feed the precursor
through the electric field generated by a high voltage power supply (Gamma Power
Supply, ES40P-20W/DAM) between the needle tip and a flat stationary collector made of
aluminum. The distance between the needle tip and the collector was 15 cm, the voltage
of the power supply was set to 8 kV, and the syringe pump feed rate was 0.24 mL/h. The
as-spun fibers formed a mat on the collector, which was then peeled off the collector and
placed into an alumina combustion boat for calcination using a Lindberg/Blue M
Moldatherm box furnace at 700 <C for 1 h or 3 h in air with 1 h ramp. For Al-doped and
Ta-doped samples, the steps were identical. The mass of the calcined NWs is about 1/7 of
the as-spun ones. The NWs were transferred immediately to an Ar-filled glovebox (M.

Braun) after calcination.

4.2.3. Preparation of LLZO Nanoparticles
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Bulk undoped LLZO was synthesized according to our previous work®’ using a
modified synthesis from the sol-gel method reported by Janani et al.?’. The bulk product
(t-LLZO) was then ball milled for 1 h using a SPEX SamplePrep 8000M with
methacrylate cylinder and tungsten carbide balls and caps to obtain c-LLZO NPs'*’. The

average particle size was calculated to be ~25 nm according to the Scherrer equation.
4.2.4. Preparation of Composite Electrolyte

The polymer matrix for the composite solid electrolyte was prepared using a
solution containing 10 wt% PAN ((CsHsN)n, Mw ~ 150,000) and 5 wt% lithium
perchlorate (LiClO4, > 95%) in DMF, which corresponds to ~33.3 wt% of LiClO4 in the
final dry film. PAN powder was dried in a vacuum oven (MTI Corporation) at 50 C
overnight prior to use, and LiCIO4 had been stored in an Ar-filled glovebox with H>.O
level < 0.1 ppm. In a typical synthesis, 0.53 g PAN and 0.265 g LiClO4 were added into 5
mL DMF and the mixture was stirred at 80 <C for 5 h in a sealed vial in air until a clear
solution was obtained. The desired ceramic filler was added into the polymer matrix
solution so that amount of ceramic in the final CPE was between 1 — 15 wt%, and the
mixture was vigorously stirred for 5 h, after which a homogeneous suspension was
obtained. To make the composite films, the suspension was then cast onto a glass slide
using an automatic drawdown machine (Auto-Draw I1) and dried in the vacuum oven
overnight at 50 <C. The thickness of the film can be varied by applying different number
of layers of tape (labeling tape, Scotch tape, etc.) onto the long edges of the glass slide.
For the films with passive ceramic filler, Al,O3 NWs (Sigma-Aldrich, 2-6 nm diameter,

200-400 nm length) were used without further processing. For comparison, a blank
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control sample consisting of only PAN and LiClO4 was made without adding any
ceramic filler. All dried films were stored in the vacuum oven at 50 <C before any tests.
To remove the dried film from the glass substrate, a pair of tweezers was used to
carefully lift and peel the film off. The thickness of each dried composite film was
measured with a Mitutoyo micrometer, and the average thickness of all films was about

28 microns.
4.2.5. Materials Characterization

XRD on the as-calcined samples was performed for phase identification. The
reference pattern for c-LLZO was generated according to Awaka et al.'?* The sample
morphology was examined using SEM. EDS spectra were acquired using an EDAX
system equipped on the SEM. TEM studies were performed to investigate the

microstructure of the NW sample.
4.2.6. Electrochemical Characterization

EIS was performed using a Biologic SP-200 potentiostat with 10 mV stimulus
voltage and a frequency range from 5 MHz — 1 Hz at 20 <C and 50-80 <C (10 <C interval)
in air. Two identical stainless steel discs (MTI Corporation, 15.5 mm diameter) were used
as the electrodes. The dried composite film was peeled off from the substrate,
sandwiched between the electrodes, and trimmed to fit the size of the discs using a pair of
scissors. A spring-loaded clamp was used to hold the assembly together. EIS
measurements at 50-80 <C were carried out on the sample containing 5 wt% undoped
LLZO NWs in a Thermo Heratherm OGS60 oven (Figure 23). Starting from 50 <C, at

each temperature, sufficient time was allowed for the sample to reach equilibrium with
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the surroundings before conducting measurements. The obtained conductivities were

plotted on a logs vs. 1/T graph, according to the Arrhenius equation (Equation (3)).

Oven

4 )

Stainless I
Steel s\.. l
Composite

Electrolyte

o J

Figure 23. Schematic of EIS measurement in oven

4.2.7. Galvanostatic Cycling

The sample film (blank or composite) was sandwiched between two ’Li foils, and
then assembled into a coin cell. The configuration of the coin cell is: top case | wave
spring | stainless steel spacer | “Li foil | sample film | “Li foil | stainless steel spacer |
bottom case (all coin cell components and ’Li foils were purchased from MTI
Corporation). The cell was mounted onto a Biologic coin cell holder, which was
connected to a Biologic MPG-2 potentiostat. The cell was cycled using a current density
of 50 pA/cm?, and the sign of the current switched every 300 s. The cell voltage was
limited between -3 V and 3 V. All "Li cycling experiments were carried out at 20 <T in

air.
4.2.8. NMR Characterization

SLi and "Li magic-angle-spinning NMR experiments were carried out at the

National High Magnetic Field Laboratory at Florida State University on a Bruker Avance
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111-500 with Larmor frequencies of 73.6 and 194.4 MHz for °Li and ’Li, respectively. A
2.5 mm Bruker HXY probe was used and the samples were spun at 25 kHz. The ®7Li

chemical shift was referenced to solid LiCl at 0 ppm.

To investigate the Li* diffusion pathway, a CPE containing 5 wt% of undoped
LLZO NWs was prepared as described above. Symmetric cells were prepared by pressing
SLi foils (1.5386 cm? surface area) on either side of the CPE using a spring-loaded clamp.
Charge and discharge cycling was conducted using a constant current of #0.01 mA (300 s
hold per half-cycle) on a LANHE battery testing system in an Ar-filled glovebox (M.

Braun). After 10 cycles, the CPE was removed from the cell for the NMR measurement.
4.3.  Results and Discussion

Our original method for preparing LLZO via electrospinning (Chapter I11) used an
aqueous precursor solution containing an LLZO sol mixed within a polymer solution,
which resulted in the formation of NWs after electrospinning, as shown in Figure 24a.
Calcination of these NWs at 700 <C for 3 h led to formation of c-LLZO characterized by
interconnected ‘ligament’-like morphologies with dimensions of 100 — 200 nm (Figure
24b). In comparison, the c¢-LLZO NWs obtained using a DMF-based precursor solution
showed improved fiber-like morphologies (Figure 24c) after calcination for 1 h with
average diameter of 276 nm (Figure 25a). The Al-doped (Al-LLZO, Figure 24e) and Ta-
doped (Ta-LLZO, Figure 24g) samples displayed similar morphologies as the undoped
samples (Figure 24c), but the respective dopants were detectable using EDS (Figure 25b

and c).
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TEM analysis revealed that the LLZO NWs were polycrystalline and became
interconnected after calcination. Figure 24i shows the TEM image of the undoped LLZO
NWs calcined for 1 h, while Figure 24j is an HRTEM image showing one region on a
NW. The HRTEM image shows that each NW is made of multiple small grains with
different shapes and sizes. The measured d-spacings were 3.23 A and 2.78 A, which
corresponds to the interplanar distance of 3.24 A for the (004) planes and 2.77 A for the
(233) planes, respectively, for c-LLZO¥!. The bottom-right inset is the SAED pattern of
a few grains, with some major reflections labelled. As shown in the SEM and TEM
images, if two NWs were in contact with each other, they could merge and form a
‘junction’ during calcination. Hence, the materials after calcination can be described as
clusters or aggregates of multiple NWs connected together. In contrast, the c-LLZO NWs
prepared from the aqueous precursor (Figure 24b) are characterized by ligaments with
rounded ends and fewer connections with neighboring particles. Hence, the c-LLZO
NWs prepared using the DMF-based precursors have more advantageous morphologies

to serve as interconnected CPE fillers that can create continuous Li* diffusion pathways.
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Figure 24. (a)-(h): SEM images of electrospun NWs. All calcinations were performed at
700 T (a) As-spun NWs. (b) c-LLZO NWs prepared using water-based precursor and
calcined for 3 h. (c)-(h): c-LLZO NWs prepared using DMF-based precursor and
calcined for (c),(e),(g) 1 h or (d),(f),(h) 3 h. (c)-(d): undoped LLZO; (e)-(f): Al-LLZO;
(9)-(h): Ta-LLZO. (i) TEM image and (j) HRTEM image of undoped c-LLZO NWs
prepared from DMF-based precursor and calcined for 1 h. Inset is the corresponding
SAED pattern.
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Figure 25. (a) Diameter distribution of the 1 h calcined undoped LLZO NWs. EDS
spectra of (b) Al-LLZO and (c) Ta-LLZO, both calcined at 700 <C for 1 h.

XRD analysis revealed that the undoped NW product was predominately c-LLZO
(Figure 26a) after calcination, but a small degree of bifurcation (peak doublets) was
observed in some high angle peaks, indicating the presence of some t-LLZO (Figure
26¢). However, both Al-LLZO and Ta-LZZO samples also displayed XRD peak doublets
as well (Figure 26¢), suggesting that the dopants did not fully stabilize the c-LLZO
structure. The rapid heat treatment (1 h calcination) likely resulted in a non-uniform
distribution of dopants within the grains of the NWs, leading to formation of c-LLZO
(stabilized by dopants) and t-LLZO in the undoped regions. This can also explain the
presence of secondary phases in the two doped samples. La>Zr.O7 was found in Al-LLZO
and La203 in Ta-LLZO, which could be caused by incomplete reaction®:26127 or Li* loss
due to volatilization during calcination!%12 with the former scenario being more likely
since the heat treatment time was very short. Undoped samples subjected to 3 h
calcination under the same conditions displayed particle coalescence and loss of the NW
morphology (Figure 24d), along with more pronounced peak bifurcation in the XRD
pattern (Figure 26¢). This is consistent with our previous observations that longer heating
times cause particle coalescence and increase the fraction of t-LLZO (Chapter I11). For

Al-LLZO and Ta-LLZO, although 3-hour calcination also destroyed the NW morphology
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(Figure 24f and h, respectively), the t-LLZO peak doublets disappeared (Figure 26c¢).
These results show that the incorporation of dopants was indeed limited by the kinetics in
this situation. Unlike our previous work, in which the NWs prepared from water-based
precursors required 3 h of calcination to completely crystallize into c-LZZO, the NWs
from DMF-based precursors required only 1 h to form c-LLZO at the same temperature,

even without requiring the dopants.
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Figure 26. XRD patterns of LLZO NW samples after calcination for (a) 1 h and (b) 3 h at
700 <T; (c) zoomed-in patterns at the region around 52< (*: LaxZr,07; e: La>03)

The SEM image in Figure 27a shows a top-down view of a CPE film containing 5

wit% of undoped LLZO NWs. It can be see that the NWs were embedded within the
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polymer matrix, but the dispersion was not highly uniform, as some clusters/aggregates
of NWs were observed. EIS measurements were performed using the configuration in
Figure 27b and the equivalent circuit used for data fitting is shown in Figure 27c, which
was previously applied to CPEs with ceramic fillers!®4. Here Qc is a constant phase
element for the bulk capacitance of the CPE, R. is the overall resistance of the film, and
Qe is a constant phase element for the capacitances at the electrode interfaces. The
representative total ionic conductivity (o) of various CPE films obtained at 20 T is
shown in Table 3, normalized by the thickness of each individual film. The associated
Nyquist plots are shown in Figure 27d, with the high-frequency region shown in Figure
27e. As expected, all of the CPEs displayed higher conductivities than the blank sample
containing only PAN and LiClO4, which had an ionic conductivity ~10" S/cm and a
Nyquist plot (Figure 28a) similar to previous reports*#°. Figure 28b shows the Nyquist
plots of CPEs loaded with undoped LLZO NWs at different weight percentages. The
peak conductivity of 1.31 <10 S/cm was observed when using 5 wt% loading, but this
decreased when the wt% of filler was increased further. This was likely due to an
increase in the amount of aggregated NW clusters as the wt% increased, which was also
observed in PAN-based CPEs containing LLTO NW fillers.*® EIS measurements of the
CPE containing 5 wt% of undoped LLZO NWs were studied further at different
temperatures (Figure 28c). The activation energy, Ea, was calculated to be 0.12 eV from

the Arrhenius plot (Figure 279).
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Figure 27. (a) SEM image (top-down view) of a CPE film with 5 wt% undoped LLZO
NWs. (b) Schematic of the EIS test setup. (c) Equivalent circuit used for EIS data fitting.
(d) Representative Nyquist plots of CPEs embedded with 5 wt% of different filler
materials, all tested at 20 <C and normalized by film thickness. (€) Zoomed-in view of the
region marked by dashed lines in (d). (f) lonic conductivity comparison of CPEs
embedded with different wt% of undoped LLZO NWs at 20 <C, with the conductivity of
a blank sample for reference. Each point is the average of three measurements and the
error bars indicate the standard deviation. (g) Arrhenius plot of CPE with 5 wt% undoped
LLZO NWs. Each point is the average of two measurements.
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Figure 28. (a) Nyquist plot of a blank sample composed of 66.7 wt% PAN and 33.3 wt%
LiClOg, tested at 20 <C. (b) Nyquist plots of CPEs embedded with different wt% of
undoped LLZO NWs, tested at 20 T and normalized by film thickness. (c) Nyquist plots
of samples embedded with 5 wt% undoped LLZO NWs, tested at different temperatures
and normalized by film thickness. Inset shows a zoomed-in view of the region marked by
dashed lines.
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Table 3. lonic conductivity of different samples at 20 C

Ceramic Type W1% of Filler o (S/lcm)
(LiCIOs AN only) 0 4.06 %107
1 6.17 x10°®
2.5 1.00 <107
Undoped LLZO NWs 5 1.31 x10*
10 2.52 <10
15 3.10 x10°
Al-doped LLZO NWs 5 1.27 x10*
Ta-doped LLZO NWs 5 1.50 x10*
BM-LLZO NPs 5 1.13 x10°
Al,O3 NWs 5 1.52 x10°

In order to investigate the effect of dopants in the LLZO on the overall ionic
conductivity of the composite, CPEs loaded with 5 wt% Al- or Ta-LLZO NWs were
prepared and tested. The EIS results showed that the CPEs with doped LLZO NW fillers
had similar ionic conductivities, ~10* S/cm, as the CPEs with undoped LLZO NWs
(Table 3), suggesting that the Li* conduction mechanism through the CPEs is dominated
by a polymer/filler interfacial phenomenon that is independent of the LLZO filler
composition. When undoped c-LLZO NPs (average particle size ~25 nm, Figure 29)
prepared by ball milling bulk t-LLZO (BM-LLZO NPs) were used as fillers with 5 wt%
loading, the total ionic conductivity measured was 1.13 <10 S/cm (Figure 27d), roughly
an order of magnitude lower than with LLZO NW fillers. This indicates that the NW
morphology was important for the increased conductivity of the CPEs. Since the BM-
LLZO NPs had much smaller diameters than the LLZO NWs, this suggests that the local

continuous conduction pathways provided by the NWs are more important than the small
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particle diameters, which has previously been shown to play a large role in the

plasticizing effect for spherical fillers3*%,
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Figure 29. Bulk undoped LLZO after ball milling (BM-LLZO NPs): (a) SEM image; (b)
XRD patterns with c-LLZO reference. The LLZO adopted the c-LLZO structure after
ball milling and could maintain this structure even after 4-month storage. (*: Artifact
peaks from instrument)

Since previous studies**®® have shown that the intrinsic ionic conductivity of the
filler materials can also play an important role in the ionic conductivity of the CPE, 5
wt% Al,O3 NWs were used as passive fillers. The total ionic conductivity at room
temperature was similar to that of the CPE with BM-LLZO NPs, but still higher than the
conductivity of the blank sample containing only PAN and LiClO4. These results suggest
that the ceramic fillers should be made of “active’ Li* conductors with NW morphology
in order to obtain CPEs with high ionic conductivity. However, since all of the LLZO
NW samples displayed an ionic conductivity with similar order of magnitude, it appears
that the presence of dopants is not crucial. Using the undoped c-LLZO NW as filler is
advantageous because these materials had fewer impurities and better NW morphology

than the doped samples.
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To better understand the Li* local environment and transport mechanism in the
LLZO-PAN CPEs, solid-state Li NMR was performed with selective °Li-isotope
labelling and a °Li-"Li isotope-replacement strategy. This method was established in a
previous study to map out Li* pathways in CPEs comprising 50 wt% Al-doped LLZO
particles in a PEO matrix. It was determined that there is preferential transport of Li*
through the LLZO phase rather than the polymer phase or polymer-LLZO interface.*
The method builds on the basis that ®Li replaces Li during Li* transport; by evaluating
changes in the °Li amount in the CPE before and after electrochemical cycling, the Li*
transport pathway can be determined. As shown in Figure 30a, the possible Li* transport
pathways in the CPE in this work are through the polymer phase, through the LLZO NW
phase, or through the interface region between the polymer and LLZO. In order to
experimentally determine the actual Li* pathway in this CPE, it is necessary to first
distinguish the Li ions in these three different local environments. Figure 30b shows the
high-resolution ®Li NMR spectra for the CPE containing 5 wt% undoped LLZO NWs, a
blank film containing only PAN and LiClOs, and the undoped LLZO NW powder. The
SLi resonance in the undoped LLZO NWSs was observed at 2.3 ppm, which is similar to
what was observed in Al-doped LLZO in previous studies.*® This resonance was not
observed in the 5Li NMR spectrum for the CPE, indicating that the amount of LLZO was
too small. The ®Li resonance of the LiClO4 within the PAN in the blank film appeared at
0.90 ppm. In the NMR spectrum of the CPE, in addition to the 0.90 ppm peak, a new
resonance was observed at 0.85 ppm. This resonance is attributed to LiClO4 within the
PAN with a local structural environment modified by the LLZO NW fillers, i.e. at the

PAN/LLZO interfacial regions. Quantification of the Li NMR spectrum of the CPE
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reveals that 37.4% of the Li resonates at 0.85 ppm and 62.6% of the Li at 0.90 ppm,
which suggests that 37.4% of the PAN polymer matrix is modified by the LLZO NW

filler.

To identify the preferred Li* diffusion pathway in the CPE, symmetric SLi
foil/CPE/SLi foil cells were assembled and tested galvanostatically (Figure 31). After 10
cycles, the °Li NMR spectrum was acquired. As shown in Figure 30c, the intensity of the
resonance at 0.85 ppm increased after cycling, while the intensity of the resonance at 0.9
ppm did not change. This indicates that Li* prefer to travel through this LLZO-modified
PAN phase rather than the unmodified PAN regions. This mechanism is different from
what occurs in PEO-based CPEs containing 50 wt% Al-doped LLZO particles, wherein
the Li* transport is preferred through an interconnected LLZO percolation network,
despite the formation of an local Li* environment at the interface between the LLZO and
PEO that is detected using NMR.*® For the films containing 5 wt% of LLZO NWs
(corresponding to 2 vol%), there is insufficient LLZO to form a percolation network to
enable Li* transport solely through the LLZO phase. However, these results show that for
the PAN-based CPEs, very little LLZO is required to modify a significant fraction of the

Li* local environment in the polymer phase and improve the ionic conductivity.
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Figure 30. (a) Schematic showing possible Li* transport pathways in the CPE. (b) éLi
NMR spectra of CPE sample containing 5 wt% undoped LLZO NWs, blank sample with
only PAN and LiClO4, and undoped LLZO NW powder. (c) °Li NMR spectra
comparison between the as-made (pristine) and cycled CPEs containing 5 wt% undoped
LLZO NWs. The cycled CPE had undergone 10 galvanostatic charge/discharge cycles in
a symmetric Li cell using 7.2 pA/cm?.
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Figure 31. Galvanostatic cycling data of a symmetric 8Li foil/CPE/®Li foil cell. The area
of SLi electrodes is 1.5386 cm?. The CPE contains 5 wt% undoped LLZO NWs.
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Unlike PEO-based CPEs, in which ionic conductivity is increased by introduction
of ceramic fillers acting as plasticizers to decrease the crystallinity of the polymer and
enhance Li* transport through amorphous PEO regions®*, previous studies demonstrated
that introduction of ceramic fillers does not significantly change the crystallinity of PAN
films containing Li* salts**#°. XRD of the blank sample and CPE with 5 wt% undoped
LLZO NWs also confirmed that the PAN was amorphous in both cases (Figure 32).
Instead, LLZO NW fillers could improve the ionic conductivity of the CPE by increasing
the Li* dissociation from the ClO4 anion, which would increase the concentration of free
Li* in the CPE*4166.167 This has been observed in CPEs using ceramic fillers with high
dielectric constants and Lewis base surface groups with high affinity to the salt anion®",
The dielectric constants (relative permittivities) of doped c-LLZO materials have been
reported to be in the range of 40 — 6019170, This is much higher than the dielectric
constant of 9 for Al,O3!", indicating that LLZO can better promote ionic dissociation of
the salt. Differences between the Lewis basicity of Al2O3z and LLZO may also explain the
observed differences in conductivity for the CPEs containing either type of NW filler.
Al>O3z is amphoteric and contains both surface Lewis acid centers (Al) and Lewis base
centers (O)*'. Although the acid-base properties of LLZO has, to our knowledge, not
been thoroughly investigated yet, the negatively charged Li* vacancies created by
Al118:163.172 and Tal32173 doping should act as strong Lewis base centers. Li* vacancies
may also play a role in the stabilization of the c-LLZO structure!*’ 118132 ijn the undoped
LLZO NW samples, although this needs to be further investigated. We also note that the
ionic conductivities of our CPEs are of the same order of magnitude but roughly half of

those reported by Liu, et al.*>, who observed a peak conductivity using 15 wt% LLTO
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NWs with average diameter of 223 nm. Similar to LLZO, LLTO is also characterized by
Li* vacancies®. Currently, it is not clear why only 5 wt% loading of LLZO NWs was
needed to reach the peak CPE conductivity in our study, and why the peak value is lower
than what was observed with the LLTO NWs. However, this could be due to differences
in NW diameter and aggregation, differences in the intrinsic ionic conductivity of LLTO
vs. LLZO, in addition to the aforementioned dielectric and Lewis base properties of the
materials. Also, since there was no elucidation of the conductivity-enhancing mechanism
or Li* transport pathways in the study using LLTO NW fillers, there could be other

potential causes that are still unknown.
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Figure 32. XRD patterns of blank sample (PAN with 33.3 wt% LiClO4) and CPE

containing 5 wt% undoped LLZO NWs, with c-LLZO for reference. (*: Artifact peaks
from instrument)

Galvanostatic cycling was also performed to test the durability of the CPE sample
containing 5 wt% undoped LLZO NWs (Figure 33a). The CPE film was sandwiched
between two Li foils and tested at 20 <C, with a constant current density of 50 pA/cm?
and changing the sign of the current every 300 s. It can be seen that there was an overall
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decrease in the cell voltage, which is similar to other studies.®®'"* At around the 535™"
cycle, a sudden voltage drop was observed (Figure 33b), which is characteristic of the
penetration of the CPE film by Li dendrites, leading to failure of the cell.1"41" For
comparison, a blank film containing no LLZO fillers was cycled under the same
conditions and the result is shown in Figure 33c. The overall cell voltage remained stable
until it failed at the 492" cycle (Figure 33d), which is about 92% of the lifetime of the
CPE containing 5 wt% undoped LLZO NWs. It should be noted that the data presented in
Figure 33b are the best cycling result obtained from our blank samples. All other blank
samples either failed at very early stages (e.g. at the 221% cycle), or did not display stable
cell voltages (Figure 34). These results imply that adding an appropriate amount of
undoped LLZO NWSs may have also reinforced the polymer matrix and made it
mechanically stronger, similar to what has been observed in other nanocomposite
polymer electrolytes?®:34454966.176 '\which helped to resist the piercing of the CPE from
growing Li dendrites. Further mechanical property testing in the future may help to shed

light on this enhancement in cycling durability.
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Figure 33. (a) Li symmetric cell galvanostatic cycling data of a CPE sample containing 5
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Figure 34. Galvanostatic cycling data of a blank sample (PAN with 33.3 wt% LiClO4),
showing the cell voltage and current.

4.4.  Conclusions
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In summary, CPEs with LLZO NWs as ceramic fillers were fabricated and
showed great improvement in the room temperature ionic conductivity of a PAN-based
polymer electrolyte to the scale of 10 S/cm. The optimal mass loading for undoped
LLZO NWs was determined to be 5 wt%. Doping of the LLZO did not have a
pronounced influence on the ionic conductivity of the CPE, as films containing Al- and
Ta-doped LLZO NWs displayed similar conductivity as those with the undoped LLZO
NWs. NMR results showed that the presence of LLZO NWs partially altered the PAN
polymer matrix, and that Li* diffusion occurred preferentially in those modified regions.
We also demonstrated that both intrinsic ionic conductivity and NW morphology were

required for the filler materials to achieve maximum effectiveness.
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V: SUMMARY

It has been demonstrated that electrospinning is very effective in producing NWs
made of oxide materials, such as LLTO and LLZO. Pellets made from electrospun LLTO
NWs had their density greatly increased over the ones made from LLTO powders
synthesized through conventional sol-gel method, which was attributed to the reduced
agglomeration brought by the shape and morphology of the NWSs. As a result, the Li*
conductivity was largely improved in the NW-made pellets. Electrospun LLZO NWs
enabled the observation of a particle size related phase transformation phenomenon, in
which undoped c-LLZO could be stabilized at room temperature when the grain size is
below some critical value, and would change back to t-LLZO when the grain grew larger.
It was proved preliminarily that this phenomenon is due to the difference in the surface
energy of the two polymorphs. LLZO NWs was also incorporated as fillers into a PAN-
LiClO4 matrix to form a flexible CPE. The CPE showed the highest ionic conductivity
when the added undoped LLZO NWs was at 5 wt%. It was decided that both filler
morphology and the intrinsic Li* conductivity of the filler were two of the crucial factors
to the overall ionic conductivity of the CPE. NMR studies showed that the addition of
undoped LLZO NWs modified the interface regions between the fillers and the polymer

matrix, and acted as the preferential conduction pathways for Li* transport.
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