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Abstract 
 

Solid electrolytes enable several next-generation energy storage systems (designs) 

including solid oxide fuel cells, super capacitors, and batteries. State-of-the-art battery 

technologies depend highly on the discovery of electrically insulating solids with high ionic 

mobilities. Current Li-ion batteries (LIBs), using traditional organic liquid electrolytes, suffer 

from poor electrochemical and thermal stabilities, leakage and flammability. Hence, replacing 

liquids with solid electrolytes offers multiple possibilities for developing new battery 

chemistries and designs. Solid electrolytes enhanced thermal stabilities provide opportunities 

to design new architectures that simplify battery configurations and reduce the peripheral mass 

of traditional LIBs. For example, the battery pack can be redesigned to minimize thermal 

management systems and overpressure vents are typically installed to overcome the challenges 

of using flammable liquid electrolytes. Furthermore, solid electrolytes facilitate adoption of 

newer battery chemistries. The development of state-of-the-art Li-S and Li-air batteries will 

benefit greatly from the use of solid electrolytes.  

In this dissertation, we investigate the design, synthesis, characterization, and performance 

of polymer and inorganic solid electrolytes to enable the assembly of all-solid-state batteries 

(ASSBs). Key properties that determine the utility of solid electrolyte include high ionic 

conductivity (>10-6 S/cm), high transference number (≈ 1), low electrical conductivity (>10-8 

S/cm), wide electrochemical stability window (0-5 V vs Li/Li+), good chemical and thermal 

stability, excellent mechanical properties, low cost, ease of fabrication, eco-friendliness, and 

simple device integration.  

Our first study is to develop polymer precursor electrolytes that offer properties anticipated 

to be similar or superior to (lithium phosphorous oxynitride, LiPON) glasses. Such precursors 

offer the potential to be used to process LiPON-like thin glass/ceramic coatings for use in 

ASSBs. LiPON glasses provide a design basis for the synthesis of sets of oligomers/polymers 

by lithiation of OP(NH2)3-x(NH)x [from OP(NH)3], OP(NH2)3-x(NHSiMe3)x and 

[P=N]3(NHSiMe3)6-x(NH)x. Treatment with selected amounts of LiNH2 provides varying 

degrees of lithiation and Li+ conducting properties commensurate with Li+ content. Polymer 

electrolytes impregnated in/on Celgard exhibit Li+ conductivities up to ~1×10-5 S cm-1 at room 
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temperature and are thermally stable to ≈150 °C. A Li-S battery assembled using a Li6SiPON 

composition polymer electrolyte exhibits an initial reversible capacity of 1500 mAh gsulfur-1 and 

excellent cycle performance at 0.25 and 0.5 C rate over 120 cycles at room temperature. 

We then show the versality of co-dissolution of poly(ethylene oxide) (PEO, Mn 900k) with 

LixPON and LixSiPON polymer systems at ratios of approximately 3:2 followed by casting 

provides transparent, solid solution films 25-50 µm thick, lowering PEO crystallinity, and 

providing measured impedance values of 0.1-2.8 mS/cm at ambient. These values are much 

higher than simple PEO/Li+ salt systems. These solid solution polymer electrolytes (PEs) are: 

(1) thermally stable to 100 °C; (2) offer activation energies of 0.2-0.5 eV; (3) suppress dendrite 

formation and (4) enable the use of lithium anodes at current densities as high as 3.5 mAh/cm2. 

Galvanostatic charge/discharge cycling of SPAN/PEs/Li cell (SPAN = sulfurized, carbonized 

polyacrylonitrile) shows discharge capacities of 1000 mAh/gsulfur at 0.25 C and 800 mAh/gsulfur 

at 1 C with high columbic efficiency over 100 cycles. 

We have also investigated another promising inorganic solid electrolyte, 𝛾𝛾-LiAlO2. 

Following series of studies explore the use of flame made nanopowders (NPs) in processing 

Li+ conducting membranes. We exhibit an effective method of processing LiAlO2 membranes 

(< 50 µm) using NPs produced via liquid-feed flame spray pyrolysis (LF-FSP). Membranes 

consisting of selected mixtures of lithium aluminate polymorphs and Li contents were 

processed using conventional tape casting of NPs followed by thermo-compression of the green 

films (100 °C/10 kpsi/10 min). The sintered green films (1100 °C/2 h/air) present a mixture of 

LiAlO2 (~ 72 wt.%) and LiAl5O8(~ 27 wt.%) phases, offering ionic conductivities (>10-6 Scm-

1) at ambient with an activation energy of 0.5 eV, greatly increasing their potential utility as 

ceramic electrolytes for ASSBs that could simplify battery designs, significantly reduce costs, 

and increase their safety. A solid-state Li/Li3.1AlO2/Li symmetric cell was assembled and tested 

successfully exhibiting a transference number ≈ 1. 

The electrochemical and mechanical stability of anode/cathode materials during extensive 

charge/discharge cycles is crucial to enable the assembly of practical ASSBs. Thus, we have 

investigated Li4Ti5O12 (LTO) as an alternate anode material for high power density batteries 

for large scale applications. Our study demonstrates a facile synthesis of LTO NPs using LF-

FSP which provides high surface area (~38 m2/g) spinel structure LTO NPs with average 

particle sizes (APSs) of 45 ± 0.3 nm. Pristine LTO-Li half-cells exhibit reversible capacity of 

70 mAh/g at 10 C. In this study, we show that mixing LiAlO2 NPs (5 wt.%) and Li6SiON 

polymer precursor (10 wt.%) with pristine LTO via ball-milling and ultrasonication followed 
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by tape casting enhances the LTO rate performance providing reversible capacity of ~ 217 

mAh/g at 5 C over 500 cycles. The Li6SiON polymer electrolyte is synthesized from rice hull 

ash (RHA), an agricultural waste, providing a green synthetic approach to electrode coating 

materials.  

The assembly of ASSB highly rely on the fabrication and material cost of solid electrolyte 

and electrodes. RHA produced during combustion of rice hulls to generate electricity consists 

(following dilute acid leaching) of high surface area SiO2 (80-90 wt. %) and 10-20 wt. % carbon 

(80 m2/g total). RHA SiO2 is easily extracted by distillation (spirosiloxane) producing SDRHA 

(50-65 wt. % SiO2), which offers an opportunity to develop “green” hybrid lithium-ion 

capacitor (LICs) electrodes. 
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Introduction 
 

Progress in the energy storage technologies plays an important role in the reduction of 

carbon emissions and global warming.1 Lithium-ion batteries (LIBs) have demonstrated 

multiple advantages since their commercialization in 1990s because of their high energy and 

power densities, and long cycle life.2,3 It is well known that the electrochemical performance 

of a battery depends to a large extent on electrolyte properties. Conventional LIBs have critical 

safety issues primarily because they require highly flammable organic liquid electrolytes.4 

Although, liquid electrolytes offer high ionic conductivity (> 10-3 S/cm) and excellent wetting 

of electrode surfaces, they often suffer from low thermal stability, low flash point, and 

inadequate electrochemical stability sufficient for assembling next generation energy storage 

devices (Li-O2).4  

Solid electrolytes, intrinsically, are more thermally stable than liquids. Solid electrolytes 

enable the development of new generations of LIBs, e.g. Li-S and Li-air devices.5 ASSB 

performance, in turn, requires development of electrically insulating solids with high ionic 

mobilities.6 In principle, solid electrolytes can offer distinct advantages including resistance to 

corrosion during operation, low rates of oxidation (non-flammable), inability to leak and 

resistance to internal shorting when designed carefully.7 The most significant properties sought 

in developing solid electrolytes for ASSBs include chemical stability with the electrode 

materials, thermal stability during extensive cycling, wide electrochemical windows (0-5 V), 

high superionic conductivity (> 10-3 S/cm), and negligible electrical conductivity (<10-8 

S/cm).8  

Despite their advantages, solid electrolytes have not been widely used in battery 

applications because they are mostly limited by their relatively low ionic conductivity at room 

temperature. There has been tremendous effort to synthesize promising solid electrolytes with 

competitive ionic conductivities to those of liquid electrolytes.9 However, the integration of 

solid electrolytes with high ionic conductivities into the current battery structures is still 

challenging mainly due to high resistivity at the electrode/SE interfaces. 
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1.1 Brief history of solid electrolytes  
The transport of electrical charge by diffusion of ions in solids has been studied for almost 

two centuries. The history of solid-state ionic conductors dates back to the 1830s, with a report 

by Michael Faraday on ionic conduction in heated solids (Ag2S and PbF2).10 A ZrO2/Y2O3 

composite was used as a glowing rod in a device known as the Nernst glower in 1900s.11 This 

composite conducts electrical charge via defect diffusion through the oxide lattice at high 

temperatures. The discovery of Ag+ and Na+ conductors with ionic conductivities comparable 

to liquid electrolytes led to a renewed interest in the development of solid electrolytes in 

1960s.12,13 

Most common alkali halides exhibit low ionic conductivity and high activation energies, in 

which the electrical charge transport proceeds through temperature dependent motion of 

vacancies in the crystal structure.14 However, the discovery of silver and copper halides with 

high ionic conductivities and low activation enthalpies wherein ionic conductivity is via motion 

of interstitial species resulted in a breakthrough in the field of superionic conductors.12  

To date, a huge family of solid electrolytes has been developed that offer high ionic 

conductivities (> 10-4 S/cm) at ambient conditions, low activation energies (< 0.4 eV), thermal 

stability (> 200 °C), and wide electrochemical stability windows (5 V).9,15 The discovery of 

ionic transport in poly(ethylene oxide) (PEO) in 1973, broadened the scope of solid electrolytes 

from inorganic materials to solid polymer materials.16 The Figure 1.1 timeline illustrates key 

developments in solid electrolyte batteries. Solid electrolytes with different crystallographic or 

amorphous morphologies provide several specific advantages. Solid electrolytes can be divided 

into inorganic solid electrolytes (ISEs) and polymer electrolytes (PEs).  

 
Figure 1.1. Historical outline of progress in solid electrolytes. 

1.2  Ionic transport in inorganic solid electrolytes (ISEs) 
In liquid electrolytes, ionic transport generally relies on the migration of the solvated Li+-

ions in the solvent medium.8 The ionic conductivity of liquid electrolytes can be enhanced by 
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increasing the dissociation of salt/ion by using solvents with high dielectric constants.8 In 

addition, the mobility of the solvated ions can be enhanced by lowering the viscosity of 

solvents. Typically, it is difficult to find one solvent that can meet all the desired properties 

(i.e. high dielectric constant, low viscosity, low melting point, and low vapor pressure) to 

promote fast Li+ ion transport.17 Thus, liquid electrolytes are composed of two or more 

solvents.  

In contrast, the ionic transport in crystalline materials generally depends on the 

concentration and distribution of defects.8 Typically, the ion diffusion mechanism is based on 

Schottky and Frenkel point defects, which relies on the available interstitials, vacancies, and 

interstices sites.10 There are three main ion migration mechanisms in crystalline solids: (1) 

vacancy diffusion in which the ion migrates into a neighboring vacant site (Figure 1.2a), (2) 

direct interstitial mechanism between sites not fully occupied (Figure 1.2b), and (3) knock-off 

mechanism, where the migrating interstitial ion displaces a neighboring lattice ion into the 

adjacent site (Figure 1.2c).9 

 

Figure 1.2. Ion migration mechanisms in crystalline solids via a. vacancy, b. direct interstitial, 
and c. knock-off. 

This defect formation energy (Ef) is one of the key factors in determining the ionic 

mobilities of crystalline solids. The Li+-ion conductivity in ISEs can be enhanced by increasing 

the concentration of mobile lithium ions by aliovalent substitutions to create vacancies or 

interstitial sites.8 However, there is a decrease in the ionic conductivity past the optimal 

aliovalent doping, which is ascribed to the increase in the migration energy associated with the 

local structure distortion.8 

The ionic conductivity of ISEs is dependent up on the periodic bottleneck points, which 

define the migration energy barrier (Em), where low migration energies leads to high ionic 

conductivity.8 One of the main factors in regulating the intrinsic Li+-ion migration of ISEs is 

the topology of the particular anion arrangements.18 ISEs with body-centered cubic (bcc) anion 

sublattice are known to exhibit the lowest Em and highest ionic conductivities.18 
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 In addition, the most favorable and stable Li+-ion site in ISEs is usually a tetrahedral or 

octahedral site connected to the other polyhedral sites through shared anion triangles. Most ISE 

materials rely on solid state diffusion through well-defined crystallographic structures wherein 

the ionic framework permits fast ion mobility via vacant and/or interstitial sites. Mostly ISE 

crystal structures consist of a stationary, polyhedral metal oxide framework matrix with open 

channels that allow diffusion of mobile ions.8 Mobile ions include H+, Li+, Na+, K+, Ag+, Cu+, 

Mg2+, F-, Cl-, and O2-. A number of framework metals and nonmetals can form polyhedral 

networks with the latter typically coming from elements in groups VA, VIA, and VIIA .10 Ionic 

conductivity in ISEs can be tuned (enhanced) via selective doping. To do this effectively 

requires an extensive understanding of their crystal chemistries. Fundamental criteria that have 

been used to (greatly) improve fast ionic conduction in ISEs include:  

1. The number of sites that mobile ions can occupy should be larger than the number 
of mobile species. 

2. The mobile ion should fit through the smallest cross-sectional area of the 
conduction channel (bottleneck).  

3. The concentration of vacant and interstitial sites should be optimal to minimize the 
migration energy.  

4. The interaction forces between mobile ions and main framework should be weak.  
5. The available sites for mobile ions to occupy should be interconnected to allow 

continuous diffusion pathways. 
6. The framework moieties should consist of stable ions with different coordination 

numbers to minimize the activation energy.  
 

1.3 Ionic transport in polymer electrolytes (PEs) 
PEs offer several advantages over ISEs such as enhanced resistance to variations in 

electrode volumes during cycling, excellent flexibility, and low-cost processability. In addition, 

Li metal dendrite growth may be suppressed in solvent-free PEs under certain conditions.19 A 

large number of PEs have been prepared and characterized since their discovery in 1973.16 

Substantial efforts have targeted elucidation of Li-ion transport mechanisms, and the physical 

and chemical properties of new PEs.20 

PEs comprised of polymer matrices and lithium salts are classified as dry solid polymer 

electrolytes (dry-SPEs).21 Lithium salts are dissolved in a polymer matrix to provide ionic 

conductivity.22 Polyethers dissolve Li-salts by complexation of the Li+ via binding interaction 

with ether oxygens.23 Thus, polyethylene oxide (PEO)-based solid electrolytes have received 

considerable attention because of their superior ability to solvate Li+, combined with excellent 

segmental motion allowing rapid Li+ transport but typically near their Tg of 65 °C as well as 
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their excellent commercial availability in relatively pure states with different molecular weights 

and at reasonable costs.21  

Dry-SPEs usually exhibit low ionic conductivity at ambient (10-7-10-6 S/cm), which 

represent a significant barrier to practical applications.24 The ionic conduction mechanism is 

affected by two factors: one is the fraction of the amorphous material in the polymer matrix, 

and the other is Tg. It is generally accepted that Li+ transport (diffusion) occurs preferentially 

in amorphous regions of solid PEO.21 Significant efforts to improve ionic conductivities of dry-

SPEs have focused in reducing crystallinity. Such efforts include, modifying the polymer 

matrix by copolymerization, crosslinking, and blending, increasing the salt concentrations, and 

immobilizing the anions as pendant groups.21  

Another method to increase the ionic conductivity of dry-SPE is to increase the salt 

concentration.25 Polymer-in-salt electrolytes require that the salt should have low Tg to ensure 

the formation of rubbery electrolyte.26 Rubbery electrolytes possess the combined qualities of 

polymer electrolytes (good mechanical properties) and glass electrolytes (fast ion 

conduction).27 Polyacrylonitrile (PAN) based rubbery electrolytes have been extensively 

studied because of the interaction between Li+ ions and the nitrile groups, which results in the 

stabilization of highly conducting amorphous ionic clusters.25,28  

Efforts have been made to explain the ion conduction mechanism in PE systems.20 The 

efficient mechanism of ion transport is associated with a high degree of ion aggregation in the 

polymer-in-salt electrolytes.29,30 The increase in ionic conductivity of these systems is 

attributed to the formation of a percolation path in the polymer matrix associated with the 

increase salt concentration.25 The high ionic conductivity of polymer-in-salt electrolyte is 

associated with the critical cluster concentration, in which all the separate single clusters came 

into contact with each other to form infinite cluster which promotes fast ion mobility.31 Even 

though polymer-in-salt systems have a higher ionic conductivity than dry-SPEs, they suffer 

from poor mechanic property due to the increase salt concentration. Networked polymer 

electrolytes have been developed to overcome this challenge.32 The polyethylene glycol (PEG) 

network with highest Li salt loading (EO/Li = 1:1) exhibits rubbery-like characteristic and high 

ionic conductivity of 6.7 x 10-4 S/cm at 30 °C.32 

In general, Dry-SPEs are bi-ionic conductors, in which cations bind to polar groups of the 

polymer matrix and anions contribute the electrical conductivity of the electrolyte.25  In the bi-

ionic conductors, both the cations and anions are mobile species resulting in a decrease in the 

transference numbers, which is generally < 0.5 due to the electro-polarization from anion 

buildup.33  
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The electro-polarization leads to a decrease in the overall electrochemical performance of 

the electrolyte due to high internal resistance, voltage losses, and dendritic growth.25 In order 

to minimize the polarization and increase the Li+ transference number, the mobility of anions 

have to be reduced either by anchoring the anions to the polymer backbone or by adding anion 

receptor that preferentially interact with anions.25 

Many efforts have been devoted to synthesizing single-ion conductors based on polymeric 

Li salts and various anionic structures.34–36 The immobilization of anions is the most common 

approach to fabricate single-ion conductor. Lithium poly(2-acrylamido-2 

methylpropanesulfonic acid), (LiPAMPS) is one example of single-ion conductor electrolyte.35 

The structural of this electrolyte contains sulfonic acid group and double bond, which gives the 

AMPS ability to polymerize radically with itself or with other monomers. The polymer 

electrolyte has a high dissociation ability to yield mobile cations as a result of the sulfonic acid 

group which is chemically attached to the polymer back bone after polymerization. The 

LiPAMPS single ion conductor exhibits ionic conductivity of ~2 x 10-5 S/cm at 20 °C, and 

good electrochemical stability (4.4 V vs. Li/Li+).35 

An alternative method to enhance the ionic conductivity and improve the transference 

number is through the introduction of anion receptors.25 In these systems, the anion receptors 

trap the anions and the interaction between them promotes the further dissociation of Li salts, 

increasing both the ionic conductivity and the Li+ transference number.37 The effect of an anion 

receptor on the PEs depends on the coordinating property of the anion.38 

Significant attempts to improve the ionic conductivities of PEs are reported in the literature 

through the addition of ceramic fillers that interfere with crystallization and the choice of Li+ 

salt.39–41 The first approach, introducing ceramic fillers also been explored in some detail with 

inert (Al2O3, TiO2, SiO2, and ZrO2)42 active Li+ conducting fillers (LATP, LiAlO2, and 

LLZO).43,44 Inactive fillers improve Li+ conductivity by reducing PEO crystallization. Active 

fillers contribute to Li+ conductivity by both reducing PEO crystallinity and by promoting 

surface Li+ transport at PEO-nanofiller interfaces.41,45 

1.4  Lithium phosphorus oxynitride (LiPON) 
Some solid electrolyte materials exhibit poor Li+ conductivities (<10-6 S/cm), which can be 

compensated by using pinhole-free, dense, and thin film formats. Thin-film solid electrolytes 

were first developed in the 1980s using Li4P2S7, Li12Si3P2O20, and Li3PO4 as starting 

materials.46 In 1990s, Oak Ridge National Laboratory described LiPON-based thin-film solid 

electrolytes. Since their discovery, LiPON-based electrolytes have received wide attention 
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owing to their broad electrochemical stability window (0-5 V vs Li+/Li), high critical current 

density (>10 mA/cm2), and negligible electronic conductivity (10-7 μS cm-1).47 Typically, ultra-

thin solid electrolytes are synthesized via gas-phase deposition techniques. The main limitation 

to gas-phase deposition methods centers on their low deposition rates limiting their use for 

processing large surface area substrates or multiple substrates simultaneously.48 Hence, ultra-

thin-film electrolytes are typically used for micro-battery applications.  

Glassy Li2.9PO3.3N0.5 electrolyte is synthesized by sputtering Li3PO4 targets in N2 .49 This 

electrolyte exhibits an ionic conductivity of 3.3 µS/cm and an electrochemical window of 

5.5V.49 The ionic conductivity is determined by product of charge density and mobility. Hence, 

there are two ways to increase Li+ conductivity of LiPON thin film electrolytes. One is to 

increase the Li+ content to increase charge carrier densities and the other is to change the 

inherent organization of the elements in the electrolyte to increase Li+ mobility (i.e. increasing 

the N/P ratio).48 The positive correlation between ionic conductivity and the N/P ratio can be 

attributed to the decrease in electrostatic energy as adding more P-N<𝑃𝑃
𝑃𝑃 crosslink structural 

units apparently increases Li+ mobility.48 Thus, controlling the nitridation process is key to 

achieving higher conductivity. 

Aliovalent substitution of P5+ by Si4+ in Li3PO4 to create compositions (Li4SiO4-Li3PO4) 

promotes and improves Li+ conduction by shortening the distance between Li+ binding sites.48 

Thus, silicon-containing LiPON has attracted attention due to its increased ionic conductivity 

(10-5 S/cm).47 This implies that introducing nitrogen to Li2O-SiO2-P2O5 systems increases Li+ 

mobility presumably via reduced electrostatic interactions. Another series of thin-film solid 

electrolytes include LixAl2O3, LixSiyAl2O3, and Li2B4O7.46 All these thin films have several 

advantages for the development of micro-batteries, which are typically used in ultra-thin 

watches, computer memory chips, and micro sensors.  

1.5 Advantages of polymer electrolytes 
A well-established problem with cycling LIBs with any type of electrolyte is that during 

recharging, Li deposition can be non-uniform causing metal dendrites to grow more rapidly at 

the expense of uniform coverage such that they can penetrate the electrolyte layer bridging to 

the cathode.1-3 Bridging causes a short circuit that can lead to catastrophic failure.4,5 

Consequently, tremendous efforts have been directed to solve this problem. 

In part, these efforts led to the development of ceramic electrolytes originally thought to 

offer a mechanical solution by blocking dendrite growth, including for example LATP 

[Li1.3Al0.3Ti1.7(PO4)3] and c-LLZO (Li7La3Zr2O12).6-11  
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However, these materials were found to suffer from other problems that render them less 

than completely practical for battery applications. Thus, LATP undergoes irreversible 

reduction during cycling.11 C-LLZO is susceptible to dendrite penetration along grain 

boundaries again leading to short-circuiting.12 Thus, other solutions were sought to resolve all 

of these problems. To this end, a set of materials has been identified that appears to be resistant 

to dendrite penetration, also wets with Li metal, and offers sufficient ionic conductivity (>10-3 

mScm-1) to permit use as interfaces with LATP and LLZO. These materials include the family 

of LiPON glasses, LixAlOy, and LixZnOy among others.1,13 

However, a key problem with these materials is that their Li+ conductivities are much lower 

(2-10×10-3 mS cm-1) than those of LATP (2-6 mScm-1,7-9) or c-LLZO (0.2-2 mScm-1 Al vs Ga 

doping10-14) such that they must be introduced as interface materials at thicknesses of 50-200 

nm to offer practical Li+ cycling. This requirement, to-date, has mandated their application via 

gas phase deposition methods that include a variety of sputtering methods (e.g. magnetron), 

chemical vapor as well as atomic layer deposition (CVD/ALD).1,15 Unfortunately, these 

methods all require specialized apparatus to control deposition atmospheres, rates, film 

properties and control of coating uniformity. As such, they represent an expensive and not 

easily scaled step in the fabrication of ASSBs for large scale commercial applications. 

In contrast, polymeric ceramic precursor systems that melt or are soluble offer a facile, low 

cost alternative for the application of thin ceramic films. Polymer precursor methods of 

processing ceramics have been the subject of multiple reviews.15,16 However, to our knowledge, 

no one has sought to apply this approach to the synthesis of thin LiPON coatings/interfaces for 

battery applications. This then represents the motivation for the work reported here: to develop 

and optimize scalable precursors to LixPON-like materials that overcome the abovementioned 

obstacles. A further advantage to the use of polymer precursors is that because they can be 

applied in a liquid format, the precursors can also be used to coat particles to be used in 

formulation/processing of anode and cathode components thereby serving as a non-fugitive 

binder during processing to dense or almost dense components. Alternately, these same 

precursors can be used to infiltrate porous green or intermediately sintered bodies including 

electrolytes, anodes and cathodes to both strengthen the component and/or introduce 

continuous cation conducting phases within the initially porous ceramic such that they can act 

as a second ion conducting phase plus introducing additional, useful mechanical properties.  
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Finally, the objective of processing ASSBs has some inherent assembly problems. One can 

envision sintering anode, cathode and electrolyte thin films in one step starting from green 

ceramic powder filled polymer thin films that are themselves assembled and thereafter 

thermally compressed followed by binder burnout and co-sintering all the green layers together 

at one time. Several problems arise from this approach: (1) not each layer needs the same 

processing conditions to reach full density with optimal properties but not each layer will sinter 

correctly under the harshest conditions needed to optimize the performance of the most difficult 

to sinter layer. (2) On heating, components (ions) in one layer may diffuse into the other layers 

changing both the phases, chemistries, electrochemistries and even mechanical properties in an 

unwanted fashion; and (3) binder burnout in the intermediate treatment may lead to pores or 

other unwanted defects (e.g., chemical reactions) in other layers such that optimization of all 

global properties is prevented. Consequently, it seems likely that in some cases assembly of 

ASBs may best be conducted by forming the individual layers first and then assembling them 

which must involve uniform mating of surfaces. 

The problem therein is that the surface roughness (smoothness) is not the same for all thin 

films needed to produce intimate and/or uniform mating of the two or even three or more 

components. One solution to this is to formulate a coating that can be a liquid or, a meltable or 

malleable solid such that a uniform mating of the two surfaces in question is possible. It is 

advantageous when on heating this coating not only transforms into an ion conducting interface 

but also acts to uniformly bond one surface to the other. Different surfaces may require different 

coatings and as such first coatings may be overlaid with second precursor coatings to ensure 

wetting of all components. It is further advantageous if the precursor coating system can be 

transformed into a ceramic (glass) interface at temperatures below those needed to sinter the 

original films such that minimal chemical reactions take place unless desirable. One can 

envision an instance where the precursor that serves as an “adhesive or bonding” interface also 

penetrates to some extent the porous substrate to extend, on conversion to ceramic or glass the 

conducting layer into the substrate some distance while also improving mechanical properties 

in the substrate and between bonded components. 

This is the motivation for the work presented in this dissertation. We have developed 

polymer precursors to LiPON-like glasses based on design principles discussed below and 

learned to use them to make protective coatings/interfaces on selected ceramic electrolytes.  
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1.6  General criteria to design/synthesize polymer precursors  
 

In the following sections, we briefly discuss the design principles that guided our original 

efforts to prepare superior precursors.50 Relevant concerns are:  

Rheology. For thin films and fiber-forming; processing from solution or melt places some 

constraints on what is considered useful polymer rheology. In general, the precursor should 

exhibit thixotropic (non-Newtonian) viscoelastic behavior such that, during extrusion/coating, 

it flows readily without necking. The viscosity should be sufficiently high at zero shear so that 

the formed coating or fiber retains its new shape and for fibers are self-supporting. An added 

mandate for coating is that surface wetting must be uniform. 

Latent Reactivity Precursor fibers must be self-supporting, as extruded, whereas substrates 

provide mechanical support for coatings. However, both must not melt, creep or de-wet during 

thermal conversion to glass/ceramic. Thus, precursor coatings/fibers must retain some 

chemical reactivity so they can be rendered infusible before or during heating. Infusibility is 

commonly obtained through reactions that provide extensive crosslinking. These include free 

radical, condensation, oxidatively or thermally induced molecular rearrangements. 

Pyrolytic Degradation. Most precursors contain extraneous moieties added to aid 

processability or provide latent reactivity. During pyrolysis these moieties must be eliminated 

as gases. The decomposition rates and mechanisms require close monitoring to ensure 

conversion to the correct ceramic material, to avoid retention of impurities or creation of gas-

generated flaws (e.g. pores). The processes involved are like binder burnout in ceramic powder 

compacts.51,52 

In principle, this criterion is best served if hydrogen is the only extraneous ligand required 

for stability and/or processability. Indeed, there is often a trade-off between precursor stability 

or processability and ceramic product purity that mandates processing with a less stable 

precursor to obtain higher quality ceramic products. In this instance, quality is equated with 

purity.  

High ceramic yield. This criterion, which is product rather than precursor-property driven, 

is critical to the design and synthesis of new precursors. The need for high ceramic yields arises 

because of excessive volume changes associated with pyrolytic conversion to ceramic 

materials. Typical precursor polymers have densities of ≈ 1 g/cc whereas typical ceramics have 

densities > 3.0 g/cc. Thus, a 100 % conversion still leads to volume changes > 66 %. If mass is 

lost during thermolysis then the volume changes can easily be 90 %.28 In ceramic fibers, most 

volume changes occur symmetrically so fiber diameters and lengths shrinks. For thin films, 
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shrinkage for thin (< 1 µm) films typically occurs perpendicular to the substrate with the 

substrate constraining lateral shrinkage. For thicker films, this may not happen, and shrinkage 

can lead to mud cracking; highly undesirable for achieving uniform coatings.  

Phase and chemical purity. Careful design of precursor chemistry can limit the number of 

extraneous ligands needed for processability. However, even with small added chemical 

moiety, impurities can form in the final ceramic. In some instances, heat treating in air or 

hydrogen can reduce impurity contents to near zero allowing optimization of composition and 

phase purity. In some instances, some impurities act as sintering aids. For example, most of the 

thin film electrolytes we have made previously have excess Li as carbonate impurities 

purposely introduced to compensate for Li2O loss on sintering.53,54 The carbonates act as 

sintering aids promoting densification at lower temperatures as they melt as they decompose 

with loss of CO2.52 

Control of Microstructure and Densification. Dense final products provide optimal 

mechanical properties. Unfortunately, heating a precursor to high temperatures to convert it to 

phase pure materials frequently does not lead to dense materials.  

As a final comment on criteria for the design, synthesis and processing of precursors, if the 

precursor targeted is for coatings only, where the substrate provides most of the mechanical 

properties, a few additional criteria must be considered. First, the precursor must wet the 

substrate effectively to form uniform, adherent coatings. Some reaction with the substrate 

may/may not be desirable as a means of achieving either chemical or/and mechanical adhesion. 

Additionally, to process flaw (pore and crack) free ceramic coatings using dip, spin on or 

spray coating processes, it is generally necessary to limit coating thicknesses to < 2 μm. This 

is because mismatches in coefficients of thermal expansion and the overall densification 

process lead to compressive stresses in the films. These stresses can provide improved coating 

adhesion and abrasion resistance; however, at higher thicknesses the compressive/tensile 

stresses cause mud cracking, unless a ceramic powder filler is used to offset dimensional 

changes. In addition, for precursors used as non-fugitive binders/adhesives for other ceramic 

components, control of off-gassing of extraneous organic moieties must be a concern because 

these are often pore generating species. Slow heating and or the use of pressure can mitigate 

pore formation. 

These general criteria provide a basis for selecting candidate precursors potentially useful 

for processing both oxide and nonoxide ceramics. For specific materials, additional criteria can 

also play a role including ease of synthesis, purification and stability toward air and moisture.  
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One critical criterion is cost. Costly syntheses reduce the utility of a given precursor. 

However, in ceramic fiber and coating applications, the pyrolytic conversion and post-

processing heat treatments designed to provide optimal properties may be more costly than the 

chemistry. 

To date and based on the above criteria, we have developed three LiPON-like precursors 

(Scheme 1.1) and coated them on dense, 10-50 µm thick ceramic substrates. We have 

developed a low cost, minimal step syntheses from commercially available OP(NH2)3, (can be 

made from OPCl3 and x’s NH3) having only those elements needed to produce LiPON. A 

second precursor incorporates Si and C components based on a literature report that 

introduction of Si and C can give rise to fast Li+ ion conduction,37 providing motivation for this 

selection. A third precursor was synthesized from chlorophosphazene [Cl2P=N]3 and 

eliminates all oxygen while also incorporating Si and C. Given that most processing will 

introduce adventitious oxygen, we assume that some nitrogen rich form of LiPON glass is 

likely to form. 

LixPON 

 

 

LixSiPON 

LixSiPHN 

 
Scheme 1.1. General syntheses of LixPON, LixSiPON and LiSiPHN precursors. 
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1.7 Scope of dissertation  
As discussed above, solid electrolytes are the key components in enabling the assembly of 

ASSBs that outperform conventional LIBs as well as offer inherent safety by removing 

flammable liquid electrolyte. Hence, identifying polymer electrolytes with similar/better 

electrochemical performance as liquid counterpart is the main focus of the work presented here.  

Chapter 2 provides relevant experimental information about the design and synthesis of 

polymer and inorganic solid electrolytes, as well as descriptions of characterization methods, 

including X-ray diffraction, scanning electron microscopy, surface area analysis, 

thermogravimetric analysis, X-ray photoelectron spectroscopy, and electrochemical studies.  

Chapter 3 describes the synthesis of a set of polymers that emulate LiPON chemistries and 

that allow simple and extensive control of composition, degree of lithiation and incorporation 

of silicon as well as exclusion of oxygen and understand their effects on the ionic conductivity. 

In depth characterization of LiPON/LiSiON polymer electrolytes to enable the assembly of Li-

S batteries is also discussed.  

Chapter 4 present a comparative evaluation of different types of polymer precursors 

(LiXPON, LiXSiPHN, and LiXSiPON) on PEO derived composite films. These active fillers 

were synthesized via a novel polymer precursor route with controlled lithiation, resulting in a 

remarkable enhancement on the cation transport. The increase in Li+ ion concentration and the 

addition of secondary phase (PON) resulted in decrease in activation energy for PEO/LiXPON 

films, indicating a high dissociation ability to yield mobile cations.  

Chapter 5 provides the utility of synthesized polymer precursors as a coating material on 

inorganic solid electrolyte thin films. It is important to have a set of substrates qualified to be 

used to test the efficacy of the coatings and processing conditions explored. Given that we want 

to optimize ion conductivity in the resulting ceramized precursors, we also need well-defined 

substrates that offer: (1) no Li+ (Al2O3) conductivity; (2) minimal Li+ conductivity (LiAlO2) or 

(3) good Li+ conductivity (LATSP). Efforts to optimize the ionic conductivity of coated thin 

films are presented by electrochemical impedance measurements. 

Chapter 6 presents an effective alternate of processing LiAlO2 membranes (< 50 µm) using 

high surface area, flame made NPs produced via LF-FSP. We also demonstrate optimization 

of Li+ conductivity in LiAlO2 membranes through careful engineering of grain boundary 

properties by introducing a second phase (LiAl5O8) and modifying sintering conditions to 

minimize grain boundary resistance.  
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Chapter 7 describes the synthesis and electrochemical performance of high surface area, 

phase pure LTO NPs via LF-FSP. Pristine LTO was mixed with LiAlO2 and Li6SiON 

electrolytes to improve the ionic and electronic conductivity by simple ball-milling and 

ultrasonication methods. Detailed electrochemical analysis about the LTO-anolytes is 

discussed in this chapter.  

Chapter 8 discuss about the use of silica derived rice hull ash (SDRHA), derived from a 

renewable bio-source, RHA, as a potential electrode material for hybrid LICs without any 

chemical activation. The high surface area and the microstructure of the SDRHA results in high 

Li-ion mobility and increase surface charge absorption/desorption when assembled in both half 

and full-cell configurations. 

Chapter 9 presents detailed electrochemical performance of the LixSiON polymer 

electrolyte, derived from RHA, an agriculture waste product. XRD studies show the amorphous 

nature of LixSiON polymer electrolyte dried at ambient. The amorphous nature coupled with 

the high Li content and nitridation resulted in optimal conductivity of the Li6SiON electrolyte.  

Chapter 10 presents an effective method of producing nearly fully dense, single phase, and 

transparent C12A7 thin films (< 50 𝜇𝜇m) by processing LF-FSP derived NPs into green films 

by tape-casting, thermo-compression and then sintering to 1300℃/3 h/O2. Subsequent heat 

treatments in 20/80 H2/N2 replaces cage trapped O2- ions forming C12A7:H- followed by UV 

irradiation to generate C12A7:e- with electrical conductivities of 35 mS cm-1. 

Chapter 11 provides general conclusions of the work presented in this dissertation as well 

as recommendations for future work.  

 
 
 
 
 
 
 
 



 15  

 
 
 
 

References 
 

(1)  Chan, C. C. The State of the Art of Electric, Hybrid, and Fuel Cell Vehicles. Proc. 
IEEE 2007. https://doi.org/10.1109/JPROC.2007.892489. 

(2)  Albertus, P.; Babinec, S.; Litzelman, S.; Newman, A. Status and Challenges in 
Enabling the Lithium Metal Electrode for High-Energy and Low-Cost Rechargeable 
Batteries. Nat. Energy 2018, 3 (1), 16. https://doi.org/10.1038/s41560-017-0047-2. 

(3)  Väyrynen, A.; Salminen, J. Lithium Ion Battery Production. J. Chem. Thermodyn. 
2012. https://doi.org/10.1016/j.jct.2011.09.005. 

(4)  Goodenough, J. B.; Kim, Y. Challenges for Rechargeable Batteries. J. Power Sources 
2011. https://doi.org/10.1016/j.jpowsour.2010.11.074. 

(5)  Wang, H. C.; Cao, X.; Liu, W.; Sun, X. Research Progress of the Solid State Lithium-
Sulfur Batteries. Front. Energy Res. 2019, 7 (October), 1–20. 
https://doi.org/10.3389/fenrg.2019.00112. 

(6)  Albertus, P.; Babinec, S.; Litzelman, S.; Newman, A. Status and Challenges in 
Enabling the Lithium Metal Electrode for High-Energy and Low-Cost Rechargeable 
Batteries. Nat. Energy 2018. https://doi.org/10.1038/s41560-017-0047-2. 

(7)  Tarascon, J. M.; Armand, M. Issues and Challenges Facing Rechargeable Lithium 
Batteries. In Materials for Sustainable Energy: A Collection of Peer-Reviewed 
Research and Review Articles from Nature Publishing Group; 2010. 
https://doi.org/10.1142/9789814317665_0024. 

(8)  Bachman, J. C.; Muy, S.; Grimaud, A.; Chang, H. H.; Pour, N.; Lux, S. F.; Paschos, 
O.; Maglia, F.; Lupart, S.; Lamp, P.; Giordano, L.; Shao-Horn, Y. Inorganic Solid-
State Electrolytes for Lithium Batteries: Mechanisms and Properties Governing Ion 
Conduction. Chemical Reviews. 2016. https://doi.org/10.1021/acs.chemrev.5b00563. 

(9)  Famprikis, T.; Canepa, P.; Dawson, J. A.; Islam, M. S.; Masquelier, C. Fundamentals 
of Inorganic Solid-State Electrolytes for Batteries. Nature Materials. 2019. 
https://doi.org/10.1038/s41563-019-0431-3. 

(10)  Manthiram, A.; Yu, X.; Wang, S. Lithium Battery Chemistries Enabled by Solid-State 
Electrolytes. Nature Reviews Materials. 2017. 
https://doi.org/10.1038/natrevmats.2016.103. 

(11)  Kilner, J. A. Feel the Strain. Nat. Mater. 2008. https://doi.org/10.1038/nmat2314. 
(12)  Bradley, J. N.; Greene, P. D. Solids with High Ionic Conductivity in Group 1 Halide 

Systems. Trans. Faraday Soc. 1967. https://doi.org/10.1039/tf9676300424. 
(13)  Goodenough, J. B.; Hong, H. Y. P.; Kafalas, J. A. Fast Na+-Ion Transport in Skeleton 

Structures. Mater. Res. Bull. 1976. https://doi.org/10.1016/0025-5408(76)90077-5. 
(14)  Jacobs, P. W. M. IONIC CONDUCTIVITY. In NATO ASI Series, Series B: Physics; 

1983. 
(15)  Fergus, J. W. Ceramic and Polymeric Solid Electrolytes for Lithium-Ion Batteries. 

Journal of Power Sources. 2010. https://doi.org/10.1016/j.jpowsour.2010.01.076. 
(16)  Fenton, D. E.; Parker, J. M.; Wright, P. V. Complexes of Alkali Metal Ions with 

Poly(Ethylene Oxide). Polymer (Guildf). 1973. https://doi.org/10.1016/0032-
3861(73)90146-8. 

(17)  Hu, L.; Zhang, S. S.; Zhang, Z. Electrolytes for Lithium and Lithium-Ion Batteries. 
Green Energy Technol. 2015. https://doi.org/10.1007/978-3-319-15458-9_8. 

(18)  He, X.; Zhu, Y.; Mo, Y. Origin of Fast Ion Diffusion in Super-Ionic Conductors. Nat. 



 16  

Commun. 2017. https://doi.org/10.1038/ncomms15893. 
(19)  Judez, X.; Zhang, H.; Li, C.; Eshetu, G. G.; Zhang, Y.; González-Marcos, J. A.; 

Armand, M.; Rodriguez-Martinez, L. M. Polymer-Rich Composite Electrolytes for 
All-Solid-State Li-S Cells. J. Phys. Chem. Lett. 2017. 
https://doi.org/10.1021/acs.jpclett.7b01321. 

(20)  Zheng, Y.; Yao, Y.; Ou, J.; Li, M.; Luo, D.; Dou, H.; Li, Z.; Amine, K.; Yu, A.; Chen, 
Z. A Review of Composite Solid-State Electrolytes for Lithium Batteries: 
Fundamentals, Key Materials and Advanced Structures. Chemical Society Reviews. 
2020. https://doi.org/10.1039/d0cs00305k. 

(21)  Long, L.; Wang, S.; Xiao, M.; Meng, Y. Polymer Electrolytes for Lithium Polymer 
Batteries. Journal of Materials Chemistry A. 2016. https://doi.org/10.1039/c6ta02621d. 

(22)  Manuel Stephan, A.; Nahm, K. S. Review on Composite Polymer Electrolytes for 
Lithium Batteries. Polymer. 2006. https://doi.org/10.1016/j.polymer.2006.05.069. 

(23)  Shriver, D. F.; Papke, B. L.; Ratner, M. A.; Dupon, R.; Wong, T.; Brodwin, M. 
Structure and Ion Transport in Polymer-Salt Complexes. Solid State Ionics 1981. 
https://doi.org/10.1016/0167-2738(81)90199-5. 

(24)  Zhao, Y.; Zhang, Y.; Gosselink, D.; Doan, T. N. L.; Sadhu, M.; Cheang, H. J.; Chen, 
P. Polymer Electrolytes for Lithium/Sulfur Batteries. Membranes. 2012. 
https://doi.org/10.3390/membranes2030553. 

(25)  Long, L.; Wang, S.; Xiao, M.; Meng, Y. Polymer Electrolytes for Lithium Polymer 
Batteries. Journal of Materials Chemistry A. 2016. https://doi.org/10.1039/c6ta02621d. 

(26)  Angell, C. A.; Liu, C.; Sanchez, E. Rubbery Solid Electrolytes with Dominant Cationic 
Transport and High Ambient Conductivity. Nature 1993. 
https://doi.org/10.1038/362137a0. 

(27)  Agrawal, R. C.; Pandey, G. P. Solid Polymer Electrolytes: Materials Designing and 
All-Solid-State Battery Applications: An Overview. J. Phys. D. Appl. Phys. 2008. 
https://doi.org/10.1088/0022-3727/41/22/223001. 

(28)  Chen-Yang, Y. W.; Chen, H. C.; Lin, F. J.; Chen, C. C. Polyacrylonitrile Electrolytes: 
1. A Novel High-Conductivity Composite Polymer Electrolyte Based on PAN, LiClO4 
and α-Al2O3. Solid State Ionics 2002. https://doi.org/10.1016/S0167-2738(02)00457-
5. 

(29)  Forsyth, M.; Jiazeng, S.; MacFarlane, D. R. Novel High Salt Content Polymer 
Electrolytes Based on High Tg Polymers. Electrochim. Acta 2000. 
https://doi.org/10.1016/S0013-4686(99)00328-X. 

(30)  Mishra, R.; Baskaran, N.; Ramakrishnan, P. A.; Rao, K. J. Lithium Ion Conduction in 
Extreme Polymer in Salt Regime. Solid State Ionics 1998. 
https://doi.org/10.1016/s0167-2738(98)00209-4. 

(31)  Bushkova, O. V.; Zhukovsky, V. M.; Lirova, B. I.; Kruglyashov, A. L. Fast Ionic 
Transport in Solid Polymer Electrolytes Based on Acrylonitrile Copolymers. Solid 
State Ionics 1999. https://doi.org/10.1016/S0167-2738(98)00506-2. 

(32)  Walker, C. N.; Versek, C.; Touminen, M.; Tew, G. N. Tunable Networks from 
Thiolene Chemistry for Lithium Ion Conduction. ACS Macro Lett. 2012. 
https://doi.org/10.1021/mz300090m. 

(33)  Guhathakurta, S.; Min, K. Lithium Sulfonate Promoted Compatibilization in Single 
Ion Conducting Solid Polymer Electrolytes Based on Lithium Salt of Sulfonated 
Polysulfone and Polyether Epoxy. Polymer (Guildf). 2010. 
https://doi.org/10.1016/j.polymer.2009.07.047. 

(34)  Marzantowicz, M.; Pozyczka, K.; Brzozowski, M.; Dygas, J. R.; Krok, F.; 
Florjańczyk, Z.; Lapienis, G. From Polymer to Polyelectrolyte: Studies of Star-
Branched Poly(Ethylene Oxide) with Lithium Functional Groups. Electrochim. Acta 



 17  

2014. https://doi.org/10.1016/j.electacta.2013.09.167. 
(35)  Cui, W. W.; Tang, D. Y. Electrospun Poly(Lithium 2-Acrylamido-2-

Methylpropanesulfonic Acid) Fiber-Based Polymer Electrolytes for Lithium-Ion 
Batteries. J. Appl. Polym. Sci. 2012. https://doi.org/10.1002/app.36804. 

(36)  Sadoway, D. R. Block and Graft Copolymer Electrolytes for High-Performance, Solid-
State, Lithium Batteries. In Journal of Power Sources; 2004. 
https://doi.org/10.1016/j.jpowsour.2003.11.016. 

(37)  Mehta, M. A.; Fujinami, T.; Inoue, T. Boroxine Ring Containing Polymer Electrolytes. 
J. Power Sources 1999. https://doi.org/10.1016/S0378-7753(99)00151-2. 

(38)  Mehta, M. A.; Fujinami, T. Novel Inorganic-Organic Polymer Electrolytes - 
Preparation and Properties. Solid State Ionics 1998. https://doi.org/10.1016/s0167-
2738(98)00285-9. 

(39)  Osińska, M.; Walkowiak, M.; Zalewska, A.; Jesionowski, T. Study of the Role of 
Ceramic Filler in Composite Gel Electrolytes Based on Microporous Polymer 
Membranes. J. Memb. Sci. 2009. https://doi.org/10.1016/j.memsci.2008.10.036. 

(40)  Wu, X.; Wen, Z.; Xu, X.; Liu, Y. Fabrication of Li4SiO4 Pebbles by a Sol-Gel 
Technique. Fusion Eng. Des. 2010, 85 (2), 222–226. 
https://doi.org/10.1016/j.fusengdes.2010.01.018. 

(41)  Wang, W.; Yi, E.; Fici, A. J.; Laine, R. M.; Kieffer, J. Lithium Ion Conducting 
Poly(Ethylene Oxide)-Based Solid Electrolytes Containing Active or Passive Ceramic 
Nanoparticles. J. Phys. Chem. C 2017. https://doi.org/10.1021/acs.jpcc.6b11136. 

(42)  Ahn, J. H.; Wang, G. X.; Liu, H. K.; Dou, S. X. Nanoparticle-Dispersed PEO Polymer 
Electrolytes for Li Batteries. In Journal of Power Sources; 2003. 
https://doi.org/10.1016/S0378-7753(03)00264-7. 

(43)  Li, Z.; Huang, H. M.; Zhu, J. K.; Wu, J. F.; Yang, H.; Wei, L.; Guo, X. Ionic 
Conduction in Composite Polymer Electrolytes: Case of PEO:Ga-LLZO Composites. 
ACS Appl. Mater. Interfaces 2019. https://doi.org/10.1021/acsami.8b17279. 

(44)  Masoud, E. M.; El-Bellihi, A. A.; Bayoumy, W. A.; Mousa, M. A. Effect of LiAlO2 
Nanoparticle Filler Concentration on the Electrical Properties of PEO-LiClO4 
Composite. Mater. Res. Bull. 2013. https://doi.org/10.1016/j.materresbull.2012.12.012. 

(45)  Temeche, E.; Zhang, X.; Richard, M. L. Solid Electrolytes for Li-S Batteries. Solid 
Solutions of Polyethylene Oxide with LixPON and LixSiPON Based Polymers; 2020. 

(46)  Manthiram, A.; Yu, X.; Wang, S. Lithium Battery Chemistries Enabled by Solid-State 
Electrolytes. Nat. Rev. Mater. 2017, 2 (4), 16103. 
https://doi.org/10.1038/natrevmats.2016.103. 

(47)  Zhang, X.; Temeche, E.; Richard, M. L. Design, Synthesis and Characterization of 
Chemical Precursors to LixPON and LixSiPON Glasses. Materials That Enable All 
Solid-State Batteries.; 2020. 

(48)  Temeche, E.; Zhang, X.; Laine, R. M. Polymer Precursor Derived LiXPON 
Electrolytes: Toward Li-S Batteries. ACS Appl. Mater. Interfaces 2020. 
https://doi.org/10.1021/acsami.0c03341. 

(49)  Chen, R.; Qu, W.; Guo, X.; Li, L.; Wu, F. The Pursuit of Solid-State Electrolytes for 
Lithium Batteries: From Comprehensive Insight to Emerging Horizons. Materials 
Horizons. 2016. https://doi.org/10.1039/C6MH00218H. 

(50)  Laine, R. M.; Babonneau, F. Preceramic Polymer Routes to Silicon Carbide. Chem. 
Mater. 1993, 5 (3), 260–279. https://doi.org/10.1021/cm00027a007. 

(51)  Yi, E.; Temeche, E.; Laine, R. M. Superionically Conducting Β′′-Al2O3thin Films 
Processed Using Flame Synthesized Nanopowders. J. Mater. Chem. A 2018. 
https://doi.org/10.1039/c8ta02907e. 

(52)  Yi, E.; Wang, W.; Kieffer, J.; Laine, R. M. Key Parameters Governing the 



 18  

Densification of Cubic-Li7La3Zr2O12 Li+ Conductors. J. Power Sources 2017. 
https://doi.org/10.1016/j.jpowsour.2017.03.126. 

(53)  Yi, E.; Wang, W.; Mohanty, S.; Kieffer, J.; Tamaki, R.; Laine, R. M. Materials That 
Can Replace Liquid Electrolytes in Li Batteries: Superionic Conductivities in 
Li1.7Al0.3Ti1.7Si 0.4P2.6O12. Processing Combustion Synthesized Nanopowders to 
Free Standing Thin Films. J. Power Sources 2014, 269, 577–588. 
https://doi.org/10.1016/j.jpowsour.2014.07.029. 

(54)  Yi, E.; Wang, W.; Kieffer, J.; Laine, R. M. Flame Made Nanoparticles Permit 
Processing of Dense, Flexible, Li + Conducting Ceramic Electrolyte Thin Films of 
Cubic-Li 7 La 3 Zr 2 O 12 (c-LLZO). J. Mater. Chem. A 2016, 4 (33), 12947–12954. 
https://doi.org/10.1039/C6TA04492A. 

 

 
 
 



 19  

  
 

Experimental 

2.1 Introduction  
 
This chapter discuss about the experimental methods and characterization tools used in 

the course of this dissertation. Detailed experimental techniques can be found in each chapter.  

2.2 Polymer electrolyte syntheses  
The polymer precursors are synthesized in two steps. The first step is to substitute the -Cl in 

the phosphorus source (OPCl3 or Cl6N3P3) with -NH2 (from NaNH2) or -NHSiMe3 [from 

NH(SiMe3)2] producing byproduct NaCl or Me3SiCl (Table 2.1). It is followed by lithiation 

from the lithium source LiNH2. Table 2.2 lists LiNH2 amounts and properties of as-synthesized 

precursors. Distilled Tetrahydrofuran (THF) is used as the solvent. All syntheses are done 

under N2 in Schlenk flasks.  

 

Table 2.1. P, N source and the stoichiometry of the first step synthesis of polymer precursors. 

Polymer 
precursor 

(unlithiated) 

P 
source N source 

 
Byproduct Stoichiometry 

PON OPCl3 NaNH2 NaCl Na/Cl = 1.1 
SiPON OPCl3 NH(SiMe3)2 Me3SiCl SiMe3/Cl = 1.2 
SiPHN Cl6N3P3 NH(SiMe3)2 Me3SiCl NH/Cl = 1.1 

 
Table 2.2. Lithiation of the polymer precursors. 

Polymer precursor LiNH2/-NH[a]  Appearance[b] Typical yield[c], % 
Li3PON 1 Light-yellow suspension 50-70 
Li6PON 2 Light-yellow suspension 50-70 

Li2SiPHN 1 Orange solution 80-90 
Li3SiPON 1 Yellow solution ≥90 
Li6SiPON 2 Orange solution ≥90 

[a] The molar ratio of LiNH2 to the -NH in the unlithiated precursors. [b] The appearance of 
the centrifuged precursor supernatants. [c] The obtained yield divided by the theoretical yield.   

 

Based on precursor design criteria described previously,22,39 three LiPON-like 

precursors were synthesized. The simplest approach uses oligomeric OP(NH2)3 which, 

following lithiation, has only those elements needed to produce LiPON. A second 

precursor incorporates Si for the reasons noted above6,27–29   
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The third precursor was synthesized from the chlorophosphazene [Cl2P=N]3 

eliminating all oxygen but also incorporating Si.  

2.2.1 Synthesis of PON and LixPON precurors 
The simplest synthetic approach is ammonolysis of OPCl3 forming phosphoramide 

OP(NH2)3 as shown in Scheme 2.1: 

 
Scheme 2.1. Ammonolysis of OPCl3. 

However, depending on solvent, byproduct NH4Cl is difficult to remove/interferes with 

purification. An alternative uses NaNH2 as shown in Scheme 2.2: 

 
Scheme 2.2. Reaction of OPCl3 with NaNH2.   

NaNH2 rather than LiNH2 is used because LiCl is more soluble in polar solvents than NaCl and 

may not precipitate as easily and thus, NaNH2 is preferable. 

Thereafter, there are two options for producing LiPON precursors. The first is to promote ol-

igomerization/polymerization following reactions shown as stepwise condensation reactions 

presented in Scheme 2.3: 

 
Scheme 2.3. Linear oligomerization/polymerization of OP(NH2)3 forming PON precursor. 

In a 200 ml round bottom Schlenk flask, NaNH2 (7.0 g, 0.179 mol) was first added to 80 mL 

of distilled THF, then OPCl3 (5.0 ml, 53.6 mmol) was added with a graduated pipette. All was 

done in an ice bath under N2. The ice bath was removed after 1 d of reaction and the reaction 

kept running at room temperature under N2 for 1 week. The reaction mixture remained cloudy 

due to insoluble NaCl byproduct. 

Thereafter, the soluble and insoluble parts in the reaction mixture were separated by 

centrifugation. This results into 50 ml of transparent solution. To obtain the yield of the 

reaction, a small sample (3 ml) was taken from the solution and vacuum dried at 60 °C on a 

Schlenk line. The product is a yellow solid with a yield of 0.28 g, the total yield would be ~4.5 

g, which is about 90 % of theoretical yield.  
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As shown in Scheme 2.4, only linear oligomers are formed. However, it is highly likely 

that both branched and cyclomeric products arise coincidentally: 

 
Scheme 2.4. Branched or cyclomeric products on heating of OP(NH2)3. 

Following the synthesis of PON precursor, LiNH2 (3.6 g, 0.160 mol, equivalent amount of -

NH in the PON precursor) was added to the PON precursor solution under N2 in an ice bath. 

The reaction mixture stayed cloudy due to the low solubility of LiNH2. The ice bath was 

removed after 1 d reaction. The reaction kept running at room temperature for 1-2 weeks or 

kept warming at 40 °C for 1 week. Thereafter, the reaction mixture of Li3PON precursor was 

centrifuged to separate the liquid and solid parts. This results into 30 ml of yellow stable 

suspension. The yield is ~5 g (about 80 % of theoretical yield). 

The volatile system might offer a novel method for chemical vapor deposition. At this 

juncture, it is possible to now add Li as shown in Scheme 2.5: 

 
Scheme 2.5. Lithiation of PON. 

As an alternative, our preferred choice is to do this right after the first step. This may not be 

optimal, but it appears to be the easiest approach as shown in Scheme 2.6: 

 
Scheme 2.6. Lithiation of OP(NH2)3 followed by oligomerization/polymerization, forming 

LiPON precursor. 

The Li content can be controlled by the degree of initial lithiation. One can also envision 

promoting a condensation reaction as suggested in a simple fashion above. The condensation 

process is likely more complex than shown. However, one can use these intermediates as 

precursors to make LiPON thin films, binders or bonding agents by using traditional precursor 

processing techniques.22,39 In some instances, the intermediates will be liquids and in others, 

they will be meltable or soluble solids. As demonstrated below it is possible to make Li3PON 

and Li6PON precursors simply by choosing the amount of LiNH2 to add.  
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2.2.2 Polymer precursors to LixSiPON 
As noted above, a few reports describe silicon containing LiPON or LiSiPON.6,27–29 

To our knowledge, LiSiPON precursors have not been synthesized via the route shown 

in Scheme 2.7,which takes advantage of the affinity of Si for Cl: 

 
Scheme 2.7. Reaction of OPCl3 with (Me3Si)2NH (mole ratio = 1:3). 

In a 200 ml round bottom Schlenk flask, 80 ml of distilled THF was first collected, 

(Me3Si)2NH (20.1 ml, 96.6 mmol) and OPCl3 (5.0 ml, 53.6 mmol) were then added via 

graduated pipettes. All was done in an ice bath under N2. Initially, the reaction mixture was 

transparent, 5-10 min after stirring, insoluble solid started to form from the reaction and the 

mixture became cloudy. The ice bath was removed after 1 d of reaction and the reaction kept 

running at room temperature under N2 for 1 week. Thereafter, the reaction mixture of SiPON 

precursor was centrifuged to separate the liquid and solid parts. This results into 60 ml of 

transparent solution. A small sample (3 ml) was taken from the solution and vacuum dried at 

60 °C on a Schlenk line. The product is a yellow viscous liquid with a yield of 0.15 g, the total 

yield would be ~3 g, which is ~80 % of theoretical yield.  

A modified route uses (Scheme 2.8) less than 2.5 (Me3Si)2NH or: 

 
Scheme 2.8. Reaction of OPCl3 with (Me3Si)2NH (mole ratio = 1:2.5). 

One can envision promoting polymerization using less (Me3Si)2NH (≥1.5), forming 

SiPON precursor. At this stage, one can lithiate as shown in Scheme 2.9: 

 
Scheme 2.9. Lithiation of SiPON. 

and then warm as suggested below, which is not likely the only reaction pathway as 

presented in Scheme 2.10: 
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Scheme 2.10. Oligomerization/polymerization forming LiSiPON precursor. 

Following the synthesis of SiPON precursor, LiNH2 (1.8 g, 77.3 mol, equivalent amount of 

-NH in the SiPON precursor) was then added to the SiPON precursor solution under N2 in an 

ice bath. The reaction mixture stayed cloudy due to the low solubility of LiNH2. The ice bath 

was removed after 1 d reaction. The reaction kept running at room temperature for 1-2 weeks 

or kept warming at 40 °C for 1 week. 

Thereafter, the reaction mixture of Li3SiPON precursor was centrifuged to separate the liquid 

and solid parts. This results into 50 ml of yellow transparent solution. The yield is ~3 g (about 

70 % of theoretical yield). The resulting material compositions will depend on the amount 

of LiNH2 and method of processing. The conductivity will be determined by this as well. 

2.2.3 SiPHN and LixSiPHN systems 
To investigate the use of a polymer solely based on phosphorus and nitrogen, one can 

envision starting from the commercial cyclomer: [Cl2P=N]3, replacing Cl with NH via the Si-

Cl exchange process, followed by lithiation with LiNH2 as demonstrated in Scheme 2.11: 

 
Scheme 2.11. Synthesis of LiSiPHN precursor. 

As detailed in the experimental, we followed this approach in formulating systems as 

illustrated, targeting processable polymers by using non-stoichiometric amounts of 

(Me3Si)2NH.  

In this work, “x” in LixPON, LixSiPHN and LixSiPON stands for the Li content, which is 

based on the theoretical Li/P ratios of the corresponding precursor. 
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2.3  Nanopowder (NP) synthesis  
Typically, nanoparticles (< 100 nm) show physical and chemical properties different from 

their bulk form attributed to the high fraction of atoms at or near the surface.  

LiAlO2, Li4TiO2, and Ca24Al28O64 NPs were synthesized by using LF-FSP method. 

Sections 2.3.1 and 2.3.2 describes the precursor synthesis and NP production methods.  

2.3.1  Precursor synthesis  
In this dissertation, two types of precursors are mainly used as a starting material for producing 

nanoparticles. The first is metal carboxylates, synthesized by reacting metal hydroxides, 

oxides, or carbonated with excess carboxylic acid. The second is metal-atrane compounds, 

synthesized by reacting metal hydroxides or alkoxides with triethanolamine at selected molar 

ratios. The representative examples are briefly discussed below.  

Lithium propionate. [LiOH·H2O, 113 g, 2.7 mol] was reacted with excess propionic acid 

(500 ml, 6.8 mol] in a 1 L flask equipped with a still head at 130 °C for 2 h in N2 with coincident 

distillation of byproduct water. During the reaction, the solution was magnetically stirred until 

a transparent liquid was obtained. On cooling to room temperature, [LiO2CCH2CH3] 

crystallizes and can be filtered off.  

Alumatrane. Al[OCH(CH3)CH2CH3, 200 ml, 0.8 mol] was reacted with [N(CH2CH2OH)3, 

194 ml, 0.96 mol] at a molar ratio of 1 to 1.2, in a 1 L round bottom flask under N2 flow. 

[N(CH2CH2OH)3] was added slowly via addition funnel while the mixture was magnetically 

stirred constantly over a 4 h period. The product alumatrane, dissolved in byproduct butanol, 

was analyzed by TGA giving a ceramic yield of 7.5%.  

2.1.1. Liquid flame spray pyrolysis (LF-FSP)  

The metalloorganic precursors are mixed at selected molar ratios and are dissolved in 

anhydrous ethanol to give a 3 wt. % ceramic yield solution. The precursor solution is 

aerosolized with oxygen into a chamber where it is ignited via methane/oxygen pilot torches 

and combusted in an oxygen rich environment. The resulting NPs are collected down-stream 

in rod-in-tube electrostatic precipitators (ESP) operated at 10 kV. The schematic of the LF-FSP 

apparent is displayed in Figure 2.1.  
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Figure 2.1. Schematics of LF-FSP apparatus 

2.3.2  Thin film processing  
As-produced NPs (10-20g) were first dispersed in anhydrous ethanol (300-500 ml) with 

selected dispersant polyacrylic acid or bicine (1-4 wt.%), using an ultrasonic horn at 100 W for 

10 min. The suspension was left to settle for overnight to allow larger particles to settle. 

Supernatant was decanted and the recovered solution was poured into a clean beaker and left 

to dry overnight in the oven (60 °C). The dried powders were ground in an alumina mortar and 

pestle.  

Ceramic-polymer composite slurries were processed by mixing the cleaned NPs (0.7-1 g), 

benzyl butyl phthalate (0.1-0.15 g) as a plasticizer, poly acrylic acid (0.01g) as a dispersant, 

polyvinyl butyral (0.1-0.15 g) as a binder dissolved in selected polar solvent (1.5 -2 ml). The 

mixture was placed in a 20 ml vial and milled with spherical alumina beads (6 g) with 3 mm 

diameter media overnight to homogenize the suspension. Suspension was cast using a wire 

wound rod coater (Automatic Film Applicator 1137, Sheen Instrument, Ltd). After solvent 

evaporation, dried green films were uniaxially pressed in between stainless-steel dies at 100 °C 

with a pressure of 50–70 MPa for 5 min using a heated bench (Carver, Inc) top press to improve 

packing density.  

2.4  Characterization  
GPC analyses were done on a Waters 440 system equipped with Waters Styragel columns 

(7.8 × 300, HT 0.5, 2, 3, 4) with RI detection using an Optilab DSP interferometric 

refractometer and THF as solvent. The system was calibrated using polystyrene standards. 

Analyses were performed using Empower 3 Chromatography Data Software (Waters, Corp., 

Milford, MA). 

MALDI-TOF was done on a Micromass TofSpec-2E equipped with a 337 nm nitrogen laser 

in negative-ion reflectron mode, trihydroxyanthracene was used as the matrix.  
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Samples were prepared by mixing solutions of the matrix (10 mg mL-1 in THF) and polymer 

precursor sample (1 mg mL-1 in THF), 1:1 volumetric ratio, and blotting the mixture on the 

target plate. The calculation of polymer precursor structures based on MALDI was done by a 

Python program written by Andrew J. Alexander.  

FTIR Spectra analyses were run on Nicolet 6700 Series FTIR spectrometer (Thermo Fisher 

Scientific, Inc.) was used to measure FTIR spectra. 1 wt. % of the samples were mixed with 

KBr (International Crystal Laboratories); the mixtures were ground rigorously with an alumina 

mortal pestle; and the dilute samples were packed in the sample holder to be analyzed. Prior to 

data acquisition in the range of 4000-400 cm-1, the sample chamber was purged with N2.  

 TGA and differential thermal analysis (DTA) were performed on an SDT Q600 

simultaneous TGA/DTA (TA instrument, Inc.). Samples (15-25 mg), hand pressed in a 3- mm 

dual action die, were placed in alumina pans and heated to 800 °C at 10 °C min-1 under constant 

N2 flow (60 mL min-1).  

 XRD. were characterized using Rigaku Rotating Anode Goniometer (Rigaku Denki., 

LTD., Tokyo, Japan). Cu K𝛼𝛼 (𝜆𝜆 = 1.54 Å) radiation operating at working voltage of 40 kV and 

current of 100 mA was used. Scans were continuous from 10 to 80° 2𝜃𝜃 using a scan rate of 3-

5 min-1 in 0.01 increments. The presence of crystallographic phases was determined by using 

Jade program 2010 (Version 1.1.5 from Materials Data, Inc.) 

AC Impedance data were collected with broadband dielectric spectrometer (Biologics). 

“EIS spectrum analyser” software was used for extracting total resistance. The total 

conductivity (σt) was calculated using the equation (σt= t(A*R)), where t is the thickness of 

the sample, A is the active area of the electrode and R is the total resistivity obtained from the 

Nyquist plots. The constant current cycling experiments were carried out using Biologics 

SP300 potentiostat/galvanostat.  

XPS experiments were carried out on a Kratos Axis Ultra XPS system at room temperature 

under 3.1 × 10−8 Pa using monochromatic Al source (14 kV and 8 mA). Binding energies of 

all the elements were calibrated relative to the gold with Au 4f7/2 at 84 eV. All the data were 

analyzed by CASAXPS software.  

Specific Surface Area (SSA) Analyses Micromeritics ASAP 2020 sorption analyzer was 

used to obtain SSA data. Samples (400 mg) were degassed at 300 ℃/5 h, and each analysis was 

run at −196 ℃ (77 K) with nitrogen gas. BET multipoint method using ten data points with 

relative pressures of 0.05–0.30 was used to determine SSAs. 
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SEM micrographs of as-produced and sintered thin films were taken using JSM-IT300HR 

In Touch Scope SEM (JEOL USA, Inc.) For imaging purpose, thin films were fractured, and 

powders were used as is. SPI sputter coater (SPI Supplies, Inc.) was used to sputter coat all the 

samples with gold and palladium. 

UV Treatment. SUNRAY 400 SM (Uvitron International, Inc.) was used as a source of 

UV-light. Films were illuminated by UV-light for 1 h before measuring electronic conductivity. 

Electronic conductivity measurements AC impedance data was collected using 

(Novocontrol technologies, Hundsangen, Germany) in a frequency range of 10 MHz to 1 Hz 

at -20° to 85 °C. Film surfaces were coated with Au/Pd electrodes, 1 mm in diameter, using a 

SPI sputter coater. Nyquist plots were obtained using EIS spectrum analyzer software to 

estimate the total resistance of the films.  
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Polymer Precursor Derived LiXPON Electrolytes 

3.1  Introduction  
Traditional Li+ batteries employ molecular electrolytes dissolved in organic solvents 

imposing battery design and size restrictions that have inherent safety risks and constrain 

service temperatures.1,2 In contrast, solid-state electrolytes offer potential to reduce overall 

battery footprints thereby increasing energy densities coincident with improved safety.3–5 

However, most solid electrolytes suffer from low ionic conductivities or limited stability 

windows. Lithium phosphorus oxynitride glass (LiPON) is a commonly used solid-state 

electrolyte. Since its discovery in the early ‘90s by Bates et al.,6,7 the material has received 

increasing attention due to its broad electrochemical stability window (0-5 V vs Li+/Li),8–10 

reasonable conductivity (10-6 S cm-1),8–11 and negligible electronic conductivity (10-7 μS cm-

1).1,10 

LiPON solid electrolytes enable ASB thin film batteries.1 LiPON thin films are typically 

processed by radio frequency magnetron sputtering (RFMS) deposition of lithium silicates and 

lithium phosphate in Ar or N2 atmospheres.8,12 Other synthesis methods include pulse laser 

deposition (PLD),13 electron-beam (EB) evaporation,14 ion beam assisted deposition (IBAD),15 

plasma-assisted direct vapor deposition (PA-DVD),16 ion beam sputtering (IBS),17 and plasma-

enhanced metalloorganic chemical vapor deposition (MOCVD).18 Table 3.1. summarizes the 

properties of a variety of LiPON materials produced by vacuum deposition. 
Table 3.1. Examples of LiPON thin coating processes and properties. 

Composition N/P ratio Synthesis method Thickness Conductivity[a] 
(S/cm) Ref. 

Li3.3PO3.8N0.24 to 
Li3.6PO3.3N0.69 0.24-0.69 RFMS of a Li3PO4 target in N2 1 μm 2 (±1) × 10-6 [8] 

Li3.3PO2.1N1.4 1.4 RFMS of a Li3PO4 target in N2 1 μm 1.8 × 10-6 [12] 
LiPON N/A PLD 1-3 μm 1.6 × 10−6 [13] 
LiPON N/A EB evaporation of Li3PO4  N/A 6.0 × 10-7 [14] 

LiPON (Y290, 
Y301) N/A IBAD of thermally evaporated 

Li3PO4 1.05 μm Y290: 1.3 × 10-6 
Y301: 9.0 × 10-7 [15] 

LiPON 0.39-1.49 PA-DVD 0.3-2 μm 10−7-10−8 [16] 
Ultra-thin LiPON N/A IBS ≥12 nm 1-2 × 10-7 [17] 
Li2.9PO4.5N0.42 to 
Li3.1PO4.1N0.42 

0.42 MOCVD N/A 2.75-2.95 × 10-7 [18] 

  [a] Conductivity at room temperature 
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The main limitation to gas phase deposition methods centers on their low deposition rates 

limiting their utility for fabricating large surface area targets or multiple targets simultaneously. 

For example, RFMS deposition rates are often <3.0 nm min-1,12,16,19 PLD films deposition rates 

range 13.3-50 nm min-1,13,16 while those processed using IBAD can approach 70 nm min-1.15,16 

Additionally, controlling the extent and uniformity of Li3PO4 nitridation can be challenging. 

Sputtering is also limited to depositing high quality films on 3D geometries.20 To overcome 

these obstacles, researchers have been developing alternative deposition techniques, i.e. atomic 

layer deposition (ALD) for fabrication of uniform, thin, and conformal LiPON films.21 

Unfortunately, these methods all require specialized apparatus to control deposition 

atmospheres, rates, film properties and coating uniformity. As such, they represent an 

expensive step in fabricating ASBs which makes it challenging for commodity applications.  

In contrast, polymer precursors that melt or are soluble offer a facile, low cost alternative as 

they permit application in liquid format; easy to control and scale. Polymer precursor methods 

of processing ceramics are the subject of multiple reviews.22–26 However, to our knowledge, no 

one has sought to apply this approach to processing thin LixPON films for battery applications. 

This then represents the motivation for the work reported here: to develop and optimize scalable 

precursors to LixPON-like materials that overcome the abovementioned obstacles.  

Additionally, studies have shown that doping LixPON with Si improves ionic 

conductivity.6,27–29 Lee et al.27,28 report that introducing Si lowers activation energies increasing 

conductivities up to 10-5 S cm-1. Su et al.29 prepared LixSiPON with different compositions by 

RFMS. The highest conductivity found at ambient was ≈ 1 × 10-5 S cm-1 with an activation 

energy ≈ 0.41 eV at Si:P = 1:1. This provides the impetus to include LixSiPON precursors in 

our repertoire as presented below. 

Furthermore, if we assume that oxygens with two lone electron pairs and higher 

electronegativity may bind Li+ more tightly than nitrogen with only one electron pair and a 

lower electronegativity, then it seems logical to explore using a polymer based solely on 

phosphorus and nitrogen leading to our studies on LixSiPHN precursors.  

Thus, LiPON glasses provide a design basis for synthesizing sets of oligomers/polymers by 

lithiation of OP(NH2)3-x(NH)x [from OP(NH)3], OP(NH2)3-x(NHSiMe3)x and 

[P=N]3(NHSiMe3)6-x(NH)x. The resulting systems have degrees of polymerization of 5-20. 

Treatment with selected amounts of LiNH2 provides varying degrees of lithiation and Li+ 

conducting properties commensurate with Li+ content.  
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The objective here was to characterize the electrochemical and physical properties of the 

polymers through electrochemical impedance (EIS), thermogravimetric analysis (TGA), X-ray 

powder diffraction (XRD), FTIR, matrix-assisted laser desorption/ionization (MALDI), NMR, 

and X-ray photoelectron spectroscopy (XPS).  

Coincidentally we explored using these LixPON emulating oligomers/polymers as Li+ 

electrolytes and as stable interface between Li and a sulfur-based cathode (SPAN).30  The 

theoretical energy density of Li-S systems (~2600 Wh kg-1)31 is 5× higher than traditional Li-

ion systems.32–34 The combination of abundant, inexpensive, nontoxic, and environmentally 

attractive features makes Li/S a promising next-generation energy storage technology.35–37 The 

stability of the Li-S cell at high c-rates (0.5C) and over long cycle times (>120) appears to 

arise, at least in part due to the electrochemical stability of the LixSiPON emulating polymer 

electrolyte. 

3.2  Cell fabrication  
Celgard separator (25 µm × 12 mm diameter) substrates were dip-coated for 1 min in 

Li3PON (0.05 g ml-1), Li6PON (0.05 g ml-1), Li2SiPHN (0.08 g ml-1), Li3SiPON (0.1 g ml-1), 

and Li6SiPON (0.1 g ml-1) solutions. Celgard separator were purchased from (MTI, Richmond, 

CA). These experiments were conducted to measure coating impedances without heat 

treatments; similar to measuring the impedance of conventional liquid electrolyte-soaked 

separators. The total conductivity [σt = T/(A×R)], where T is the thickness of the Celgard, A is 

the contact area between the Celgard and the stainless steel (SS) disk (diameter = 16 mm), and 

R is the total resistivity obtained from the straight line of the real axes from the Nyquist plot.40 

3.2.1  Electrochemical characterization  
The electrochemical compatibility of the polymer precursor solutions in THF (20 µl) was 

investigated using EIS of the stainless steel (SS)/Celgard+polymer precursor/SS with a 

potential amplitude of 10 mV from 0.1 to 100 kHz. The electrochemical stability of the polymer 

precursor was investigated by linear sweep voltammograms, which was obtained on Biologics 

instrument at a scanning rate of 1 mV s-1, where the polymer precursor coated Celgard was 

sandwiched between lithium anode and SS.  

To further assess polymer electrochemical properties, symmetric cells were assembled to 

study the effects of current density on the stability and kinetics of the Li/ polymer electrolyte 

interface. Before cell assembly, the metallic Li (~2 cm2) was scraped exposing a clean surface. 

Symmetric and half coin cells were constructed using the standard procedure and compressed 

at ~0.015 psi using digital pressure controlled electric crimper (MTI, Richmond, CA).  
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The Celgard was dip-coated for 1 min in Li3PON (0.05 g ml-1), Li6PON (0.05 g ml-1), 

Li2SiPHN (0.08 g ml-1), Li3SiPON (0.1 g ml-1), and Li6SiPON (0.1 g ml-1) polymer precursor 

solutions and heated to 90 °C/12 h/vacuum prior to half and symmetric cell assembly. 

Furthermore, polymer precursors in THF solution (20 µl) were also used as an additional 

electrolyte to wet the surface of the electrodes. The Li/Celgard+polymer precursor/Li 

symmetric cells were cycled at room temperature at the desired current densities of (±0.1-7.5 

mA) with a rest period of 10 min between each current step. The Li metal, polymer electrolytes, 

Celgard, and SPAN were stored in an argon filled glove box (MBRAUN) with an average H2O 

and O2 content below 0.1 ppm.  

The SPAN electrode was prepared by coating 70:15:15 wt.% mixture of SPAN: C65: PVDF 

in NMP on carbon coated Al foil.30 The cathode was then vacuum dried at 60 °C. After drying 

the electrode, 14 mm in diameter SPAN were punched out and transferred to coin cells. The 

SPAN /Li6SiPON/Li half-cell was charged and discharged to the cutoff voltages of 1-3 V using 

0.5 C rate. Specific capacities were calculated based on the mass of sulfur in the cathode (1C 

= 1672 mAh g-1).  

3.3  Results and discussions  
In the following section, we briefly explain characterizations of the polymer precursors, a 

more detailed description is available elsewhere.38 We first monitored compositional and 

structural changes caused by the degree of lithiation and by the addition of silicon. The extent 

of lithiation and nitrogen content and its effect on the structure are discussed. 

3.3.1 Characterization of polymer precursors  
GPC, MALDI-ToF and TGA-DTA (800 °C N2 -1) studies of polymer precursors are 

discussed in detail elsewhere.38 Table 3.2 compares the MWs, ceramic yields (CYs) and likely 

structural components of the polymers based on GPC, MALDI and TGA-DTA studies. All the 

polymers have similar CYs of 45-65 wt. %. In general, CYs improve with increases in MWs.  

Table 3.2. MWs, CYs and estimated compositions of polymer precursors. 

Polymer 
precursor 

MW[a], 
kDa 

#monomer 
units[b] 

CY[c], 
% 

Td(5%)[d], 
°C 

Tm[e], 
°C Likely monomer structures[f] 

Li3PON 0.6-1.4 5-15 50-60 150-180 560-
580 

,  Li6PON 0.6-1.9 5-20 50-60 150-180 570-
590 

Li2SiPHN 0.7-1.5 2-4 45-55 140-160 ≈600 
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Li3SiPON 0.5-1.2 5-13 45-60 150-200 ≈600 

, , 

,  

Li6SiPON 0.7-1.5 6-15 50-65 150-170 ≈600 

[a] MW = molecular weight. [b] Number monomer units calculated based on MALDI. [c] CY = ceramic 
yield in TGA (800 °C/N2). [d] Td (5%) = 5 % mass loss temp. in TGA (N2/10°C/min). [e] Tm = 
endotherm with no associated mass loss in DTA (N2/10 °C/min). [f] X = H or Li 

Figure 3.1(a) shows the FTIR of representative as-synthesized precursors. Table 3.3 

summarizes literature reported FTIRs of LiPON glasses. Typically, the precursors exhibit νN-

H (~3000 cm-1, ~1500 cm-1), νP=O (1150-1300 cm-1), νP-O- (1000-1150 cm-1), νP-N=P (800-

900 cm-1) and νP-O-P (1150, 780-680 cm-1) absorptions.18,41–46 A small peak at ~2200 cm-1 is 

also observed for all the precursors; suggested by Pichonat et al.45 and Stallworth et al.46, to 

arise from P-N<𝑃𝑃
𝑃𝑃 or P-N=P bonds. Additionally, Si-containing precursors exhibit νC-H at 

~2950 cm-1 from SiMe3 groups. Precursor FTIR often present νO-H at ~3400 cm-1, likely from 

unreacted LiNH2 that reacts with trace moisture forming LiOH. FTIR spectra recorded with 

stringent control of atmosphere during sample preparation show reduced νO-H intensities. 

 
 

Figure 3.1. (a) FTIR spectra, (b). XRD. (C). and XPS of LixPON, LixSiPHN, and LixSiPON 
precursors. 

Table 3.3. Reported FTIR of LiPON glasses. 

IR bands Wavenumber, cm-1 Reference 
P=O 1150-1300 

1-5 
P-O- 950-1150 

P-O-P 1150, 780-680 
P-N=P 800-900 

P-N=P or P-N<𝑃𝑃
𝑃𝑃 2200-2100 5, 6 

-NH2/-NH ~3400 1 
Li-O-P 450-550, 850-925, 1450-1500 2 

 
The Li3PON, Li6PON, Li2SiPHN, Li3SiPON, and Li6SiPON precursors were heated to 60 

°C/Vacuum to remove solvent. Dried powders (1 g) were pelletized (3 mm diameter die). 

Pellets were heated between alumina plates to 100 °C/2 h/1 °C min-1/120 ml min-1 N2.  
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XRDs of Li3PON, Li2SiPHN, and Li3SiPON show low intensity peaks ~30°, 33°, and 35° 

2θ dominated by a broad amorphous hump centered ≈ 22 ° 2θ. The Li6PON and Li6SiPON 

pellets also show three peaks at 30°, 33°, and 35° 2θ indexed to partially crystalline 

Li2.88PN0.14O3.73.47 High Li+ content pellets seem to have higher intensity peaks compared to 

the pellets with lower Li+ concentrations as shown in Figure 3.1(b). 

The absence of significant amounts of crystalline phases means XRD cannot be used to 

quantify phase compositions. Thus, XPS analyses were run on LixPON, LixSiPHN, LixSiPON 

pellets, Figure 3.1(c) reveals signature Li, P, O, Si, N peaks and minor peaks for C and Cl; the 

latter from residual NaCl. The carbon likely arises from brief air exposure forming Li2CO3.  
Table 3.4. Atomic ratios based on XPS analyses for LixPON, LixSiPHN, and LixSiPON. 

Ratio Li3PON Li6PON Li2SiPHN Li3SiPON Li6SiPON 
O/P 6 4.5 3.15 3.56 5.54 
N/P 1.25 1.66 1.84 1.9 2.4 
Li/N 2.68 3.5 1.33 1.43 1.68 

 

Table 3.4 summarizes the XPS data. Li3PON and Li6PON conform to XPS data reported 

previously.9,45,48 XPS analyses also provide information about elemental bonding 

environments. The O 1s peak is attributed to Li-O-P, P-O-P, and P=O bonding environments 

as shown by the core-level spectrum presented in Figure 3.2. The Li/N ratios increase from 

~2.7 to 3.5 as more LiNH2 is added to the PON precursor. The experimental synthesis used had 

an N/P ratio of 3, the lower ratio found in the XPS suggests polymerization by loss of nitrogen. 

Quite important is the fact that the N/P ratio (1.25-1.66) is higher than the highest values 

reported for gas phase deposition techniques (0.92).45 XPS further confirms that the Li3PON 

and Li6PON pellets have 4.7 and 5.35 at. % N, higher than atom % for LixPON films deposited 

by PE-MOCVD and RF magnetron sputtering (4 at. %).49 

The data indicate that the Li/N ratio increases from ~1.43 for Li3SiPON to 1.68 for the 

Li6SiPON precursor as more LiNH2 is used. However, the ratio is smaller than calculated for 

Li3PON (2.86) and Li6PON (3.5) pellets, likely due to the silicon introduced. However, the N 

atom % for Li3SiPON and Li6SiPON are 8.5 and 6.7% respectively. The N/P ratio (1.9-2.4) is 

still higher than found above for Li3PON and Li6PON. The presence of oxygen in the Li2SiPHN 

precursor might be from brief air exposure during pellet pressing forming Li2CO3. The 

calculated atomic composition shows a Li/N ratio of 1.33 similar to Li3SiPON in Table 3.4. 

However, this ratio is smaller than that introduced experimentally for Li2SiPHN, likely a 

consequence of polymerization.  
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Figure 3.2. O 1s core-level spectrum of (a) Li3PON, (b) Li6PON, (c) Li2SiPHN, (d) 

Li3SiPON, and (e) Li6SiPON polymer precursor pellets heated to 100 °C. 

3.3.2 Ionic conductivity of polymer electrolytes  
Table 3.5 summarizes the total ambient conductivities of SS/Celgard+Li3PON, Li6PON, 

Li2SiPHN, Li3SiPON, and Li6SiPON/SS. The polymers showed optimal Li+ diffusivity through 

the separator. The wet conductivities of electrolyte + Celgard are Li3PON 

<<Li6PON<<Li2SiPHN<<Li3SiPON<<Li6SiPON. The incorporation of silicon into LixPON 

improves ionic conductivity (~1 × 10-5 S cm-1) in good agreement with literature reports for 

LiXSiPON thin films as shown in Figure 3.3(a).27,28 

 
 

Figure 3.3. (a)Nyquist plots of SS/Celgard + LixPON, LixSiPHN, and LixSiPON/SS at room 
temperature, (b) N/P ratio vs. conductivity. 

 
According to Roh et al 1999,48 ionic conductivity is determined by the product of charge 

density and mobility. Hence, there are two ways to increase the Li+ ionic conductivity of 

LixPON emulated polymer electrolytes.  
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One is to increase the Li+ content to increase charge carrier densities (i.e. Li3PON to 

Li6PON). This is difficult to achieve using gas phase deposition methods as Li content is nearly 

constant irrespective of the deposition technique (i.e. rf power).50 However, our synthesis route 

permits control of Li+ contents by varying LiNH2 amounts. 
Table 3.5. Total room temperature conductivity of polymer precursors. 

Celgard+polymer Conductivity (S/cm) 
Li3PON 1.1±0.3×10-6 
Li6PON 2.2±0.6×10-6 

Li2SiPHN 2.7±0.4×10-6 
Li3SiPON 6.3±0.1×10-6 
Li6SiPON 8.8±0.4× 10-6 

 

The other is to change the inherent organization of the elements in the polymer to increase 

Li+ mobility (i.e. increasing the N/P ratio), again something difficult to do in gas phase 

approaches. Figure 3.3(b) shows the correlation of N/P ratio with polymer ionic conductivities. 

The increase in the N/P ratio results in a linear increase in conductivity for coated Celgard. A 

maximum conductivity of 8.8 × 10-6 S cm-1 is achieved for the Li6SiPON+Celgard polymer 

electrolyte with an N/P ratio of 2.4. Our N/P ratio is very high compared to traditional gas-

phase techniques resulting in enhanced ionic conductivity.45,50 The positive correlation 

between ionic conductivity and the N/P ratio can be attributed to the decrease in electrostatic 

energy as adding more P-N<𝑃𝑃
𝑃𝑃 crosslink structural units apparently increases Li+ mobility.27,50  

In addition, aliovalent substitution of P5+ by Si4+ in LiXPO4 has been reported to create 

compositions that promote fast Li+ conduction by shortening the distance between Li+ binding 

sites promoting superior ionic conductivity.51 The ionic conductivity of the LiSiPON has been 

reported to be superior to lithium silicophosphate, suggesting that introducing nitrogen to Li2O-

SiO2-P2O5 systems increases Li+ mobility  presumably via reduced electrostatic interactions.27 

Here we find that increasing the Si/P ratio also results in linear increases in conductivity 

deduced from the XPS at.% and EIS measurements for LixSiPHN and LixSiPON electrolytes, 

Figure 3.4 and Table 3.6. The Li6SiPON polymer electrolyte with a Si/P ratio of ~0.5 resulted 

in an ionic conductivity of 8.8 × 10-6 S cm-1.  
Table 3.6. Atomic ratios based on XPS analyses for LixSiPHN and LixSiPON. 

Ratio Li2SiPHN Li3SiPON Li6SiPON 
Si/P 0.17 0.32 0.5 
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Figure 3.4. Correlation of conductivity and Si/P ratio. 

3.3.3 Morphology and electrochemical stability of polymer electrolytes  

 
Figure 3.5. SEM fracture surface images Celgard + polymer precursors heated to 90 °C/12 

h/Vacuum. 

Figure 3.5 shows SEM fracture surface images of Celgard coated with polymer precursors. 

Celgard coated with polymer precursors did show interfaces. The coatings are optimal with 

average coating thicknesses of 5 - 10 µm, see Table 3.7. The fracture surface images of the 

coatings reveal a uniform, smooth, and dense microstructure.  

Tolerance to high potential is very crucial for polymer electrolytes especially for 

development of long-life cycle ASBs with high energy densities. To obtain further insight 

concerning the electrochemical stability of the polymer electrolytes dissolved in THF, the 

linear sweep voltammograms were carried out at a scanning rate of 1 mV s-1.  
Table 3.7. List of Celgard coated with polymer precursors and heated to 90 °C/12 h/vac. 

Sample Coating mass (mg) Coating thickness (µm) 
Li3PON 11±0.3 5±0.5 
Li6PON 15±1.2 9±0.4 

Li2SiPHN 14±0.5 7±0.5 
Li3SiPON 8±2.2 8±0.1 
Li6SiPON 11±0.6 8±0.3 
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Figure 3.6. Linear sweep voltammograms of Li/Celgard + polymer precursor electrolytes/SS. 

 
Figure 3.6 shows linear sweep voltammograms obtained for the Li/Celgard + polymer 

electrolytes/SS from 0 to 9 V. The current increases dramatically when voltage exceeds 7 and 

6 V for Li3PON and Li6PON polymer electrolytes respectively, indicating the decomposition 

potential of LixPON electrolyte in contact with Li. These values are higher than what is reported 

for gas phase deposited LiPON (0-5.0 V vs Li/Li+).52 These quite wide electrochemical stability 

windows appear suitable for Li ASBs with the high-potential cathode materials.53 

Comparatively, Li2SiPHN shows a decomposition potential ~5 V, indicative of good 

oxidative stability for a polymer electrolyte based solely on phosphorus and nitrogen compared 

to the LixSiPON materials. Li3SiPON and Li6SiPON are only stable to 4 V which suggests a 

different decomposition potential perhaps due to the presence of Si. Thus, while incorporating 

Si enhances ionic conductivity by increasing the N/P ratio; it has a limited operating voltage 

window compared to the LixPON electrolytes. The origin of the significant voltage difference 

depends on the electronegativity of the framework,54 which weakens or strengths the covalency 

of the Li-N bonds. The introduction of Si in the polymer precursors decreases the covalency of 

Li-N framework, which decreases the energy of the antibonding states. Hence, the difference 

in voltage stability between the Li+/Li couples in SiPON and PON framework. 

3.3.4 Electrochemical performance of polymer electrolytes 
EIS was used to study the individual resistive elements that comprise the total Li/Celgard + 

polymer electrolyte/Li cell resistance. The symmetric cells were cycled at room temperature 

using DC cycling to determine the critical current densities.  

Figure 3.7 (a) shows the Li/Celgard+Li3PON/Li cell galvanostatically cycled at room 

temperature. 
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 The cell was tested for charge/discharge using a DC steady state method with a constant 

current density (±0.05 mAcm-2). A stable potential of (±0.007 V) was measured over the 

extended cycles. The Li/polymer precursor electrolyte interface stability was characterized vs. 

current density. The potential vs capacity plot in Figure 3.7(b) shows that the Li3PON 

electrolyte is stable to 0.5 mAhcm-2.  

Figure 3.7 (c) shows a Li/Celgard+Li3SiPON/Li cell galvanostatically cycled at ambient. 

The cell was tested for charge/discharge using a constant current (±0.15-0.75 mA). The 

symmetric cell shows a stable voltage response (0.04 V) when a high current density of 0.75 

mA is used. The potential vs capacity plot in Figure 3.7 (d) also shows that the electrolyte is 

stable to 0.375 mAh cm-2 without showing any voltage fluctuation or polarization.  

Figures 3.7 (e) and (d) show the selected overpotential profiles of subsequent lithium 

plating/stripping process on the working electrode in the Li/Li symmetrical cells with Celgard+ 

Li3SiPON as the electrolyte. At current density (j = 0.1 mA/cm2), there is a heterogeneous 

lithium dissolution region on/at the lithium metal anode. The overall dissolution process in 

Figure 3.7 (e-d) is divided into four parts (a, b, c, and d). In the first part (a), the lithium 

dissolution process starts with an immediate steeply increase in the potential to (0.1 V at j = 

0.1 mA/cm2) which is the maximum overpotential in the whole experiment, whereas the second 

part shows a decrease of the overpotential (b), followed by a fast drop to 0.03 V (c). The 

dissolution process shows further decreases in potential to 0.02V (d).  
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Figure 3.7. Galvanostatic cycling of Li/Celgard+Li3PON (a-b) and Li3SiPON (c-d) /Li 
symmetric cell at the current density of ±0.1 mA. Selected overpotential profiles of 
Li/Celgard+Li3SiPON/Li symmetric cell at the current densities of ±0.13 mA/cm2 (e) and 0.66 
mA/cm2 (f). 

 
The rapid increase of the overpotential indicates the end of the corresponding dissolution 

process. The overpotential is high in region (a) because the process primarily takes place on 

the pristine, smooth and low surface area Li substrate. The decrease of the overpotential after 

the first cycle confirms that the corresponding lithium dissolution mostly takes place form an 

already roughened Li surface.55 Similar to dendrite formation, Li plating and stripping also 

change the surface morphology of the electrode.  
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The increase in current distribution (j = 0.6 mA/cm2) might lead to the crack of the SEI and 

increase in the electrode surface area and decrease of the SEI resistance (e). As the local 

roughness makes spots that are preferable for Li stripping and deposition, continuous cycling 

will result in a decrease in overpotential (f) for the rest of the cycle.  

Higher current densities (>0.1 mA) seem to result in higher interfacial impedance as seen 

by the increases in voltage response to 1 V. However, the symmetric cell shows a stable voltage 

response (0.25 V) when at 0.075 mA, Figure 3.8(a). The potential vs capacity plot in Figure 

3.8(b) shows that the electrolyte is stable to 0.375 mAhcm-2. 

 
Figure 3.8. Galvanostatic cycling of Li/Celgard+Li6PON (a-b) and Li6SiPON (c-d)/Li 
symmetric cell at the current densities of ±0.1-7.5 mA. The blue line corresponds to the 
constant current and the black line is the voltage response. 

Celgard coated with Li6SiPON shows an ideal voltage response suggesting that there was 

a minimum interfacial impedance throughout the galvanostatic cycling at room temperature as 

shown in Figure 3.8 (c). This is revealed by a low voltage response at higher current densities 

(±1.5-7.5 mA). The interfacial impedance is nearly constant when the current density increases 

to (±7.5 mA) demonstrating by the voltage response and confirmed per Ohms’ law (R = V/I). 

The potential vs capacity plot shows that the electrolyte is stable to 3.5 mAhcm-2. 
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 These high current densities are attributed to the stability of the Li6SiPON polymer 

electrolyte against Li metal with very low ohmic resistivity of ~1 Ω. In addition, the high 

critical current density of the polymer electrolyte matches rate performances of state-of-art Li+ 

at 1-3 mA cm-2.56 

Figure 3.9(a) shows Li/ Celgard+Li2SiPHN/Li cells galvanostatically cycled at room 

temperature. The cell was tested for charge and discharge using a DC steady-state method in 

which a constant current (±7.5 mA) was used. The symmetric cell shows a voltage response 

(0.02 V) for the first 20 hours at a constant current density of 7.5 mA. The overpotential 

gradually increases to ~0.025 V after the first 10 cycles. This indicates a general increase in 

the overall resistance vs. lithium deposition. Long-term cycling shows that the overpotential 

(~0.03 V) profile becomes constant after the first 20 initial cycles. The potential vs capacity 

plot also shows that the Li2SiPHN electrolyte is stable up to 3.75 mAhcm-2 as shown in Figure 

3.9 (b).  

 
Figure 3.9. Galvanostatic cycling of Li/Celgard + Li2SiPHN/Li symmetric cell at ±7.5 mA. 

The equivalent circuit is shown in Figure 3.10. The R1 and R2 corresponds to the Ohmic 

resistance of the polymer electrolyte and the electrode surface resistance referred as (RSEI). The 

R3 in the insert of Figure 3.10 refers to charge transfer resistance.  

 
 

Figure 3.10. Z fit for the Li/Celgard +polymer electrolytes/Li symmetric cells. 
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Figure 3.11 shows the Nyquist plots of Li/Celgard + polymer precursor/Li symmetric cells 

at room temperature before cycling. EIS measurements compare the impedance differences of 

the symmetric cells using the different polymer electrolytes. In general, the high-frequency 

semicircle relates to Li+ migration through the polymer electrolyte interface resistance, and the 

lower frequency semicircle relates to charge transfer resistance (Rct). The low frequency 

semicircle diameter was divided by a factor of two to determine the Rct as the cell employed 

two Li metals of equal area. At room temperature, a Rct of ~50 Ω cm2 was measured for 

Li2SiPHN polymer electrolyte. This Rct value is similar to state-of-art Li+ liquid electrolytes 

typically tens of Ω cm2.57  The Nyquist plots mainly show high resistance at the electrode 

surface, suggesting that the overpotential of Li stripping and plating processes are dominated 

by the nature of SEI at the Li/electrolyte interface.56 

Lithium transference number (tLi+) was determined following the procedure and equation 

suggested by Bruce et al.61 Symmetrical cells using (Li/polymer coated Celgard electrolytes/Li) 

were monitored under chronoamperometry until a steady-state current was reached. The initial 

(I0) and steady-state (ISS) currents in addition to the initial (Z0) and steady-state (Zss) resistances 

were obtained from the chronoamperometry and EIS measurements. Transference number 

(tLi+) was calculated by the following equation:  

tLi+ = ISS(DV-Z0×I0)/I0(DV-ZSS×ISS) 

The stability of polymer electrolyte against Li was evaluated by monitoring the 

electrochemical impedance spectra of Li/ polymer coated Celgard electrolytes/Li symmetrical 

cell before and after chronoamperometry measurements under open circuit conditions at 

ambient.  
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Figure 3.11. Nyquist plots of Li/Celgard+ (a). Li3PON, (b). Li6PON, (c). Li2SiPHN, (d). 
Li3SiPON, (e). Li6SiPON /Li cells. 

 
Figure 3.11 shows Nyquist plots of symmetric cells assembled with polymer precursor 

coated Celgard electrolytes. The Nyquist plots for cells assembled with Li6PON and Li6SiPON 

electrolytes show that the impedance is stable before and after steady-state current. However, 

the impedance increased after steady-state current is achieved for cells assembled with 

Li2SiPHN and Li3SiPON polymer electrolytes. The spectra start with the Ohmic resistance and 

then show a semicircle at lower frequencies. The Ohmic part of the cell resistance is determined 

by the ionic conductivity of the polymer electrolytes, the following semicircle consequently 

corresponds to the capacitive properties, SEI, and charge-transfer resistance at the Li 

electrodes. Since both plots start at the same high frequency (Ohmic part), the ionic 

conductivity of the Li2SiPHN and Li9SiPON precursors are the same before and after steady-

state current measurement, hence the increment in impedance has to be related to the formation 

of SEI and charge-transfer resistance at the Li electrodes.  

Interfacial resistance (Z0 and Zss) values were obtained by analyzing the real resistances of 

the semicircle of EIS Nyquist plots. After 1 hr., a steady-state current was achieved. Figure 

3.12 shows Chronoamperometry plots of symmetric cells assembled with polymer precursor 

coated Celgard electrolytes. The increase in the transference number for the polymer electrolyte 

is indicative of a chemical interaction between Li and PON and SiPON, that in turn afforded 

high Li+ mobility.  
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It is noteworthy that since the interfacial resistances were higher than the electrolyte 

resistance, this steady-state method is now considered less of a quantitative and more of a 

qualitative comparison of the increase in tLi+.  

 
Figure 3.12. Chronoamperometry plots of the symmetric cells using Celgard coated polymer 

precursors. 

Table 3.8 lists the average transference numbers of polymer precursor coated celgards 

assembled in symmetric cell configuration. The Li2SiPHN precursor showed an ideal 

transference number of ~0.9 comparable to solid-state electrolytes.  

From these preliminary results, the transference number is in the order of 

Li6SiPON<<Li3PON<<Li3SiPON<<Li6PON<<Li2SiPHN.  
Table 3.8. Calculated Li+ transfer numbers of polymer precursor coated Celgard electrolytes. 

Electrolyte tLi+avg 
Li3PON 0.8±0.02 
Li6PON 0.8±0.06 

Li2SiPHN 0.9±0.02 
Li3SiPON 0.8±0.03 
Li6SiPON 0.7±0.06 

 

The electronic conductivity of the polymer electrolytes was determined by DC 

measurements of the current under potential polarization using Bio-Logic SP 300 potentiostat 

with low current functions (current resolution < 1nA). The potential was ramped in the ranges 

of - 0.03 to + 0.03 V with a step of 10 mV and was held at each step for up to 1 hr. The stabilized 

current at each step was used to determine the electronic conductivity. The electronic 

conductivity is deduced from the stabilized current (Iss) using the relation: 

σe = (t×Iss)/(A×U) 
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where t is the thickness of the Celgard (25 µm), A is the area of the Li electrode (radius = 8 

mm), and U is the applied voltage.  

 
Figure 3.13. Time dependence of current during step voltages (a and c). Stabilized current-
voltage relations of Li/LixPON/Li cells (b and d). 

 
The electronic conductivities of Celgards coated with LixPON polymer precursors are 

measured by DC polarization experiments and is summarized in Table 3.9. Representative 

current-voltage plots of Li3PON and Li6PON are shown in Figures 3.13 (a-b) and (c-d) 

respectively. The stabilized current- shows a linear increase with the step increase of voltage 

as expected from Ohms law (V = IR). The Li3PON and Li6PON polymer electrolytes showed 

an average electrical conductivity of ~3 × 10-10 and 2.6 × 10-10 S/cm respectively. These values 

are higher than what is reported for LixPON systems (10-15-10-12 S/cm).58,59 However, the 

reported electrical conductivities are much lower than LLZO (10-8-10-7 S/cm)60 and Li2S-P2S5 

(10-9-10-8 S/cm)61 solid electrolytes. It is also worth to note that the electrical conductivity 

measurements are done on the polymer precursor coated separators, the precursor by itself 

might have lower electronic conductivity. 

 
Table 3.9. List of electrical conductivities for Li/Celgard + polymer precursor/Li cell obtained 
by DC measurements. 

Potential(mV) Li3PON  
σe (S/cm) 

Li6PON  
σe (S/cm) 

Li2SiPHN  
σe (S/cm) 

Li3SiPON  
σe (S/cm) 

Li6SiPON  
σe (S/cm) 

-30 2.9 ×10-10 2.6 ×10-10 2.5 × 10-9 6.2 × 10-10 1.9 × 10-10 
-20 2.9 × 10-10 2.7 × 10-10 2.5 × 10-9 6.2 × 10-10 1.9 × 10-10 
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-10 2.7 × 10-10 2.5 × 10-10 2.5 × 10-9 6.2 × 10-10 1.9 × 10-10 
10 3.1 × 10-10 2.5 × 10-10 2.5 × 10-9 6.2 × 10-10 1.7 × 10-10 
20 3.1 × 10-10 2.7 × 10-10 3.0 × 10-9 6.2 × 10-10 1.7 × 10-10 
30 3.0 × 10-10 2.6 × 10-10 3.3 × 10-9 6.2 × 10-10 1.7 × 10-10 

 

The electronic conductivities of LixSiPON and Li2SiPHN polymer precursors coated 

Celgards are measured by DC polarization experiments and are summarized in Table 3.9. 

Representative current-voltage plots of Li2SiPHN and LixSiPON are shown in Figures 3.14 and 

3.15, respectively. The Li2SiPHN polymer electrolytes showed an average electrical 

conductivity of ~2.7 × 10-9 S/cm. Whereas, the Li3SiPON and Li6SiPON polymer electrolytes 

showed lower average electronic conductivities of ~6.2 × 10-10 and 1.8 × 10-10 S/cm, 

respectively. The increase in Li+ concentration from Li3SiPON to Li6SiPON seems to decrease 

the electrical conductivity in Li6SiPON polymer coated Celgard electrolytes. Further studies 

about the space charge region and heterojunction between the Li metal and the polymer 

precursor electrolytes are needed to understand the electrical conductivity of the electrolyte.  

 
Figure 3.14. Time dependence of current during step voltages (a) and stabilized current-
voltage relations (b) of Li/Li2SiPHN/Li cell. 

Interestingly, the Celgard coated with Li6SiPON polymer precursor showed the lowest 

electrical conductivity when compared to the other polymer electrolytes. This electrolyte also 

showed the highest ionic conductivity and high critical current density (3.75 mAcm-2). All of 

these properties ensured that Li6SiPON has a similar dendrite suppression capability to that of 

LixPON. The Li6SiPON polymer precursor electrolyte was used to assemble a half cell with Li 

metal and SPAN cathode. Detail synthesis and performance of SPAN cathodes can be found 

elsewhere.30  
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Figure 3.15. Time dependence of current during step voltages (a and c). Stabilized current-
voltage relations of Li/LixSiPON/Li cells (b and d). 

Figure 3.16 shows the results of SPAN/Celgard+Li6SiPON/Li cells cycled at 0.5 C rates. 

The Li-SPAN battery cycled for 220 h. without any polarization or voltage fluctuation. The 

half-cell was cycled from 1 to 3 V for 122 cycles. The half-cell showed initial a capacity ~1500 

mAh gsulfur-1; 90 % of theory for Li-S batteries. The capacity decreases to 1000 mAh gsulfur-1 

after the 40th cycle and gradually to 750 mAh gsulfur-1 thereafter. The reported capacity is much 

improved when compared to Li-S batteries assembled with polymer electrolytes as listed in 

Table 3.10.  
Table 3.10. Comparison of reported polymer electrolytes for Li-S batteries. 

Electrolyte Retained capacity C-rate Columbic efficiency Ref 
1 M LITFSI/DOL/DME/PYR14TFSI 846 0.2 94.2 63 

Li[TFSA]/G4/HFE 600 0.5 98 64 [Li(G4)1][TFSA] 450 0.5 98 
1 M LiTFSI/DOL/DME 815 0.5 91.3 65 

PEO at 104 °C 200 0.1  
N/A 

 
66 
 

PEGDME at 23 °C 100 0.05 
PEMO at 60 °C 50 0.025 

Li6SiPON at 23 °C 750 0.5 92 This work 
 

The Li6SiPON polymer electrolyte shows high electrochemical stability at 0.5 C for 122 

cycles. The half-cell shows a slight decrease from 95 to 92 % efficiency after the first 40 cycles. 

It remains ~92 % thereafter. The stability and high performance of the nearly all solid-state 

battery can be ascribed to the unique performance of SPAN and the polymer electrolyte. The 
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most important feature of SPAN is that the sulfur is covalently bound to a polyaromatic 

backbone and forms different structural motifs that reduce detrimental polysulfide 

dissolution.30,62 

 
Figure 3.16. Potential vs. time, charge-discharge capacity, and columbic efficiency plots of 
SPAN/Li6SiPON+Celgard/Li at 0.5 C. 

A high rate of capacity fade is observed for the Li-S battery with polymer electrolytes. 

Three plausible explanations may be given. One is the irreversibility of some of the polysulfide 

reactions. Another is the diffusion of polysulfides into the electrolyte. A third is the loss of 

electrical contact during cycling. The last factor might be due to several phenomena, including 

the formation of large particles of highly resistive sulfur or lithium sulfide, the migration of 

polysulfides away from the carbon phase, and the agglomeration of sulfur or carbon particles 

as a result of the pressure exerted on the cell. Since the SPAN cathode can eliminate the 

formation of polysulfides that results in a fast capacity loss, future work will rely on the 

optimization of the electrical contact between the SPAN cathode and the polymer precursor 

electrolytes. The poor electrical contact is ascribed to result in a decrease in columbic 

efficiency. Efforts to optimize the critical current densities of the other polymer electrolytes 

and for assembly of ASBs remains future work. The interfacial behavior directly dictates the 

lifespan, energy density, and safety of all solid-state batteries. We believe that these polymer 

electrolytes might lower the interfacial resistance and stabilize the interfacial performance of 

all solid-state batteries.  
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3.4 Conclusions  
 In summary, we have presented the synthesis of a set of polymers that emulate LiPON 

chemistries and that allow simple and extensive control of composition, degree of lithiation 

and incorporation of silicon as well as exclusion of oxygen and understand their effects on the 

ionic conductivity. We will demonstrate in the future their use in generating LixPON, 

LixSiPON, and LixSiPHN glasses. The intent was to find a simple alternative to the equipment 

and energy intensive gas phase deposition methods. Our approach involves the synthesis of 

O=P(NH2)3 from OPCl3 followed by lithiation with LiNH2.  

The ionic conductivity of the polymer electrolytes increases with increasing amounts of Li 

and optimizing the N/P ratio. Maximum ambient ionic conductivities of ~1 × 10-5 S cm-1 are 

achieved for the Li6SiPON with 2.4 N/P ratio. The polymer electrolytes also show high ohmic 

stability against Li metal at current densities of 0.375-3.75 mAhcm-2. In addition, the Li2SiPHN 

precursor showed an ideal transference number of ~0.9 comparable to solid-state electrolytes. 

Furthermore, the Li6SiPON polymer electrolyte was used to assemble a nearly all solid-state 

Li/SPAN battery. The stability and high performance of the half-cell was attributed to the 

unique performance of the SPAN and the polymer electrolyte.
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Solid Solutions of Polyethylene Oxide with LixPON and LixSiPON Based 
Polymers 

 

4.1 Introduction  
The potential benefits from all solid-state batteries (ASSBs) have generated intense 

academic and commercial efforts to replace lithium battery liquid electrolytes with electrolyte 

materials that avoid the flammability of current liquids, protect against dendrite growth leading 

to short circuiting, and offer higher energy densities by allowing the use of metallic lithium as 

anode with a theoretical capacity of 3860 mAh g-1.1–3 

The search for solid electrolytes can be divided into polymeric and glass/ceramic with the 

former having the potential to be easily introduced commercially because it represents “drop-

in” technology in that polymeric materials as separators are already widely extant in state-of-

the-art liquid electrolyte batteries.4 Glass/ceramic electrolytes offer potential advantages being 

stable at temperature extremes and wide electrochemical stability windows not accessible to 

polymers. However, glass/ceramic electrolytes normally require much higher processing 

temperatures and their introduction to assembly of ASBs would entail introducing large scale 

changes to battery assembly processes.5,6 Polymer electrolytes offer several advantages 

compared to glass/ceramic electrolytes, such as enhanced resistance to volume variations 

during cycling, excellent flexible geometries, and as noted just above, processability.7,8 

Although polymer electrolytes have demonstrated multiped advantages since their 

discovery in 1973,9 little progress has been made in commercializing them. Dry solid polymer 

electrolytes such as poly(ethylene) oxide (PEO)-LiX [X:Tf-, SO42-, ClO4-, BF4-, SbF6- and PF6-

] systems offer poor Li+ conductivities of 10-5 - 10-6 S cm-1 at room temperature, representing 

a significant barrier to practical applications.10,11 PEO-Li+ systems have been the subject of 

multiple studies because the ethyleneoxy monomer units easily coordinate Li+ ions via a crown-

ether like mechanism.11 These coordination complexes can rigidly bind Li+ to the point where 

diffusion is limited primarily because of the ease of crystallization of PEO systems, even when 

highly crosslinked.12 In general, Li+ transport (diffusion) occurs preferentially through the 

amorphous regions of solid PEO.13,14  
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This process likely occurs via segmental reorientation of neighboring chains coincident 

with Li+ diffusion.15–17 However, an alternate explanation to the segmental motion mechanism 

and the requirement for amorphous phase in PEO to achieve high ionic conductivities was 

recently presented in a study that shows that in crystalline PEO-LiX (X: PF6, AsF6, SbF6) Li+- 

ions diffuse through the cylindrical tunnels without the efficacy of segmental motion,.18,19 

Perhaps both mechanisms are operative but it is clear that more work must be done.19  

In particular, significant attempts to enhance the room temperature-ionic conductivities of 

PEO based electrolytes are reported in many literatures through the use of plasticizers, addition 

of second phase solids that interfere with crystallization and the choice or concentration of Li+ 

salt.20,21 A primary problem with adding organic second phases (plasticizer) is the deterioration 

of mechanical properties at the expense of conductivity and some additives are relatively 

reactive with lithium metal,22,23 narrowing the electrochemical stability window.  

The second approach, introducing an inorganic second phase or filler has also been 

explored in some detail with inert and active Li+ conducting fillers.24–26 Inactive fillers improve 

Li+ conductivity by reducing PEO crystallization. Active fillers contribute to Li+ conductivity 

by both reducing PEO crystallinity and by promoting surface Li+ transport at PEO/nanofiller 

interfaces.27 In previous work, we explored the use of NASICON type Li+ ion conducting 

nanopowders [Li1.3Al0.3Ti1.7(PO4)3] (LATP) in PEO-LiClO4 systems to realize superior 

composite electrolytes that exhibit room temperature ionic conductivities of 10-4 S cm-1.28 

However, the LATP electrolyte suffers from poor chemical stability due to the irreversible 

reduction of Ti4+ when in direct contact with metallic Li.29  

Lithium phosphorous oxynitride (LiPON) has been widely studied since its discovery in 

the early 90’s owing to its negligible electrical conductivity (10-7 μS cm-1),30 high critical 

current density (>10 mA/cm2),31 wide electrochemical stability window (0-5 V vs Li+/Li),31 

and high Li+ transference number.32 However, LiPON exhibits poor ionic conductivity (10-6 

S/cm) at ambient,33 restricting its application to micro-batteries with limited energy densities 

and capacities (0.1- 5 mAh).34 

LiPON and PEO-based electrolytes are recommended interlayer materials because of their 

compatibility when in direct contact with Li anode.35–37 Some studies demonstrate the 

performance of the bilayer structures comprised of LiPON/[Li1.5Al0.5Ge1.5(PO4)].32,37 The 

composite structure benefits from these two layers of electrolytes. Specifically, LiPON is 

desirable interlayer material owing to its high shear modulus (31 GPa) approximately nine 

times that of Li metal, suggesting that it can suppress Li dendrite penetration of electrolytes.32  
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LiPON thin films are typically deposited onto the ceramic electrolyte by radio frequency 

magnetron sputtering technique.32,37 However, gas-phase deposition methods require 

expensive steps to regulate the coating uniformity, deposition atmospheres, rates, and film 

thickness.38–40 Hence, these methods are challenging to assemble ASSBs for large scale 

applications.39 

Recently, we have demonstrated the design and synthesis of inorganic polymers/oligomer 

of LixPON, LixSiPON, and LixSiPHN-like electrolytes by low-temperature, low-cost, and 

solution- processable route.38,39 The development of these polymer electrolytes offers desirable 

properties superior to LiPON glasses.38 These polymer electrolytes also offer high Li+ 

transference number (tLi+ 0.7 – 0.9).38 Dry solid polymer electrolytes are well known bi-ionic 

conductors with tLi+ < 0.5.11 The decrease in the tLi+ is ascribed to the fast migration of anions 

within the polymer matrix, which results in concentration polarization. The electro-polarization 

results in the decrease of the overall electrochemical performance of the electrolyte attributed 

to the increase in internal resistance, voltage drops, and dendritic growth.41 

To minimize the polarization and increase tLi+, the mobility of anions have to be reduced 

either by anchoring the anions to the polymer backbone or by adding a chelator that selectively 

traps the anions.11,42 To the best of our knowledge, no one has sought to apply LiPON derived 

polymer electrolytes as active filler in PEO systems to achieve single-ion conduction. This 

provide the motivation to synthesize LixPON/PEO composite solid electrolyte that profits from 

these polymer mixtures.  

In our efforts to develop LixPON-, LixSiPON-, and LixSiPHN-like polymer precursors,39 

we realized that it might also be possible to use our precursors as active filler in PEO systems 

either as a miscible or immiscible but active second phases. We report here efforts to explore 

the utility of these precursor systems as “active fillers” for PEO to formulate novel solid-

solution composite electrolytes. Note that because our polymers on heating turn in to ceramics, 

these systems are anticipated to offer flame retardance or resistance unlike most liquid or 

polymer electrolytes. Below we present a systematic study on the role of Li+-ion concentration 

in PEO/precursor composites on cation transport properties. Thus, PEO solid solution films 

exhibit enhanced ionic conductivities of ~ 0.1- 2 mS cm-1 at ambient and low activation 

energies (0.2- 0.5 eV) for cation transport. In addition, galvanostatic cycling of SPAN/PEs/Li 

battery (SPAN = sulfurized, carbonized polyacrylonitrile) shows discharge capacities of 1000 

mAh/gsulfur at 0.25 C, and 800 mAh/gsulfurat 1 C with high (~100%) columbic efficiency over 

extensive cycles. 
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4.2  Experimental section 

4.2.1  Polymer synthesis 
Poly(ethylene oxide)[PEO 4 M and 900k] and Li metal foil(99.9%) was purchased from 

Sigma-Aldrich (Milwaukee, WI). Acetonitrile (ACN) and Tetrahydrofuran (THF) were 

purchased from Fischer Scientific (Pittsburgh, PA). All raw materials are regent grade. 

Using precursor design principles reported in chapter 2, we synthesized three LixPON-like 

precursors. The first synthesis method employs oligomeric OP(NH2)3 which, following 

lithiation, produce LixPON precursor as shown in Scheme 4.1. A second precursor incorporates 

Si components based on literature reports that introduction of Si can give rise to fast Li+ ion 

conduction in LiPON as shown in Scheme 4.2,47–49 providing motivation for this selection. A 

third precursor was synthesized from chlorophosphazene [Cl2P=N]3 and eliminates all oxygen 

but also incorporates Si and C. Detailed structural compositions and analysis of the polymer 

precursors can be found elsewhere.38,39 
O
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Scheme 4.1. The design of LiPON-like oligomer/polymer precursor syntheses. 

 
Scheme 4.2. Syntheses of LixPON, LixSiPON, and LixSiPHN precursors. 

After some trial and error, it was determined that solid-solutions of all the precursors form 

readily at 60 wt. % PEO. Such compositions also gave good-to-excellent conductivities. Table 

4.1 lists the formulation of such 60 wt.% PEO/40wt. % polymer precursor solid-solutions. PEO 

(Mw = 900k) powder was first dissolved with 18 ml of ACN. The polymer precursor as a THF 

solution (6 mL) was mixed with the PEO solution and stirred magnetically for 12 h. The 

obtained clear solution was then cast onto a Teflon plate.  
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After slow solvent evaporation at ambient over 24 h, the resulting transparent films were 

then dried at 3 x 10-3 Torr for 24 h at 65 °C. The dried films are referred as polymer electrolytes 

(PEs). Higher PEO concentrations result in poorer ionic conductivity while lower PEO 

concentrations result in poorer mechanical properties. 
Table 4.1 List of PEO and polymer electrolytes dissolved in 18 ml ACN. 

 

 

 
 
 

4.2.2 Symmetric cell assembly 
Symmetric Li/PEs/Li cells were assembled in a glovebox under Ar. Before cell assembly, 

metallic Li foil (16 mm diameter) was scraped to expose a clean surface. The symmetric coin 

cells were cycled at ambient using a potentiostat/galvanostat (BioLogic SP300). The critical 

current densities of the cells were tested using a DC steady state method in which a constant 

current (±0.15- 7.5 mA) was used.39 

Symmetrical cells using (Li/60 wt.% PEO + polymer electrolytes/Li) were monitored via 

chronoamperometry at (Direct voltage) DV = 10 mV until a steady-state current was reached. 

The transference numbers (tLi+) of the polymer electrolytes were calculated based on the 

procedure discussed elsewhere.39 The cyclic voltammetry (CV) data for the polymer 

electrolytes was acquired in the potential range of -1 – 6 V vs. Li/Li+ at a sweep rate of 5 mV/s. 

The CV measurement was performed in a coin 2032 cell using stainless steel (SS) as working 

electrode and Li as counter and reference electrode.  

4.2.3  Half - cell assembly 
Half-cells were assembled using SPAN as the cathode, PEs as an electrolyte, and Li metal 

as the anode. Before cell assembly, the metallic Li (16 mm W X 750 µm T) was scraped to 

expose a clean surface. The coin 2032 cells were compressed using a ~0.1 kpsi uniaxial 

pressure. The electrochemical characterization of the coin cells was performed using a 

potentiostat/galvanostat (BioLogic SP300). A 10 𝜇𝜇L solution of polymer precursors {(Li3PON 

(0.05 g ml-1), Li6PON (0.05 g ml-1), Li2SiPHN (0.08 g ml-1), Li3SiPON (0.1 g ml-1), and 

Li6SiPON (0.1 g ml-1)} dissolved in THF was used in assembling the half-cell to minimize the 

interfacial impedance between the electrodes and the PEs.  

Besides, the cathode and the polymer electrolyte were warm pressed at 5 kpsi /40 °C/ 2 min 

to minimize the IR drop caused by poor interface.  

Polymer Electrolyte Mass of PEO (g) Mass of polymer electrolyte(g) 
Li3PON 0.6 0.21 
Li6PON 0.6 0.14 

Li2SiPHN 0.9 0.6 
Li3SiPON 0.9 0.6 
Li6SiPON 0.9 0.6 
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The half-cells were then briefly warmed to 60 °C in the glove box to further improve Li/PEs 

contact and to prevent hot spots. The cathode slurry was prepared by mixing SPAN (70 wt.%), 

C65 (15 wt.%), and PVDF (15 wt.%) in 1- methyl pyrrolidin-2-one. The slurry was then coated 

on the carbon coated Al foil. The electrode was heated to 60 °C/ 12 h/Vacuum before assembly.  

4.3 Results and discussion 

4.3.1  Characterization of PEO/polymer precursor solid-solution films 
Following optimization of the solid-solution systems, we then explored formulation of 

PEO/precursor solid-solution composite systems and characterized them by FTIR, XRD, XPS, 

SEM, DSC, and EIS. Detailed analyses of the PEs in symmetric and half-cell are also presented 

using Li metal and SPAN electrodes.  

 
Figure 4.1. FTIRs of polymer electrolyte films heated to 65 °C/24 h/Vac. 

The Figure 4.1 FTIRs of films heated to 65 °C/24 h/Vac show a peak near 3300-3500, 

ascribed to 𝜈𝜈N-H/O-H. There is a small νC-H peak ≈ 2900 cm-1. The minor peak around 1400 

cm-1 is typical for N-H bending. Besides, peaks at 1090, 1142, and 839 cm-1 correlate to PEO.28  

4.3.2 In situ XRDs and XPS studies of PEs 
Rigaku (Rigaku Denki., Ltd., Tokyo, Japan) was used to analyze the crystal structures of 

the PEs films, as well as pure PEO. Films were heated from 25° to 65° and 100 °C min-1 at 3 

°C min-1. The films were then cooled to room temperature. Temperature dependent in situ XRD 

were examined with Cu Kα radiation of wavelength 𝜆𝜆=1.541 Å operating at 40 kV and 44 mA 

with high D/teX Ultra 250 detectors in the 10° to 40° 2θ range using a step width of 0.02°. The 

slow scan rate was used to minimize the signal-noise ratio. Graphite was used as a substrate 

for thermal conductivity and as an internal standard for quantifying peak shifts. 
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The Figure 4.2a XRD patterns of pure PEO show a large intensity peak at 23.5° 2θ, 

followed by a second maximum peak at 19.3° and doublet peak at 26.45° 2θ corresponds to 

(112), (120), and (222) planes (PDF: 00-049-2201) respectively. 

 
Figure 4.2. In situ XRDs of a. pure PEO, b. 60PEO:Li3PON, c. 60PEO:Li6PON, d. 
60PEO:Li2SiPHN, e. 60PEO:Li6SiPON, and f. 60PEO:Li6SiPON at selected temperatures. 

 Table 4.2 lists the d-spacing and peaks for the various PE films at selected temperatures. 

The peak near 2θ ~29 ° is ascribed to the graphite substrate. All peak positions shift with respect 

of the graphite substrate as standard.  
Table 4.2. Peak list, and d spacing of PEO based polymer electrolytes at selected temperatures. 

Sample 25 °C 65 °C Cooled to 25 °C 
2𝜃𝜃(°) d-spacing (°)  2𝜃𝜃(°) d-spacing (°)  2𝜃𝜃(°) d-spacing (°)  

PEO 19.3 4.55 20.6 4.3 18.8 4.7 
23.5 3.75 25.6 3.4 23 3.86 

60PEO/ Li3PON 19.1 4.64 20.9 4.25 18.8 4.72 
23.1 3.83 25.3 3.52 23 3.85 

60PEO/Li6PON 18.8 4.72 20.9 4.24 18.8 4.72 
23.2 3.82 25.1 3.54 23.2 3.83 

60PEO/ Li2SiPHN 18.9 4.67 21 4.21 18.7 4.72 
23.1 3.83 25.4 3.5 23 3.85 

60PEO/Li6SiPON 18.8 4.72 20.9 4.23 18.9 4.67 
22.9 3.87 25.3 3.5 23.1 3.84 

 

Figure 4.2(b-f) shows in situ XRD patterns for PEs films. The composite films show the 

largest intensity peak at 23.3° 2θ, following a second less intense peak at 19° 2θ and a small 

peak ~ 26.2° 2θ. The X-ray spectra of PE films at room temperature exhibit peak shifts towards 

lower diffraction angles compared to pure PEO as listed in Table 4.2. For example, the (112) 

peak shifts from 19.3° to 18.8° 2θ when Li6SiPON precursor is introduced. The d-spacings 

between (112) planes increase from 4.55 to 4.72 Å suggesting strong interactions with the 

precursor. Shifts in XRD peaks can be caused by strain or stress.50 The differences in 

crystallization kinetics is attributed to the variation in miscibility between PEO and the 
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precursor systems. Addition of the PEs especially with Me3Si moieties reduces crystallinity 

considerably as demonstrated by broadening and reduction of PEO peak intensities vs. 

graphite. 

The Figure 4.3 XPS survey of the PE films provides the elemental compositions of the 

polymer electrolytes showing the expected elements for LiXPON and LiXSiPON with an 

additional peak for C from PEO. Table 4.3 summarizes the obtained XPS results. 

 
Figure 4.3. XPS spectrum (600 to 0 eV) of PEs and PEO film. 

The resulting atomic percentage (at. %) demonstrate that the Li/N ratio increases from ~ 

0.9 to 1.3 with the increase LiNH2 amount for 60PEO/Li6SiPON film. However, this ratio is 

smaller when compared to Li3PON (1.9) and Li6PON (2.5) polymer composite films. This 

might be attributed to the introduction of silicon in the polymer precursor. The N/P ratio 

deduced from the XPS analysis (Table 4.3) is smaller than what is experimentally calculated 

(3), this decrease is likely associated with loss of nitrogen by polymerization. However, 

compared to gas phase deposited LixPON materials, the obtained N/P ratios (1-1.5) for the PE 

films are higher.51  
Table 4.3. The calculated atomic compositions for PE composite films. 

Ratio Li3PON  Li6PON   Li2SiPHN   Li3SiPON Li6SiPON 
N/P 1.06 1.1 1.5 1.2 1.01 
Li/N 1.9 2.5 1.1 0.9 1.3 

 
The element bonding environments can be obtained from the XPS analysis. The binding 

energy of the carbon in all the polymer composite films coincides with the most intense PEO 

carbon peak of the -CH2-CH2-O-repeat unit.  
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4.3.3  Microstructure and DSC studies of PEs 

 
Figure 4.4. a. Optical images of PEs and SEM images of b. 60PEO:Li3PON, c. 
60PEO:Li6PON, d. 60PEO:Li2SiPHN, e. 60PEO:Li3SiPON, f. 60PEO:Li6SiPON heated to 65 
°C/24 h/Vac.  

The literature reports that for PEO/Li salt mixtures, the intoduction of adequate excess salt 

reduces the crystallinity and crystallization temperature of the PEO system as a result of cation 

and ether oxygen interaction.44 Our PE films do not contain any salt, thus the cations and ether 

oxygens interaction is proposed to occur as a result of cations dissociation from the polymer 

precursor backbone. The PEO crystallization is directly infulenced by the cation dissociation 

and its interaction with ether oxygens or, indirectly gorvened by the microstrcure of the film 

during crystallization.  
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Figure 4.5. EDX images of (a) 60PEO:Li3PON, (b) 60PEO:Li6PON, (c) 60PEO:Li2SiPHN, (d) 
60PEO:Li3SiPON, (e) 60PEO:Li6SiPON heated to 65 °C/24 h/Vac. 

Figures 4.4 b-f show SEMs of PE films heated to 65°C/24 h/Vac. The film microstructures 

look very dense. The observed microstructure depends on the preparation procedure which is 

a critical in optimizing the dispersion of the polymer precursors in the PEO matrix. The 

60PEO:LixSiPON films’ surface morphology appears to be uniform, dense and smooth. The 

morphology of 60PEO:Li2SiPHN film showed irregular surface with crystalline domains. The 

introduction of Li3PON precursor into the polymer matrix resulted spherulitic structure. The 

diameter of spherulites seems to increase with the increase Li content (i.e. Li3PON to Li6PON), 

might be ascribed to the increase in nucleating center during film formation.52 Figure 4.5 

presents the elemental distribution of the polymer electrolytes. EDX map of LixPON and 

LixSiPON films show well-dispersed signature elements (P, O, N, and C) and (Si, P, O, N, and 

C), respectively.  

To analyze the influence of polymer precursors on the crystallinity of PEO, we first 

determined the PEO crystallinity for each PE films using DSC (𝜒𝜒c). The percent crystallinity 

was calculated using as 𝜒𝜒c = ∆Hm/(wt.PEO)∆H0m, where ∆Hm is the melting enthalpy acquired 

from the DSC measurement and ∆H0m is the melting enthalpy of pure crystalline PEO. 
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Literature values for ∆H0m range from 188 to 216 J g-1. 50,53,54As such we assumed that the ∆H0m 

= 206 J g-1.53  

Figure 4.6 shows the DSC thermogram of a pure PEO film and all the PEs films. For the 

prisine PEO sample an endotherm is seen at ~ 71 °C for the 1st cycle which shifts to 69 °C after 

the 2nd and 3rd cycles. This is ascribed to melting of crystalline PEO. Pure PEO also exhibits a 

crystallization exotherm peak near ~ 38 °C. The peak crystallization temperatures (Tc) can also 

be determined from the cooling response. The addition of the PEs to PEO decrease Tc slightly.  

 
Figure 4.6. DSC thermograms of pristine PEO and PEs films 3rd cycle. 

In Figure 4.6 endotherms are observed for all PE films. Table 4.4 lists the calculated percent 

crystallinity and found melting temperature of these solid-solution electrolyte films. The degree 

of crystallinity is of the order Li2SiPHN>Li6PON>Li3PON> Li6SiPON>Li3SiPON. Tm 

decreases with the introduction of the PEs, suggesting that PEO crystallization is hindered. The 

crystallization temperature is also reduced from 40° to 38°-30 °C, comparing pristine PEO vs. 

the PEs. These results are in good agreement with the XRD peak broadining and smooth surface 

microstrcuture observed by SEM microgrpahs.  
Table 4.4. Thermal properties of PEO derived polymer electrolyte films. 

Sample  Tm (°C) Heat of melting (J/g) Degree of crystallinity (𝜒𝜒c) 
PEO 69 191 93 

60PEO:Li3PON 62 93 45 
60PEO:Li6PON 62 96 47 

60PEO:Li2SiPHN 61 116 56 
60PEO:Li3SiPON 58 30 15 
60PEO:Li6SiPON 61 60 30 
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4.3.4 Conductivity studies of PEs 
The ionic conductivity is highly corelated with the charge density and mobility of active 

spices.55 The key design paraments to enhance the ionic conductivity of the polymer precursor 

electrolyte are listed in three folds. (1) Decrease the crystallinity of PEO matrix, 56 (2) Increase 

the charge carrier densities by increasing the Li+ concentration (i.e. Li3PON to Li6PON). This 

is challenging to attain using gas phase deposited LixPON as Li concentration is almost 

constant regardless of the deposition methode (i.e. rf power).57 In addition, dispersing ceramic 

LixPON in PEO matrix is very difficult. However, our polymer precursor synthesis method 

governs the Li+ concentration by varying LiNH2 contents, and the fact that the as-synthesized 

polymer precursor is already in THF solution easiness the way to disperse with PEO host. (3) 

The other is to optimize the intrinsic composition of the polymer to increase Li+ diffusion (i.e. 

increasing the N/P ratio) and decrease anion transport. Figure 4.7a shows Nyquist plots of 

60PEO:Li3PON, Li6PON, Li3SiPON, Li2SiPHN, and Li6SiPON composite films at ambient.  

The in-plane ionic conductivity and activation energies were calculated following the 

equations (2) and (3), respectively: 

𝜎𝜎 = 𝑡𝑡/(𝐴𝐴𝑒𝑒 ∗ 𝑅𝑅)                                                         (2) 

𝜎𝜎𝑇𝑇 = 𝜎𝜎𝑜𝑜exp (− 𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵𝑇𝑇

)                                                      (3) 

Where 𝑡𝑡 is the thickness of the film, 𝐴𝐴𝑒𝑒 is area of the electrode, 𝑅𝑅 is the resistivity 

acquired from the Nyquist plot, 𝜎𝜎𝑜𝑜 is the pre-exponential factor, 𝐸𝐸𝑎𝑎 is the activation energy, 

𝑘𝑘𝐵𝐵 is the Boltzmann constant and T is the absolute temperature.  

Table 4.5 lists the total room temperature conductivities of PE films heated to 65°C/12 

h/Vac. The PEO/Li3SiPON composite film offers the highest conductivity of 2.8 x 10-3S cm-1. 

The as-cast and warmed PEO/polymer films offered thicknesses in the range of 25-50 µm.  

 
Table 4.5. Total room temperature conductivity of PEs. 

Precursor Conductivity (S cm-1) 
Li3PON 4.4 ± 0.6× 10-4 
Li6PON 3.7 ± 0.4× 10-4 

Li2SiPHN 1.1 ± 0.3 × 10-3 
Li3SiPON 2.8 ± 0.2 × 10-3 
Li6SiPON 2.7 ± 0.1 × 10-4 
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Figure 4.7. a. Nyquist plots of PEs at ambient b. correlation between N/P ratio(black), 
crystallinity percentage (red) and ionic conductivity of PEs(blue). 

Figure 4.7b demonstrate the relation between N/P ratio, crystallinity percentage, and ionic 

conductivity of the polymer electrolytes. Here, we have demonstrated that the ionic conduction 

mechanism of the PEs depends on both the N/P ratio and the nature of amorphous phase 

obtained from XPS and DSC data respectively. The reported N/P ratios in this study, are 

relatively high compared to gas phase deposited LixPON electrolytes, which result in 

significant improvement in ionic conductivity.51 The decrease in electrostatic energy as a result 

of more P-N  cross link structure in the PEs is one of the main factor contributing to the 

increase in Li+ mobility.47,57 The structures of the polymer precursors are shown in Schemes 

4.1 and 4.2. The 60PEO:Li2SiPHN showed the highest N/P ratio (1.5), resulting in decrease in 

electrostatic energy; however, this alone did not result in fast ion mobility compared to 

60PEO:Li3SiPON thin film. This is ascribed to the fact that the 60PEO:Li2SiPHN film showed 

the highest crystalline percentage (~ 56%). Similar phenomena is observed for the 60 

PEO:LixPON polymer electrolyte. This indicate that the main limiting factor for fast Li+ 

diffusion is the mobility of the PEO matrix. Although some reports show that crystalline PEO 

can offer fast ionic transport, prevailingly, the crystalline region of the PEO is detrimental 

factor owning to the slower chain dynamics upon crystallization resulting in decrease ionic 

conductivity.58  

The decrease in crystallinity of 60PEO:Li3SiPON (~ 15%), along with the high N/P ratio 

resulted in superior ionic conductivity ~ 2.8 mS cm-1 at ambient in good agreement with DSC 

(Figure 4.6), In Situ XRD (Figure 4.2), and XPS data (Figure 4.3). This value is much higher 

than gas phase deposited LixPON typically 10-3 mS cm-1 59 at ambient, and higher than simple 

PEO/Li+ salt polymers as shown in Table 4.6.52  
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This is ascribed to solvation ability of polymer backbone and homogenous miscibility of 

the polymer precursor in the PEO as shown by the optical image of Figure 4.4a. For 

comparison, the ionic conductivity of polymer electrolytes with different Li salts and 

plasticizers at room temperature are listed on Table 4.6.  
Table 4.6. Examples of PEO-based polymer electrolytes with Li salt and plasticizer. 

Polymer matrix  Li salt  Plasticizer 𝜎𝜎 (S cm-1) Ref. 
PEO LiTF EC 1.5 x 10-4 [2] 
PEO LiTFSI SN 1.5 x 10-3 [3] 
PEO LiClO4 DMP ~10-5 [4] 
PEO LiBOB SN ~ 10-4 [5] 
PEO LiBF4 MMPIPF4 2 x 10-3 [6] 
PEO LiPF6 MMPIPF6 1.13 x 10-3 [6] 

1EC (ethylene carbonate), SN (succinonitrile), DMP (dimethyl phthalate), MMPIPF4 (1-n-
propyl-2,3-dimethylimidazolium tetrafluoroborate). 2 
 

The solvation state of Li+ ions highly depend on the polymer backbone, bearing the ionic 

group. The LixSiPON polymer precursor with high nitrogen atoms appears to favor Li solvation 

compared to LixPON polymer precursors. Charge transport requires both efficient ionic 

solvation and low migration barrier. Hence, the solvated Li+-ions mobility must be optimized 

through the polymer matrix to produce superionic polymer electrolyte thin films, which 

requires the amorphous nature of PEO matrix.27 

 A key design factor for PEO-based electrolytes is generally to suppress the crystallinity 

and increase amorphous wt.% fraction for ion transport.12 Generally, lithium salt with bulkier 

anions are preferred, due the well-delocalized negative charge promoting fast Li+ diffusion and 

improving the ionic conductivity.60 As the predominate ionic diffusion occurs in the amorphous 

region of PEO, segmental motion and local relaxation of the PEO matrix are needed for Li+ 

transport. The proposed Li+ ion conduction mechanism for the PEO/Li salt is through a 

segmental motion, where the Li+ ions are coordinated by the ether oxygen atom.12 In the 

PEO/Li salt systems, both the cations and anions are mobile species resulting in a decrease in 

the transference numbers, which is generally < 0.5 due to the electro-polarization from anion 

buildup.61 The electro-polarization can lead to a decrease in the electrochemical performance 

due to high internal impedance, IR drops, and dendritic growth.62  

Single-ion conductor can overcome these challenges faced by salt-doped counterparts. 

Previous studies indicate that high ionic dissociation and enhancement in the concentration of 
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charge carriers can be achieved by introducing nitrogen atoms into the backbone of the 

polymer, which is known to decrease the anion-cation binding energies.61,63 The anions of the 

polymer precursors (LiXPON and LiXSiPON) are proposed to be chemically bound with the 

PEO polymer back bone resulting in only cation transport. The anionic units in these polymer 

precursors/PEO mixtures are predicted to be immobile in regarding of conductivity. This theory 

is supported by the achieved high ionic conductivity at ambient, a very low activation energy, 

high tLi+, and stability of the PEs in symmetric and half-cell configurations. The difference in 

solvation might be related to the property of the interface between the PEO functionalized 

segments and the polymer precursors.  

Lithium transference number (tLi+) was determined following the procedure described 

elsewhere.38 The stability of PEs against metallic Li anode was analyzed by observing the 

Nyquist plots of Li/60 wt.% PEO: PEs/Li symmetrical cells before and after 

Chronoamperometry measurements at ambient. The Ohmic region of the cell impedance is 

usually associated with the high-frequency range semicircle, which is associated with the 

resistance of the PEs, the semicircle at low frequencies is attributed to the capacitive properties, 

Solid electrolyte interface (SEI).  

Table 4.7 lists the tLi+ of the various polymer precursor electrolytes. The increase in the tLi+ 

for the PE films suggests that the chemical interaction between Li and PON, SiPON, and 

SiPHN, results in fast Li+ mobility.  
Table 4.7. Li+ transfer numbers of PEs. 

Samples tLi+ avg 
Li3PON 0.6±0.05 
Li6PON 0.5±0.07 
Li2SiPHN 0.8±0.01 
Li6SiPON 0.65±0.05 

 
The tLi+ of the PEO based polymer precursor electrolytes assembled on symmetric cell 

configuration. The Li2SiPHN precursor showed a high tLi+ of ~0.8 comparable to single-ion 

conducting polymer electrolytes. 11The transference number decreased for the PEO based 

polymer electrolytes compared to the pristine LixPON polymer electrolytes.38 This might be 

ascribed to the increasing mobility of both cation and anion in the PE film due to high flexibility 

of the PEO segments. The increase in the transference number of Li2SiPHN might be due to 

the cyclometric structure of SiPHN, the molecule is bulkier than SiPON and PON hence lower 

anion mobility. One method to obtain single-ion conducting polymer electrolyte is by 

anchoring the anions to the polymer backbone.11   
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Figure 4.8 shows typical Arrhenius plots for the PEs films, where AC impedance 

measurements was performed in a frequency range of 7 MHz to 1 Hz at -15 °C to 70 °C. The 

activation energy is the sum of the energy required to from defects and the ion migration 

energy, which was obtained by linear fitting the log conductivity with 1/T plots.52 The linear 

fit of the Arrhenius plots was used to calculate the activation energies of the PEs as listed in 

Table 4.8. The superior ionic conductivity in the PEs is ascribed to the increase in mobile Li+-

ion concentration and the decrease in PEO crystallinity. 
Table 4.8. Activation energies of PEs composite films. 

Polymer electrolyte Activation energy (eV) 
Li3PON 0.23 
Li6PON 0.45 

Li2SiPHN 0.5 
Li3SiPON 0.34 
Li6SiPON 0.32 

 

 
Figure 4.8. Arrhenius plots PEs films (25-50 µm) heated to selected temperatures. 

Table 4.9 records the total ionic conductivities of the PE films heated to selected 

temperatures. Optimization of ionic conductivity was achieved by introducing the ionically 

conducting PEs which are key to improving the room temperature and reducing the activation 

energy for cation transport. 
Table 4.9. Total conductivities (σt) of PEs heated to selected temperatures. 

T (℃) 𝜎𝜎(S cm-1) 
Li3PON 

𝜎𝜎(S cm-1) 
Li6PON 

𝜎𝜎(S cm-1) 
Li2SiPHN 

𝜎𝜎(S cm-1) 
Li3SiPON 

𝜎𝜎(S cm-1) 
Li6SiPON 

-15 
0 
25 
35 
45 
65 
70 

1.4 × 10-4 
2.8× 10-4 
4.7 × 10-4 

7 × 10-4 

1.1 × 10-3 

1.2 × 10-3 

1.9 × 10-3 

1.9 × 10-5 
6.3× 10-4 
9.4 × 10-4  

1.7 × 10-3 

1.9 × 10-3 

4.7 × 10-3 

7. × 10-3 

4.6 × 10-5 
1× 10-4 
1.6 × 10-3  

3.5 × 10-3 

4.4 × 10-3 

1.3 × 10-2 

1.8 × 10-2 

4.2 × 10-5 
5.2× 10-5 
2.8 × 10-4  

3.5  × 10-4 

4.7 × 10-4 

1 × 10-3 

1.2 × 10-3 

4 × 10-5 
5× 10-5 
2.7 × 10-4  

5.4 × 10-4 

5.6 × 10-4 

1.6 × 10-3 

1.7 × 10-3 
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The temperature dependent conductivity of the PEs increases with increases in temperature 

for all PEO/precursor systems. The activation energies decrease from 0.5 to 0.23 eV for 

Li2SiPHN vs. Li3PON precursor. This latter value is ascribed to the amorphous nature of the 

PE hindering the crystallinity of the PEO and facilitating fast Li+ motion as supported by DSC 

data. 

4.3.5 Symmetric studies of Li/PEs/Li 
Figure 4.9 shows galvanostatic cycling of Li/60PEO:Li3PON, Li2SiPHN, Li6SiPON /Li at 

ambient. The symmetric cells show nearly constant voltage response of 3, 2 and 30 mV for 

Li3PON, Li2SiPHN, and Li6SiPON based PEs respectively. These results suggests that the PEs 

are stable vs. Li metal at higher current densities (0.325 mA cm-2) compared to conventional 

PEO/Li salt electrolytes (0.1 mA cm-2).64,65  

 
Figure 4.9. Galvanostatic cycling of Li/60PEO: a. Li3PON, b. Li2SiPHN, c. Li6SiPON/Li 
symmetric cells at the current density of ±0.15-0.75 mA, and d. Li/60PEO:Li6PON /Li 
symmetric cells at the current density of ±1.5-7.5 mA at room temperature. e. potential vs. 
time profile of Li/60PEO:Li6PON /Li cell. 

 
Figure 4.9d. shows galvanostatic cycling of Li/60PEO:Li6PON/Li at room temperature. 

The main goal of the symmetric cell experiment was to increase the current densities and study 

the interfacial behavior of the electrode-electrolyte such that an optimal c-rate is used when 

half-cell is assembled.  

The symmetric cell shows a stable voltage response of 0.02 V for the first 40 h, the 

interfacial resistance seems to increase as demonstrated by the increase in voltage to 0.05V 
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after the 20th cycle. The 60PEO:Li6PON film is stable vs. Li metal at higher current densities 

(3.25 mAh cm-2) compared to traditional PEO/Li salt electrolytes (0.1 mA cm-2).64 It is also 

worth mentioning that these symmetric cell studies are performed at room temperature while 

most PEO/Li salt studies are performed at elevated temperatures (>65 °C).65 Most 

polymer/solid electrolytes are limited by the solid-solid diffusion at the interface, resulting in 

a reduction of the critical current densities.66 Here, we are able to enhance the interface between 

Li metal electrode and the polymer films by melt-bonding the PEs on top of the Li surface.  

The development of high energy density ASSBs depends on the stability of the solid 

electrolyte at wide potentials. CV was carried out at a scanning rate of 5 mV/s at ambient to 

examine the electrochemical stability of the PE films. Figure 4.10 shows CVs acquired for the 

Li/PEs/SS cell in the ranges of -1 V to 6 V. The cathodic and anodic peak ~ 0 V suggests the 

lithium plating and stripping demonstrating that the Li+-ions can migrate through PEs and 

deposit on the stainless-steel side and vice versa. At higher voltage, the current response is 

quite small, demonstrating the wide electrochemical stability of the PE films.  

 
Figure 4.10. Cyclic voltammetry of Li/PEs/SS at a sweep rate of (a) 5 mV/sec and (b) 0.1 
mV/sec. 

4.3.6 Half-cell studies of SPAN/PEs/Li 
The composite cathode shows a 3-D network of structures forming micro globules. The 

EDX map in Figure 4.11 shows the signature element (S, C, and Al) distribution for SPAN. 

Figures 4.12 and 4.13 show SEM and EDX images of SPAN-based active material warm 

pressed with 60PEO:Li3PON and 60PEO:Li6PON respectively. There is a noticeable interface 

between the polymer electrolyte, cathode, and current collector. Elemental mapping of the 

catholyte shows well-defined phosphorus, aluminum, and sulfur interface distributions. The 

compiled EDX image also shows a clear elemental layered structure where C, N, and P are in 

the top region ascribed to the polymer electrolyte and the middle region is mostly occupied by 

sulfur and the bottom is dominated by Al.  
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Figure 4.11. SEM fracture surface image of SPAN. 

 

Figure 4.12. SEM and EDX images of SPAN + 60%PEO/Li3PON pressed at 5 kpsi /40 °C/ 2 
min. 

 

Figure 4.13. SEM and EDX images of SPAN + 60%PEO/Li6PON pressed at 5 kpsi /40 °C/ 2 
min. 

Figures 4.14 show SEM and EDX images of SPAN/60PEO:Li2SiPHN warm pressed at 5 

kpsi/40°C/2 min. The SPAN cathode warm pressed with 60PEO:Li2SiPHN present very 

smooth and uniform interfaces, ideal catholytes. The EDX map shows a well distributed 

elements (Si, P, and O) at the top of the image ascribed to the polymer precursors, C is also 

dominant in the middle region along with S, attributed to the cathode. The bottom interface is 

mainly composed of Al from the current collector.  
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Figure 4.14. SEM and EDX images of SPAN+ 60%PEO/Li2SiPHN pressed at 5 kpsi /40 °C/ 
2 min. 

Figure 4.15a illustrates the result of SPAN/60PEO:Li6SiPON/Li cells cycled at various C 

rates. The Li-SPAN battery cycled for 500 h with minimal voltage fluctuation. The half-cell 

was cycled from 1 to 3 V for 100 cycles. The galvanostatic cycling profile shows that the Li-S 

cell was cycled for 30 cycles at 0.25 C, 20 cycles at 0.5 and 1C and the last 20 cycles at 0.25 

C. During the initial discharge cycle, the obtained voltage plateau (~1.5 V) is lower than the 

potentials observed in succeeding cycles as shown in Figure 4.15a. This suggests that the 

discharge process involves a different reaction. In the subsequent cycles, the voltage profile 

shows an increase (1.7 and 2.2 V) during the 100 cycles. These voltage plateaus are obviously 

different from what is commenly reported for Li-S cells, where a two-step discharge plateau is 

reported ascribed to the reaction of Li+ and elemental sulfur to form lithium polysulfides ~ 2.4 

V. The second plateau ~ 2.1 V is associated with the formation of short-order polysulfide.53,67,68 

The presence of only one voltage plateau ~ 2.2 V is vital as it suggests that lithium polysulfides 

does not form in Li-SPAN cell, which suppresses polysulfide shuttle effect and maximizes 

cycle life, this is typical for SPAN cathodes.69 The plausibility of this hypothesis is also 

supported by the high columbic efficiency.  

The half-cell showed initial discharge capacities of ~ 1800 mAh/gsulfur, higher than the 

theoretical capacity for sulfur (1672 mAh/g) as seen in Figure 4.15b. This suggests that the 

carbon framework of SPAN (𝜋𝜋- conjugated pyridinic) contributes to the initial capacity. It is 

probably a mixture of Faradic capacity as a result of SEI formation on carbon during the initial 

cycle and a non-Faradic pseudo-capacitance.68,69  
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Figure 4.15. Galvanostatic cycling plots of SPAN/60PEO:Li6SiPON/Li at selected c-rates (a-
c) and d. cyclic voltammogram at 0.1 mV sec-1.  

The half-cell charges and discharges to the targeted potentials with minimal polarization 

for 100 cycles at the desired C-rates. The capacity starts to decrease to 1000 mAh gsulfur-1after 

the 1st cycle. The capacity showed a slight decrease to 950 and 800 mAh gsulfur-1 at 0.5 and 1 C, 

however, the capacity was recovered when cycled back to 0.25 C. The Li/S cathode shows high 

capacity, high cycle stability, and high discharge/charge capacity. The 60PEO:Li6SiPON 

polymer electrolyte also showed high electrochemical stability at a high rate of 0.25, 0.5, and 

0.1 C for 100 cycles. A columbic efficiency of ~ 100 % was maintained throughout the cycle 

(Figure 4.15c).  

Figure 4.15d shows cyclic voltammogram of SPAN/60 PEO:Li6SiPON /Li. CV provides 

additional information about the electrochemical property of the SPAN cathode and the PE 

films. It is possible to confirm that sulfur as S2 and S3 are the major species in the SPAN 

electrode.69,70 The CV curves show multiple redox peaks; note that the lower voltage plateau 

for the initial discharge process is in a good agrees with the voltage profile obtained from the 

galvanostatic cycling studies shown in Figure 4.15a. 

If these PEO/polymer precursors can be melt cast onto cathodes and Li metal at the melting 

point of PEO (65°-75 °C) it may be possible to replace liquid electrolytes in traditional Li-ion 

batteries with melt cast mixtures of these materials eliminating fire hazards, reducing the extent 

of containment seals needed and perhaps greatly simplifying ASB assembly.  
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4.4  Conclusions 
A maximum ionic conductivity of 2.8x 10-3 S cm-1 is achieved for 60PEO:Li3SiPON films 

at ambient. The enhancement in conductivity of this PE is ascribed to the suppression of PEO 

crystallinity and the increase in the N/P ratio. The LixSiPON polymer precursor with high 

nitrogen atoms seems to favor lithium solvation better than LixPON polymer precursors. 47,57 

Besides, the high Li+ transference number of Li2SiPHN indicates that the mobility of anions 

has been limited ascribed to the polymer precursor backbone. In addition to the enhanced ionic 

conductivities vs traditional PEO electrolytes, these active polymer precursor fillers offer 

improved stability against lithium metal at higher current densities. Galvanostatic cycling of 

SPAN/PEs/Li cell shows discharge capacities of 1000 mAh/gsulfur at 0.25 C and 800 mAh/gsulfur 

at 1C. The cell also shows high capacity retention over 100 cycles with 100% columbic 

efficiencies. 
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Polymer Precursors as a Coating and Binder Materials 
 

5.1 Introduction 
A well-established problem with cycling lithium-ion batteries with any type of electrolyte 

is that during recharging, Li deposition can be non-uniform causing metal dendrites to grow 

more rapidly at the expense of uniform coverage such that they can penetrate the electrolyte 

layer bridging to the cathode.1-3 Bridging causes a short circuit that can lead to catastrophic 

failure.4,5 Consequently, tremendous efforts have been directed to solve this problem. 

In part, these efforts led to the development of ceramic electrolytes originally thought to 

offer a mechanical solution by blocking dendrite growth, including for example LATP 

[Li1.3Al0.3Ti1.7(PO4)3] and c-LLZO (Li7La3Zr2O12).6-11 However, these materials were found to 

suffer from other problems that render them less than completely practical for battery 

applications. Thus, LATP undergoes irreversible reduction during cycling.11 C-LLZO is 

susceptible to dendrite penetration along grain boundaries again leading to short-circuiting.12  

Thus, other solutions were sought to resolve all of these problems. To this end, a set of 

materials has been identified that appears to be resistant to dendrite penetration, also wets with 

Li metal, and offers sufficient ionic conductivity (>10-3 mScm-1) to permit use as interfaces 

with LATP and LLZO. These materials include the family of LiPON glasses, LixAlOy, and 

LixZnOy among others.1,13 

However, a key problem with these materials is that their Li+ conductivities are much lower 

(2-10×10-3 mS cm-1) than those of LATP (2-6 mScm-1,7-9) or c-LLZO (0.2-2 mScm-1 Al vs Ga 

doping10-14) such that they must be introduced as interface materials at thicknesses of 50-200 

nm to offer practical Li+ cycling. This requirement, to-date, has mandated their application via 

gas phase deposition methods that include a variety of sputtering methods (e.g. magnetron), 

chemical vapor as well as atomic layer deposition (CVD/ALD).1,15 Unfortunately, these 

methods all require specialized apparatus to control deposition atmospheres, rates, film 

properties and control of coating uniformity.  
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As such, they represent an expensive and not easily scaled step in the fabrication of all 

solid-state batteries (ASBs) for large scale commercial applications. 

In contrast, polymeric ceramic precursor systems that melt or are soluble offer a facile, low 

cost alternative for the application of thin ceramic films. Polymer precursor methods of 

processing ceramics have been the subject of multiple reviews.15,16 However, to our knowledge, 

no one has sought to apply this approach to the synthesis of thin LiPON coatings/interfaces for 

battery applications. This then represents the motivation for the work reported here; the use of 

polymer precursors that can be applied as overcoats to process thin film coatings of the 

respective interface systems.  

Before presenting a detailed discussion of our efforts in this area, it is helpful to first provide 

a brief overview of recent efforts in LiPON processing. Table 5.1 summarizes the properties of 

several LiPON materials produced by vacuum deposition. The examples are not intended to 

summarize all known data especially that found in the patent literature. These examples are 

meant to be informative such that the results of precursor processing explored below can be 

compared to what is commonly known in the literature. 
Table 5.1. Examples of LiPON thin film conductivities. 

Composition Thickness Sintering method (°C/h) Conductivity RT (S cm-1) Ref. 
Li3.3PO3.8N0.24 - Li3.6PO3.3N0.69 1 μm N/A 2 (±1) × 10-6 1 

Li3.3PO2.1N1.4 1 μm N/A 1.8 × 10-6 23 
Li1.35PO2.73N0.30 N/A 600-750/3 5.3 × 10-8 24 

LiPON 1.05 μm N/A 1.3 × 10-6 25 
Li2.9PO4.5N0.42 -Li3.1PO4.1N0.42 N/A 550 to 575 2.9 × 10-7 26 

Ultra-thin LiPON 12-300 nm N/A 1~2 × 10-7 27 
 

5.2 Experimental section  
To test the utility of synthesized precursors, it is also important to have a set of substrates 

qualified to be used to test the efficacy of the coatings and processing conditions explored. 

Given that we want to optimize ion conductivity in the resulting ceramized precursors, we also 

need well-defined substrates that offer: (1) no lithium ion conductivity; (2) minimal lithium ion 

conductivity or (3) good lithium ion conductivity. 

To this end, we chose a series of substrates produced in our laboratories, 10-50 µm thick 

and fully or partially dense that meet the above criteria (Figure 5.1) Thus, we coated thin films 

of α-Al2O3,17 LiAlO2 and LATSP (Li1.7Al0.3Ti1.7Si0.4P2.6O12).7 These substrates exhibit Li+ 

conductivities per Table 5.2. 
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Figure 5.1. Fracture surface SEMs of a. α-Al2O317 b. LiAlO218 c. LATSP.7 

Table 5.2. Li+ conductivities of substrates used in coating studies. 

Substrate Thickness 𝜎𝜎t (S cm-1) 
α-Al2O317 ≥25 µm N/A 
LiAlO218 20-60 µm 1.63 × 10-8 
LATSP7 20-60 µm 4.3 ± 1.4 × 10-4 

5.2.1 Coating studies  
Sintered substrates were dip-coated 1x in the desired precursor (Li3PON 0.05-0.1 g ml-1, 

and LixSiPON ~0.2 g ml-1) solutions using copper wire to suspend the sample. The coated 

substrates were left to dry for 12 h under vacuum at 100 °C. Dried samples were then heated 

to selected temperature and atmosphere. 

In the following sections, we characterize the polymer coated substrate films on 𝛼𝛼-Al2O3, 

LiAlO2, and LATSP by SEM and EIS. The basic objective here is to develop easy and scalable 

methods of coating thin ceramic electrolyte substrates with the polymer precursors.  

5.3 Result and discussion  
To establish the best coating interface, it is necessary to fully characterize the effects of 

coating temperatures and final microstructures when using different polymer precursors and 

processing conditions. Finally, efforts to optimize the ionic conductivity of coated thin films 

are assessed using electrochemical impedance measurements.  

Figure 5.2 shows the Nyquist plot of LiAlO2+300% (excess Li added to compensate for 

loss during sintering) films sintered to 1100 °C/2 h/air. The resulting single-phase lithium 

aluminate film shows a poor ionic conductivity of 1.6×10-8 S cm-1. This value is similar to that 

reported for bulk and thin films of LiAlO2, see for example Table 5.3; which compares 

thickness, processing steps, and room temperature ionic conductivity of LiAlO2 samples with 

values reported previously.  

Note that some of the techniques used to generate ionic conducting thin films require very 

expensive, and energy intensive processes. Despite the simplicity of solid-state reaction 

methods, high sintering temperatures and longer dwell times are required to achieve dense, 

single phase LiAlO2; motivating efforts to develop effective mass production methods with 

fast ion conductivity for ASSB applications. 
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Figure 5.2. Nyquist plot of LiAlO2 film + 300 % excess Li, sintered to 1100 °C/2 h/air. 

Table 5.3. Reported room temperature conductivities for LiAlO2. 

Processing Phase composition Experimental conditions σRT (S cm-1) Thickness Ref. 
ALD Amorphous Li:Al = 1:1.16 Impedance: in-plane 5.1 × 10-9 90 nm 30 
ALD Amorphous LiAlO2 Impedance: in-plane 5.6 × 10-8 50 nm 31 
CT Single-crystalline γ-LiAlO2 AC conductivity: 423-623 K ~1 × 10-17 80 mm 32 

SSR Polycrystalline γ-LiAlO2 AC conductivity: 450-1000 °C 2 × 10-14 2.9 mm 33 
TRQ 0.7Li2O-0.3Al2O3 AC conductivity: 150-400 °C 5 × 10-8 20 µm 34 

TRQ = twin roller quenching, SSR = solid state reaction, TC = tape casting, CT = Czochralski technique, 
ALD = atomic layer deposition, LF-FSP= liquid flame spray pyrolysis  

5.3.1 Characterization of polymer coated LiAlO2 films  
LiAlO2+300 substrates were dip-coated for 1 min in Li3PON (3 ml, 0.05-0.1 g ml-1), 

Li3SiPON, and, Li6SiPON solutions (3 ml, ~0.2 g ml-1). The coated films were left to dry for 

12 h/vacuum/100 °C. Dried samples were then heated to 400°, 500°, or 600 °C/2 h/ N2 at 1 °C 

min-1. Figure 5.3 presents an SEM of the fracture surface microstructure of LiAlO2 coated with 

Li3SiPON and heated to 100 °C/12 h/ vacuum. 

 
Figure 5.3. SEM facture surface images of LiAlO2+Li3SiPON films heated to 100 °C/12 h 
/vac. 

Figure 5.4. shows SEM microstructures of LiAlO2+300% coated with Li3PON, Li3SiPON 

and Li6SiPON films heated to 400°, 500°, and 600 °C/2 h/N2. LiAlO2+300%+Li3PON films 

heated to 400 °C show a well-defined interface between the coating and the substrate. However, 

at 500 ° and 600 °C, the coating thickness seems to decrease, suggesting that the coating might 
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be reacting with the substrate. This may also reflect melting but the coating by itself melts close 

to 600 °C rather than at 500 °C.  

 
Figure 5.4. SEM fracture surface images of LiAlO2 + Li3PON, Li3SiPON or Li6SiPON films 
heated to 400 °, 500 °, and 600 °C/2 h/N2. 

 
Figure 5.5. SEM facture surface images of Al2O3+Li3PON, Li3SiPON and Li6SiPON films 
heated to 400 °, 500 °, and 600 °C/2 h/N2. 

LiAlO2+300% substrates coated with Li3SiPON show ideal behavior in that the coating is 

dense, uniform and stable after heating to 400-600 °C with an average thickness of ~4 μm. 

Li6SiPON films heated to 400-600 °C also form uniform and dense coatings on LiAlO2. The 

bottom part of the substrate did not coat well because of a physical interaction with the Teflon 

substrate used to hold the films after dip coating leading to a loss of the coating. Similar 

microstructures are observed for α-Al2O3 substrates as seen in Figure 5.5. 
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Figure 5.6 shows Nyquist plots of LiAlO2+300% substrates coated with Li3PON, 

Li3SiPON, and Li6SiPON precursor solutions and heated to 400 °, 500 °, and 600 °C/2 h/N2. 

The resulting impedance measurements are summarized in Table 5. 

 
Figure 5.6. Nyquist plots (25 °C) of LiAlO2 + a. Li3PON, b. Li3SiPON and c. Li6SiPON 
films heated to 400 °, 500 °, and 600 °C/2 h/N2.  

For LiAlO2 substrates coated with Li3PON precursor, the room temperature impedance 

increased slightly when the coated substrates were heated from 400 ° to 600 °C suggesting 

some degradation as seen in the fracture surface SEMs, Figure 5.4. However, the films show 

more or less consistent room temperature conductivity (10-5 S cm-1) on heating from 400 ° to 

600 °C. This may suggest that the coating reacts with the substrate and we are now measuring 

a composite value. 
Table 5.4. Total conductivities (σRT) of LiAlO2+300% films coated with polymers at selected 
temperatures. 

Film substrate Polymer coating Temperature (°C/2 h/N2) σRT (Scm-1) 
 

LiAlO2+300% 
 

Li3PON 
400 6.6 ± 0.1 × 10-5 
500 4.5 ± 0.4 × 10-5 
600 3.8 ± 1.6 × 10-5 

 
LiAlO2+300% 

 
Li3SiPON 

400 1.4 ± 0.2 × 10-5 
500 5.8 ± 1.4 × 10-5 
600 4.1 ± 0.3 × 10-5 

 
LiAlO2+300% 

 
Li6SiPON 

400 1.4 ± 2.5 × 10-4 
500 0.5 ± 0.6 × 10-4 
600 1.5 ± 0.3 × 10-5 

 

LiAlO2 +Li3SiPON films show the highest room temperature conductivity at 500 °C which 

likely arises from the dense and uniform coating that seems to penetrate into the substrate. The 

Li6SiPON coating gives the highest conductivity of ~0.1 mS cm-1 for LiAlO2+300% substrates. 

However, the conductivity drops an order of magnitude at 600 °C. The increase in 

conductivities of 2-3 orders of magnitude especially for LiAlO2 is surprising and again is likely 

a result of penetration into the substrate enhancing the overall densification of the film.  

In principle, the conductivities measured, except for LATSP, might arise from coatings that 

“encircle” the sample; via film edges. More likely correct is that the coatings penetrate pores 
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introducing ion-conducting pathways not available before coating. Coatings heated >700 °C 

lose N2 forming LixPOy and offer conductivities expected of crystalline lithium phosphates. 

Figure 5.7 shows typical Nyquist plots of Li6SiPON coated LiAlO2+300% films where 

electrochemical impedance was collected in a frequency range of 7 MHz to 1 Hz at -25 °C to 

85 °C. Room temperature conductivities of 0.1 mS cm-1 and activation energies of 0.15 eV (15 

kJ mol-1) were obtained as shown in Figure 5.7. 

 
Figure 5.7. Nyquist and Arrhenius plots of LiAlO2+300 %+Li6SiPON heated to 400 °C/2 
h/N2. 

Table 5.4 lists the total conductivity of LiAlO2+Li6SiPON coated substrates heated to 

400 °C/2 h/N2. Samples treated at higher temperatures show the highest conductivities as 

expected. The total conductivities are three to four orders of magnitude higher than LiAlO2 

substrates without the coating.  

5.3.2 Characterization of polymer coated LATSP films  
Coatings were made under N2 using solutions of oligo-phosphoramide precursors with 

Li3PON and LixSiPON compositions. In general, coatings wet surfaces well, remain adherent 

on heating to 400 °C and even penetrate the surface to some extent. The initially coated thin 

films are placed on a Teflon surface and first warmed to 100 °C.  

Figure 5.8 shows the microstructures of LATSP substrate dip coated with Li3SiPON and 

heated to 100 °C/12 h/vacuum. The fracture surface images of the sintered films look very 

dense. The substrate thickness is 25 ± 1.5 µm, and the coating average thickness is 3.1 ± 0.1 

µm. There is a clear interfacial layer between the Li3SiPON coating and both LATSP and 

LiAlO2 substrates as seen in Figures 5.7 and 5.3 respectively. The mud cracking on top of the 

film corresponds to contact of the coating with the Teflon substrate.  
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Figure 5.8. SEM fracture surface images of LATSP+Li3SiPON films heated to 100 °C/12 
h/vac. 

Figure 5.9 shows SEM microstructures of LATSP+Li3PON, Li3SiPON, and Li6SiPON 

films heated to 400 °, 500 °, and 600 °C/2 h/N2. LATSP+Li3PON films present well defined 

interfaces between the coating and the substrate for samples heated between 400-600 °C with 

an average coating thickness of 5 μm. Coating treatments with Li3SiPON showed thin and 

dense coatings at 400° and 500 °C. The Li3SiPON coating seems to percolate into the LATSP 

substrate at 600 °C, resulting in a denser structure. A similar microstructure is observed for 

LATSP coated with Li6SiPON and heated to 400 °C. From the fracture surface image of 

LATSP+Li6SiPON films heated to 400 °C, percolation is clearly visible as composite-like 

features are seen. The surfaced coating has an average thickness of 5 μm. 

 

Figure 5.9. SEM fracture surface images of LATSP+Li3PON, Li3SiPON and Li6SiPON films 
heated to 400 °, 500 °, and 600 °C/2 h/N2. 

Figure 5.10 shows Nyquist plots of LATSP substrates coated with Li3PON, Li3SiPON, and 

Li6SiPON precursor solutions and heated to 400 °, 500 °, and 600 °C/2 h/N2. The resulting 

impedance measurements are summarized in Table 5.5. 
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Figure 5.10. Room temperature Nyquist plots of LATSP + (a)Li3PON, (b)Li3SiPON and (c) 
Li6SiPON films heated to 400 °, 500 °, and 600 °C/2 h/N2. 

Table 5.5 illustrates the total conductivity of LATSP substrates coated with different 

precursor solutions and heated to 400 °, 500 °, and 600 °C/2 h/N2. The LATSP substrate coated 

with Li3PON precursor exhibits consistent room temperature conductivities (0.03 mS cm-1) at 

400-600 °C. There is an order of magnitude decrease in conductivity when compared to pristine 

LATSP.  

Table 5.5. Total conductivities (σt) of LATSP films coated with polymers at selected 
temperatures. 

Film substrate Polymer coating Temp.(°C/2 h/N2) σ RT (S cm-1) 

LATSP Li3PON 
400 2.6 ± 0.8×10-5 
500 2.4 ± 1.5×10-5 
600 3.3 ± 1.6×10-5 

LATSP Li3SiPON 
400 1.8 ± 0.8×10-4 
500 2.8 ± 0.3×10-4 
600 8 ± 0.8×10-5 

LATSP Li6SiPON 
400 3.7 ± 0.5×10-5 
500 1.6 ± 1.8×10-5 
600 1.7 ± 1.4×10-5 

 

The Li3SiPON solutions give the best conductivities when heated to 400 ° and 500 °C. The 

coating is not stable as an interface when heated to 600 °C as shown by the SEM images in 

Figure 5.9. Hence, the conductivity drops by order of magnitude for LATSP substrates coated 

with Li6SiPON. The Li3SiPON coating showed the highest conductivity of all when heated to 

500 °C 0.3 mS/cm. This can be attributed to formation of a uniform, thin, and dense coating.  

5.3.3 Characterization of polymer precursor as adhesive and binder  
The interfacial behavior directly dictates the lifespan, energy density, and safety of all solid-

state batteries. We believe that these coatings might lower the interfacial resistance and stabilize 

the interfacial performance of all solid-state batteries. In the future, we plan to explore the use 

of LiAlO2 substrates as less costly substitutes for LATP and LLZO and to assemble 



 90 

symmetrical and half-cells to test the performance of the polymer coated ceramic electrolytes. 

The next step in the use of these precursors will be to demonstrate bonding between single thin 

film ceramics as suggested in Figure 5.11.  

 
 

Figure 5.11. Example of Li3SiPON precursor used to bond thin films of Li4Ti5O12 and LiAlO2. 

Figure 5.11 shows SEM microstructures of Li4Ti5O12/ Li3SiPON /LiAlO2 heated to 400 

°C/2 h/ N2. There is clear bonding between ceramic electrolyte LiAlO2 substrates and the anode 

LTO through Li3SiPON precursor coating. The resulting coating interface is dense, and uniform 

as can be seen from the SEM images. The Li3SiPON coating seems to bind the anode and the 

ceramic electrolyte, this interposed buffer layer might reduce the cathode/SSE impedance in 

the space charge regions.  

5.4 Conclusions 
We describe here a low-temperature route to coatings originally intended to provide 

properties similar to gas phase deposited LiPON but using solution coating of ceramic 

precursors containing the same elements with similar thicknesses. The intent was to find a 

simple alternative to the equipment and energy intensive gas phase deposition methods. Our 

approach involves the synthesis of O=P(NH2)3 from OPCl3 followed by lithiation with LiNH2. 

As an alternate method, we also explored the reaction of OPCl3 with (Me3Si)2NH to generate 

Me3SiCl and O=P(NHSiMe3)3 which can be lithiated again by LiNH2.  

To this end, we have made a number of systems that permit dip coating. On heating to 

various temperatures less than 700 °C, we are able to make Li3PON, Li3SiPON, and Li6SiPON 

materials with various Li contents. We have characterized the intermediates during heating in 

air or nitrogen by FTIR, TGA, and XRD. Surprisingly, coatings made on a variety of substrates 

show Li+ conductivities several orders of magnitude higher (10-1 vs 10-3 mS cm-1) than those 

expected from gas phase deposited materials at coating thicknesses of 1-5 µm. 

We were able to systematically characterize Li3PON and LixSiPON materials with various 

compositions. Thereafter, efforts were made to introduce (<5 µm) thick solutions of the 

precursors by dip-coating substrates of α-Al2O3, LiAlO2, and LATSP. These coatings were 

heated to temperatures equivalent to those used in the vapor deposition processes.  
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Surprisingly, LiAlO2 coated with Li6SiPON and heated to 400 °C resulted in a tremendous 

improvement in conductivity when compared to pristine LiAlO2 films. Furthermore, these 

coatings are stable in air and serve as novel protective coatings for substrates such as LiAlO2 

and LATSP greatly limiting susceptibility to CO2 and/or moisture pick up. 

The interfacial behavior directly dictates the lifespan, energy density, and safety of ASBs. 

We believe that these coatings might lower the interfacial resistance and stabilize the interfacial 

performance of all solid-state batteries. In the future, we plan to explore the use of LiAlO2 

substrates as less costly substitutes for LATP and LLZO and to assemble symmetrical and half-

cells to test the performance of the polymer coated ceramic electrolytes.  
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LiAlO2/LiAl5O8 Thin Film Electrolytes Derived From Flame Synthesized 
Nanopowders (NPs)  

6.1 Introduction 
Lithium-ion batteries (LIBs) used for portable devices are now being commercialized at 

large scales (e.g. electric and hybrid electrical vehicles) due to their high energy and power 

densities, cyclability, and high operating voltages.1 Unfortunately, current LIBs using liquid 

electrolytes suffer from still limited electrochemical performance, poor thermal stabilities, and 

flammability.2 The replacement of liquid electrolytes with solid electrolytes will resolve the 

fundamental safety issues due to their non-flammability and high thermal stability, thereby 

offering access to new battery chemistries and designs.3  

Ceramic Li+ superionic conductors (0.1 – 1 mS cm-1)4 with rigid skeletal structures, low 

activation energies (< 0.4 eV),5 low electronic conductivities (< 1 × 10-8 S cm-1),6 and thermal 

stability are proposed to improve battery chemistries, increase energy densities by eliminating 

peripheral mass and reducing battery pack size.7 Solid electrolytes with garnet type c-LLZO 

(Li7La3Zr2O12),8 NASICON [Li1+xAl xTi2-x(PO4)3,],9 and perovskite (La3xLa2/3-xTiO3)10 crystal 

structures have been engineered to increase Li+ conductivity by modifying conduction 

pathways through aliovalent substitution, optimizing Li+ vacancy sites and concentrations of 

mobile species.11–14 However, little attention has been given to lithium aluminate polymorphs 

as ceramic Li+ conductors due to their poor ambient ionic conductivities (<10-10 S cm-1), which 

can be compensated for, as with LiPON (LixPOyNz),15 through the use of thin, defect-free, and 

dense films.16,17 

LiAlO2 has been reported to be a good candidate for carbonate fuel cells as an electrolyte 

matrix,18 as a substrate for growing GaN epitaxial film,19 and as a catalyst for biodiesel 

production.20 LiAlO2 has also been used as a ceramic filler for polymer electrolytes.21 Recently, 

LiAlO2 has been explored as a potential ceramic electrolyte for assembling solid-state 

microbatteries because of its chemical and thermal stability.6 In addition to its potential use as 

a solid-state electrolyte, polymorphs of lithium aluminates have been studied as coatings for 

LIB electrodes.17  
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The reactivity of LIB electrodes with LiPF6 based electrolytes results in corrosive 

dissolution of redox-active species from the active materials, which can be suppressed by 

introducing a coating as a physical protective barrier.17 The most promising coating materials 

(Al2O3,12 ZnO,22 LiAlO2,17 and Li2ZrO323) are expected to offer new opportunities for next-

generation ASSBs as intermediate buffers and wetting agents. Recently, LiAl5O8 was found to 

form in an alumina coated garnet-LLCZN (Li7La2.75Ca0.25Zr1.75Nb0.25O12) interface with a Li 

metal anode. The effect was to reduce interfacial impedance.12 This implies formation of 

lithiated alumina (LiAl5O8) improves Li+ migration through the ceramic electrolyte/Li 

interface.12 

Different synthesis approaches have targeted processing single-phase LiAlO2 membranes 

with desirable morphological, and conductive features.24 Some of the pathways assessed 

include solid-state,20 hydrothermal,25 sol-gel,26 combustion,27 and atomic layer deposition 

(ALD) synthesis methods.28 Recently, Hu et al. described ALD processing LiAlO2 films 90, 

160, and 235 nm thick on different substrates with ambient conductivities of 10-10 S cm-1 and 

average activation energies of 0.8 eV.16  

The fabrication of these extremely thin films requires gas-phase deposition techniques. 

However, the exploration of Li+ conductive thin film electrolytes by gas-phase deposition 

techniques such as ALD,6 ion beam assisted deposition,29 and pulse laser deposition,30 is still 

at an early stage as such methods are energy and equipment intensive, require high-cost process 

steps, and offer low deposition rates.31 Thus, there remains a considerable need to develop 

alternate methods of processing membranes with optimal conductivity as potential candidates 

for next-generation all-solid-state-batteries (ASSBs).  

Recent developments in microelectronic industries have reduced the energy and power 

density requirements of electronic devices.32 Hence, thin-film-microbatteries delivering 

capacities in the range of 0.1- 5 mAh can be used as power sources for these devices.33 These 

microbatteries provide various advantages such as low internal resistance, excellent 

rechargeability, and enable simple designs in ultra-thin watches, computer memory chips, and 

micro sensors.32,34 Typically, microbatteries are assembled using thin solid electrolytes (~1 

µm) with the full stack in the range of 10-15 µm thick.33 However, the presence of a substrate 

is reported to at least double the overall battery thickness.33  

The main challenges for thin film batteries are finding thin lightweight substrates to support 

the battery and protecting the lithium metal and lithium-containing electrodes from air 

exposure.33,35 The development of a thin film battery on flexible substrates has been suggested 

to improve the energy storage capacity per unit weight and allow the use of special designs.35 
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In our previous work, we demonstrated that LF-FSP NPs enable the formation of flexible and 

dense Al2O3 membranes with an average thickness of < 10 µm.7,36 For conventional 

microbatteries, thin film electrolytes with room temperature conductivities > 10-6 S cm-1 are 

highly desirable.37 Thus, this provides the  motivation to develop Li+ conducting membranes 

that can potentially serve as both electrolyte and substrate for such batteries.  

The present study aims to demonstrate an effective alternate method of processing LiAlO2 

membranes (< 50 µm) using high surface area, flame made NPs produced via LF-FSP, which 

eliminates traditional solid-state reaction steps (i.e. ball-milling and crushing).38 LiAlO2 

membranes are produced by tape casting the NP/polymer binder slurries followed by thermo-

compression of green-films (100 °C/10 kpsi/10 min) and sintering at the desired temperature 

to obtain fully dense (> 95%) films.  

Here we also demonstrate optimization of Li+ conductivity in LiAlO2 membranes through 

careful engineering of grain boundary properties by introducing a second phase (LiAl5O8) and 

modifying sintering conditions to minimize grain boundary resistance. Mixed phases of LiAlO2 

and LiAl5O8 offer superior ionic conductivities (~ 10-6 S cm-1) at ambient greatly increasing 

their potential utility as ceramic electrolytes that may greatly simplify ASSB designs and 

significantly reduce costs. These LiAlO2/LiAl5O8 membranes offer potential utility as ceramic 

electrolytes in thin-film-microbatteries and coating materials for LIB electrodes. Sintered 

LiAlO2/LiAl5O8 and LiAlO2 membranes were characterized by XRD, SEM, 7Li/27Al NMR, 

and EIS. Coincidently, we explored the stability of the LiAlO2/LiAl5O8 membrane when 

assembled in a symmetric cell with metallic Li.  

6.2 Experimental section  

6.2.1 LiAlO2 powder synthesis  
Lithium propionate [LiO2CCH2CH3] and alumatrane [Al(OCH2CH2)3N] were synthesized 

as described previously.9 LiAlO2 NPs were produced using the LF-FSP apparatus shown in 

Figure 6.1. Lithium propionate and alumatrane were quantitatively mixed at selected molar 

ratios to result in LiAlO2 composition with 60, 80, 150, and 300 wt. % excess lithium, hereafter 

referred to as Li1.72AlO2, Li1.99AlO2, Li3.1AlO2, and Li6.2AlO2, respectively. Previous studies 

show that resulting NPs are Li deficient arising from Li2O volatility as flame temperatures 

>1000 °C.7,9  

Hence, excess lithium propionate was introduced to promote formation of phase pure 

material. The resulting precursor mixture was dissolved in ethanol to give a 3 wt. % ceramic 

yield solution. The LF-FSP was ignited using CH4/O2 pilot torches.  
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The flame spray pyrolysis was then initiated by injecting the precursor solution aerosol into 

the combustion chamber (1.5 m long). After combustion and rapid quenching, as-produced 

NPs were collected downstream in parallel set of electrostatic precipitators (ESP) operated 

between 5 and 10 kV. Table 6.1lists the amount of lithium and aluminum precursors used to 

produce the NPs with varying compositions. 

 
 

Figure 6.1. Schematic of LF-FSP apparatus. 

Table 6.1. Amounts of lithium and alumina precursors dissolved in ethanol (2100 ml). 

 LiO2CCH2CH3 (g) Al[OCH(CH3)CH2CH3]3 (g) 
Li1.75AlO2 46.5 455.35 
Li1.99AlO2 52.3 455.35 
Li3.1AlO2 72.7 455.35 
Li6.2AlO2 116.3 455.35 

Ultrasonic horn ((Vibra-cell VC 505 Sonics & Mater. Inc.) operating at 100 W for 10 -15 

min was used to disperse the as-produced LiAlO2 NPs (10 g, 0.15 mol) dissolved in anhydrous 

ethanol (350 ml). Polyacrylic acid (200 mg, 1.2 mmol) was used as a dispersant. Thereafter, 

the dispersed solution was left to settle for 4 h. The supernatant was decanted, and the recovered 

NPs were dried at 60 °C/ 12 h.  

6.2.2  LiAlO2 thin film synthesis  
Table 6.2. List of components used for formulating LiAlO2 films. 

Components Mass(g) Role 
LiAlO2 0.7 Electrolyte 

Benzyl butyl phthalate 0.13 Plasticizer 
Polyacrylic acid 0.01 Dispersant 
Polyvinyl butryal 0.13 Binder 
Ethanol/Acetone 1/1 Solvent 

Table 6.2 lists the components used for formulating LiAlO2 films. Briefly, the LiAlO2 NPs 

were mixed with binder, plasticizer, and dispersant dissolved in ethanol and acetone. 

Thereafter, the mixtures were ball-milled to homogenize the suspensions.  
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The wire-wound rod coater (Automatic Film Applicator 1137, Sheen Instrument, Ltd) was 

used to cast the LiAlO2 green films. Detail procedures to synthesize green films using LF-FSP 

derived NPs can be found elsewhere.39,40 To improve packing density, the LiAlO2 films were 

uniaxially pressed using a heated bench top press (Carve, Inc) at 100 °C/ 10 kpsi/5-10 min.  

Sintering studies were conducted by using High-Temperature Vacuum/Gas tube furnace 

(Richmond, CA). The Li1.72AlO2, Li1.99AlO2, Li3.1AlO2, and Li6.2AlO2 green films were placed 

between Al2O3 disks and sintered to 1100 °C/2 h/air (100 mL min-1).   

6.2.3 Symmetric cell assembly 
The Li/Li3.1AlO2/Li symmetric coin cell was assembled in an Ar-filled glove box. Prior to 

symmetric cell assembly, the lithium metal foil (99.9 %, Sigma-Aldrich) was scraped to expose 

a clean surface. Solid-state symmetric cells were assembled by placing the Li3.1AlO2 (25 µm 

thick and 18 mm diameter) between the two Li foil disks. The symmetric cell was heated to 

200 °C to reduce interfacial impedance. The Li/Li3.1AlO2/Li cell was then transferred to coin 

2032 cell and uniaxially pressed at 0.1 kPa. The cell was cycled at ambient using a 

potentiostat/galvanostat (Bio-logic SP300).  

6.3 Results and discussion  
In the present work, we first discuss the characterization of LF-FSP produced LiAlO2 NPs 

with various Li contents by SEM, TGA, FTIR, and XRD. In the second part, we assess the 

overall conductivity, phase purity, and microstructure of Li1.72AlO2, Li1.99AlO2, Li3.1AlO2, and 

Li6.2AlO2 membranes. In addition, the electrochemical performance of the LiAlO2 membrane 

in a symmetric cell-configuration is also presented.  

6.3.1 Characterization of as-produced NPs 
NPs of LiAlO2 with 60, 80, 150 and 300 wt.% excess lithium propionates were produced 

using LF-FSP as shown in Figure 6.1. Excess Li is used to compensate for loss during 

combustion and sintering. Most studies indicate that excess Li (10-15 wt.%) is required to sinter 

1-2 mm thick pellets of Li based ceramics.7,41 

Figure 6.2a shows FTIRs of LiAlO2 as produced NPs. The spectra show sharp peaks at 595 

and 656 cm−1 assigned to 𝜐𝜐Al–O for octahedral Al. Bands centered near 715 cm−1 and 

972 cm−1 are ascribed to 𝜐𝜐Al–O for tetrahedral Al and symmetric bending of Al–O–H, 

respectively.24,42,43 A broad peak at ~1500 cm-1 corresponds to carbonate 𝜐𝜐C=O.7 The 𝜐𝜐C=O 

intensity increases with lithium content corresponding to increases in Li2CO3. The presence of 

Li2CO3 is in good agreement with TGA mass losses (~ 700 °C) and XRD plots, see Figures 

6.4d and 6.5 respectively.  
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Figure 6.2. a. FTIRs and b. SEM of a typical LiAlO2 as-produced NP. 

Figure 6.2b shows SEMs of as-produced Li6.2AlO2 NPs showing spherical morphologies 

typical of flame made NPs with average particle sizes (APSs) < 100 nm.39,40 No noticeable 

differences in morphologies were observed for LiAlO2 NPs with varying Li contents as shown 

in Figure 6.3. The particles are agglomerated (electrostatically bonded) but not aggregated 

(necked), which is highly desirable for facile dispersion, tape casting and sintering dense thin 

films with average grain sizes (AGSs) < 10 µm. The BET N2 adsorption derived SSAs and 

APSs for the LiAlO2 NPs are listed in Table 6.3. The spherical NPs offer a narrow size 

distribution with APSs of ~33- 64 nm.  

 
Figure 6.3. SEM images of as-produced NPs a. a. Li1.72AlO2, b. Li1.99AlO2 c. Li3.1AlO2, d. 
Li6.2AlO2 

Table 6.3. SSAs and APSs of LiAlO2 NPs. 

 SSAs(m2g-1) APSs(nm) 
Li1.75AlO2 53 33 
Li1.99AlO2 46 40 
Li3.1AlO2 43 47 
Li6.2AlO2 38 64 
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The Figure 6.4 TGA-DTA curves for LiAlO2 NPs, after heating to 1000 °C/10 °C min-1/air, 

reveal mass losses below 250 °C, ascribed to physi/chemi-absorbed water on the as-produced 

NP surfaces. As the Li content increases to 300 wt.%, the TGA plot displays an endotherm 

associated with a mass loss starting at ~ 700 °C, as Li2CO3 melts/decomposes with loss of CO2 

ending at ~ 900 °C.7 The slightly higher mass losses for Li6.2AlO2 suggest a hygroscopic nature 

coincident with a higher propensity to pick up CO2 as might be expected with the higher Li 

content. This mass loss behavior is further confirmed by XRD data indicating the presence of 

Li2CO3 as seen in Figure 6.5. 

 
Figure 6.4. TGA-DTA (1000 °C/air) of LiAlO2 as produced NPs a. Li1.75AlO2, b. Li1.99AlO2, 
c. Li3.1AlO2, and d. Li6.2AlO2. 

 
The crystal structures of lithium aluminate polymorphs have been studied since the ‘60s44 

based on the A+1B+3O2 formula using powder neutron and single-crystal X-ray techniques.45 

Polymorphs of lithium aluminum oxides with six different crystal systems have been identified 

to date.46 As might be expected, phase formation depends on the processing conditions used. 

Here, we only focus on cubic LiAl5O8 and 𝛾𝛾-LiAlO2.  

Figure 6.5 shows XRDs of as-produced LiAlO2 NPs with varying Li amounts. The primary 

phase is LiAlO2 with a secondary Al rich LiAl5O8 phase also present. Table 6.4 shows the wt. 

% fraction of each phase.  
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Figure 6.5. XRD plots of LiAlO2 as produced NPs. 

Table 6.4. Relative contents of phases in as-produced LiAlO2 NPs. 

 LiAlO2(wt.%) LiAl5O8(wt.%) Li2CO3(wt.%) 
Li1.75AlO2 25±0.2 74±0.8 - 
Li1.99AlO2 42±0.5 57±0.5 - 
Li3.1AlO2 67±0.2 32±0.8 - 
Li6.2AlO2 85±0.4 5±0.2 9.6±0.6 

 
The combustion by-products H2O and CO2 at high flame temperatures (>1000 °C) 

accelerate decomposition, hence, the formation of single-phase LiAlO2 was inhibited even with 

300 wt.% excess Li. In general, LF-FSP made NPs are pure oxides.39,47 However, here we 

obtain a mixture of LiAl5O8, Li2CO3, and LiAlO2. Owing to combustion followed by rapid 

quenching, LF-FSP produced NPs often exhibit kinetic rather than thermodynamically favored 

phases; consequently, as-produced NPs are often mixed phases.7,40,48 The XRD plots show 

broad peaks ~ 19° 2𝜃𝜃 suggesting the amorphous nature of the as-produced powders. LF-FSP 

derived electrolyte NPs are frequently at least partially amorphous as a result of the fast 

combustion and quenching process.9,39 

The observed broad diffraction peaks for the as-produced NPs are due to the combined 

effect of microstrain induced by dislocation (strain broadening) and shrinkage of the coherent 

scattering volume (size broadening).49 Williamson-Hall (W-H)50 analysis was used to calculate 

the crystallite size (𝛽𝛽s) and microstrain (𝛽𝛽𝑒𝑒) by considering the broadening of the peak width 

as a function of 2θ. The total broadening can be expressed as:  
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𝛽𝛽𝑡𝑡  = 𝛽𝛽𝑠𝑠+ 𝛽𝛽𝑒𝑒                           (1) 

Where 𝛽𝛽𝑡𝑡   represents the total broadening, 𝛽𝛽𝑠𝑠  is the broadening due to crystalline size and 𝛽𝛽𝑒𝑒 

is due to the micro-strain. It is well known that the Scherrer formula provides the APSs of 

crystallites in a direction perpendicular to particular (hkl) planes.51 Thus, the LiAlO2 NP 

crystallite sizes are estimated using the Scherrer formula (2): 

𝐷𝐷 = 𝑘𝑘𝜆𝜆/𝛽𝛽𝑠𝑠𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃                        (2) 

Where 𝐷𝐷 is crystallite size, 𝑘𝑘 = 0.94 is the shape factor, 𝜆𝜆 is the x-ray wavelength (0.154 

nm) 𝛽𝛽𝑠𝑠 is the width at half max (FWHM) in radians, and 𝜃𝜃 is the diffraction angle of Bragg. 

The XRD peak broadening due to microstrain is given by equation (3), 

𝛽𝛽𝑒𝑒 = 4𝜀𝜀𝑡𝑡𝑡𝑡𝑡𝑡𝜃𝜃                      (3) 

The W-H method assumes that the strain is uniform throughout the crystallographic 

direction; given by introducing equations (2) and (3) into equation (1),  

𝛽𝛽𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 = 𝑘𝑘𝜆𝜆/𝐷𝐷 + 4 𝜀𝜀 sin𝜃𝜃                   (4) 

In equation (4), 𝐷𝐷 and 𝜀𝜀 correspond to crystallite size and microstrain, respectively. Figure 

6.6 shows the W-H plots for the as-produced LiAlO2 NPs. The non-linearity in the W-H plot 

(Figure 6.6b) indicates the presence of anisotropic strain.52 The gradient of 𝛽𝛽𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 vs sin𝜃𝜃 

plot gives the NP microstrain and the Y-axis intercept gives the 𝑘𝑘𝜆𝜆/𝐷𝐷 value.  

 
Figure 6.6. W-H plots of as-produced NPs. a. Li1.72AlO2, b. Li1.99AlO2 c. Li3.1AlO2, d. 
Li6.2AlO2. 

Table 6.5 lists the estimated average values for crystallite size and microstrain based on W-

H plots. The reported BET APSs (Table 6.3) are relatively larger than the XRD crystallite size. 
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The variation between these measurements indicates that the NPs are agglomerated,53 in good 

agreement with the NP microstructures shown by the Figure 6.2b SEMs. Although the Scherrer 

formula provides only a lower limit of crystallite size; both BET APSs and XRD crystallite 

sizes increase linearly with excess Li for the as-produced LiAlO2 NPs as shown in Figure 6.7. 

 
Figure 6.7. Comparison of BET APSs and XRD crystallite size.  

Figures 6.8 a and b show 7Li and 27Al MAS NMR spectra for Li6.2AlO2 NPs, respectively. 

The 7Li MAS NMR spectrum shows a single peak at 0.3 ppm consistent with the crystal 

structure of LiAlO2 that contains only a single Li site with tetrahedral oxygen coordination. 

The 27Al MAS NMR spectrum shows two peaks. The first, at 76.2 ppm, is characteristic of 

[AlO4] units,54,55 as expected from the crystal structure of LiAlO2. The second peak at 14.0 

ppm clearly shows the presence of [AlO6] units.54,55 This might hint at the presence of some 

residual LiAl5O8, where Al is present both on tetrahedral and octahedral sites of the spinel 

structure, supporting the XRD results present in Figure 6.5. Furthermore, since both peaks are 

quite broad, some amorphous fractions might be present in the sample. 

The crystal structure of LiAl5O8 (Figure 6.9) shows corner-linked Al-O forming tetrahedra 

and edge-shared Li/Al-O octahedra. The four Li ions in the unit cells labeled Li1, Li2, Li3, and 

Li4 are distributed on octahedral sites.56 Whereas, Al3+ is equally distributed between 

tetrahedral and octahedral sites. LiAl5O8, owing to its high symmetry, has four equivalent Li+ 

sites with the same diffusion path(s).56 Hence, it has been suggested that LiAl5O8 might show 

high ionic conductivities.56 Table 6.5 lists the lattice parameters for LiAl5O8 obtained from 

experimental data and theoretical modeling. 
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Figure 6.8. a.7Li and b.27Al MAS NMR spectra of LiAlO2 NPs. 

As mentioned above, the large interfacial resistivity between the metallic Li anode and 

garnet type Li7La2.75Ca0.25Zr1.75Nb0.25O12 (LLCZN) was effectively decreased by introduction 

of an ultra-thin alumina coating.12 The rationale for these observations suggests formation of a 

lithiated alumina that permits rapid diffusion of Li+ through the interface.12 One implication is 

that the LiAl5O8 framework may permit high Li+ mobility via 3-D diffusion.56  

Table 6.5. Lattice parameters for LiAl5O8 obtained from the experimental data and theoretical 
modeling.  

  Experimental (this work) Calculated (ref.1) 
Crystal system  Cubic Cubic 
Space group   P4332 P4332 
Volume (Å3)  510 507 

Density (g/cm3)  3.6 3.6 
a (Å)  7.98 7.97 
Atom Site (x,y,z) (x,y,z) 

Li 4b (0.12,0.87,0.37) (0.125,0.875,0.375) 
Al 8d (0.37,0.89,0.13) (0.368,0.882,0.125) 
Al 4a (0.003,0.45,0.5) (0.003,0.497,0.503) 
O 8d (0.36,0.38,0.87) (0.365,0.382,0.866) 

 
Pan et al56 studied Li+ diffusion mechanisms in LiAl5O8 and alumina using first-principles 

density functional theory (DFT) calculations. They find that the Li+ diffusion coefficient for 

LiAl5O8 (DLi+ = 3.6x10-8 cm2s-1) is significantly higher than that of alumina (DLi+ = 9.3x10-48 
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cm2s-1) at room temperature, suggesting that Li+ mobility in LiAl5O8 is substantially improved. 

Therefore, reduced interfacial impedance may be accessed by replacing alumina coatings with 

LiAl5O8, implying better battery performance. In addition, LiAl5O8 offers a wide 

electrochemical stability window of 0.8-4.08V vs. Li/Li+ making it an attractive coating for 

next-generation LIB electrodes 56 and potential solid electrolyte for assembling microbatteries.  

 
Figure 6.9. Crystal structures of LiAl5O8. The Li, Al, O are shown in pink, green, and red, 
respectively, unit cell in black. 

6.3.2  Microstructure and crystallinity of LiAlO2 membranes  
Multiple studies have used conventional solid-state synthesis methods to produce LiAlO2 

powders.42 However, this technique often produces aggregated materials with broad particle-

size distributions, low SSAs, and requiring multiple process steps to fabricate dense, single 

phase, thick films.39 In contrast, we have reported using flame made NPs with narrow APSs to 

directly process green films by ball-milling the NPs with polymer additives followed by 

conventional tape casting. Thermo-pressing the green films at 100 °C/10 kpsi/10 min results in 

uniform green body densities that can drive densification at lower sintering temperatures with 

control of final grain sizes and mechanical properties in thin (< 50 µm) films. 

Prior to sintering, solids loadings were confirmed by TGA (Figure 6.10) presenting an 

expected ceramic yield of 70 wt.% matching theory. The mass loss between 200-400 °C is 

ascribed to decomposition of the polymeric additives. This step is necessary to establish gentle 

binder burn out temperatures (300 °C/2 h) to avoid cracking the polymer free films. Green 

films of LiAlO2 with varying Li amounts were subsequently sintered at various densification 

temperatures. Figure 6.11 shows SEMs of the green films. Microstructures demonstrate that 

the NPs are well mixed with the polyacrylic acid, dispersant. Green films of LiAlO2 were 
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inserted between α-Al2O3 disks and debindered at 300 °C/2 h and 665 °C/2 h/5 °C min-1 

followed by sintering at 1100 °C/2 h /1 °C min-1 under 120 ml min-1 air flow. 

 
Figure 6.10. TGA/DTA (1000 °C/air) of LiAlO2 green films. 

 

 
Figure 6.11. SEM images of Li1.72AlO2 membrane sintered to 1100 °C/2 h. 

 
Figure 6.12a shows XRD patterns of LiAlO2 membranes sintered at 1100 °C/2 h /air. The 

dwell time was minimized to 2 h, to reduce Li volatility, preferably resulting in a single phase, 

dense LiAlO2. LiAlO2 membranes with 60, 80, and 150 wt.% excess Li showed the targeted 𝛾𝛾-

LiAlO2 and LiAl5O8. Table 6.6 shows the relative wt.% fraction of the phases present. For 

Rietveld refinement, a model was imported from the Inorganic Crystal Structure Database 

(ICSD), LiAlO2 (PDF-01-095-3721) and LiAl5O8 (PDF-04-022-2622). Li6.2AlO2 membranes 

show single-phase-LiAlO2 (space group P41212) indicating that loss of Li is compensated by 

using excess lithium propionate. Hence, the LF-FSP synthesis method allows exceptional 

control of phase purity and stoichiometry.  
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Figure 6.12. a. XRDs of sintered LiAlO2 membranes (1100 °C/2 h /air). b. Optical images of 
translucent LiAlO2 membranes, and c. flexible Li3.1AlO2 film. (*corresponds to LiAl5O8).  

 
It is common to account for the loss of Li in sputtering techniques to synthesize phase pure 

𝛾𝛾-LiAlO2.46 However, such processing requires subsequent ball milling of raw materials, 

followed by compacting pellets and sintering at high temperatures (~1100 °C) and long dwell 

times (20 h) to produce dense targets.46  
Table 6.6. Weight fraction of phases in LiAlO2 thin films sintered to 1100 °C/2 h/air. 

 LiAlO2(wt.%) LiAl5O8(wt.%) 
Li1.75AlO2 35±0.6 64±0.4 
Li1.99AlO2 53±0.8 46±0.2 
Li3.1AlO2 72±0.8 27±0.2 
Li6.2AlO2 100 - 

 
Marezio et al.44  reported that the XZ plane of 𝛾𝛾-LiAlO2 consists of distorted MO4 tetrahedra 

(M = Li, Al) forming a 3-D network. The unit cell contains four formula units. One edge of the 

tetrahedron is shared by other tetrahedra containing a metal ion of a different kind.  

As seen in Figure 6.13, the edge-sharing topology generates distorted hexagonal channels. 

In this study, the experimental c/a ratio (1.212) for Li6.2AlO2 membrane is consistent with that 

reported in the literature (within 1% error).46,57 The calculated average Li-O distance in the 

tetrahedral structure is ~ 2 Å, also in good agreement with the theoretical modeling work.57  To 

locate the equilibrium structure, the unit cell parameters and atomic coordinates were fully 
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relaxed. The lattice parameters for LiAlO2 obtained from experimental and theoretical 

calculations are listed in Table 6.7. 

 
Figure 6.13. Crystal structures of LiAlO2. The Li, Al, O are shown in pink, green, and red, 
respectively; unit cell in black. 

Table 6.7. Lattice parameters for LiAlO2 obtained from the experimental data and theoretical 
modeling.  

  Experimental (this work) Calculated (ref.2) 
Crystal system  Tetragonal Tetragonal 
Space group   P41212 P41212 
Volume (Å3)  166.87 166.87 

Density (g/cm3)  2.6 2.62 
a (Å)  5.16 5.152 
C (Å)  6.27 6.24 
Atom Site (x,y,z) (x,y,z) 

Li 4a (0.82,0.82,0.0) (0.8132,0.8132,0.0) 
Al 4b (0.18,0.18,0.0) (0.1752,0.7152,0.0) 
O 8b (0.36,0.3,0.77) (0.3332,0.2929,0.7695) 

 

Figures 6.12b and 6.14 show optical images and SEM fracture surfaces of LiAlO2 

membranes with various Li contents sintered to 1100 °C/2 h/air, respectively. The optical 

images with dimensions of ~1x1 cm2 reveal semi-transparent, sintered membranes. 

Translucency arises because of high densities.40 The Li1.72AlO2 membrane, with the highest 

LiAl5O8 phase fraction (64.4 wt.%), exhibits a glossy surface, Figure 6.12b. The dense, 

membranes offer thicknesses of 20-50 µm. SEM fracture surface images show uniform sized 

submicron pores, ascribed to the small and uniform NP APSs. This is significant because 

macroscopic pores (> 10 µm) in ceramic electrolytes, aside from engendering poor mechanical 

properties, result in poor ionic conductivity from local in-homogeneous ion mobility, 

decreasing battery cycle life.58  
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Figure 6.14. SEM fracture surface images of LiAlO2 membranes sintered at 1100 °C/2 h. a. 
Li1.75AlO2, b. Li1.99AlO2, c. Li3.1AlO2, and d. Li6.2AlO2. 

 
Figure 6.12c shows that the Li3.1AlO2 thin membrane offers mechanical properties that 

allow it to flex, which can be expected to permit roll-to-roll processing and facilitate assembly 

of microbatteries. This flexible electrolyte membrane also enables development of new ASSB 

designs. In general, fine grained membranes ensure flexibility in ceramics attributed to the 

tortuous crack propagation pathways, resulting in superior mechanical stability. The flexibility 

of the membrane also indicates the absence of surface flaws that may initiate cracking.  
Table 6.8. Relative densities of LiAlO2 thin films sintered to 1100 °C/2 h/air. 

 Density (%) AGSs (µm) 
Li1.75AlO2 83±0.2 2.2±0.3 
Li1.99AlO2 87±0.5 4.5±0.7 
Li3.1AlO2 90±0.6 6.6±0.2 
Li6.2AlO2 95±0.2 7.2±0.5 

 
In, general, high-density microstructures were achieved at low sintering temperatures for 

all LiAlO2 films. Transgranular fracture surfaces reveal very high densities. The density of the 

membranes seems to increase as excess Li increases as the Li6.2AlO2 membrane shows the 
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highest relative densities ~ 95 ± 0.2% as determined by the Archimedes method (Table 6.8). 

This may also be attributed to the fact that as-produced Li6.2AlO2 NPs contains excess Li2CO3 

which aids in liquid phase/reaction driven sintering as seen previously.48 The average grain 

sizes (AGSs) for the LiAlO2 films were calculated using the linear intercept method.59 Table 

6.8 shows AGSs increased from 2.2 ± 0.3 µm (for Li1.72AlO2) to 7.2 ± 0.5 µm (for Li6.2AlO2) 

with increasing 𝛾𝛾-LiAlO2 phase. The small AGSs for Li1.72AlO2 (Figure 6.14a) and Li1.99AlO2 

translate to increases in grain boundary volume fractions, which reduce the relative densities 

for these membranes. Thus, the found densities reported may actually be somewhat higher 

because the exact volume fraction and densities of the grain boundaries are not known. 

6.3.3 Ionic conduction mechanisms in LiAlO2/LiAl5O8 membranes 
LiAlO2 is a known electrical insulator and a very poor Li+ conductor (~10-10  S cm-1) at 

room temperature.46 Efforts have been made to improve its ionic conductivity by introducing 

an amorphous phase,6 silicate-based Li+ conducting components with higher ionic 

conductivity,60 structural disordering via point defects, and higher dimensional defects.38 

However, significant improvements in ionic conductivity have not been reported, to the best of 

our knowledge. In this work, we examined the effect of a secondary phase, LiAl5O8, on LiAlO2 

membrane conductivity.  

Figure 6.15 shows typical Nyquist plots for the LiAlO2 membranes, where electrochemical 

impedance data was collected from 7 MHz to 1 Hz at 25 °C. The Nyquist plots in the 

temperature range of -10 ° to 100° C are presented in Figures 6.16 and 6.17. The LiAlO2 + 

150% membranes offer the highest ionic conductivity of ~ 5.2 ± 0.7x10-6 S cm-1 at room 

temperature. Table 6.9 records total ionic conductivities of the membranes heated to selected 

temperatures.  
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Figure 6.15. Nyquist plots of a. Li1.72AlO2, b. Li1.99AlO2, c. Li3.1AlO2, and d. Li6.2AlO2 
membranes at 25 °C. Marked lines indicate experimental data and the circles represent the 
equivalent circuit modelling data. 

 
Figure 6.16. Nyquist plots a. Li1.72AlO2, b. Li1.99AlO2 c. Li3.1AlO2, d. Li6.2AlO2 membranes at 
25◦ to 100 ◦C. 

Optimization of the ionic conductivity of 𝛾𝛾-LiAlO2 was achieved by introducing LiAl5O8. 

Pristine 𝛾𝛾-LiAlO2 membranes show room-temperature conductivities of 2.4±1.2x10-8 S cm-1, 

still two orders of magnitude higher than typically reported for 𝛾𝛾-LiAlO2.16 For conventional 

all-solid-state microbatteries, thin film electrolytes with ambient conductivities >10-6 S cm-1 
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are highly desirable.61,62 Hence, these new LiAlO2/LiAl5O8 membranes are solid electrolyte 

alternatives to LiPON for assembly of microbatteries.  

The Li+ migration pathways in LiAlO2/LiAl5O8 mixed phases are proposed to be shorter 

than the distance between nearest Li+ sites in pristine 𝛾𝛾-LiAlO2, which implies occupation of 

interstitial sites with lower activation energies. LiAl5O8 ionic conductivity originates from 

diffusion of point defects (V-Li and Lii+).56 The Li+ interstitial diffusion pathway has been 

reported to show a substantial decrease in the interstitial migration barrier (0.33 eV) compared 

to Li+ vacancy diffusion.56  
Table 6.9. Total conductivities (σt) of LiAlO2 thin films heated to selected temperatures.  

T (℃) 𝜎𝜎(S cm-1) 
Li1.75AlO2 

𝜎𝜎(S cm-1) 
Li1.99AlO2 

𝜎𝜎(S cm-1) 
Li3.1AlO2 

𝜎𝜎(S cm-1) 
Li6.1AlO2 

-10 
0 
25 
40 
60 
80 

100 

1.0 × 10-8 
1.1 × 10-8 
8.3 × 10-7  

1.6  × 10-6 

2.0  × 10-6 

2.3  × 10-6 

2.8  × 10-6 

1.1 × 10-7 
1.2 × 10-7 
4.0 × 10-6 

1.2 × 10-5 

1.8 × 10-5 

2.0 × 10-5 

2.4. × 10-5 

3.5 × 10-7 
5.9 × 10-7 
5.2 × 10-6 

1.7 × 10-5 

2.1 × 10-5 

3.9 × 10-5 

5.3 × 10-5 

1.1 × 10-9 
1.4 × 10-8 
2.4 × 10-8 

5.3 × 10-8 

7.0 × 10-8 

1.3 × 10-7 

1.5 × 10-7 
 

This is ascribed to a direct-hopping mechanism, where interstitial Li+ diffuses through the 

shared edge between two LiO4 tetrahedra, resulting in comparatively shorter Li-O bonds (~1.4 

Å).56 Whereas, the vacancy migration activation energy is reported to be as high as 2.86 eV 

due to electrostatic repulsion from adjacent Al3+ at the midpoint between two Li vacant sites.56 

 
Figure 6.17. Nyquist plots a. Li1.72AlO2, b. Li1.99AlO2 c. Li3.1AlO2, d. Li6.2AlO2 membranes in 
the temperature range of -10 ° to 0°C. 
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Wiedemann et al.46 showed that Li+ diffusion in LiAlO2 occurs along a strongly curved 

pathway in 2-D via hopping of Li+ between Li positions and adjacent vacancies. The reported 

migration barrier for this diffusion mechanism is ~ 0.72 eV, which was determined using 

temperature-dependent neutron diffraction studies. The other diffusion mechanism reported is 

through long-range diffusion along the [001] direction which results in a higher activation 

energy of 0.87 eV.46 Indris et al.63 investigated Li+ diffusion in a LiAlO2 single crystals using 
7Li NMR spectroscopy and conductivity measurements. They reported an activation barrier 

energy of 0.72 eV ascribed to Li+ diffusion via a vacancy mechanism.63  

 
Figure 6.18. a. Arrhenius plots for the ionic conductivity. b. Relation between room 
temperature ionic conductivities and relative densities of LiAlO2 membranes sintered at 
1100 °C/2 h. 

 
The introduction of structural disorder caused by point defects and higher-dimensional 

defects in 𝛾𝛾-LiAlO2 has been reported to increase the room-temperature ionic conductivity, 

experimentally studied by temperature-dependent impedance spectroscopy.38 A recent study 

elucidates the local diffusion mechanism for 𝛾𝛾-LiAlO2 using a climbing image nudged-elastic-

band approach with periodic quantum-mechanical density function theory.57  

It was concluded that Li+ can diffuse between two LiO4 tetrahedral sites via Li point defects 

(V-Li ) and via a Li+ Frenkel defect (V-Li and Lii+).57 The low activation barriers reported here 

are ascribed to the presence of extrinsic defects generated by the introduction of LiAl5O8. The 

Arrhenius plots for the ionic conductivity of LiAlO2 membranes are shown in Figure 6.18a. 

The conductivity of the LiAlO2 membranes increases with increasing temperature, indicating a 

thermally activated mechanism. Table 6.10 presents activation energies ranging from 0.43 to 

0.5 eV for LiAlO2 membranes with various Li compositions. 
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Table 6.10. Activation energies of LiAlO2 membranes. 

Electrolytes Activation energy (eV) 
Li1.75AlO2 0.48±0.07 
Li1.99AlO2 0.48±0.02 
Li3.1AlO2 0.42±0.08 
Li6.1AlO2 0.42±0.06 

The ionic conduction mechanism for 𝛾𝛾-LiAlO2 is disparate, with activation barriers ranging 

from 0.5 -1.47 eV.46,63,64 These findings are based on polycrystalline, microcrystalline, single-

crystal and nano-crystalline 𝛾𝛾-LiAlO2.46,57,63,64 The discrepancies in the calculated activation 

energies might be ascribed to the fact that only isolated vacancies are considered as possible 

defects, disregarding contributions from grain boundaries and complex morphologies. In 

addition, Frenkel defect type Li+ migration involves local Li+ jumps as a function of V-Li and 

the distance between migrating Li—Lii+, which explains the relatively large scatter in the 

experimental activation energy values.57  

Figure 6.18b shows the relationship between room temperature ionic conductivities and 

relative densities of LiAlO2 membranes with various Li amounts sintered at 1100 °C/2 h. The 

single-phase 𝛾𝛾-LiAlO2 film, with a high relative density of ~95%, shows two orders of 

magnitude lower ionic conductivity (2.4 × 10-8 S/cm) compared to the mixed-phase 

LiAlO2/LiAl5O8 films, with slightly lower densities. The presence of the LiAl5O8 phase results 

in superior Li+ diffusivity (3.6 × 10-8) and lower migration barriers.56 Moreover, the fine 

grained membranes (AGSs < 5 µm) ensure that cracks propagate via a tortuous path that 

absorbs the energy driving propagation, offering superior mechanical stability. 

Table 6.11 lists the thicknesses, processing methods, and ambient ionic conductivities of 

various LiAlO2 films/pellets reported in the literature. The gas phase deposition techniques (i.e. 

ALD) generally require expensive and energy intensive process. Regardless the simplicity of 

the SSR method, achieving dense, single-phase 𝛾𝛾-LiAlO2 sample requires high sintering 

temperatures and long dwell times. Utility for cost effective mass production with fast ion 

conducting properties for ASSBs using this approach seems problematic at best. 
Table 6.11. Conductivities of LiAlO2 samples with various processing methods. 

Processing Phase composition Experimental conditions σ (S cm-1) Thickness Ref. 
LF-FSP/TC 𝛾𝛾-LiAlO2 (~73 wt. %) 

LiAl5O8 (~27 wt. %) 
AC Impedance: RT 5.2 × 10-6 25 µm This 

work 
ALD Amorphous Li:Al = 1:1.16 Impedance: in-plane 5.1 × 10-9 90 nm 16 
ALD Amorphous LiAlO2 Impedance: in-plane 5.6 × 10-8 50 nm 17 
ALD Amorphous LiAlO2 Impedance: cross-plane 2.8 × 10-10 160 nm 16 
CT Single crystalline 𝛾𝛾-LiAlO2 AC Impedance:150-350 °C 1 × 10-17 80 mm 63 

SSR Polycrystalline 𝛾𝛾-LiAlO2 AC Impedance:450-1000 °C 2 × 10-14 2.9 mm 60 
TRQ 0.7Li2O-0.3Al2O3 AC Impedance:150-400 °C 5 × 10-8 20 µm 65 

TRQ = twin roller quenching, SSR = solid state reaction, TC = tape casting, CT = Czochralski technique,  
ALD = atomic layer deposition, LF-FSP= liquid flame spray pyrolysis  
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6.3.4 Symmetric cell studies of Li/Li3.1AlO2/Li 
An Li/Li3.1AlO2/Li symmetric cell was constructed and cycled at ambient using a DC 

steady state method using various current densities (0.05-0.375 mA/cm2). Figure 6.19a 

demonstrates the potential response of the Li/Li3.1AlO2/Li symmetric cell. At relatively low 

current densities (0.05- 0.15 mA/cm2), the symmetric cell exhibits an ideal voltage response 

indicating that there is a minimal interfacial impedance at ambient. The Li3.1AlO2 membrane 

wets well with Li metal (Figure 6.20), supporting the first-principle computational studies that 

demonstrate the strong chemical binding between Li metal and LixAl2O3+x/2 (x = 0.4 -1.4).12 

 The voltage plateaus during cycling at higher current density (0.375 mA/cm2) do show 

polarization that follows Ohmic behavior. This polarization is consistent across all cycles as 

shown in Figure 6.20, which does not suggest degradation of the LiAlO2 membrane. Typically, 

solid electrolyte degradation is indicated by a reduction in voltage during galvanostatic cycling. 

Long-term cycling at 0.25 mA/cm2 current density shows that the potential profile becomes 

constant (~6.5 mV) for 60 h, confirming that lithiated Li3.1AlO2 membrane is a good Li+ 

conductor that provides effective Li+ migration path.  

 
Figure 6.19. Galvanostatic cycling of Li/Li3.1AlO2/Li cell at ambient using various current 
densities of 0.05 – 0.375 mA/cm2. a. Voltage vs. time profile, and b. columbic efficiency vs. 
cycle number plot of the symmetric cell.  

The columbic efficiency is ~ 100 % (Figure 6.19b), suggesting that the primary charge 

carrier through Li3.1AlO2 is Li+ with negligible electronic conductivity. This is also supported 

by the electronic conductivity determined by DC polarization experiments. The electronic 

conductivities were calculated following the procedure described elsewhere.66,67 Figure 6.21 

shows that the stabilized current increases linearly with the step increase in voltage as expected 

from Ohms law. The Li3.1AlO2 membrane showed an average electrical conductivity of 6.7 ± 

0.4 × 10-10 S/cm. The lithium transference number (tLi+) was calculated using equation (5).  
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𝑡𝑡𝐿𝐿𝑖𝑖+= (𝜎𝜎𝐿𝐿𝑖𝑖+)/ (𝜎𝜎𝐿𝐿𝑖𝑖+ + 𝜎𝜎𝑒𝑒−)             (5) 

where 𝜎𝜎𝐿𝐿𝑖𝑖+is the ionic conductivity of the Li3.1AlO2 membrane obtained from the Nyquist plot 

and the 𝜎𝜎𝑒𝑒−is the electrical conductivity deduced from the DC polarization experiments. The 

Li3.1AlO2 membrane exhibits high lithium transference number of ~1, enabling the mitigation 

of electrode concentration polarization.  

 
Figure 6.20. Galvanostatic cycling of Li/Li3.1AlO2/Li symmetric cell at a. 0.05- 0.15, b. 0.375 
c. 0.375 - 0.25, and d.0.25 mA/cm2 current densities. Optical images of Li melt bonded with 
Li3.1AlO2 membrane(e-f). 
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Figure 6.21. a. Time dependence of current during step voltages b. stabilized current-voltage 
relations of Li/Li3.1AlO2/Li symmetric cell.  

6.3.5 LiAlO2 NP coated Li4Ti5O12(LTO) electrode  
An additional benefit of LiAlO2 solid electrolyte is that it can be used as a coating material 

for LIB electrodes. Even though LTO demonstrates excellent structural stability, it suffers from 

poor conductivity, which limits its application for high energy density Li+ batteries. The very 

low electronic conductivities (< 10-13 S/cm) and the sluggish Li+ diffusion coefficient of LTO 

result in its poor capacity. It has been demonstrated that the LTO rate capability can be 

improved by doping with aliovalent ions,68 reducing particle size, and incorporating conductive 

additives.69 Thus, LF-FSP produced LTO NPs were coated with LiAlO2 NPs to enhance the 

conductivity and rate performance. Detailed electrochemical performance of LTO NPs is 

discussed in chapter 7. Prior to electrode synthesis, the LTO powder, carbon black (C-65), and 

the LiAlO2 NPs were heated to 60 °C/24 h/Vacuum. The electrode slurry was prepared by 

mixing LTO (80 wt.%), Carbon black (C65, 5 wt.%), LiAlO2 NPs (5 wt.%), and polyvinylidene 

fluoride (PVDF,10 wt.%) in 1- methyl pyrrolidin-2-one. The slurry was then coated on Cu foil.  

Figure 6.22 shows SEM fracture surface and EDX map images of the LiAlO2 coated LTO 

electrode. The EDX map shows well distributed (Al, C, F, Ti, and O) ascribed to the LiAlO2 

electrolyte, carbon additive, PVDF binder, and LTO powder, respectively. The top interface is 

mainly composed of Cu from the current collector. Here, we demonstrate that it is possible to 

introduce LiAlO2 coatings onto electrodes by simply ball-milling and tape casting method. 

Furthermore, the tape-casting process permits stacking of these LiAlO2/LiAl5O8 green films 

onto electrodes which simplifies battery design. Figure 6.23 shows the SEM and EDX fracture 

surface images of LTO/LiAlO2 membranes. The SEM fracture surface image shows that the 

interface between the anode and the electrolyte is smooth and uniform. The thickness of LTO 

and LiAlO2 is ~ 45 and 25 µm respectively.  
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The EDX map shows an even distribution of Al in the top layer and Ti in the bottom layer 

ascribed to LiAlO2 and LTO respectively. The distribution of O and C is uniform throughout 

the anolyte electrode. This preliminary work demonstrates that the LiAlO2 membranes have 

the potential to be assembled in ASSBs. The electrochemical performance of the LiAlO2 coated 

LTO electrode is beyond the scope of this chapter.  

 
Figure 6.22. SEM fracture surface and EDX map images of LiAlO2 coated LTO electrode.  

 
Figure 6.23. SEM and EDX fracture surface images of LTO/LiAlO2 membranes. 

6.4 Conclusions 
Solid electrolytes are proposed as key components in developing next-generation ASSBs 

due to their unique merits in terms of wide operating voltage, high thermal and mechanical 

stability, and safety. The LF-FSP method’s facility in synthesizing nanoparticles with spherical 

morphologies enables low temperature sintering that limits grain growth during densification 

leading to dense LiAlO2 membranes that are thermally and chemically stable and therefor of 

use as coatings and electrolyte for next-generation LIBs. The new composite LiAl5O8/LiAlO2 

membranes offer four orders of magnitude improvement in ionic conductivity compared to 

pristine 𝛾𝛾-LiAlO2. This is ascribed to the decreases in the Li+ migration barrier by incorporating 

a 3-D percolating network through the introduction of extrinsic defects and LiAl5O8. Long-

term cycling of Li/Li3.1AlO2/Li symmetric cell indicate that the membrane is stable with 

metallic Li at current densities of 0.375 mA/cm2.   
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Improved Electrochemical Properties of Li4Ti5O12 Nanopowders (NPs) 

 

7.1 Introduction  
Lithium-ion batteries (LIBs) are used widely in portable electronics, electric vehicles, 

stationary power storage and a multitude of related renewable energy applications due to their high 

energy and power densities.1,2 However in current designs, LIBs based on commercial 

carbonaceous anode materials cannot meet the fast charge capabilities required for many large-

scale applications due to serious safety problems associated with high charge/discharge rates.3,4  

Given the low galvanostatic potential (~0 vs Li+/Li) of current graphitic anodes,5,6 higher 

charging rates may cause (especially uneven) lithium plating generating internal short-circuits 

leading to catastrophic failure of traditional LIBs.7,8 Thus, to enable fast charging and improve 

LIB safety; numerous non-carbonaceous anodes have been explored.9–11 Among the possible 

alternate anode materials, LTO has been considered very promising due to its excellent thermal 

stability, high structural stability, good cyclability at high current densities, and negligible 

irreversible capacity.12–14 

Spinel LTO anodes can accommodate up to three Li+ ions per formula unit and deliver 

theoretical capacities ≈175 mAh g-1 without significant volume changes (<1 %) when cycled.15–17 

Graphite anodes in contrast expand up to 10 vol.% during charging.12 LTO’s negligible volume 

change (zero-strain) property provides high structural stability, potentially enabling high 

charge/discharge rates thereby improving LIBs’ versatility.12,18,19 In addition, LTO’s operating 

potential is above the reduction potential of common electrolyte solvents (propylene carbonate and 

ethylene carbonate), a favorable feature for high rate and low-temperature operation.20,21 

Unfortunately, pristine spinel LTO exhibits low electronic conductivity (10-13 S cm-1)22 due to 

the Ti4+ valence state and a poor Li+ diffusion coefficient (10-9–10-14 cm2 s-1) resulting in capacity 

loss and poor rate capability, which limits its use in large-scale applications.22–24 To date, several 

effective ways have been proposed and explored to ameliorate the electronic conductivity and Li+ 

diffusivity.12,25–27  



 
 

126 

The most common method focuses on doping with metallic (Cr3+, Ca2+, Ga3+, Mg2+, Ta5+ and 

Al3+)28–31 and non-metallic (Br-, Cl-, and F-)32–34 ions to increase lattice electrical conductivity 

through partial reduction of Ti4+ to Ti3+.  

Great efforts have also been made to increase the surface electrical conductivity of LTO 

through surface modifications via conductive coatings.35–38 Although carbon-coatings offer a very 

efficient way to improve LTO anode rate capabilities, they also decrease LTO cell volumetric 

energy densities.12,39 Furthermore, fabrication of uniform and optimized carbon coated LTO using 

economically facile techniques remains challenging.12  

Syntheses of nano LTO particles including nanorods, nanotubes, and nanowires offers an 

efficient strategy to improve LTO electrochemical performance.40–42 It is well-known that 

nanostructured active materials can facilitate both electron and Li+ transport by shortening 

diffusion pathways and providing excess surface lithium storage owing to their small sizes and 

large surface areas.2,27 In addition, LTO NPs will have larger contact area between electrolyte and 

electrode, resulting in improved intercalation kinetics. These phenomena contribute to enhance the 

rate capabilities of nanostructured LTO compared to bulk LTO. Multiple synthesis methods have 

been explored in efforts to prepare spinel LTO including sol-gel, hydrothermal synthesis, solution-

combustion, and spray pyrolysis.43–46 However, these routes often offer low yields, involve 

complicated procedures, high costs, and toxic precursors and byproducts detracting from 

commercialization practicality.   

Therefore, the synthesis of nanoscale LTO materials with controlled morphologies, phase 

purity, and using low-cost methods is highly desirable for assembly of LTO batteries. This 

provides the motivation to prepare LTO NPs using liquid-feed flame spray pyrolysis (LF-FSP).  

Recent publications indicate that modification of LTO particles by introducing appropriate 

amounts of solid electrolytes [LiAlO2, Li1.3Al0.3Ti1.7(PO4)3 (LATP), and Li0.33La0.56TiO3] is an 

effective, low-cost route to enhance the electronic and ionic conductivities of LTO anodes.24,39,47 

Thus, Han et al24 reported that added LATP can coat and/or bridge LTO particles, thereby 

facilitating both Li+ migration from electrolyte to LTO and electron transfer from LTO to a Cu 

current collector by virtue of its high ionic (6.2 x 10-5 S/cm)48 and electronic conductivities (5 x 

10-11 S/cm).49 However, these studies use solid-state reaction methods (calcining >700 °C) to 

synthesize LTO-solid electrolyte composites, which makes it difficult to obtain nanostructured 

LTO particles as a result of particle necking. 
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Recently, we demonstrated that LF-FSP derived LiAlO2 ceramic electrolytes offer optimal 

ionic conductivities (~10-6 S/cm) and electronic conductivities of 6.7 x 10-10 S/cm at ambient, both 

three orders of magnitude higher than those reported for LTO (Table 7.1).50 With this background, 

LTO-LiAlO2 composite anodes with high rate performance were synthesized using simple ball-

milling.  
Table 7.1. Ionic and electronic conductivities of LTO, LiAlO2, Li6SiON at room temperature. 

Compounds Ionic conductivity (S/cm) Electronic conductivity (S/cm) Ref 
LTO 10-13 - 10-9  < 10-13  22,23 

LiAlO2 10-6  10-10  50 
Li6SiON 10-6  10-7  51 

 

We also reported the synthesis and characterization of a novel polymer electrolyte (Li6SiON) 

starting from rice hull ash (RHA), an agricultural waste, providing a green route to all-solid-state 

batteries (Scheme 7.1).51 In our efforts to synthesize the Li6SiON polymer electrolyte, we realized 

that it might also be possible to use this precursor to coat LTO NPs. The Li6SiON electrolyte offers 

a room temperature (Table 7.1) ionic conductivity of 10-6 S/cm and electrical conductivity of 10-7 

S/cm 6 orders of magnitude greater than that of LTO.  

 
Scheme 7.1. Synthesis of LixSiON polymer electrolyte. 

On the basis of the above considerations, in this work, we synthesized high surface area (~38 

m2/g) spinel LTO NPs using LF-FSP, which eliminates traditional solid-state reaction steps (i.e. 

glass forming, grinding, and ball milling). In addition, LF-FSP derived LTO NPs are agglomerated 

but not aggregated which is highly desirable for facile dispersion and tape-casting. To optimize 
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the ionic and electronic conductivity of LTO anodes, the LTO was mixed with flame made LiAlO2 

NPs (APS = 64 nm, 5 and 10 wt.%) and coated with Li6SiON polymer precursors (5 and 10 wt.%).  

To the best of our knowledge, this is the first time three component composite anodes, e.g. 

LTO-LiAlO2-Li6SiON have been explored as an approach to improving LTO rate capabilities. The 

composite anode delivered a reversible capacity of 260 and 140 mAh/g at 0.5 and 10 C, over 90 

cycles respectively. The modified LTO NPs were characterized via XRD, XPS, SEM, EIS and 

performance tests, as described in the following sections.  

7.2 Experimental section  
Materials  

Lithium hydroxide monohydrate (LiOH·H2O) and propionic acid [(CH3CH2COOH), 99%] 

were purchased from Sigma-Aldrich (Milwaukee, WI). Titanium isopropoxide [Ti(OiPr)4] and 

Hexane were purchased from Fischer Scientific (Pittsburgh, PA). Absolute ethanol was purchased 

from Decon Labs (King of Prussia, PA).  

RHA was provided by Wadham Energy LP (Williams, CA). The solvent and reactants, 2-

Methyl-2,4-pentanediol (hexylene glycol, HG) and lithium amide (LiNH2) were purchased from 

Acros Organics. Lithium metal foil (~750 µm), polyvinylidene fluoride [PVDF, (Mw ~ 534 

kg/mol)], sodium hydroxide (NaOH), hydrochloric acid (HCl), and tetrahydrofuran (THF) were 

purchased from Sigma-Aldrich (St louis, MO). Super C65 conductive powder (~ 62 m2/g), Celgard 

2400 separator (~25 µm), and coin cell parts were purchased from MTI Corporation (Richmond, 

CA). The mixed solvent of ethylene carbonate (EC), dimethyl carbonate (DMC), and Ethyl methyl 

carbonate (EMC) (1 : 1 : 1 wt.%) containing 1 M LiPF6 as the Li salt with the addition of 10 wt.% 

fluoroethylene carbonate (FEC) was purchased from Soulbrain (Northville, MI). THF was distilled 

over sodium benzophenone ketyl prior to use. All other chemicals were used as received. 

7.2.1 Synthesis of LTO NPs  
Titanatrane {Ti(OCH2CH2)3N[OCH2CH2N(CH2CH2OH)2]} and lithium propionate 

(LiO2CCH2CH3) were synthesized as described in previous work.52  

Lithium propionate (26.5 g) and titanatrane (236. 8 g) were dissolved in anhydrous ethanol 

(1650 ml) to give a 3 wt.% ceramic yield solution. To avoid the loss of lithium during the 

combustion process, excess lithium propionate (100 wt.%) was used. The resulting precursor 

solution was aerosolized with oxygen into a combustion chamber where the LF-FSP was ignited 

with CH4/O2 pilot torches.  
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The as-produced LTO NPs were then collected downstream in a parallel set of rod-in-tube 

electrostatic precipitators (ESP) operating between 5-10 kV. Detail description of LF-FSP process 

can be found elsewhere.53 

The as-produced LTO NPs (10 g) were dispersed in anhydrous ethanol (350 mL) with 2 wt.% 

polyacrylic acid as a dispersant using an ultrasonic horn (Vibra-cell VC 505 Sonics & Mater. Inc.) 

operating at 100 W for 10-15 min. The suspension was left to settle for 5 h to remove impurities 

and allow larger particles to settle. Thereafter, the supernatant was decanted, and the recovered 

LTO NPs were dried at 100 °C/24 h. To further remove impurities, the dried LTO NPs were then 

heated to 700 °C/2 h/O2, hereafter referred to as pristine LTO. 

7.2.2 Preparation of LTO/LiAlO2/Li6SiON composites  
LiAlO2 NPs were also synthesized using LF-FSP as described in our previous work.50  

Recently, we have described the direct extraction of silica from RHA as the spirosiloxane, [SP = 

(C6H6O2)2Si], which in turn can be reacted with xLiNH2 to provide in short periods LixSiON (x = 

2, 4, and 6) polymers with varying Li and N contents as shown in Scheme 7.1. The Li6SiON 

product is almost fully soluble and stable in THF which makes it easier to coat LTO NPs, offering 

a simple and cos-effective green synthesis route to fabricate composite electrodes.  

In our effort to improve the ionic and electronic conductivity of LTO, composite anodes were 

processed by adding selected wt.% LiAlO2 solid electrolyte and Li6SiON polymer electrolyte 

during electrode formulation. Table 7.2 lists the target compositions of the electrode systems 

assessed here.  
Table 7.2. Lists of pristine and composite electrodes (wt.%). 

Electrodes LiAlO2 (wt.%) Li6SiON (wt.%) 
LTO 0 0 

LTO-5LiAlO2 5 0 
LTO-10LiAlO2 10 0 
LTO-5Li6SiON 0 5 
LTO-10Li6SiON 0 10 

LTO-5LiAlO2-5Li6SiON 5 5 
LTO-5LiAlO2-10Li6SiON 5 10 
LTO-10LiAlO2-5Li6SiON 10 5 
LTO-10LiAlO2-10Li6SiON 10 10 

 
The LTO and LiAlO2 NPs (5 and 10 wt.%) were dry ground for ~30 min/air to ensure uniform 

mixing. The LTO-LiAlO2 mixtures, dispersed in anhydrous ethanol (5 ml), were ball-milled for 

24 h using ZrO2 beads (6 g) in 20 ml vial under nitrogen. The slurries were then dried at 100 °C/24 

h/vacuum. 
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 In a separate step, LTO NPs and Li6SiON polymer precursor (5 and 10 wt.%) dissolved in 

THF were mixed using an ultrasonic operating at 100 W for 5 -10 min. The recovered mixtures 

were then dried at 100 °C/24 h/vacuum. To evaluate the synergistic effects of the LiAlO2 and  

Li6SiON electrolytes, composite electrodes are synthesized by mixing the LTO-LiAlO2 powders 

with LTO-Li6SiON powders. Scheme 7.2 depicts the preparation of the LTO-composite anode 

systems.  

 
Scheme 7.2. Schematic representation of the preparation of the LTO-composite anodes.  

Prior to electrode synthesis, pristine LTO and carbon black (C-65) were heated to 100 °C/24 

h/vacuum to remove trace moisture. Electrode slurries were prepared by mixing pristine LTO or 

LTO composites (80 wt.%), C65, (10 wt.%), and polyvinylidene fluoride [PVDF, (10 wt.%)] in 1-

methyl pyrrolidin-2-one. The mixtures were ultrasonicated for 10-15 min/N2 to form homogenous 

slurries. The mixtures were then ball milled for 24 h using ZrO2 beads (6 g) in 20 ml vials. The 

slurries were then coated on Cu foils. The films were dried at 80 °C/12 h/vacuum and cut into 8 

mm discs, and thermo-pressed at 40-50 MPa/50 °C/5 min using a heated bench top press (Carver, 

Inc.) to improve packing density. The electrodes have areal loading densities ranging from 3-4 

mg/cm2. Half-cells were assembled with LTO composite electrodes and a lithium metal anode 

separated by porous polypropylene film (Celgard 2300, 9 mm radius). Prior to cell assembly, the 

metallic Li (16 mm W X 750 µm T) was scraped to expose a clean surface. The electrolyte system 

was 1.1 M LiPF6 mixed solvent (1:1:1 wt.% ratio) EC:DEC:EMC with 10 wt. % FEC. The 2032 

coin cells were compressed using digital pressure controlled electric crimper (MSK-160E, MTI 

Corporation).  
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7.3 Results and discussion  
In the following sections, we first characterize the pristine LTO NPs and composite anodes by 

XRD, FTIR, SEM, and TGA. In the second part, we discuss the electrochemical properties of half-

cells assembled using the LTO-composite electrodes. The effect of the LiAlO2 solid electrolyte 

and Li6SiON polymer electrolyte additives on the rate performance of the LTO were also 

investigated.   

7.3.1 Structure and morphology characterization  
Figure 7.1 shows the XRD powder pattern of as-produced LTO NP composed primarily of 

spinel LTO phase (92 wt.%). Weak diffraction peaks ~ 27.6° and 55.5° 2θ can be assigned to TiO2 

rutile phase and the small peak~ 20.3° 2θ is attributed to Li2TiO3.54 The Figure 7.1 broad peaks at 

low 2θ angles decrease and the intensity of the peak corresponding to Li2TiO3 decrease on heating 

the LTO NPs to 700 °C, suggesting formation of phase pure spinel LTO without impurities.  

 
Figure 7.1.XRD plots of LTO NP and LTO heated to 700 °C/2 h/N2. 

The XRD powder patterns of pristine LTO, LTO-LiAlO2, LTO-Li6SiON composites are shown 

in Figure 7.2. The diffraction patterns of pristine LTO and LTO-5LiAlO2 samples are similar with 

all the peaks indexable to the Fd3-m space group with a cubic lattice.47 However, additional 

diffraction peaks related to LiAlO2 are observed for the LTO-10LiAlO2 powder (Figure 7.2a). The 

broad and low-intensity peak ~ 21° and the doublet peaks ~ 34° 2θ can be indexed to 𝛾𝛾-LiAlO2 

(PDF:04-009-6438).  
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However, no obvious lattice fringes corresponding to LiAlO2 are found due to its low content 

and the fact that the LTO-LiAlO2 composite powder was produced through a simple ball-milling 

without any heat treatment.  

 

 
Figure 7.2. XRD plots of (a) pristine LTO, LTO-LiAlO2, and (b) LTO-Li6SiON powders. 

Figure 7.2b shows the XRD plot of the Li6SiON powder heated to 100 °C/12 h/vacuum. The 

broad peak centered ~ 35° 2θ suggests the absence of any ordered crystalline structure.51 

Amorphous Li6SiON generates no discernible diffraction peaks in the LTO-Li6SiON composite 

powder. The XRD patterns of LTO-LiAlO2-Li6SiON composite powders are presented in Figure 

7.3. The lattice parameters for the LTO-LiAlO2-Li6SiON (a = 8.362 Å) powder are essentially the 

same as those of pristine material (8.364 Å). 
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Figure 7.3. XRD plots of LTO-LiAlO2-Li6SiON powders 

The FTIR spectra of pristine LTO, and LTO-composite powders are shown in Figure 7.4. The 

spectra of all samples change slightly with addition of LiAlO2 and Li6SiON polymer electrolytes. 

The broad peak ~1450-1500 cm-1 corresponds to carbonate 𝜈𝜈C=O, typical for LF-FSP derived 

powders.50 The two broad absorption bands centered at 650 and 465 cm-1, respectively, are due to 

the symmetric and asymmetric stretching vibrations of the octahedral groups [MO6] lattice, 

confirming the presence of spinel LTO.55  

 
Figure 7.4. FTIR spectra of (a) pristine LTO, LTO-LiAlO2, LTO-Li6SiON, and (b) LTO-LiAlO2-
Li6SiON powders. 
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High performance LTO anodes are available using nanostructured materials because such 

materials offer larger contact areas with electrolyte, shorter diffusion distances for Li+ and 

electrons, and excess near-surface lithium storage in comparison with micron-size LTO anodes.27,41 

The solid-state reaction method is simple; however, product quality is not satisfactory due to 

particle inhomogeneities, large APSs, and irregular morphologies. In contrast, we are able to the 

design and prepare uniform, nanoscale LTO electrodes for high performance applications.  

Figure 7.5 shows SEMs of pristine LTO, LTO-composite powders. Powder morphologies of 

the pristine LTO (Figure 7.5a) and LTO-LiAlO2 (Figure 7.5 b-c) are similar agglomerates with 

uniform APSs < 60 nm. Table 7.3 lists the SSAs and APSs of the LTO-composite powders.  

As noted above, high surface area is an important characteristic of nanostructured materials. 

The BET SSA of pristine LTO is 37 ± 0.8 m2/g. The calculated APS using the BET surface area is 

~ 46 nm for the pristine LTO. The LTO-10LiAlO2 sample shows a slight decrease to 31 m2/g and 

increase in APS (54 nm) attributed to the relatively larger LiAlO2 APS of 64 nm.50 

 
Figure 7.5. SEM images of pristine LTO (a), LTO-5LiAlO2 (b), LTO-10LiAlO2 (c), LTO-
5Li6SiON (d), LTO-10Li6SiON(e), and LTO-10LiAlO2-10Li6SiON (f) powders. 

Table 7.3. Lists of SSAs and APSs of the LTO-composite powders. 

Electrodes  SSA(m2/g) APS (nm) 
LTO 37 ± 0.8 46 

LTO-5LiAlO2 35 ± 0.2 48 
LTO-10LiAlO2 31 ± 0.5 54 
LTO-5Li6SiON 36 ± 0.3 47 
LTO-10Li6SiON 37 ± 0.8 47 
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Figure 7.5 d-e shows highly dispersed small particles on the LTO particles, which indicates 

that the polymer electrolyte is coated on the LTO particles, supporting the EDX studies presented 

below. The powder surface morphology of the LTO-10LiAlO2-10Li6SiON composite reveals 

denser particle accumulation attributed to the electrolyte additives.  

The thermal stability of the composite powders was investigated by TGA. Figure 7.6 shows 

representative TGA plots (700 °C/10°C min-1/N2) for pristine LTO and LTO-composite powders. 

The mass losses below 250 °C are attributed to physi/chemisorbed water on the surfaces of the 

LTO-LiAlO2 composite powders. The LTO-Li6SiON composite powder exhibits relatively larger 

mass loss (8 wt.%) from 100 °- 450 °C ascribed to evaporation/or decomposition of organics. 

Figure 7.6c TGA confirms the expected ceramic yield of the LTO-composite powders, matching 

the theoretical ceramic yield calculated using the rule of mixtures.  

 
Figure 7.6. TGA (700 °C/10°C min-1/N2) of (a) pristine LTO, LiAlO2, Li6SiON, and (b) LTO-
LiAlO2 and LTO-Li6SiON powders.  

7.3.2 Surface characterization 
The surface chemical composition and binding energies of the pristine LTO and LTO-

composite electrodes were analyzed by XPS. The survey spectra (Figure 7.7a) reveal signature 

peaks (Li, Ti, C, and O) for the pristine LTO, LTO-composite electrodes. All electrodes show a 
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small F 1s peak (2.3-3.5 At. %) ascribed to the presence of PVDF. The resulting deduced elements 

from XPS are listed in Table 7.4 and 7.5.  
Table 7.4. XPS analysis of pristine LTO, LTO-LiAlO2 electrodes. 

 Binding energy (eV) At. % 
Elements LTO-pristine LTO-5LiAlO2  LTO-10LiAlO2 

F 1s 685 2.3 2.6 2.4 
O 1s 526 18.2 19.1 16 
Ti 2p 455 5.6 6.3 6 
C 1s 281 27.1 21 20 
Al 2p 70 - 3.3 7.3 
Li 1s 58 46.8 47.7 48.3 

 
Table 7.5. XPS analysis of pristine LTO, LTO-Li6SiON electrodes. 

 Binding energy (eV) At. % 
Elements LTO -5Li6SiON  LTO-10Li6SiON 

F 1s 685 3.5 2.85 
O 1s 526 16 14.5 
Ti 2p 455 5.8 6.6 
N 1s 397 - 3.2 
C 1s 281 25.6 22.75 
Si 2p 99 1.9 2.3 
Li 1s 58 47.2 47.8 

 

Figure 7.7b presents high resolution XPS spectra of electrode Ti 2p. Deconvoluted peaks are 

centered at ~ 464.4 and 458.5 eV corresponding to the Ti 2P1/2 and Ti 2P3/2 core level binding 

energies of Ti4+ of spinel Li4Ti5O12, respectively.24,27 No noticeable change is observed in the Ti 

2p core peak for the pristine LTO and LTO-LiAlO2 electrodes. The Ti 2p3/2 peak seems to shift 

slightly to higher binding energy (459 eV) for the LTO-Li6SiON electrode compared to the pristine 

LTO electrode. This suggests that introducing the polymer electrolyte changes bonding at the LTO 

surface. Figure 7.8 shows the deconvolution of Ti 2p peak for the pristine LTO and LTO-composite 

electrodes. The Ti3+ contents at 2p1/2 increase to 10.2 and 15.7 % for the LTO-5Li6SiON and LTO-

10Li6SiON electrodes, respectively, which are much higher than the content in pristine LTO 

electrode. (4.2 wt.%). This suggests that Ti4+ partial reduction to Ti3+ during the coating process. 

As noted above, the presence of Ti3+ in LTO can effectively improve electron-hole concentrations 

enhancing bulk electrical conductivity.12,29 As a consequence, the LTO-Li6SiON electrode exhibits 

superior electrical conductivity as discussed below.  
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Figure 7.7.XPS survey spectra(a), core level spectra of Ti 2p (b), Al 2p (c), Si 2p (d), and N 1s (e) 
for LTO, LTO-LiAlO2 and LTO-Li6SiON electrodes. 

 
The core level spectra of Al 2p (74.8 eV) peak increases with increasing LiAlO2 content (10 

wt.%), a consequence of LiAlO2 particles associated with the surface of LTO particles (Figure 

7.7c). The core level spectra of Si 2p (99 eV) is similar in shape and peak position for the LTO 

electrode coated with 5 and 10 wt.% Li6SiON polymer electrolytes as shown in Figure 7.7d. The 

overall atomic concentration of N (Figure 7.7e) increases with the introduction of 10 wt.% 

Li6SiON, suggesting that the surface of the LTO particles is coated uniformly with the polymer 

electrolyte. 

The survey spectra (Figure 7.9) reveal signature peaks (Li, Ti, C, and O) for the LTO-LiAlO2- 

Li6SiON electrodes, while Al, Si, and N peaks are detected in the LTO composite electrodes 

ascribed to the presence of LiAlO2 and Li6SiON powders. The XPS derived compositions are listed 

in Table 7.6.  
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Figure 7.8. Ti 2p core XPS spectra of (a)pristine LTO (b) LTO-5Li6SiON and (c) LTO-10Li6SiON 
electrodes.  

 
Table 7.6. XPS analysis of LTO-5LiAlO2+ Li6SiON (5 and 10 wt.%) electrodes. 

 Binding energy (eV) At. % 
Elements LTO-5LiAlO2-5 Li6SiON LTO-5LiAlO2-10Li6SiON 

F 1s 684 5.6 4.8 
O 1s 527 22.5 16.1 
Ti 2p 455 5.1 6.6 
N 1s 397 1 1 
C 1s 281 32.2 32.7 
Si 2p 99 1.3 1.5 
Al 2p 73 4.8 6.2 
Li 1s 58 27.5 31.1 

 
Figure 7.10a shows SEMs and EDX mapping of the pristine LTO electrode revealing a 

relatively porous microstructure. The EDX map shows well-distributed signature elements (C, O, 

F, and Ti), supporting the XPS studies. The elemental map of F results from the binder PVDF. 
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Figure 7.9. XPS survey spectra(a), core level spectra of Ti 2p (b), Al 2p (c), Si 2p (d), and N 1s 
(e) LTO-LiAlO2-Li6SiON electrodes.  

 

Figure 7.10. SEM and EDX images for the pristine LTO (a), LTO-5LiAlO2 (b), and LTO-
10Li6SiON(c) electrodes.  
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Figure 7.10b shows SEMs and EDX mapping of an LTO-5LiAlO2 electrode revealing a 

relatively dense microstructure. The LTO-5LiAlO2 electrode seems to offer a smoother 

morphology compared to the electrode with higher LiAlO2 content. Careful examination of the 10 

wt.% LiAlO2 modified electrode reveals some uneven LiAlO2 coatings (Figure 7.11a). This might 

be ascribed to incomplete dispersion of the active particles with higher LiAlO2 content. The EDX 

map shows well-distributed signature elements (C, O, Ti, F, and Al). The Al elemental map is also 

uniform for LTO-5LiAlO2 in good agreement with the XPS data. Table 7.7 lists the deduced 

atomic percentages based on EDX analyses for the LTO electrodes. As expected, the Al At. % 

increased with increasing LiAlO2 content.  

 
Figure 7.11. SEM and EDX images for the pristine LTO-10LiAlO2 (a), LTO-5Li6SiON (b), and 
(c) LTO-10LiAlO2-5Li6SiON electrodes.  

Table 7.7. Average atomic percentage (At. %) based on EDX analysis for LTO-composite 
electrodes.  

 
Electrodes 

At. % 
C F O Ti Al Si N 

LTO-pristine 29.7 6.3 48.4 15.6 -   
LTO-5LiAlO2 29.6 4.9 47.5 16.8 1.2   
LTO-10LiAlO2 28.3 7.0 50.3 12 2.4   
LTO-5Li6SiON 23.7 8.2 52.5 13 - 1.4 1.2 
LTO-10Li6SiON 23.1 7.5 50 15.4 - 2.2 1.8 

 

Figures 7.10c and 7.11b show SEM and EDX images of LTO + 5 and 10 wt.% Li6SiON 

electrodes, respectively. The Si and N elemental maps indicate uniform distributions for both 

electrodes in good agreement with the XPS data. As expected, the Si and N At. % increase with 

increased Li6SiON content.  
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The LTO-Li6SiON electrodes show a relatively denser microstructure. Several notable 

experiments have demonstrated that the rate performance depends strongly on the composition of 

additives, binder types, and degree of electrode compaction.56 Besides being an additive with 

superior ionic and electronic conductivities, the Li6SiON polymer electrolyte can behave like a 

binder promoting intimate contact between the active material and the current collector. These 

properties strongly enhance the LTO rate performance as discussed below.  

7.3.3  Electrochemical performance  
Electrochemical impedance spectroscopy (EIS) was performed on the LTO composite 

electrode-Li half-cells before cycling. The corresponding Nyquist plots are presented in Figures 

7.12a and c. The impedance curves were fitted with the modified Randle-Ershler equivalent circuit 

model (Figure 7.13). The intersection of the Nyquist plot with the Z’ axis; the ohmic resistance 

(𝑅𝑅𝑠𝑠), is a measure of the internal resistance of electrode and electrolyte. The charge transfer 

resistance (𝑅𝑅𝑐𝑐𝑡𝑡) is associated with the semicircle in the intermediate frequency region. Warburg 

impedance (𝑊𝑊) is the solid-state diffusion resistance, reflected in the sloped line in the low 

frequency-region. The constant phase elements (CPE) are ascribed to the double-layer capacitance. 

The diffusion coefficient (𝐷𝐷𝐿𝐿𝑖𝑖) of lithium-ion can be calculated from the plots in the low-frequency 

region. The equation for the calculation of 𝐷𝐷𝐿𝐿𝑖𝑖 values by EIS can be expressed as39: 

𝑍𝑍𝑟𝑟𝑒𝑒 = 𝑅𝑅𝑐𝑐𝑡𝑡+ 𝑅𝑅𝑠𝑠 +  𝜎𝜎𝜔𝜔−1/2        (1) 

𝜔𝜔 = 2𝜋𝜋𝜋𝜋                      (2) 

𝐷𝐷𝐿𝐿𝑖𝑖 = 𝑅𝑅2𝑇𝑇2

2𝐴𝐴2𝑛𝑛4𝐹𝐹2𝐶𝐶𝐿𝐿𝐿𝐿2𝜎𝜎2
              (3) 

Where 𝑅𝑅 is the gas constant, 𝑇𝑇 is the absolute temperature, 𝐹𝐹 is the Faraday constant, 𝐴𝐴 is the 

area of the electrode, 𝑡𝑡 is the number of electrons per molecule during oxidation, 𝐶𝐶𝐿𝐿𝑖𝑖 is the 

concentration of Li+ in solid, 𝜔𝜔 is the angular frequency, 𝜋𝜋 is the frequency, and σ is the Warburg 

factor which is related to Zre obtained from the slope of the line in Figures 7.12b and d.  

All the Nyquist spectra (Figures 7.12 a and c) consist of a semicircle in the high frequency 

region and an inclined line in the low frequency region. The high frequency intercept of the 

semicircle (𝑅𝑅𝑐𝑐𝑡𝑡) reflects the electrochemical activity at the interface and electron/ion conductivity. 

The inclined line attributed to 𝑊𝑊, is related to the diffusion of the Li+ into the bulk of the electrode 

material. Appropriate LiAlO2 (5 wt. %) and Li6SiON (10 wt. %) modification improves the 

conduction of the spinel Li4Ti5O12 material; evident from Figure 7.12.  
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Figure 7.12. Nyquist plot of LTO composite – Li half-cell (a and c), and graph of Zre plotted 
against ω−0.5 at a low-frequency region (b and d). The dotted line represents the experimental 
value and the solid line indicates the fitted data. 

This indicates that the appropriate LiAlO2 modification enhances LTO conductivity and 

decreases charge transfer resistance, suggesting that the LTO-LiAlO2 composite (5 wt. %) may 

have better electrochemical activity and kinetic behavior than pristine LTO during cycling.  

 
Figure 7.13. Randle-Ershler equivalent circuit model was used to fit the Nyquist plot. 
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However, a dramatic increase in charge transfer resistance is noted for the LTO-10LiAlO2 

composite compared to the pristine LTO and LTO-5LiAlO2 electrode. It is likely the high LiAlO2 

content (10 wt. %) provides a thicker barrier to Li+ ion transport at the LTO surface limiting both 

electronic and ionic conduction. This is supported by the Figure 7.14 CV data. The Li+ diffusivity 

result can be compared (Table 7.8) to reported LTO-LiAlO2 and LTO−Li0.33La0.56TiO3 composite 

electrodes.39,47  
Table 7.8. Comparison of Li+ diffusivities for various LTO-composite electrodes. 

Electrodes DLi(cm2/s) Ref 
LTO-LiAlO2 (5 wt.%) 1.19 x10-13 1 
LTO-LiAlO2 (10 wt.%) 3.51 x10-15 1 

LTO-Li0.33La0.56TiO3 (5 wt.%) 1.92 x10-14 2 
LTO-Li0.33La0.56TiO3 (10 wt.%) 1.23 x10-14 2 

 

The calculated Li+ diffusion coefficients for pristine LTO, LTO-LiAlO2, and LTO-Li6SiON 

are listed in Table 7.9. LTO-5LiAlO2-10Li6SiON has the highest diffusion coefficient (~2.7 x 10-

12) among the LTO electrodes reported here. This study demonstrates that introduction of an 

appropriate amount of electrolyte has a positive effect on the electrochemical performance of LTO 

with the increase in electronic conductivity and Li+ diffusivity.  
Table 7.9. List of diffusivities and potential gap for pristine and composite LTO electrodes. 

Electrodes DLi(cm2/s) ∆𝜑𝜑p (mV) 
LTO-pristine 4.6 ± 0.5 x 10-14 400 
LTO-5LiAlO2 6.1 ± 0.7 x 10-13 340 
LTO-10LiAlO2 4.8 ± 0.2  x 10-14 410 
LTO-5Li6SiON 6.7 ± 0.6 x 10-14 380 

LTO-10Li6SiON 1.2 ± 0.3 x 10-12 320 
LTO-5LiAlO2 - 5Li6SiON 2.3 ± 0.3 x 10-13 300 
LTO-5LiAlO2 -10Li6SiON 2.7 ± 0.3 x 10-12 290 
LTO-10LiAlO2 - 5Li6SiON 3.0 ± 0.5  x 10-14 350 
LTO-10LiAlO2 - 10Li6SiON 1.3 ± 0.6  x 10-14 370 

 

As shown in Figure 7.14a, CV curves were measured at a scan rate of 1 mV/s between 0 and 

2.5 V (vs. Li/Li+). A pair of typical cathodic/anodic peaks are observed ~ 1.8/1.5 V for all samples, 

which is the characteristic of two-phase redox reaction mechanism of LTO (Li4Ti5O12 + 3Li+ + 3e- 

⇄ Li7Ti5O12). This suggests that the introduction of LiAlO2 and Li6SiON polymer electrolyte does 

not change LTO electrochemistry (Figure 7.14b). In addition, another pair of weak redox peaks in 

the range 0.4–0.6 V is attributed to the multistep restoration of Ti4+.57  
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This is ascribed to the insertion of additional Li+ ions into rock salt-structured (Li7Ti5O12) to 

form quasi-rock-salt (Li8.5Ti5O12) and reduce all of the Ti4+to Ti3+.58 

 Table 7.9 also lists the peak parameters of the various electrodes from the CV plots. The 

degree of polarization of the electrode is reflected in the potential difference between anodic and 

cathodic peaks. LTO-5LiAlO2-10Li6SiON exhibits the smallest potential gap (∆𝜑𝜑p = 0.29 V) 

between reduction and oxidation peaks compared to the pristine LTO electrode ((∆𝜑𝜑p = 0.4 V). 

This suggests that the composite electrode has lower electrochemical polarization and better 

diffusion kinetics than pristine LTO. This could be attributed to faster Li+ and electron transfer 

processes imparted by the ceramic and polymer electrolyte additives. This is consistent with the 

excellent rate capability of the LTO-5LiAlO2-10Li6SiON composite electrode.  

 
Figure 7.14. Cyclic voltammograms of the pristine LTO, LTO-LiAlO2, and LTO-Li6SiON (a), 
and LTO-LiAlO2-Li6SiON(b) half-cells. 

The electrochemical performance of pristine LTO, LTO-LiAlO2, LTO-Li6SiON, and LTO-

LiAlO2-Li6SiON electrodes was evaluated by galvanostatic discharge/charge testing at different 

C-rates (0.5, 1 and 5C) between 1 and 2.5 V. Pristine LTO (Figure 7.15a) shows an initial discharge 

capacity of ~180 mAh/g at 0.5 C. The reversible capacity at 0.5 C rate is ~ 154 mAh/g after 100 

cycles, which is 88 % of the theoretical capacity. This is consistent with previous reports and 

corresponds to the transformation of Li4Ti5O12 to Li7Ti5O12.12  

Cells were further tested at 5C to explore stability at high rates. The discharge capacity for 

pristine LTO half-cell decreases to ~125 mAh/g at 5 C. However, capacities for LTO-5LiAlO2 and 

LTO-10Li6SiON fade slowly remaining stable at 146 and 160 mAh/g at 5C, respectively. The 
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LTO-5LiAlO2-10Li6SiON exhibits a discharge capacity (~140 mAh/g) at 5C. On the whole, the 

LTO-Li6SiON and LTO-LiAlO2 electrodes reveal enhanced rate capacity relative to pristine LTO.  

 After 100 cycles, the specific capacities are 155±0.7, 142±1.4, 156±0.5, and 162±0.2 mAh/g 

at 0.5C for the half-cells assembled with LTO-5LiAlO2, LTO-10LiAlO2, LTO-5Li6SiON, LTO-

10Li6SiON electrodes, respectively. The reversible capacities of LTO-Li6SiON decrease slowly 

compared to LTO-LiAlO2, and pristine LTO electrodes. However, the LTO-10LiAlO2-5Li6SiON 

and LTO-10LiAlO2-10Li6SiON composite electrodes show relatively low discharge capacities of 

127 and 131 mAh/g after 100 cycles.  

To understand the reason why the capacities of the LTO−10LiAlO2-5Li6SiON and 

LTO−10LiAlO2-10Li6SiON (Figure 7.15b) drop abruptly, the discharge/charge curves for the 

selected cycles are displayed in Figure 7.15. The polarization degree of the electrode is explored 

by calculating the potential difference (∆𝐸𝐸) between charge and discharge plateaus. As presented 

in Figures 7.16 and 7.17, the ∆𝐸𝐸 of LTO−10LiAlO2-10Li6SiON increases gradually with 

increasing cycle number (∆𝐸𝐸~70 mV), indicating relatively higher degrees of polarization 

compared to LTO−5LiAlO2-10Li6SiON electrode (∆𝐸𝐸~50 mV) after 70 cycles. This might be 

ascribed to the larger amount of LiAlO2, which significantly reduces the content of electrochemical 

active material LTO, resulting in the observed low capacity retention. This is consistent with what 

is reported in literature for LTO-LiAlO2 (10 wt.%) composite electrodes.47 In addition, as 

discussed above in the diffusivity section, the LTO-10LiAlO2-10Li6SiON composite did not show 

as high a Li+ diffusivity coefficient when compared to the LTO-5LiAlO2-10Li6SiON electrode.  

 
Figure 7.15. Cycling performance of the pristine LTO, LTO-LiAlO2, and LTO-Li6SiON (a), and 
LTO-LiAlO2-Li6SiON(b) half-cells cycled between 1 – 2.5V. 
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Figure 7.18 shows the rate performance of the pristine LTO and LTO-composite electrodes 

cycled in the range of 0.01-2.5 V. The initial discharge capacity of all samples exceeds the 

theoretical capacity (260 mAh/g) of LTO. The extra capacity could be attributed to the formation 

of a solid electrolyte interface (SEI), composed of organic lithium alkyl carbonates at the surface, 

and trapped Li+ in the conductive additive carbon black. The LTO electrodes (Figure 7.18a) 

display excellent cycling stability for both cut-off voltages (0.01 and 1V), suggesting the process 

for the extra lithiation beyond Li7Ti5O12 is highly reversible.  

 
Figure 7.16. Potential vs. capacity plots at selected cycle numbers for half-cells assembled with 
(a) LTO-5LiAlO2-10Li6SiON, (b) LTO-10LiAlO2-5Li6SiON, and (c) LTO-10LiAlO2-10Li6SiON 
electrodes.  

 
Figure 7.17. (a) Potential vs. capacity plots at 70 cycles and (b) enlarged charge-discharge curves 
of LTO-LiAlO2-Li6SiON electrodes.  

The reversible capacities of LTO-5LiAlO2-10Li6SiON (260 mAh/g) and LTO-10Li6SiON 

(231 mAh/g) are much higher than those of pristine LTO electrodes (202 mAh/g) at 0.5C as shown 

in Figure 7.18b. LTO-5LiAlO2-10Li6SiON maintains a high discharge capacity of 255 mAh/g at 



 
 

147 

0.5C, which is much higher than the pristine LTO (185 mAh/g) after 90 cycles. At 10 C 

charge/discharge rate, the LTO-10Li6SiON shows the highest discharge capacity of 190 mAh/g. 

The LTO-5LiAlO2 also delivered high discharge capacity of 174 mAh/g, which is more than 

double the capacity obtained for the pristine LTO (70 mAh/g). The introduction of appropriate 

amounts of LiAlO2 NPs shortens diffusion distances for Li+ and electrons, increases the contact 

interface with electrolyte and provides abundant surface Li+ storage sites, or excess near-surface 

Li+ storage.  

 
Figure 7.18. Cycling performance of the pristine LTO, LTO-LiAlO2, and LTO-Li6SiON (a), and 
LTO-LiAlO2-Li6SiON (b) half-cells cycled between 0.01 – 2.5V. 

Figure 7.19 compares the rate performance of pristine LTO and LTO composite electrodes 

cycled with different voltage windows at various current densities. The LTO-pristine half-cell 

cycled between 1.0 – 2.5 V potential range (Figure 7.19a) exhibited a stable average capacity of 

160 mAh/g at 0.5C after 100 cycles. The pristine LTO half-cell was also discharged to 0.01V 

delivering a reversible capacity of 202 mAh/g and 120 mAh/g at 0.5C and 5C as shown in Figure 

7.19b, respectively. These electrochemical results indicate that LF-FSP derived LTO powders 

enable high rate performance at different discharge voltage ranges.  

Figure 7.19 a-b shows that the LTO-10LiAlO2-5Li6SiON and LTO-10LiAlO2-10Li6SiON 

composite electrodes show poor discharge capacities compared to the pristine LTO electrode when 

discharged to different voltages. This suggests that LiAlO2 has a strong impact on the rate 

capability of LTO-composite electrodes. Hence, it is important that optimal content of LiAlO2 (5 

wt.%) is introduced to achieve superior cell performance. 
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 Compared with pristine LTO, Li4Ti5O12-LiAlO2 (5wt.%),47 and Li4Ti5O12-Li0.33La0.56TiO3 

(5wt.%)39 composites prepared by solid-state methods, the rate performance of LF-FSP derived 

LTO-5LiAlO2-10Li6SiON composite electrodes is much higher in the range of 0.01-2.5 V at higher 

C-rates (Table 7.10). This clearly indicates that moderate modification of LTO particle surfaces is 

substantially beneficial to rate performance. 

 

Figure 7.19. Comparison of discharge capacities of the various electrodes cycled between 1.0 -2.5 
V (a) and 0.01 – 2.5 V (b) at selected c-rates.  

Table 7.10. Comparison of discharge capacities of LTO-composite anode materials at 5C. 

Electrodes Discharge capacities (mAh/g) Ref 
LTO-LiAlO2 (5 wt.%) 127 47 
LTO-LiAlO2 (10 wt.%) ~50 47 

LTO-Li0.33La0.56TiO3 (5 wt.%) 146 39 
LTO-Li0.33La0.56TiO3 (10 wt.%) 137 39 

Li4Ti4.9La0.1O12 181 60 
LTO-TiO2 117 61 

LTO-TiO2/C 140 62 
LTO-5LiAlO2 190 This work 

LTO-10Li6SiON 206 This work 
LTO-5LiAlO2-10Li6SiON 210 This work 

 
Figure 7.20 show the Nyquist plots of the half-cells in delithation state after 100 cycles. Table 

7.11 lists the electrolyte resistance (Re) and charge transfer impedance (Rct) of these half-cells. The 

Rct values of LTO-5LiAlO2-10Li6SiON decreases markedly, suggesting improved charge transfer 

due to the introduction of polymer electrolyte with higher electronic conductivity than pristine 

LTO anode. Zhang et al59 suggest that local charge disequilibrium promote the electron transfer; 

thus, the modification of LTO surface improves the electronic conductivity. 
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Table 7.11. List of impedance values for pristine and composite LTO-Li half-cells. 

Electrodes Re(Ω) Rct(Ω) 
LTO-pristine 3.5 60 
LTO-5LiAlO2 2.8 6 

LTO-10LiAlO2 3.3 75 
LTO-5Li6SiON 3.8 20 

LTO-10Li6SiON 3.6 15 
LTO-5LiAlO2 -10Li6SiON 3.0 8.5 

 

 
Figure 7.20. Nyquist plots of pristine and composite LTO – Li half-cells after 100 cycles.  

The high rate capability of the LTO-5LiAlO2-10Li6SiON electrodes is attributed to:  

(1) Optimal amounts of LiAlO2 (5 wt.%) and Li6SiON (10 wt.%) between or on the LTO particle 

surfaces enhancing the ionic conductivity as demonstrated by the increase in lithium-ion 

diffusivity.  

(2) Li6SiON polymer electrolyte reorganizing LTO surface bonding, resulting in an increase in 

the electronic conductivity due to the local change imbalance. 

(3) Diminishing potential differences between anodic and cathodic plateaus, and polarization, 

via introduction of appropriate LiAlO2 and Li6SiON electrolyte contents.  

(4) The enhanced electrical conductivities of electrolyte additives coupled with uniform particle 

morphology and high surface area of LTO NPs resulted in long-term cycling stability over 500 

cycles delivering revisable capacity of ~217 mAh/g at 5C (Figure 7.21). 

 



 
 

150 

 
Figure 7.21. Long-term cycling stability of LTO-5LiAlO2-10Li6SiON -Li half-cell at 5C. 

7.4 Conclusions 
Herein, a facile LF-FSP method enabled the synthesis of high surface area, phase pure LTO 

NPs using a low-cost precursor. Pristine LTO was mixed with LiAlO2 and Li6SiON electrolytes to 

improve the ionic and electronic conductivity by simple ball-milling and ultrasonication methods. 

The microstructure studies show that the composite powders are homogeneous with particle sizes 

< 60 nm. XPS and EDX studies further confirm that the surface of the LTO particles is uniformly 

coated with the polymer electrolyte. By virtue of the high ionic and electronic conductivity of 

LiAlO2 and Li6SiON electrolyte, the LTO composite electrodes with optimal LiAlO2 (5 wt.%) and 

Li6SiON (10 wt.%) electrolyte additives exhibit excellent electrochemical performance delivering 

reversible capacity of 260 and 140 mAh/g at 0.5 and 10 C respectively.  
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Silica Depleted Rice Hull Ash (SDRHA), An Agricultural Waste, As a High-
Performance Hybrid Lithium-Ion Capacitor 

 

8.1 Introduction  
 

Global warming provides intense motivation to find ways to supplant commercial-scale CO2 

generating processes to offset envisioned catastrophic effects on the environment.1–5 To this end, 

the world is rapidly adopting electric vehicles as one part of societal efforts to mitigate the 

anticipated rapid changes in our global environment.6–10  

The development of high rate lithium-ion batteries (LIBs) is essential to ensure the efficacy of 

portable electronic devices.11–13 Due to their unique merits in terms of high energy density (100-

250 Wh kg-1), wide operating voltage, and absence of memory, LIBs are now rapidly undergoing 

commercialization for fast charging electronics, electric vehicles, and hybrid electric vehicles.14–

16 However, conventional LIBs using graphite anode cannot meet the increasing demand for power 

density, operational reliability, system integration, and safety requirements in many of these 

applications.11,13,17 LIBs specific power is usually < 0.5kW kg-1, with poor cycle life of < 5000 

cycles.18,19  

In contrast, lithium-ion capacitors (LICs) that combine both battery and electric double-layer 

capacitors (EDLC) properties provide ~ 5-10 times greater energy densities than traditional 

EDLCs, higher power densities and longer cycle lives than conventional LIBs.18,20 LIC devices are 

desirable because they can meet the demand for high power density requirements. Typically, LICs 

contain a pre-lithiated anode and an EDLC cathode.18,21–23 Extensive research has been done to 

optimize the electrochemical performance of hybrid-LICs. 20,24–28 Recently Zheng et al29 

demonstrated LICs with improved specific energy through use of a hybrid positive electrode of 

LiNi0.5Co0.2Mn0.3O2 (NMC) as an additive with activated carbon.  

Improvements in the energy densities of LICs were achieved by optimizing the electrode 

components by using polymer-derived porous carbon as a cathode,30 pre-lithiated graphene 
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nanosheets as the negative electrode,31 and “soft” carbon, a promising alternative to graphite in 

high rate applications.32  

The specific surface area (SSA) of the EDLC component is known to directly affect the 

electrical energy storage capacity of LICs. Hence, various porous carbon materials with the high 

SSAs (> 1000 m2/g) have been successfully synthesized by catalytic activation,33 carbonization of 

polymer blends,34 and chemical vapor deposition methods.35 However, these methods require 

complicated synthesis procedures that are high cost and/or use toxic reagents.36 As a consequence, 

development of alternative anode materials that offer high capacities, fast charge/discharge, low 

potentials, reduced cost of manufacturing, as well as being environmentally friendly, and safe have 

attracted attention from both academia and industry.37–39  

One less appreciated source of energy is one in which the combustion of agricultural waste is 

used to generate steam to produce electricity. Combustion of agricultural waste (Ag waste) such 

as rice hulls, corn, and coconut husks, etc.36,40,41 takes advantage of the fact that the carbon in these 

sources derives directly from photosynthetic fixing of CO2, such that the energy generated can be 

CO2 neutral. Often, the combustion of Ag waste generates materials which themselves can be used 

to make value-added products (valorized).40,42,43 In previous work done in this group, we 

demonstrated that rice hull ash (RHA), produced world-wide in millions of tons/year quantities, 

can be used to produce solar grade silicon (99.999 % pure),40 distillable forms of alkoxysilanes,44 

and high surface area silica for vacuum insulation panels.45  

In this work, the residual carbon recovered from distilling “silica” out of the RHA (silica 

depleted RHA or SDRHA) has been explored as a “green” source of anode material for high power 

applications. The SDRHA carbon/silica composites produced offer potential access to better, 

cheaper and safer EDLC electrodes while also generating value-added utility for this Ag waste. 

Several studies examine the advantages of RH based activated carbon as active material for the 

electrodes of EDLCs and LICs.42,43,46–50 Recently, Kumagai et al.51 demonstrated the use of micro 

and mesoporous activated carbon prepared from RH and beet sugar as the cathode material, and 

RH-derived C/SiOx as the composite anode material. It was revealed that the RH carbon with 

partially removed SiOx (41 wt.%) is a promising anode active material with high resistance to facile 

pre-lithiation.51 The durability against Li dendrite growth and Li-aged by product is attributed to 

the transformation of SiOx into LiySiOx, reducing the number of excess Li ions that could contribute 
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to uneven Li deposition.51,52 Hence, the optimization of SiOx amount in SDRHA is necessary to 

deliver high performance LICs.  

In this study, we assess the potential of battery electrodes assembled using Li metal foil or 

LiNi0.6Co0.2Mn0.2O2 (NMC622) with the SDRHA as hybrid LICs. The most significant advantage 

to using NMC is its high specific capacity and high voltage to enhance the energy density.29 The 

cell design for new generation hybrid LICs devices is discussed in detail. The specific capacity of 

lithiated SDRHA is calculated to be 250 mAh/g at 0.5 C and remains 200 mAh/g at 2 C indicating 

excellent rate performance. The reversibility of Li-ion insertion in SDRHA and release of LiySiOx 

is also discussed. The hybrid LICs assembled with NMC622 exhibit long-term cycle life, high 

specific capacitance of 325 F/g at 1C, and excellent coloumbic efficiency (~100%). This suggests 

the development of SDRHA from Ag waste is highly suitable for fabrication of supercapacitor 

carbon-based electrodes without prior activation.  

8.2  Experimental section  
RHA was provided by Wadham Energy Inc. (Williams, CA). Typical impurity contents and 

detail analyses of RHA can be found elsewhere.40 2-Methyl-2,4-pentanediol (Hexylene glycol, 

ARCOS Organic) was used as received. Lithium metal foil (~750 µm), polyvinylidene fluoride 

(Mw ~534 kg/mol), potassium hydroxide (KOH), hydrochloric acid (HCl), and N-

methylpyrrolidone (NMP) were purchased from Sigma-Aldrich (St Louis, MO). The super C65 

conductive carbon black powder (~62 m2/g), Celgard 2400 separator (~25 µm), and coin cell parts 

were purchased from MTI Corporation (Richmond, CA). The lithium nickel cobalt manganese 

oxide powder (NMC622) was purchased from BASF Catalysts (Cleveland, OH). The mixed solvent 

of ethylene carbonate (EC), dimethyl carbonate (DMC), and Ethyl methyl carbonate (EMC) (1 : 1 : 1 

wt.%) containing 1 M LiPF6 as the Li salt with the addition of 10 wt.% fluoroethylene carbonate was 

purchased from Soulbrain (Northville, MI). 

8.2.1  Synthesis of SDRHA  
SDRHA was synthesized as reported elsewhere.48 In brief, rice hull ash (RHA) was first milled in 

dilute hydrochloric acid to remove impurities. RHA (200 g) was placed in a 2L bottle with 200 g of 

milling media and 2 L of HCl solution (3.7 wt.% HCl). Media was yttria-stabilized zirconia, 3 mm 

diameter spheres. The RHA was milled for 48 h. Thereafter, the acid milled RHA was recovered by 

suction filtration through a Buchner funnel. The recovered RHA was then washed with 500 mL DI.  
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The acid milled RHA and 1 L of deionized water were then introduced to a 2 L glass flask equipped 

with a stir bar and a reflux condenser. The suspension was then boiled for 24 h before separation by 

filtration through a Buchner funnel. The boiling and filter processes were repeated one more time. After 

the second filtration, the pH of water filtered off was neutral. Then, the RHA was dried at 60 °C/vacuum 

overnight. 

A mixture of 250 mL hexylene glycol (HG) and 4.2 g KOH (75 mmol) was first heated to 190 °C 

in a 250 mL three-neck flask equipped with a stir bar to remove water for 3 h. Dried RHA powders (~50 

g) were added to the HG + KOH solution. The mixture was heated to 200 °C in a pyrex distillation 

setup. After 100 mL HG was distilled, another 100 mL HG was added until 500 mL HG was reacted 

and/or distilled out coincident with the water during silica depolymerization. After 24 h, 40-50 wt.% of 

the silica is extracted as the spirosiloxane [2,4-dimethylpentanedionato]2Si as shown in Scheme 8.1.  

 
Scheme 8.1. Synthesis of SDRHA from rice hull ash. 

8.2.2 Electrode preparation  
In brief, SDRHA was mixed with super C65 conductive carbon and polyvinylidene fluoride 

(PVDF) at a weight ratio of 80:5:15 in an NMP solvent, respectively. The positive electrode was 

prepared by mixing NMC 622 (94 wt. %), super C65 conductive carbon (3 wt. %), and PVDF (3 wt. 

%) dissolved in NMP. To form uniform slurries, the two mixtures were ball-milled with Al2O3 media 

(~ 3 mm) for 24 h, then coated onto current collectors. Copper and aluminum foils were used for the 

SDRHA and NMC622-based electrodes, respectively. The loading density of the active materials was 

in the range of 1.3 - 4 mg cm-2. The electrodes were arch punched out into 14 mm circle-shaped cathodes 

and anodes. The electrodes were then subsequently dried in a vacuum oven at 100 °C overnight prior 

to being transferred to a glove box filled with pure argon gas.  
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Electrochemical measurements. Electrochemical properties of SDRHA and NMC622 electrodes 

were evaluated using CR2032 coin cells. The SDRHA working electrodes were incorporated into 

CR2032 coin cells, in which Li metal foils (16 mm) were used as counter and reference electrodes and 

Celgard 2400 as separators. Before cell assembly, the metallic Li (16 mm W X 750 µm T) was 

scraped to expose a clean surface. Half-cells were constructed using a standard procedure. In 

addition, full cells were assembled using the SDRHA as the anode and NMC622 as the cathode. A 

solution of 1.1 M LiPF6 in a mixture solvent of EC: DC: DMC (weight ratio of 1:1:1) with 10 wt. % 

FEC additives was used as the electrolyte. The assembly process was conducted in an argon-filled glove 

box having O2 and H2O contents below 0.5 ppm. The coin cells were compressed using a ~0.1 kpsi 

uniaxial pressure (MTI).  

SP-300 (Bio-Logic Science Instruments, Knoxville, TN) was used to measure the AC 

impedance, cyclic voltammetry, and galvanostatic charge/discharge. AC impedance data was 

recorded in a frequency range of 7 MHz to 1 Hz with an AC amplitude of 10 mV. The 

charge/discharge tests of the SDRHA/Li and SDRHA/NMC622 were performed between 0.01 – 

2.5 V and 2.7- 4.2 V, respectively. The electrode specific capacitance was calculated according to:  

𝐶𝐶 = (∫ 𝐼𝐼𝐼𝐼𝐼𝐼)/(𝑉𝑉 ∗ 𝑚𝑚 ∗ 𝑐𝑐)                    (1) 

where I is the current density, V is the potential, s is the potential scan rate, and m is the mass of 

the electroactive materials in the electrode.  

 

8.3 Results and discussion  
In the following sections, we discuss detailed analyses of the RHA and SDRHA powders using 

FTIR, XRD, XPS, TGA, SEM and BET measurements. In addition, the development of a hybrid 

LIC system using an organic electrolyte, SDRHA as the negative electrode, Li metal, and NMC622 

as the cathode are also investigated.   

8.3.1 Characterization of RHA and SDRHA powders  
Figure 8.1a shows the FTIR spectra of washed RHA and SDRHA powders. The predominant 

band at 1090 cm−1is assigned to νSi–O–Si bonds in amorphous silica.42,53 The bands located ~780 

and 470 cm-1 are associated with Si–O symmetric stretching and bending vibrations, respectively. 

The 3500 cm-1 absorption reflects νO-H from physi- and chemi-sorbed water.  

The ~2925 cm-1 peak for the SDRHA powder corresponds to νC–H and is not apparent in the 
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starting RHA powder. The absorption intensities of all v(Si–O–Si) vibrations are broader following 

silica dissolution.  

This is likely associated with the reduction in SiO2 content (TGA, Figure 8.2) and may also 

arise because of the nanoscale mixing of the remaining SiO2 partially encapsulated in the 

amorphous carbon. The FTIR spectrum also indicates a small carboxyl (νC=O) peak 1550 cm-1, 

suggesting the potential for additional pseudocapacitance, as seen previously in carbon materials.43  

XRD patterns of the washed RHA and SDRHA are shown in Figure 8.2b. The diffraction 

patterns show a broad peak from ~15 ° to 40 ° 2𝜃𝜃 with a central peak at ~ 22 ° 2𝜃𝜃 associated with 

amorphous phases (both carbon and SiO2) confirming the absence of any ordered, crystalline 

structure.42 The weak (002) diffraction also suggests the disordered (graphene-like) nature of the 

porous carbon in SDRHA. XPS studies (Figure 8.3) further confirm the presence of disordered 

stacking of graphene layers, ascribed to the hard carbon nature of the SDRHA. These along with 

the hydroxyl groups at the surface suggest that SDRHA should offer superior super capacitive 

properties as discussed in detail in the electrochemical performance section. 



 
 

162 

 
Figure 8.1. a. FTIR spectra, b. XRD patterns, and c. nitrogen adsorption-desorption isotherms 
measured on RHA and SDRHA powders. 

Figure 8.1c shows the N2 adsorption-desorption isotherms of RHA and SDRHA. The 

adsorption isotherms show type IV character with Type H3 hysteresis loops at a relative pressure 

P/P0 between 0.4 and 1.54 Loops of this type may arise from non-rigid aggregates of plate-like 

particles,54 in good agreement with the morphology of the SDRHA powders as seen in the Figure 

8.4 SEMs. At low values of P/P0, the isotherms look similar to microporous adsorbents.42  

The SDRHA hysteresis loop suggests the existence of mesopores, as the adsorption increases 

markedly above 0.4 relative pressure P/P0. Adsorption capacity is highly dependent on the 

micropore and mesopore content present in the SDRHA. The BET reported surface area of  RHA 

is ~ 80 m2/g, similar to that reported in the literature.53 The nominal BET surface area increased 

from 80 to 220 m2/g after removing SiO2, suggesting the surface area increases with silica 

depletion. Hence, the amorphous silica easily dissolved during the chemical depletion process is a 

key factor determining the surface area of the SDRHA. The development of micropores and 

mesopores in SDRHA is attributed to both the intrinsic properties of hard carbon and partial 

removal of SiO2.  
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The BET SSA of SDRHA (220 m2/g) is higher than what is reported for rice hull derived 

carbon (RHC, 113 m2/g), which is prepared by carbonizing RH at 600 °C/1 h/N2 and partially 

leaching SiOX in aqueous NaOH.51  

 
Figure 8.2. TGA-DSC profile of a. RHA and b. SDRHA powders in air. 

 
The thermal stability of the washed RHA and SDRHA were analyzed by TGA at 25 – 800 

°C/air as shown in Figure 8.2. Two major mass loss regions were observed. The first mass loss of 

2-3 wt.% below 200 °C is ascribed to loss of physisorbed water and volatile compounds, supported 

by the Figure 8.1a FTIR. The mass loss from 200°– 600 °C is ascribed to oxidation of 

carbonaceous materials. No further obvious mass losses are observed up to 800 °C.  

TGA studies were carried out to estimate the net volatile matter on the rice hull ash and the 

amount of carbon present in SDRHA powder. The surface carbon or the trapped carbon in the 

RHA is considered as an impurity. Studies show that temperature plays a significant role in the 

amount of carbon associated with the silica in the rice hull ash.55 The total amount of carbon in 

SDRHA (35-40 wt.%) was calculated by subtracting the mass loss between 200°-600 °C (Figure 

2b). The final SiO2 ceramic yield was reduced from 87 to 60-65 wt. % after distillative removal of 

silica as the spirosiloxane. The partial removal of SiO2 is necessary to create voids to allow the 

volume expansion resulting from SiOX lithiation, which enhances the cycle life of SDRHA anode.  
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Figure 8.3. a. Wide survey XPS spectrum and b. C 1s core-level spectrum of SDRHA powder.  

To further understand the surface chemistries and reaction mechanisms, XPS analysis was 

conducted on the SDRHA powder. Figure 8.3a reveals signature, C, Si, O, and N peaks and minor 

Ca peaks; the latter residue from RHA. The deduced atomic composition shows 69 ± 0.3 at. % 

carbon. It is known that photoelectrons can probe as deeply as ≈ 5 nm below the surface, hence a 

carbon 1s spectrum can provide a reasonable map of all the carbon species present.56 Figure 8.3b 

shows the C 1s core-level is similar to that found for hard carbon electrodes.56 The peak near 283 

eV is related to hard carbon although this binding energy is lower than pristine hard carbon (284.5 

eV).56 

The XPS C1s peaks for the SDRHA can be assigned to two components- one is hard carbon 

and the other originates from various functional groups (i.e. C=O, C-O, and C=C) on the hard 

carbon surface, in good agreement with the Figure 8.1a FTIR. The literature suggests that the 

oxygen-containing functional groups can improve the electrochemical reactivity of hard carbon 

electrodes.54 

SDRHA has oxygen-containing functional groups on the carbon surface as confirmed by FTIR, 

XPS, and EDX in Figures 8.1a, 8.3, and 8.4 respectively. The surface redox reactions can be 

suggested to occur between C-O functional groups and Li+ (i.e., -C=O + Li++ e ↔ -C-O-Li ).54 

SDRHA exhibits a much larger SSA compared to washed RHA (Figure 8.1c), hence one can 

anticipate a greater number of oxygen-containing functional groups, resulting in high specific 

capacity and excellent rate performance arising from surface redox reactions.  
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The removal of SiO2 from RHA is a simple, low cost, and eco-friendly method of producing 

porous, functionalized hard carbon as a high-performance electrode material for hybrid LICs. In 

addition, as we demonstrate elsewhere,44 spirosiloxane provides access to fumed silica and since 

it can be distilled to high purity, it also offers potential access to high purity silica in multiple forms 

potentially replacing other alkoxysilanes that are currently produced from silicon metal. 

 
Figure 8.4. SEM and EDX images of SDRHA powder. 

Figure 8.4 shows SEM and EDX images of SDRHA powder. SDRHA consists of particles 

ranging from 2 to 20 µm, with the majority in the 5-10 µm range. There is some degree of 

topological irregularity, the SEM microstructure shows agglomerated plate-like particles as also 

suggested by the BET analysis. The particle morphology was improved by ball-milling with 15 

wt.% PVDF binder when used to make the slurry for the hybrid LIC electrode. It is known that 

ball-milling reduces particle irregularity and improves surface topology, allowing increased 

packing efficiency. It is worth noting that the preparation of conventional electrodes containing 

carbon black is normally less elaborate.23 The microstructure shows homogenous particle 

morphology with optimal packing efficiency. The super C65 (5 wt.%) additives can be seen 

encompassing the SDRHA particles. This encompassing nature is highly desirable as it will 

establish a highly conductive route, increasing the power performance by linking more particles 

to form an electrically conductive network.18 The energy-dispersive X-ray (EDX) map reveals a 

uniform elemental distribution of Si, C, and O for the SDRHA powder.  
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8.3.2 Electrochemical performance of half-cell 
Hybrid LICs refer to devices using both electrical double-layer and faradic mechanisms to 

store charge. These devices are usually assembled using an electrode with an electric double layer 

or pseudocapacitive material combined with another rechargeable battery-type electrode. Here, the 

high SSA SDRHA (33 wt.% C) serves as the negative electrode and Li metal or NMC622 are the 

battery positive electrodes. Electrochemical performance and cycling stability depend on the 

properties of the electrolyte used.57 Device capacitance relies on the nature of the contact between 

the electrode materials and electrolyte as it determines the double layer area. Organic-based 

electrolytes with high dielectric constant, high ionic conductivity, along with wide potential 

windows give rise to higher specific capacitance and energy densities compared to aqueous 

electrolytes.58 In addition, organic electrolyte fills pore volumes inside the electrode layers to 

maximize the capacitance of the active material. Hence, 1.1 M LiPF6 in the mixed solvent (1:1:1wt.% 

ratio) EC: DEC: EMC with 10 wt. % FEC was used as the electrolyte. 

The CV curves, at different scan rates, elucidate the reversible surface reaction on the SDRHA 

porous electrode. Figure 8.5a shows CV curves of SDRHA/Li cells at scan rates of 10, 5, and 0. 1 

mv/sec in the potential range of 3 - 0.01 V. The hump at lower potential < 0.5 V might be ascribed 

to intercalation of Li in the SDRHA layers, suggesting a faradic mechanism. At a slower scan rate 

of 0.1 mV/sec (Figure 8.5b), a small irreversible peak appears at 0.45 V in the first anodic process, 

which can be ascribed to formation of a solid electrolyte interface (SEI).54 The CV curve from 1 

to 3 V seems to have a rectangular shape, indicating ideal capacitive behavior. 

Table 8.1 shows the calculated average specific capacitance of SDRHA/Li devices (three) at 

various scan rates, considering the active mass of SDRHA. The high specific capacitance of ~ 243 

F/gSDRHA is found for SDRHA/Li at 5 mV/sec.  
Table 8.1. Performance of the SDRHA/Li device at various scan rates. 

Specific capacitance (F/gSDRHA) Scan rate (mv/sec)  Cell voltage 
198±3 0.1 2.6 
243±2 5 2.6 
182±4 10 2.6 
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Figure 8.5. a. CV plots of SDRHA/ Li half-cell in a potential range of 3 - 0.01 V at a scan rate of 
10 mV/sec (black), 5 mV/sec (red), and b. 0.1 mV/sec (blue). 

 
For comparison, Table 8.2 lists typical supercapacitor systems using rice hull derived, activated 

carbon electrodes and their associated performance. These reported EDLCs offer high specific 

capacitance similar to the hybrid LICs assembled with SDRHA electrodes. Even though most of 

the studies demonstrate high surface area carbons from rice hulls, it was found that the specific 

capacitance is not linearly proportional to surface area.46 It is important to note that the specific 

capacitance of these hybrid LICs is calculated based on the SDRHA mass, hence it is expected to 

increase if one only considers the active material to be carbon ( 33 wt.%). In addition, the 

electrolytes used in these systems play a great role in limiting the operating voltage of the 

capacitors, which limits the energy density. The cell voltage of EDLCs based on aqueous 

electrolyte is lower than 1 V compared to organic electrolytes (3 V).57 

Table 8.2. Carbon based supercapacitors and their performance. 

Electrolyte Electrode  Capacitance 
(F/g) 

Scan rate 
(mv/sec)  

Ref 

1 M H2SO4 Activated RHA 116±2  5 59 
1 M TEMABF4/PC Activated RHA 80±13 5 59 

6 M KOH Nanoporous-activated RH 250 - 43 
6 M KOH Porous carbon-RH 368 2 36 
3 M KCl Activated porous carbon-RH 210 - 46 

1 M Et4NBF4/PC Carbon black 115 20 23 
1 M LiPF6 EC/DMC Graphite/activated carbon 90 5 19 
0.5 M Bu4NBF4/ACN PANI/graphite 420 50  60 
1 M LiPF6/EC/DEC Porous carbon flakes 126 - 61 
1 M TEABF4/ACN Porous carbon nanosheets  120-150 1  62 
1 M TEABF4/HFIP AC  110 1 63 
1 M TEABF4/PC Graphene-CNT composite 110 - 64 

1.1 M LiPF6/EC/DEC/EMC SDRHA/Li 243 5 This work 
H2SO4 - sulfuric acid, TEMABF4 - triethylmethylammonium tetrafluoroborate, PC - propylene 
carbonate, KOH - potassium hydroxide, KCl - potassium chloride, Et4NBF4 - 
tetraethylammonium tetrafluoroborate, DMC - dimethyl carbonate, Bu4NBF4 – 
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tetrabutylammonium tetrafluroborate, ACN – acetonitrile, HFIP- 1,1,1,3,3,3-hexafluoropropan-2-
ol, and AC – activated carbon 

 
      

The electrochemical performance of the SDRHA was tested using galvanostatic charge-

discharge studies at selected c-rates. Figure 8.6 shows galvanostatic cycling of a SDRHA/Li half-

cell between 2.5 – 0.01V. The half-cell was cycled at 0. 1C for 5 cycles to form a stable SEI as 

shown in the potential vs. time plot (Figure 8.6b). The half-cell was then cycled at 0. 5C for 20 

cycles between the range of 100 -150 h (Figure 8.6c), 1C for 40 cycles (Figure 8.6d), and 2C for 

20 cycles (Figure 8.6e), and finally back to 0.1C for 10 cycles.  

The potential vs. time profile shows that the half-cell cycled to the targeted potentials with 

minimal polarization and IR drop for 400 h. The linear symmetric potential profile at various c-

rates suggests capacitance behavior in the SDRHA/Li half-cell. The initial relatively flat plateau 

below 0.25 V, when cycled at a very slow scan rate of 0.1 C (Figure 8.6b), corresponds to reaction 

between Li+ and the nano-SiO2 in the SDRHA. In contrast, the voltage profile of the SDRHA 

electrode, at higher c-rates (Figures 8.6c-e), slopes down during discharge without any noticeable 

plateau, indicating silica depletion results in a more disordered crystal structure similar to hard 

carbon.65  

 
Figure 8.6. a. Potential vs. time plots of SDRHA/Li half-cell cycled between (2.5 - 0.01 V) at 0.1C 
b., 0.5C c., 1 C d., and 2 C e. rates. 
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The SDRHA/Li half-cell shows an initial capacity of 1000 mAh/g at 0.1C (Figure 8.6a), which 

is much larger than of the reversible capacity of hard carbon (300 mAh/g).52 Hence, the extra 

capacity is due to the presence of nano-SiO2 in the SDRHA powder. Recent STEM studies, done 

by our group,40 suggests homogenous nanoscale mixing of the amorphous SiO2 and C in RHA. 

The particles sizes are reported to be on the order of 20-50 nm.40 In general, SiO2 is believed to be 

electrochemically inactive for lithium storage. In contrast, Wang et al.52 demonstrated that 

composite nano-SiO2 and hard carbon can react with Li to deliver a reversible capacity of 630 

mAh/g. This means that the specific capacity of SDRHA (CSDRHA) in the composite is ~1171 

mAh/gSDRHA which is calculated based on the reversible capacity of hard carbon (300 mAh/g) and 

SiO2 (1675 mAh/g) as shown in equation 2.  

CSDRHA = (300 mAh/g x 0.33) + (1675 mAh/g x 0.64)                (2) 

The initial specific capacity of SDRHA/Li is 1000 mAh/gSDRHA which is 85 % of the theoretical 

capacity. However, this initial capacity is not reversible as shown by the fast capacity decay (400 

mAh/gSDRHA) in the second cycle, suggesting the formation of irreversible reduction of SiO2. It has 

been reported that amorphous nano-SiO2 can be reduced to form Si and amorphous Li2O or 

crystalline Li4SiO4.52 This irreversible formation of Li4SiO4 and Li2O is supported by the CV peak 

and discharge plateau ~0.25 V in the initial discharge cycle as demonstrated in Figures 8.5b and 

8.6a, respectively. The reduced Si is proposed to react with Li+ to form Li-Si alloys resulting in 

the extra reversible capacity of the hybrid LICs at lower c-rate (0.1C). The formation of 

Li4SiO4/Li2O reduced the excess Li+ content that could contribute to uneven Li deposition or Li-

related aging byproducts.51  

The initial irreversible capacity could also be attributed to the formation of SEI as supported 

by the current response ~ 0.45 V (CV, Figure 8.5b). It is known that the Li ions that accumulate 

in the free spaces of hard carbons can become passivated.47 Hence, the initial irreversible capacity 

of hard carbon is higher than graphite.66,67 However, superior rate and cycle performance can be 

obtained from hard carbons, making it attractive electrode for hybrid LICs. 68,69 
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Figure 8.7. a. galvanostatic plots of SDRHA/Li half-cell cycled between (2.5 - 0.01 V). The 
specific capacity is based on the carbon wt.%. in SDRHA. b. columbic efficiency vs. cycle number 
plot.  

The capacity decreases to 250 mAh/gSDRHA at 0.5 C and further decreases to 225 mAh/gSDRHA 

at 1C (Figure 8.7a). The capacity loss is retained (~250 mAh/gSDRHA) when the c-rate was 

decreased to 0.5C. However, the capacity decreases to 200 mAh/gSDRHA when the c-rate was 

increased to 2C. Gradually, the SDRHA/Li cell shows an increase in discharge capacity (400 mAh/ 

gSDRHA) when the c-rate is returned to 0.1C. The half-cell maintained a columbic efficiency ~100 

% for 400 h as shown in Figure 8.7b. The increase in columbic efficiency at 0.1C is ascribed to 

the increase in irreversible discharge capacity, attributed to formation of Li4SiO4 and Li2O with 

consumption of Li.  

The capacity depends on the interfacial area which relies on electrode preparation such as size, 

shape, binder, and porosity (SSA). The potential vs. time profile offers highly linear and 

symmetrical curves with little IR drop (0.01V), indicating a rapid I-V response and excellent 

electrochemical reversibility, supported by high coloumbic efficiency. Hence, this leads to the 

conclusion that the SDRHA electrode offers superior electrochemical properties as supported by 

the CV and galvanostatic cycling studies shown in Figures 8.5 and 8.7 respectively. This might be 

ascribed to the highly irregular and disordered microstructure, composed of closely and randomly 

connected graphene layers (Figure 8.4), which is reported to enhance fast Li+ mobility during the 

charge/discharge process.65 The reversibility of Li+ uptake and formation of Li4SiO4 or Li2O could 

be further improved by optimizing the surface of SiO2 in SDRHA, which remains future work.  

8.3.3 Electrochemical performance of full cells 
The energy density of a hybrid electrochemical supercapacitor is proportional to the square of 

the operating voltage multiplied by the capacitance. 
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Improving both the electrochemical stability potential window and the capacitance will greatly 

contribute to enhancing both energy and power densities. Hence, hybrid LICs were assembled 

using the high potential NMC622 cathode, and SDRHA as the anode with 1.1 M 

LiPF6/EC/DEC/EMC as the electrolyte. This hybrid LIC is proposed to bridge the gap between 

the high energy density offered by LIBs and the high-power densities obtained from the EDLCs.18 

The open circuit voltage increased from 2.5 to 3.2 V by changing the Li electrode with high 

potential NMC622 cathode. Many hybrid LICs have been studied extensively using composite 

cathode electrodes with Li-ion battery materials diluted with  EDLC materials to enhance the rate 

performance, tap density, and increase specific capacity.18,20,39,65 The main limitations to these 

hybrid LICs are the lack of a composite cathode electrode and the stability of the pre-lithiated 

anode.  

Figure 8.8a shows CV curves for SDRHA/NMC622 cells at scan rates of 5, 10, 20, 50, 100 

and 500 mv/sec with potential range 2.4-4.2 V. The rectangular shape of the CV curves becomes 

distorted with increasing scan rate. A slightly distorted and symmetric rectangular-like shape is 

typical for EDLC electrodes.19,53 All the CV curves do not show any redox behavior demonstrating 

the clear capacitance behavior resulting from high conductivity and stable porous structure of 

SDRHA electrode. Figure 8.8b shows that the relationship between scan rates and peak currents 

are nearly linear (correlation r = 0.98), which indicates that the redox reaction is confined to the 

surface and not diffusion-limited.54 

Table 8.3 shows the calculated specific capacitance of the SDRHA/NMC622 device at various 

scan rates, considering that the active mass of SDRHA. The highest specific capacitance of ~ 354 

F/gSDRHA is reported for SDRHA/NMC622 at 5 mV/sec.  
Table 8.3. Performance of the SDRHA/NMC622 device at various scan rates. 

Specific capacitance (F/gSDRHA) Scan rate (mv/sec)  Cell voltage 
354±5 5 3.2 
269±2 10 3.2 
184±3 20 3.2 
108±4 50 3.2 
65±2 100 3.2 
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Figure 8.8. a. CV plots of SDRHA/NMC622 half-cell at different scan rates and b. relationship 
between the redox peak current and scanning rates.  

The capacity ratio of the cathode to anode is calculated based on the reversible lithium 

intercalation and de-intercalation specific capacity of the hard carbon (~300 mAh/gcarbon). There is 

a competing relationship between the ionic adsorption of the EDLC contributed by the SDRHA 

and the faradic electrochemical redox reaction caused by Li-ion intercalation in the NMC622. In 

general, the faradic process is suppressed by the fast surface adsorption/desorption process, thus it 

has been suggested that one should not fully discharge the cathode to minimize the capacity loss 

and maintain the high energy density.65  

Hence, it is necessary to optimize the initial cycling stages. A special procedure targeting 

formation cycles was investigated to overcome the potential drop. The hybrid LICs were charged 

at 0.5 C to a given voltage and were allowed to relax at open circuit. Figure 8.9a shows the 

variation of the cell potential and its effect on formation of a stable SEI as a potential vs. time plot. 

The hybrid LICs voltage falls to 3.7 V during the relaxation period. It is worth noting that the total 

self-discharge of the hybrid LICs is the sum of the individual self-discharges taking place at each 

electrode.19 Hence, the formation step (Figure 8.9b) is necessary to overcome voltage drops and 

minimize the self-discharge rate. The NMC/SDRHA cell showed an almost ideal linear voltage 

profile for the last four cycles, indicating the formation of a stable SEI. This is also supported by 

the increase in columbic efficiency in the last four cycles (Figure 8.9c).  

Figure 8.9d shows the specific capacity vs cycle number. The hybrid LIC cells show an initial 

charge capacity of 375 mAh/g at 0.5 C. This capacity is maintained through the first 14 cycles. 

The discharge capacity gradually increases from 50 to 300 mAh/g as the cell matures and a stable 

SEI forms. The specific capacitance (Figure 8.9e) also showed similar phenomena where the 

charge capacitance is consistent (100 F/g) and the discharge capacitance gradually increases from 
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25 to 100 F/g as a stable SEI forms on the SDRHA surface. This simple formation step results in 

optimal behavior for the hybrid LICs as demonstrated in Figure 8.10.  

 
Figure 8.9. Electrochemical performance of and SDRHA/NMC622. a. potential versus time 
profile and (b) charge-discharge curves, c. columbic efficiency, d. specific capacity, and e. specific 
capacitance as function of cycle number.  

 
Figure 8.10. Electrochemical performance of and SDRHA/NMC622 after SEI formation. a. 
potential versus time profile and b. charge-discharge curves, c. columbic efficiency, d. specific 
capacity, and e. specific capacitance as function of cycle number.  



 
 

174 

Figure 8.10a presents the voltage profile curves for SDRHA/NMC full-cells between 2.7– 4.2 

V after SEI formation. The full cell shows a linear voltage profile with a downward slope during 

the lithium intercalation process without showing any noticeable plateau, which is ascribed to the 

amorphous or disordered crystal structure of SDRHA. The anodic/cathodic curves (Figure 8.10b) 

of the full cell also show a linear shape indicating the capacitive nature of the device. The full cell 

charges and discharges to the targeted potentials without shorting at very high c-rates (1-4 C).  

Figure 8.10d presents the galvanostatic charge-discharge cycling performance of 

SDRHA/NMC622 cells. The full cell was cycled at 2, 3, 4, and 1 C for 20 cycles. The full cell 

showed an initial charge capacity of 110 mAh/g at 2 C. This capacity was maintained throughout 

the first 20 cycles. The capacity gradually decreased to 90 and 70 mAh/g as the C-rate increased 

to 3 and 4 C, respectively. The capacity increased to ~130 mAh/g when the C-rate was decreased 

to 1 C. The space gap between the adjacent carbon layers is proposed to be larger than graphite, 

ascribed to the hard carbon nature of SDRHA, which enhances Li-ion mobility during the 

charge/discharge processes. 

The full cell shows an initial specific capacitance of ~300 F/g at 2 C as seen in Figure 8.10e. 

This capacity was maintained throughout the first 20 cycles. The specific capacitance gradually 

decreased to 250 and 200 F/g as the C-rate increased to 3 and 4 C, respectively. The capacity 

increased to ~325 F/g when the C-rate was decreased to 1 C. This superior rate performance is 

ascribed to the high surface area and microstructure of SDRHA. High efficiency of ~ 100% was 

maintained for the 80 cycles, Figure 8.10c, indicating the reversibility and high-power rate 

performance of SDRHA/NMC hybrid LICs.  

Table 8.4. High potential-based hybrid LICs and their performance. 

Electrolyte Electrode  Capacity (mAh/g) Ref 
1 M LiPF6/EC/DMC AC/LiFePO4 18 70 
1 M LiPF6/EC/DMC AC/LiNi0.5Mn1.5O4 25 21 

1 M LiPF6/EC/DMC/EMC AC+LiFePO4/Li4Ti5O12 30 71 
1 M LiPF6/EC AC+LiNi0.5Co0.2Mn0.3O2/graphite 80 72 

LiClO4/AN AC/LiMn2O4 106 73 
1 M LiPF6/EC/DMC/DEC AC/LiNi0.5Co0.2Mn0.3O2 107 65 

1 M LiPF6/EC/DMC AC/LiNi0.5Co0.2Mn0.3O2 114 74 
1 M LiPF6/EC/DMC AC/LiNi0.5Co0.2Mn0.3O2 120 29 
1 M LiPF6/EC/DMC AC/LiNi0.5Co0.2Mn0.3O2 225 18 

1.1 M LiPF6/EC/DEC/EMC SDRHA/NMC622 130 This work 
For comparison, Table 8.4 lists typical hybrid LICs previously reported using high potential 

cathode electrodes and their associated performance.  
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The SDRHA/NMC622 cell showed relatively higher specific capacity compared to cells 

assembled with activated carbons. A further improvement in energy/power density could be 

achieved by using composite cathodes. In the future, SDRHA/NMC composite cathodes will be 

investigated to enhance the double layer area and charge storage on the positive electrode. It is 

important to identify and charge storage mechanisms in the composite electrodes.  

Electrochemical impedance spectra (EIS) in the form of Nyquist plots of SDRHA/Li and 

SDRHA/NMC are shown in Figure 8.11. In general, EIS is used to understand the electrochemical 

behavior at the interface between the electrode and the electrolyte. The solid electrolyte interface 

resistance (RSEI) is related to the high-frequency region. The lower frequency semi-circle is related 

to the charge transfer resistance (Rct), and the 45° capacitive slope is related to the Warburg 

impedance. The Rct of the SDRHA with Li metal and NMC622 electrodes using organic electrolyte 

is presented in Table 8.5. The total resistance of the half-cell is much higher than the full cell, 

which is ascribed to the increase in resistance between the Li metal and solid electrolyte interface, 

and the intrinsic resistance of Li metal. Due to the presence of SDRHA, capacitive materials, both 

hybrid LICs deliver larger Faradic responses than conventional batteries. The SDRHA/NMC622 

cell showed ideal capacitive behavior with a nearly vertical line parallel to the imaginary axis.  

 
Figure 8.11. Nyquist impedance spectra of (a) SDRHA/Li, and (b) SDRHA/NMC. The inset 
shows the equivalent electrical circuit.  

Table 8.5. Charge-transfer resistance of the half and full hybrid LICs. 

Electrode Re (Ω) Cdl (µF) Rct (Ω) 
SDRHA/Li 3.5 1 .2 4.5 

SDRHA/NMC622 3 2.5 18.4 
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8.4 Conclusions 
In summary, we have demonstrated the use of SRHA, derived from a renewable bio-source, 

RHA, as a potential electrode material for hybrid LICs without any chemical activation. The high 

surface area and the microstructure of the SDRHA results in high Li-ion mobility and increase 

surface charge absorption/desorption when assembled in both half and full-cell configurations. 

The cyclic voltammetry at a scanning rate of 5 mV/sec demonstrates a high specific capacitance 

of 243 and 354 F/gSDRHA for the half and full hybrid LICs, respectively. Traditional organic 

electrolyte based EDLCs demonstrate specific capacities in the ranges of 100-150 F/g. The 

galvanostatic charge-discharge profiles also indicate high specific capacity and excellent columbic 

efficiencies. We have demonstrated the synthesis of a clean and eco-friendly electrode that is an 

alternative to activated carbon. Finally, SDRHA is a carbon neutral material. 
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Electrochemical Performance of LixSiON Polymer Electrolytes 
 

9.1 Introduction    
Lithium ion batteries (LIBs) have been investigated intensively due to their high energy and 

power densities that enable applications ranging from portable electronics to vehicle electrifi-

cation.1–3 Unfortunately, the flammability of currently used liquid electrolytes and the thermal 

runaway of traditional LIBs remain as challenges regardless of significant advances in battery 

management systems (BMS).4,5 Thus, solid electrolytes (SEs) are now highly sought due to their 

high thermal stability, reduced flammability and resistance to lithium dendrite penetration 

potentially enabling new battery designs and chemistries that can enhance both gravimetric and 

volumetric energy densities.6–8 These objectives provide tremendous motivation to synthesize 

promising SEs with competitive ionic conductivities and wide electrochemical stabilities equal to 

or surpassing liquid electrolytes.7,9,10  

 The discovery of LISICON (Li+ superionic conductors)11,12 provided motivation to develop 

oxysalt Li3PO4-Li4SiO4 solid solutions targeting and realizing two order magnitude improvements 

in conductivity (10-6 S/cm) compared to single phased Li3PO4 electrolyte (10-8 S/cm).13 This 

improvement is attributed to increases in Li interstitial site concentrations.14 As P5+ is partially 

substituted by Si4+, interstitial Li+ is introduced to the Li3PO4 structure.15 Molecular dynamic 

simulations of mixed Si/P compositions reveal the formation of a continuous 3D network of Li+ 

conduction pathways with a cooperative-type interstitial mechanism.13 

Moreover, studies show that N doping of the O site in Li3PO4 promotes faster Li diffusion and 

improves electrochemical stability attributed to introduction of disorder and decreases in 

electrostatic energy.16,17 The room temperature ionic conductivity of amorphous LiPON (~3 × 10-

6) is 2 orders of magnitude greater than Li3PO4.18,19 This enhancement is ascribed to the presence 

of N bridges at high Li+ contents, which favor the mobility of Li and effectively renders P/O/N 

immobility.17,20  
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Thus, controlling nitrogen content is key to achieving higher ionic conductivity.21,22 Both 

computational and experimental studies have demonstrated that amorphous rather than crystalline 

LiPON is a better Li+ conductor attributed to increases in diffusion/conduction due to reduction of 

overall electrostatic interactions and higher disorder within the material.17,20,21,23 Recently, we 

demonstrated that the introduction of Si into LixPON polymer electrolytes enhances ionic 

conductivity and lowers the activation energy of the polymer electrolyte (LixSiPON) by shortening 

the distance between Li+ binding sites.21,24 With this background, here we investigate the effect of 

N introduction into amphorous Li4SiO4 like polymer analogs. 

The exploration of Li+ containing oxynitride as electrolytes has been limited to thin-film 

batteries because of their low ionic conductivities (10-6 Scm-1) at ambient.4,22,25 In contrast, oxide-

based SEs (LATP, LLZO, LLTO) offer optimal ionic conductivities (0.1-1 mS/cm) at ambient.26–

29 However, the integration of oxide SEs with high ionic conductivities into the current battery 

structures remains challenging mainly due to high resistivity at electrode/SE interfaces.4,30,31  

Most oxide SEs must be sintered at elevated temperatures to fully densify, form target phases 

and reach optimal Li+ diffusivities.4,28,32 This limits the assembly of all solid-state-batteries 

(ASSBs) as co-sintering electrolyte with electrodes will result in unwanted interfacial 

layers/defects, phase changes, electrochemistries, and even mechanical properties.4,31,33 In 

addition, the ceramic nature (brittleness and stiffness) of oxide-based SEs restrict both their 

fabrication and operation of ASSBs.4 In contrast, amorphous electrolytes advantageously offer 

both isotropic Li+ conduction and good interfacial contact with electrodes.34 

The assembly of commercially viable ASSBs mandates careful management of both 

fabrication and material costs especially for SEs. McClosky et al35 suggest that SE costs should be 

$10/m2 to compete with conventional LIBs. In this light, we recently developed a novel, 

amorphous polymer electrolyte, LixSiON, derived from rice hull ash (RHA), an agricultural waste 

product.36  

Scheme 9.1 illustrates the extraction of silica from RHA by simple distillation of spirosiloxane, 

[SP = (C6H12O2)2Si]. LixSiON (x = 2, 4, and 6) polymers with varying Li and N contents can be  

synthesized simply by reacting SP with xLiNH2, offering a low-cost, low-temperature, and green 

synthesis route.36  
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Scheme 9.1. Lithiation of SP to form LixSiON polymer electrolyte. 

In this work, we characterize the physical and electrochemical properties of LixSiON polymer 

electrolytes by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier-

transform infrared spectroscopy (FTIR), and electrochemical impedance spectroscopy (EIS) 

studies. We also correlate compositional and structural changes as a function of nitrogen content 

and degree of lithiation with ionic conductivities.  

Thereafter, we detail the electrochemical stabilities and diffusion kinetics of Li/LixSiON 

polymer electrolyte systems in symmetric cells. The Li6SiON polymer electrolyte shows optimal 

ohmic stability at current densities as high as 3.75 mAhcm-2. Coincidentally, we explored 

transference numbers and electrical conductivities of these polymer electrolytes. The compatibility 

of the polymer electrolyte with SPAN (sulfurized, carbonized polyacrylonitrile) cathode was also 

investigated.37 The Li-SPAN38 half-cell with the Li6SiON polymer electrolyte delivered a specific 

capacity of ~725 mAh/g over 50 cycles.  

9.2 Experimental section  

9.2.1 Materials  
RHA was provided by Wadham Energy LP (Williams, CA). To remove the impurities, RHA 

was milled in diluted hydrochloric acid (HCl) following the procedures described elsewhere.39,40 

The lithium amide (LiNH2) and hexylene glycol (HG) were purchased from Acros Organics (Fair 

Lawn, NJ). The potassium hydroxide (KOH), lithium metal (~ 0.75 mm), HCl, tetrahydrofuran 

(THF), and N-methylpyrrolidone (NMP) were obtained from Sigma-Aldrich (St Louis, MO). Prior 

to use, the THF was distilled from sodium benzophenone ketyl/N2. The coin cell parts and Celgard 

2400 separator (~ 25 µm) were purchased from MTI Corporation (Richmond, CA).  
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9.2.2  Syntheses of LixSiON polymer electrolyte   
Detailed discussion about the synthesis and structural composition of the LixSiON polymer 

electrolytes can be found elsewhere.36 In brief, the SP was directly distilled out by reacting RHA 

with HG using catalytic base at 200 °C. The LixSiON polymer precursors were then synthesized 

by reacting SP with various LiNH2 contents (Scheme 9.1) to where the LiNH2/SP mole ratio is in 

the range of ~ 2.1–6.6.36 The analytical methods used in this work are provided as supporting 

information.  

9.2.3 Cell fabrication  
The electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV), and 

galvanostatic cycling tests were conducted using SP-300 potetntiostats/galvanostat (Bio-Logic 

Science Instruments, Knoxville, TN). The total ionic conductivities of the LixSiON electrolytes 

dissolved in THF (0.05 gml-1) were measured by assembling symmetric cells using Celgard 

separator (18 mm x 25 µm) and stain less steel (SS) disks (𝜙𝜙 = 8 mm). Prior to electrochemical 

characterization, the LixSiON polymer electrolyte, Celgard, Li metal, and SPAN electrode (𝜙𝜙 = 6 

mm) were stored in a glovebox (MBRAUN) filled with Ar. For EIS tests, an AC amplitude of 10 

mV over a frequency range of 7 MHz-1Hz was used. The temperature-dependent ionic 

conductivities were performed between -15 ° to 85 °C. The electrochemical stability window of 

the LixSiON electrolyte was investigated by conducting cyclic voltammetry (CV) measurements 

at a scan rate of 1 mVs-1.  

Symmetric cells were assembled following the standard procedure described elsewhere.21 To 

evaluate the stability and critical current density, the Li/Celagrd+LixSiON/Li symmetric cells were 

cycled between ±0.75-3.75 mA cm-2 current densities at room temperature. Detail electrode 

fabrication procedures for SPAN electrode can be found elsewhere.37,41 The SPAN/Celgard + 

Li6SiON/Li half-cell was assembled in 2032 coin cell and charge/discharge between 1- 3 V at 0.25 

and 0.5 C rates.  

The Li+ transference number (tLi+) of the polymer electrolyte was calculated using eq (1) as 

suggested by Bruce et al.42 

tLi+ = ISS(U-Z0*I0)/I0(U-ZSS*ISS)          (1) 

where I0 and Iss are the initial and steady-state current values obtained from 

chronoamperometry measurement, respectively. The initial and steady-state resistances obtained 

from EIS studies are represented by Z0 and Zss, respectively. U represent the applied potential.  



 
 

187 

The electrical conductivities (σe) of the polymer electrolytes were determined by using eq (2) 

σe = (t×Iss)/(A×U)            (2) 
Where the thickness of the Celgard is represented by t = 25 µm and A is the area of the 

electrode (𝜙𝜙 = 8 mm).  

9.3 Results and discussion  
In this section, discussion focuses on the structural, surface, and morphological properties of 

the LixSiON polymer precursors as characterized by XRD, FTIR, and XPS analyses. The second 

part of the discussion entails the electrochemical performance of the LixSiON electrolytes assessed 

according to ionic conductivity, electrical conductivity, transference number, and the stability of 

the LixSiON electrolyte in symmetric and half-cell configurations.  

9.3.1 Compositional characterization of LixSiON electrolytes  
The LixSiON precursors were dried under vacuum/1 h/25 °C to evaporate the solvent (THF). 

The dried precursors were then compacted into pellets (𝜙𝜙 = 13 mm) at 10 kpsi/25 °C. Figure 9.1a 

shows XRDs of the LixSiON pellets with broad peaks centered ~ 20 ° 2θ, indicating an amorphous 

nature as also seen for amorphous Li4SiO4 thin films.34,43 Nakagawa et al.34 report that XRDs of 

pulsed laser deposited Li4SiO4 thin film also present a broad peak at 20 ° 2θ  indicating a lack of 

crystallinity. Amorphous materials often provide improved charge carrier mobility in part by 

eliminating grain boundaries.23  

The Figure 9.1b FTIRs of the LixSiON precursors present broad peaks ~ 3400 cm-1 

corresponding to 𝜈𝜈N-H, with N-H overtones at 1600 cm-1.36 The sharp peak ~ 1400 cm-1 is 

attributed to 𝛿𝛿 N-H/C-H. Peaks in the range 1000 -1200 cm-1 arise from 𝜈𝜈Si-O bands,34 while 

peaks ~900-1000 cm-1 corresponds to 𝜈𝜈Si-O-Li.  

 
Figure 9.1. (a)XRD patterns and (b)FTIR spectra of LixSiON polymer electrolytes.  
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Figure 9.2a shows XPS wide scan surveys revealing signature elements (Li, Si, O, and N). The 

C peak corresponds to the formation of LiOH/Li2CO3 due to brief air exposure. Table 9.1 lists the 

deduced atomic percentage of LixSiON precursors dried at RT/1 h/vacuum. The Li/Si and Si/N 

ratios increase with increasing LiNH2 such that the Li6SiON polymer electrolyte has the highest 

Li concentration. The N atomic percentage (0.7-0.8) at the surface is much lower than the 

calculated experimentally calculated values (5),36 indicating the loss of N as NH3 during vacuum 

treatments overnight prior to XPS studies. The N 1s core spectra (Figure 9.2b) of LixSiON polymer 

electrolytes show shifts towards lower binding energies with increasing LiNH2 contents. This is 

attributed to the presence of covalent N-H bonds that increase the electron density around the 

nitrogen atom.44 The Li 1s peak ~ 52 eV corresponds to the presence of Li2O45 and it seems to 

increase with increasing LiNH2 content (Figure 9.2c).  
Table 9.1. Atomic ratios of LixSiON polymer electrolytes based on XPS analyses. 

Ratio Li2SiON Li4SiON Li6SiON 
Li/Si 1.9 10.8 39.6 
Si/N 8.4 3.3 0.85 
C/O 2.4 1.3 1.6 

 
Figure 9.2. (a)Wide scan XPS spectra, (b) core N 1s (b), and core Li ls (c) plots of LixSiON 
polymer electrolytes.  

9.3.2 Electrochemical characterization of LixSiON electrolytes  
Figure 9.3a presents Nyquist plots of SS/Celgard+LixSiON/SS symmetric cells. The total ionic 

conductivities are calculated similarly to conventional, liquid electrolytes-soaked separators. 

Detail procedures can be found elsewhere.21 Table 9.2 lists the obtained total ionic conductivities 

of the polymer electrolytes. The Celgard+Li6SiON polymer electrolyte showed the highest Li+ 

conductivity of ~ 6.5 × 10-6 S/cm. The ionic conductivity was improved by an order of magnitude 

for LixSiON polymer electrolyte, suggesting that increasing the Li content does improve the 

conductivity. The ionic conductivity seems also to increase with increasing Li/S ratio.  
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Table 9.2. Total ambient ionic conductivities of Celgard+LixSiON polymer electrolytes. 

Polymer electrolytes  Conductivity (S/cm) 
Li2SiON 6.2 ± 0.2 x 10-7 
Li4SiON 2.5 ± 0.5 x 10-6 
Li6SiON 6.5 ± 0.03 x 10-6 

Studies have shown that the ionic conductivity of LixSiPON electrolytes is higher than lithium 

silicophosphate, attributed to the introduction of N which presumably reduces electrostatic 

interactions.21,46 However, typically N doped lithium silicophosphates and lithium phosphates are 

synthesized using gas phase deposition techniques, which are costly and require complicated steps 

to produce thin films, making them challenging for the assembly of ASSBs.47–49 In contrast, here 

we demonstrate a facile polymer precursor route to LixSiON electrolytes impregnated on Celgard 

with optimal ionic conductivity at ambient. Furthermore, our materials derive from a plentiful Ag 

waste (RHA), making them attractive from both a cost and environment-friendly perspective.  

One effective method of increasing the ionic conductivity of electrolytes is to increase the 

charge carrier density and mobility of the charged species. The former is difficult to attain using 

gas phase deposition methods, as previously reported by multiple groups,50,51 as Li concentrations 

seems to approach an upper limit of 3 nearly irrespective of the deposition method. Nimisha et al52 

reports that the N2 flow rate is a key process parameter in gas phase deposition techniques that 

governs the ionic conductivity of N doped thin films. However, increasing the N2 flow (40 sccm) 

rate results in a reduction in sputtering rate and a decrease in ionic conductivity of LiPON thin 

film.52 Here, we demonstrate that the ionic conductivity increases linearly with Li/Si ratio (Figure 

9.3b). The polymeric route allows control of Li+ and N concentrations by adjusting initial LiNH2 

amounts. 

 
Figure 9.3. (a)Nyquist plots of SS/Celgard +LixSiON/SS symmetric cells and (b)Li/S ratio vs ionic 
conductivity at ambient.  
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 In addition, the amorphous nature of the polymer electrolyte likely provides isotropic Li+ 

conduction, eliminating grain boundary resistivities. Nakagawa et al34 reports that the ionic 

conductivity of Li4SiO4 amorphous film deposited by PLD is ~ 4 x 10-7 S/cm at ambient. The N-

doped Li4SiO4 polymer electrolyte on Celgard exhibits order of magnitude higher conductivity 

compared to the amorphous thin film fabricated by gas-phase deposition techniques.  

Figure 9.4a presents typical Nyquist plots for SS/Celgard+Li6SiON/SS cells, where AC 

impedance measurements were performed from -15° to 85 °C. The linear fit to the Arrhenius plot 

permits calculating the activation energy (0.28 eV) for the Li6SiON electrolyte. The reported 

activation energy of amorphous Li4SiO4 is 0.62 eV.34  

 
Figure 9.4. (a) Nyquist and (b) Arrhenius plots of SS/Celgard+Li6SiON/SS. 

 
In polymer electrolytes, the cations are typically responsible for ionic conductivity, thus 

cations forming liable bonds with polar groups of the host polymer promote conductivity. Figure 

9.4b shows the two regions for the ionic conductivity vs temperature (1000/T) plots, where the 

ionic conductivity gradually increases (< 25 °C) and the region where conductivity abruptly 

increases (> 25 °C). At high temperatures, the energy is large enough to overcome potential 

barriers, facilitating the mobility of ionic charge carriers.53  
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Figure 9.5. Stabilized current (Iss)-voltage (U) relations of Li symmetric cells with (a) Li2SiON, 
(b) Li4SiON, and (c) Li6SiON electrolytes.  

The representative Iss-U relations of Li/LixSiON/Li symmetric cells are shown in Figures 

9.5(a-c). As expected from Ohms law, the Iss shows a linear increase with applied potential. The 

Li2SiON, Li4SiON, and Li6SiON polymer electrolytes exhibit an average electrical conductivity 

of 2.7 ± 1.4 × 10-10, 6.4 ± 0.4 × 10-7, and 2 ± 0.1 × 10-6 S/cm respectively. The electrical 

conductivity appears to increase with increasing LiNH2 content, supporting the XPS studies shown 

in Figure 9.2b. The electron density seems to increase with increasing added LiNH2 which results 

in a decrease in binding energy of N 1s.  

In addition to the ionic and electrical conductivity, the transferences number (tLi+) is a key 

factor to evaluate the electrochemical performance of the polymer electrolyte.54 Electrolytes with 

high tLi+ enable fast charge-discharge capabilities regardless of relatively low ionic 

conductivities.55 Furthermore, electrolytes with high tLi+ are reported to suppress lithium dendrites 

and facilitate long cycling with metallic Li anodes.56,57 The Nyquist plots of the 

Li/Celgard+LixSiON/Li symmetric cells before and after the chronoamperometry measurements 

at ambient are shown in Figures 9.6(a-c). The Nyquist plots show two semi-circles at high and low 

frequencies attributed to impedance of the polymer electrolytes and solid electrolyte interface 

(SEI)/charge-transfer resistance at the metallic Li electrode, respectively.  

The impedance spectra show that the symmetric cells assembled with Li2SiON and Li4SiON 

electrolytes exhibit lower total resistivities after the steady-state current. However, the Li/Celgard+ 

Li6SiON/Li symmetric cell show (Figure 9.6c) slightly increased resistivity after the 

chronoamperometric measurements. This increase in resistivity is correlated with the formation of 

an SEI layer and charge-transfer resistance due to the high electrical conductivity of the Li6SiON 

polymer electrolyte.  
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Figure 9.6. Nyquist (a-c) and Chronoamperometry(d-f) plots of Li/Celgard+LixSiON/Li cells. 

Figure 9.6 (d-f) presents the chronoamperometry plots for the Li/Celgard+Li6SiON/Li 

symmetric cells after stabilizing 1 h. Since the impedances of the polymer electrolytes were lower 

than the interfacial impedance, the steady-state method used in this work should be considered 

more of a qualitative than a quantitative study.  

The tLi+ values were further confirmed by using data from the DC polarization experiments per 

eq (3).  

tLi+ = σLi+/ (σe+σLi+)               (3) 

where σLi+ is the ionic conductivity of the polymer electrolytes deduced from the Nyquist plots 

shown in Figure 9.3a and the σe represent the electrical conductivity obtained from the DC 

polarization studies (Figure 9.5). 

Table 9.3 summarizes the tLi+ of the LixSiON polymer electrolytes calculated using eq (1) and 

eq (3). The Li–SiON chemical interaction seems to facilitate higher Li+ mobility as indicated by 

increased tLi+ for the LixSiON polymer electrolytes. In traditional liquid electrolytes and dry solid 

polymer electrolytes, both the cations and anions are mobile species resulting in a decrease in the 

tLi+, which is generally < 0.5 due to the electro-polarization from anion buildup. The electro-

polarization can lead to a decrease in the overall electrochemical performance due to high internal 

resistances, voltage losses, and dendrite growth. By anchoring anions to the polymeric backbone, 
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the LixSiON polymer electrolytes with tLi+ (~0.75 -1) can overcome such challenges as faced by 

liquid electrolytes.  
Table 9.3. Comparison of tLi+ calculated using eq (1) and eq (3). 

sample tLi+ from eq (1) tLi+ from eq (3) 
Li2SiON 0.9±0.03 1±0.02 
Li4SiON 0.8±0.06 0.79±0.04 
Li6SiON 0.73±0.08 0.76±0.06 

 

The calculated tLi+ for the LixSiON electrolytes using both DC polarization and 

chronoamperometric studies are in good agreement (Table 9.3). The increase in electrical 

conductivity results in a relatively lower tLi+  for the Li6SiON polymer electrolyte. Studies show 

that both structural design and material selection can significantly improve the tLi+ of electrolytes. 

The migration of anions in polymers can be reduced by anchoring the anions to the polymer 

backbone or by adding anion receptors that can favorably interact with anions.58 The 

heterojunction and space charge region between the polymer electrolyte and metallic Li electrodes 

should be studied further to elucidate the ion conduction mechanism and anion mobility.  

In addition to transference number measurements, the electrochemical stability window is an 

important parameter needed in evaluating the potential stability range for any polymer electrolyte. 

The electrochemical stability of the LixSiON polymer electrolyte was evaluated by assembling a 

three-electrode half-cell (Li/Celgard + LixSiON/SS), where metallic Li was used as both the 

reference and counter electrodes and SS was used as a working electrode. The electrochemical 

stability of the polymer electrolyte must be compatible with the operating potential of the 

electrodes to be considered for practical battery applications. The development of ASSB with high 

energy densities must rely strongly on the tolerance of the polymer electrolyte at high potentials.  

Figure 9.7a presents CV plots for the Li/Celgard+Li6SiON/SS half-cells between potential 

ranges of -1 to 6 V at 1 mV/sec. The Li plating and stripping phenomena are demonstrated by the 

anodic and cathodic peaks ~ 0 V, indicating that the Li+ ions diffuse through the polymer 

electrolyte and plate onto the working electrode. Good electrochemical stability is demonstrated 

by the quite small current response at high voltage (~ 4.5) vs Li/Li+. The current response 

difference between the polymer electrolyte is attributed to variance in electronegativity of the 

framework. The increase in Li/Si ratio of the polymer precursor is postulated to decrease the 

covalency of Li-N framework, resulting in a decrease of the antibonding energy state.41  
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Figure 9.7. (a) CV plot of Li/Celgard+Li6SiON/SS at sweep rate of 1 mV/sec and (b) galvanostatic 
cycling of Li/Celgard+Li6SiON/Li symmetric cell at ambient. 

After investigating the electrochemical stability and transference number of the polymer 

electrolyte, we now focus on the Li+ plating/stripping behavior by charging/discharging the 

Li/Celgard + Li6SiON/Li symmetric cells at ambient. Galvanostatic measurements with a constant 

current density of 0.75 – 3.75 mA cm-2 were used to determine the stability of the Li6SiON polymer 

electrolyte and Li metal (Figure 9.7b). The Li/Celgard + Li6SiON/Li symmetric cell follows 

Ohmic behavior at both low and high critical current densities, delivering an average interfacial 

resistance of 8 Ω.cm2. The voltage response is stable at high current density of 3.75 mAh/cm2, 

meeting the requirement of electrolytes to enable the assembly of ASSBs.59,60 

The obtained critical current density for the polymer electrolyte is significantly higher than 

what is reported for inorganic solid electrolytes with higher ionic conductivities (0.1 mS/cm) at 

ambient. Irrespective of the use of numerous engineering processes, i.e., polishing, grinding, 

surface modification, and melting of metallic Li to bind with electrolyte surfaces, voids/pores, 

grain boundaries, and surface impurities exist in most oxide-based inorganic solid electrolytes.4 

These surface impurities provide pathways for Li dendrites to penetrate resulting in low critical 

current densities (< 0.5 mA cm-2).4 

During the past decade, Li-S batteries have drawn intense attention as candidates for next 

generation energy storage technologies owing to their high theoretical capacity (1672 mAh/g) and 

specific energy (2600 Wh/kg).37 Part of the motivation comes from the fact that sulfur is low cost, 

abundant, and an environmentally friendly resource, making it a very promising cathode 

material.61 Due to its structural framework, SPAN cathodes are known to suppress polysulfide 

shuttle effects and facilitate fast charging capabilities.  
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Figure 9.8. Cycle number vs specific capacity and columbic efficiency of 
SPAN/Celgard+Li6SiON/Li half-cell cycled between 1- 3 V at ambient.  

Thus, we investigated the stability of the Li6SiON electrolyte with SPAN cathode, metallic Li 

anode. The half-cell delivered an initial discharge capacity ~ 1300 mAh/g at ambient (Figure 9.8). 

The reversible capacity was ~ 850 mAh/g at 0.25 C which gradually decreased to 765 mAh/g after 

30 cycles. Fast cycling at 0.5C resulted in reversible capacity of 725 mAh/g for the rest of 20 

cycles. This value is double the capacity attained for conventional Li-ion batteries with graphite 

anode and high voltage oxide cathode. The half-cell maintained high columbic efficiency of ~ 

100% attributed to the high tLi+ and optimal ionic conductivity of the Li6SiON polymer electrolyte.  

9.4 Conclusions  
We present detailed electrochemical performance of the LixSiON polymer electrolyte, derived 

from RHA, an agriculture waste product. XRD studies show the amorphous nature of LixSiON 

polymer electrolyte dried at ambient. The amorphous nature coupled with the high Li content and 

nitridation resulted in optimal conductivity of the Li6SiON electrolyte (~ 6.5 x 10-6 S/cm) at 

ambient and low activation energy (0.28 eV). The LixSiON polymer electrolytes also exhibit a 

high Li+ transference number (~0.7 -1) attributed to the polymer framework with low anion 

mobility. The wide electrochemical stability of the LixSiON polymer electrolyte makes it attractive 

for high energy density applications. Most importantly, the polymer electrolyte enabled the 

assembly of Li symmetric cells with high critical current density (3.75 mAh cm-2), making it 

desirable for fast charging applications. Finally, we assembled half-cell using SPAN as the 

cathode, Celgard + Li6SiON as the separator/electrolyte, and Li metal as the anode. The SPAN-Li 

half-cell delivered a reversible capacity of ~ 725 mAh/g at 0.5 C over 50 cycles. 
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Electrically Conducting Calcium Aluminate (12CaO.7Al2O3) Thin Films 

10.1 Introduction 
Abundant, traditional construction materials, CaO and Al2O3 form a variety of compounds of 

differing stoichiometric ratios including CA, C3A, CA6, C12A7 (C = CaO, A = Al2O3).1-6 Of 

these, 12CaO∙7Al2O3 (C12A7) is the subject of multiple studies for practical applications centered 

around the fact that it can be transparent and electrically conducting when properly processed. 

Among the many studies, perhaps the most significant are those demonstrating photo-induced 

electrical conduction and photoluminescence properties.7-12 

C12A7 exhibits cubic morphology (I-43d space group) with a = 11:99 Å. The stoichiometry 

for this 118 atom unit cell (Z = 2) is [Ca24Al28O64]4+ + 2O2-. The two extra O2- ions are trapped in 

Ca-Al-O cages.1,2,13 The unit cell consists of 12 sub-nanometer-sized cages; The cage walls are 

composed of 8 tetrahedrally coordinated Al3+, 16 bridging and non-bridging oxygens, and 6 Ca2+ 

ions.14,15 The inner cage diameter is ~50 % larger than the diameter of O2-, leading to loose 

coordination between the Ca2+ and O2- ions.15 Anionic substitutions are relatively facile in this 

structure because the mean effective charge per cage is 1/3 (4+ charges shared by 12 cages).13 An 

approximately 0.1 nm channel permits ready ion exchange as the interionic distance between free 

O2- and Ca2+, is about 1.5x larger than the sum (0.24 nm) of their ionic radii.1 

The electrical, chemical, and optical properties of C12A7 can be greatly altered by replacing 

some or all of the free O2- ions with other elements.1 Thus, multiple substitution analogs have been 

reported including OH-, H-, O-, O2-, F-, Cl-, e-, and Au- for O2-. Rare earth (Gd+3, Er+3, Ce+3, Nd+3, 

and Eu+3) dopants can also be introduced into C12A7 nanocages with retention of the original 

structures.16-20 

As synthesized, C12A7 is insulating; its optical band gap is ~ 5.8 eV. 14,21,22 However, electrical 

conductivity obtains simply by replacing O2- with e- via various chemical and/or physical processes 

forming C12A7:e- (C12A7 electride).2,13  
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Transparent conducting oxides (TCOs) with high electrical conductivity are difficult to identify 

due their intrinsic band gaps.1 Given the high cost of all In based materials; currently the most 

effective and extensively used commercial TCO; there have been intense efforts to discover 

alternate, lower cost TCOs especially environmentally friendly ones that permit mass production. 

Thus, C12A7 offers potentially significant cost advantages.  

Hayashi et al have, in multiple publications, developed a number of new TCOs including 

C12A7 derivatives. They were able to transform C12A7 into a TCO like material by heating single 

crystals of C12A7 at 1300 °C for several hours in 20H2/80N2 followed by irradiation with 

ultraviolet (UV) light.13  

Multiple other approaches to C12A7 and its derivatives have been explored including solid-

state reactions,23,24 sol-gel processing,15 pulsed laser deposition (PLD),25 and floating zone (FZ) 

processing.18 C12A7 solid-state syntheses are most common and start by heating 12:7 mixtures of 

CaCO3 and Al2O3 in controlled atmospheres at ≥1000 ℃. 23,26-28 These techniques require multiple 

high temperature, and high cost process steps to produce single-phase, dense C12A7:e- films. 

The central goal of this study is to synthesize 12CaO·7Al2O3 NPs in a single step using liquid-

feed flame spray pyrolysis (LF-FSP) and process C12A7 thin films, eliminating glass forming, 

crushing, and ball milling steps. The LF-FSP process also allows doping29,30 and should provide 

access to C12A7 NPs with rare earth dopants (e.g Ce3+, Er3+, Nd3+).16,18,31-32 Rare earth doped 

C12A7 phosphors may offer potential applications in field emission devices.16,20,33 In addition, 

NPs offer potential access to finer final grain sizes potentially crucial to obtaining transparent, 

dense and mechanically robust thin films.1,34 

To facilitate developing materials for diverse applications, efficient fabrication methods are 

required for both bulk and thin film C12A7:e-.15,25,35 One of the simplest and lowest-cost routes to 

convert ceramic powders into free standing, dense monoliths is by casting–sintering as explored 

here.26,34,37 

10.2 Experimental 

10.2.1 Materials  
Calcium propionate [(CH3CH2CO2)2Ca), 97%] was purchased from Alfa Aesar (Ward Hill, 

MA). Triethanolamine [N(CH2CH2OH)3], polyacrylic acid [(C3H4O2)n, Mn 2000], and benzyl 

butyl phthalate {2-[CH3(CH2)3O2C]C6H4CO2CH2C6H5, 98%} were purchased from Sigma-

Aldrich (Milwaukee, WI). Polyvinyl butyral [(C8H14O2)n, B-98, Mn 40,000-70,000] was 
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purchased from Butvar (Avon, OH). Aluminum tri-sec-butoxide {Al[OCH(CH3)CH2CH3]3} was 

purchased from Chattem Chemicals (Chattanooga, TN), and absolute ethanol from Decon Labs 

(King of Prussia, PA).  

10.2.2 C12A7 nanopowder synthesis  
Calcium propionate and alumatrane at a molar ratio of 12 to 7 were dissolved in anhydrous 

ethanol and TEA (50 ml) to give a 3 wt. % ceramic yield solution. The precursor solution was 

aerosolized with oxygen into a chamber where it was ignited via methane/oxygen pilot torches and 

combusted in an oxygen rich environment. The resulting NPs were collected down-stream in rod-

in-tube electrostatic precipitators (ESP) operated at 10 kV. The liquid-feed flame spray pyrolysis 

(LF-FSP) apparatus has been described previously.29 

As discussed below, the recovered NPs when heated to produce C12A7, produced materials 

that contained a second phase (CaAl2O4) resulting from calcium loss as CaO during sintering. 

Thus, to compensate for CaO loss during sintering, 5 and 10 wt. % excess calcium propionate was 

added to the original precursor solution, hereafter referred to as C12A7+5% or C12A7+10% 

respectively. Table 10.1 shows the list of precursors used for each composition, which were 

dissolved in ethanol and TEA.  
Table 10.1. Amount of precursors dissolved in ethanol (850 ml) and TEA (50 ml). 

 Ca(O2CCH2CH3)2 (g) Al[OCH(CH3)CH2CH3]3 (g) 
C12A7 33.5 134.5 

C12A7+5% 35.18 134.5 
C12A7+10% 36.85 134.5 

 
As-produced C12A7 NPs (6.5 g, 4.68 mmol) were first dispersed in anhydrous ethanol (300 

ml) with 1 wt. % Bicine (65 mg, 400 µmol) dispersant, using an ultrasonic horn at 100 W for 10 

min. The suspension was left to settle for overnight to allow larger particles to settle. Supernatant 

was decanted and the recovered solution was poured into a clean beaker and left to dry overnight 

in the oven (60 ℃). The dried powders were ground in an alumina mortar and pestle.  

10.2.3 C12A7 thin film processing 
A suspension was made by mixing collected nanopowder (0.7 g), benzyl butyl phthalate (0.13 

g), as a plasticizer, poly acrylic acid (0.01g) as a dispersant, polyvinyl butyral (0.13 g) as a binder 

dissolved in anhydrous ethanol (0.9 ml) and acetone (0.9 ml). The mixture (2.39 g) was placed in 

a 20 ml vial and milled with spherical alumina beads (6 g) with 3 mm diameter media overnight 

to homogenize the suspension. Suspension was cast using a wire wound rod coater (Automatic 
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Film Applicator 1137, Sheen Instrument, Ltd). After solvent evaporation, dried green films were 

uniaxially pressed between stainless steel dies at 100 ℃ with a pressure of 50–70 MPa for 5 min 

using a heated bench (Carver, Inc) top press to improve packing density.34 

Sintering studies Heat treatments were conducted in a high temperature vacuum/gas tube 

furnace (Richmond, CA). Green films of C12A7, C12A7+5%, and C12A7+10% were placed 

between alumina disks and sintered to 1300 ℃ for 3 h in O2 (100 mL min-1). The films are 

transparent and has a uniform thickness of < 50±2 𝜇𝜇m. The polycrystalline films of C12A7+10% 

were heated at 1300 ℃ for 3 h in a mixing gas composed of 20%H2/80% N2 (150 mL min-1). The 

films are transparent after the hydrogen treatment. 

10.3 Results and discussion  
In the following sections, we first characterize the LF-FSP C12A7 NPs by XRD, SEM, TGA, 

and FTIR. Thereafter we characterize the green and sintered thin films of C12A7, C12A7+5 %, 

and C12A7+10 %; the effects of sintering temperatures and added excess CaO were also studied. 

Finally, efforts to transform sintered thin films into transparent conducting films as assessed by 

impedance measurements are presented. 

10.3.1 Characterization of as-produced NPs 
Figure 10.1a shows XRDs of as-produced C12A7, C12A7+5 %, and C12A7+10 % NPs. XRDs 

of the as-produced NPs are all very similar offering a broad amorphous hump around ~ 30° 2𝜃𝜃.  

Figure 10.1b provides an SEM of as-produced powders showing spherical morphologies 

typical of amorphous NPs with average particle sizes (APSs) < 100 nm. The specific surface areas 

(SSAs) and APSs for as-produced C12A7, C12A7+5 %, and C12A7+10 % NPs are listed in Table 

10.2. 
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Figure 10.1. (a) NP XRDs of LF-FSP C12A7, C12A7+5 %, and (b) C12A7+ 10% and SEM of 
as-produced C12A7+ 10% NPs.  

 
Table 10.2. SSAs and APSs of as-produced powders. 

 SSAs (m2g-1) APSs (nm) 
C12A7 23.4± 0.2 87 

C12A7+5% 27. 2 ± 0.4 75 
C12A7+10% 28.5±0.4 72 

 

 
Figure 10.2. (a) TGA/DSC of as-produced C12A7+10% NPs and (b) FTIR of as-produced NPs. 

Figure 10.2a provides TGAs of as-produced NPs on heat treatment to 1000 ℃/5 ℃/min/air. 

Only one exotherm at ~ 950 ℃ is observed for each sample ascribed to crystallization of CaO, γ-

Al2O3, and formation of α-Al2O3.39 The mass loss is due to residual carbonate. 

The Figure 10.2b FTIR spectra show 𝜐𝜐C=O for carbonate (1400-1600 cm-1) and 𝜐𝜐M−O (< 

600 cm-1) for as-produced NPs. The presence of carbonates is further confirmed by the TGA mass 

loss in the 200°- 300 ℃ region. 
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10.3.2 Thin film characterization 
Figure 10.3a shows the fracture surface SEM of C12A7+10% green film. The NPs appear well 

dispersed in the polyacrylic acid. The Figure 10.4b TGA confirms the expected ceramic yield of 

green films matching the theoretical ceramic yield calculated as 85 wt. % (50 vol. %), excluding 

solvent as it evaporates on drying. The mass losses at intermediate temperatures arise as polymeric 

additives decompose.  

 
Figure 10.3. (a) C12A7 +10% green film SEM fracture surface image and (b) TGA of 
C12A7+10% green film. 

Green C12A7 films were heated at 10 ℃/min/O2 and sintered at 1050°, 1100°, 1200°, 

1300 ℃ for 3 h. Figure 10.4 shows the XRDs of these sintered films. C12A7 with the secondary 

phase CaAl2O4 are observed. The sintering temperature was increased to achieve higher densities; 

however, it led to alumina rich phases arising due to calcium evaporation as shown in Table 10.3. 

More CaO appears to be required to compensate for calcium loss and obtain higher densities. 

 
Figure 10.4. XRD patterns of C12A7 films heated at selected temperatures. 

 
  

10 20 30 40 50 60 70

C12A7 / 1200 °C, 3 H

C12A7 / 1150 °C, 3 H

C12A7 / 1100 °C, 3 HIn
te

ns
ity

 (a
.u

.)

2θ(degrees)

C12A7 / 1050 °C, 3 H



 207 

Table 10.3. Relative contents of phases in sintered C12A7 films. 

Temperature (℃)/3 h C12A7 (wt. %) CaAl2O4 (wt. %) 
1050 85.4 14.6 
1100 84.6 15.4 
1150 81.7 18.3 
1200 80.9 19.1 

 
The Figure 10.5 XRDs of C12A7, C12A7+5%, and C12A7+10% films sintered at 1300 ℃/3 

h/O2 shows mayenite (87.4 %) and CaAl2O4 (12.6 %), mayenite (92.3 %) and CaAl2O4 (7.7 %) 

and finally, single phase mayenite indicating that added CaO compensates for its loss during 

sintering. Thus, LF-FSP synthesis of NPs offers exceptional control of stoichiometry and phase 

purity.  

 
Figure 10.5. XRDs of C12A7 (black), C12A7+5 % (blue), and C12A7+ 10% (red) films sintered 
at 1300 ℃/ 3 h. 

C12A7+ 10% sintered films were then treated in 20H2/80N2 to 1050°, 1100°, and 1200 ℃ at 5 

℃ min-1 and held for 1 h in 20H2/80N2. C12A7:H films were then illuminated under UV for 1 h 

causing the transparent film to change from colorless to light yellow, Figure 10.10.  
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Figure 10.6. (a) FTIR spectra of C12A7+10% films sintered, and hydrogen treated followed by 
UV-irradiation. (b) XRDs of C12A7:H+10%. 

Figure 10.6a presents FTIR spectra of C12A7+10% films sintered to 1300 ℃/3 h/O2 followed 

by hydrogen treatment to 1100 ℃/1 h and UV irradiation for 1 h. There is no significant difference 

in the spectra when comparing insulating, C12A7+10% films to electrically conducting, C12A7: 

e +10% films. Figure 10.6b shows XRDs of C12A7:H+10% films confirming a single phase cubic 

C12A7 structure. There are no significant phase changes attributed to hydrogen treatment to 

replace the free O2- in the cage of C12A7+10%.  

 
Figure 10.7. (a) Comparison TGA of C12A7+10% films hydrogen treated (b) UV-irradiation.  

 
Figure 10.7(a-b) present TGAs of C12A7:H+10% and C12A7:e+10% films heated to 

1000 ℃/N2 respectively. The resulting mass gain for C12A7:H+10% films suggest that free 

oxygen ions were replaced by hydride ions. However, there is a mass loss at ~ 750 ℃ which might 

be ascribed to the loss of oxygen in partially filled cages. The TGA of C12A7:e +10% films shows 

a mass gain (~1.5 wt %) after 1000 ℃ heat treatment.  
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10.3.3 Microstructure and electronic conductivity  

 
Figure 10.8. SEM fracture surface images of (a, b) C12A7, (c, d) C12A7+5 %, and (e, f) C12A7+ 
10% films sintered at 1300 ℃/ 3 h. 

Figure 10.8 shows microstructures of sintered C12A7, C12A7+5%, and C12A7+10% films. 

The nanoporous fracture surfaces look very dense with intergranular fracture modes. Final film 

densities were all ~ 98.8 %TD, per Archimedes method. 

 

 
Figure 10.9. SEM fracture surface images of C12A7+ 10% films thermally etched to 1200 ℃/ 1 
h at selected magnifications.  

Figure 10.9 presents the microstructures for samples sintered to the highest densities. Thermal 

etching was conducted by fracturing and heating samples to 1200 ℃ for 1 h in O2. Average grain 

sizes (AGSs) determined by the linear intercept method are 1.5 ± 0.2 µm and 2.3 ± 0.2 µm for 

C12A7, and C12A7+5 % respectively.  
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Figure 10.10 presents the microstructures of C12A7+10% films treated to 1100 ℃/1 h in 

20H2/80N2 atmosphere. The resulting C12A7:H+10% film looks very dense, nonporous. The 

SEMs also show smooth surfaces and uniform thicknesses. The optical images show the 

transformation of C12A7 from insulator to persistent conductor. The C12A7+10% films remain 

transparent after hydrogen treatment. However, they exhibit a greenish tint after UV treatment.  

 

 
Figure 10.10. SEM fracture surface images of C12A7:H+10% (left) and optical images of 
C12A7+10% films treated in hydrogen followed by UV(right).  

C12A7+10% films heated at selected temperatures (i.e. 1050°, 1100°, and 1200 ℃/1 h) in 

20H2/80N2 were exposed to UV-light for 1 h. Figure 10.11 presents a typical complex impedance 

spectrum of C12A7:e- +10% films at 25 ℃. The resistance values at the intercept with real axis in 

the high frequency range were used to calculate conductivities. Table 10.4 presents the obtained 

total electronic conductivities at selected temperatures. The highest approximate electronic 

conductivity is 0.1 S cm-1, which corresponds to the 1100 °C/1 h treated film at room temperature. 

By lowering hydrogen treatment temperature, the thermal activation process of replacing free O2- 

ions with hydride ions increases; thus, providing higher conductivity. Rapid cooling to room 

temperature after hydrogen heat treatment is reported as a common condition of governing the 

cage with hydride ions.13  

Table 10.4. Electronic conductivities of C12A7:e- +10% films H2 treated at selected temperatures. 

H2 heat treating T (℃)          𝜎𝜎(S cm-1) 
1050/1 h    5.6±0.2 × 10-3 
1100/1h     3±0.6 × 10-2 
1200/1 h    1.2±0.4 × 10-2 
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Figure 10.11. Nyquist plots of C12A7 +10 % films hydrogen treated to 1050° (red), 1100° (black), 
and 1200 ℃ (blue) for 1 h. C12A7:H +10% films illuminated by UV for 1 h before impedance 
measurement at 25 ℃. 

 
Figure 10.12. (a)Nyquist plots of C12A7:e- +10% films at selected temperatures and (b)Arrhenius 
plots of C12A7:e- +10%. 

C12A7+10% films treated in H2 to 1100 ℃/1 h and UV illuminated for 1 h were selected for 

electrical conductivity measurements at various temperatures. Figure 10.12a presents a typical 

complex impedance spectrum of C12A7:e- +10% films where electrochemical impedance was 

collected in a frequency range of 10 MHz to 1 Hz at -20° to 85 ℃. Room temperature 

conductivities of 35 mS cm-1 and activation energies of 0.13 eV (12.5 kJ mol-1) were obtained from 

the Arrhenius plot as shown in Figure 10.12b.  

Table 10.5 illustrates the total electrical conductivities of C12A7:e- +10% films at selected 

temperatures. Electrical conductivities of ~ 0.1 S cm-1 were obtained when films were heated to 

85 ℃. Optimization of hydrogen and UV treatments to achieve higher room temperature electronic 
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conductivities similar to what is reported in Table 10.6 remains as future work. The mechanical 

strength and flexibility will be measured as well.  

 
Table 10.5. Total conductivities (σt) of C12A7:e- +10% samples at selected temperatures.  

T (℃)          𝜎𝜎(S cm-1) 
-20 
-10 
0 
25 
30 
45 
65 
85 

   2 × 10-2 
2.5 × 10-2 
3.2 × 10-2 

3.7 × 10-2 

4.2 × 10-2 

5.1 × 10-2 

6.3 × 10-2 

   9 × 10-2 

 

Table 10.6 compares thicknesses and room temperature electronic conductivities of C12A7:e- 

films reported in the literature. Note that some of the techniques used to achieve high electronic 

conductivities require a very expensive, and energy intensive processes. Despite the simplicity of 

solid-state reaction method, high sintering temperatures and longer dwell times are required to 

achieve dense, single phase, C12A7 samples; motivation for finding more effective mass 

production methods.42  
Table 10.6. Reported room temperature conductivities for C12A7:e-. 

Sintering conditions 
(℃/h) 

Processing 
 Step σt(S cm-1) Thickness Ref. 

1300/3 LF-FSP/TC 3.5 × 10-2 50 µm - 
1300/1 PLD 1.1 0.5 µm [40] 
1300/6 SSR/PLD 0.62 500 nm [25] 
1350/12 SSR/Fz 0.3 0.3 mm [13] 
1350/24 SM/DE 9 × 10-4 13 mm [41] 
1600/1 MS/GC 1-10 - [15] 

GC = glass-ceramic, SSR = solid state reaction, SM = solution mixing, DE 
= direct evaporation, TC = tape casting, MS = melt solidification 

 

10.4 Conclusions  
Transparent and electronically conducting C12A7:e- films were synthesized by using LF-FSP 

NPs, then processed to thin(< 50 𝜇𝜇m) films. Single cubic mayenite phase was achieved by 

introducing excess calcium precursor (10 wt. %) to compensate for its loss during sintering. C12A7 

+10 % films after sintering to 1300 ℃/ 3 h have full densities and optimized phase purity thereby 

when hydrogen and UV treated, they show high electrical conductivities of 35 mS cm-1. Films 

processed here show great density along with controllable thickness ascribed to the casting-
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sintering of nanoparticles synthesis. Further reduction in film thickness might result in improved 

electrical conductivity. The work presented here offers the potential to process low-cost TCOs at 

commercial scales providing simple processing routes to such materials can be developed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 214 

References 
 

(1) S. Liao, R. Yao, X. Chen, G. Wang, and F. Zheng, “Characteristics, Thermodynamics, and 
Preparation of Nanocaged 12CaO·7Al2O3 and Its Derivatives,” Int. J. Appl. Ceram. Technol., 13 
[5] 844–855 (2016). 

(2) S.W. Kim, S. Matsuishi, M. Miyakawa, K. Hayashi, M. Hirano, and H. Hosono, “Fabrication of 
room temperature-stable 12CaO·7Al2O3 electride: A review;” in J. Mater. Sci. Mater. Electron. 
2007. 

(3) K. Scrivener, “Calcium aluminate cements;” in Adv. Concr. Technol. 2003. 
(4) J. Skibsted, E. Henderson, and H.J. Jakobsen, “Characterization of Calcium Aluminate Phases in 

Cements by 27Al MAS NMR Spectroscopy,” Inorg. Chem., (1993). 
(5) K.L. Scrivener, J.L. Cabiron, and R. Letourneux, “High-performance concretes from calcium 

aluminate cements,” Cem. Concr. Res., (1999). 
(6) D. a. Fumo, M.R. Morelli, and A.M. Segadães, “Combustion synthesis of calcium aluminates,” 

Mater. Res. Bull., (1996). 
(7) H. Hosono and Y. Abe, “Occurrence of superoxide radical ion in crystalline calcium aluminate 

12CaO.7Al2O3 prepared via solid-state reactions,” Inorg. Chem., (1987). 
(8) S. Yang, J.N. Kondo, K. Hayashi, M. Hirano, K. Domen, and H. Hosono, “Partial oxidation of 

methane to syngas over promoted C12A7,” Appl. Catal. A Gen., (2004). 
(9) S. Watauchi, I. Tanaka, K. Hayashi, M. Hirano, and H. Hosono, “Crystal growth of Ca12Al14O33 

by the floating zone method,” J. Cryst. Growth, (2002). 
(10) K. Hayashi, S. Matsuishi, N. Ueda, M. Hirano, and H. Hosono, “Maximum incorporation of 

oxygen radicals, O- and O2-, into 12CaO·7Al2O3 with a nanoporous structure,” Chem. Mater., 
(2003).  

(11) K. Hayashi, N. Ueda, M. Hirano, and H. Hosono, “Effect of stability and diffusivity of extra-
framework oxygen species on the formation of oxygen radicals in 12CaO-7Al2O3;” in Solid State 
Ionics. 2004. 

(12) T. Kamiya, S. Aiba, M. Miyakawa, K. Nomura, S. Matsuishi, K. Hayashi, K. Ueda, M. Hirano, 
et al., “Field-induced current modulation in nanoporous semiconductor, electron-doped 
12CaO·7Al2O3,” Chem. Mater., (2005). 

(13) K. Hayashi, S. Matsuishi, T. Kamiya, M. Hirano, and H. Hosono, “Light-induced conversion of 
an insulating refractory oxide into a persistent electronic conductor,” Nature, 419 [6906] 462–
465 (2002). 

(14) P. V. Sushko, A.L. Shluger, K. Hayashi, M. Hirano, and H. Hosono, “Hopping and optical 
absorption of electrons in nano-porous crystal 12CaO.7Al2O3,” Thin Solid Films, 445 [2] 161–
167 (2003). 

(15) H. Hosono, S.W. Kim, M. Miyakawa, S. Matsuishi, and T. Kamiya, “Thin film and bulk 
fabrication of room-temperature-stable electride C12A7:e- utilizing reduced amorphous 
12CaO.7Al2O3(C12A7),” J. Non. Cryst. Solids, 354 [19–25] 2772–2776 (2008). 

(16) Y.X. Liu, L. Ma, D.T. Yan, H.C. Zhu, X.L. Liu, H.Y. Bian, H. Zhang, and X.J. Wang, “Effects 
of encaged anions on the optical and EPR spectroscopies of RE doped C12A7,” J. Lumin., 152 



 215 

28–32 (2014). 
(17) X. Liu, Y. Liu, D. Yan, H. Zhu, C. Liu, W. Liu, C. Xu, Y. Liu, et al., “A multiphase strategy for 

realizing green cathodoluminescence in 12CaO·7Al2O3–CaCeAl3O7:Ce3+,Tb3+ conductive 
phosphor,” Dalt. Trans., 42 [46] 16311 (2013). 

(18) M.M. Ali, M. Nagao, S. Watauchi, and I. Tanaka, “Floating Zone Growth and Characterization 
of (Ca 1– x Nd x )12Al14O33+6 x( x ∼ 0.001) Single Crystals,” ACS Omega, 1 [6] 1157–1163 (2016). 

(19) M. Zhang, Y. Liu, J. Yang, H. Zhu, D. Yan, X. Zhang, C. Liu, C. Xu, et al., “Enhanced emission 
of encaged-OH--free Ca12(1-x)Sr12xAl14O33:0.1%Gd3+conductive phosphors via tuning the 
encaged-electron concentration for low-voltage FEDs,” Phys. Chem. Chem. Phys., (2017). 

(20) R. Wang, Y. Zhang, J. Sun, L. Liu, and Y. Xu, “Up-conversion luminescence of Er3+-doped and 
Yb3+/Er3+ co-doped 12CaO.7Al2O3 poly-crystals,” J. Rare Earths, 29 [9] 826–829 (2011). 

(21) H. Hosono, “Recent progress in transparent oxide semiconductors: Materials and device 
application,” Thin Solid Films, 515 [15 SPEC. ISS.] 6000–6014 (2007). 

(22) P. V. Sushko, A.L. Shluger, K. Hayashi, M. Hirano, and H. Hosono, “Electron Localization and 
a Confined Electron Gas in Nanoporous Inorganic Electrides,” Phys. Rev. Lett., 91 [12] 126401 
(2003). 

(23) S. Yang, J.N. Kondo, K. Hayashi, M. Hirano, K. Domen, and H. Hosono, “Formation and 
Desorption of Oxygen Species in Nanoporous Crystal 12CaO·7Al2O3,” Chem. Mater., 16 [1] 
104–110 (2004). 

(24) K. Hayashi, M. Hirano, S. Matsuishi, and H. Hosono, “Microporous crystal 12CaO·7Al2O3 
encaging abundant O- radicals,” J. Am. Chem. Soc., 124 [5] 738–739 (2002). 

(25) Y. Toda, M. Miyakawa, K. Hayashi, T. Kamiya, M. Hirano, and H. Hosono, “Thin film 
fabrication of nano-porous 12CaO·7Al2O3 crystal and its conversion into transparent conductive 
films by light illumination,” Thin Solid Films, 445 [2] 309–312 (2003). 

(26) T. Aitasalo, J. Hölsä, H. Jungner, M. Lastusaari, J. Niittykoski, M. Parkkinen, and R. Valtonen, 
“Eu2+doped calcium aluminates prepared by alternative low temperature routes;” in Opt. Mater. 
(Amst). 2004. 

(27) S. Liao, R. Yao, Y. Liu, X. Chen, X. Hu, and F. Zheng, “Green up-conversion of C12A7–Ho3+ 
prepared by co-precipitation method,” J. Alloys Compd., (2015). 

(28) P.M. Chavhan, A. Sharma, R.K. Sharma, G. Singh, and N.K. Kaushik, “Dip coated 
12CaO·7Al2O3 thin films through sol–gel process using metal alkoxide,” Thin Solid Films, 
(2010). 

(29) M. Kim and R.M. Laine, “Processing Research Liquid-feed flame spray pyrolysis ( LF-FSP ) for 
combinatorial processing of nanooxide powders along the ( ZrO2 )1-x ( Al 2 O3)x tie-line . Phase 
segregation and the formation of core-shell nanoparticles,” Ceram. Process. Res., 8 [2] 129–136 
(2007). 

(30) R.M. Laine, J. Marchal, H. Sun, and X.Q. Pan, “A new Y3Al5O12 phase produced by liquid-feed 
flame spray pyrolysis (LF-FSP),” Adv. Mater., 17 [7] 830–833 (2005). 

(31) X. Liu, Y. Liu, D. Yan, H. Zhu, C. Liu, C. Xu, Y. Liu, and X. Wang, “Single-phased white-
emitting 12CaO·7Al2O3:Ce3+, Dy3+ phosphors with suitable electrical conductivity for field 
emission displays,” J. Mater. Chem., 22 [33] 16839 (2012). 

(32) Lu, Q. Nie, T. Xu, S. Dai, X. Shen, and X. Zhang, “Up-conversion luminescence of 
Er3+/Yb3+/Nd3+-codoped tellurite glasses,” J. Lumin., (2007). 

(33) E. Tõldsepp, T. Avarmaa, V. Denks, E. Feldbach, M. Kirm, A. Maaroos, H. Mändar, and S. 
Vielhauer, “Synthesis and luminescence properties of Ce3+ doped nanoporous 12CaO·7Al2O3 
powders and ceramics,” Opt. Mater. (Amst)., 32 [8] 784–788 (2010). 



 216 

(34) E. Yi, W. Wang, J. Kieffer, and R.M. Laine, “Flame made nanoparticles permit processing of 
dense, flexible, Li + conducting ceramic electrolyte thin films of cubic-Li7 La3Zr2O 12 (c-LLZO),” 
J. Mater. Chem. A, 4 [33] 12947–12954 (2016). 

(35) M. Zahedi, A.K. Ray, and D.S. Barratt, “Preparation and crystallization of sol–gel C12A7 thin 
films,” J. Phys. D. Appl. Phys., 41 [3] 035404 (2008). 

(36) E. Yi, W. Wang, S. Mohanty, J. Kieffer, R. Tamaki, and R.M. Laine, “Materials that can replace 
liquid electrolytes in Li batteries: Superionic conductivities in Li1.7Al0.3Ti1.7Si0.4P2.6O12. 
Processing combustion synthesized nanopowders to free standing thin films,” J. Power Sources, 
269 577–588 (2014). 

(37) E. Yi, E. Temeche, and R.M. Laine, “Superionically conducting β′′-Al2O3thin films processed 
using flame synthesized nanopowders,” J. Mater. Chem. A, (2018). 

(38) S. Watauchi, I. Tanaka, K. Hayashi, M. Hirano, and H. Hosono, “Crystal growth of Ca12Al14O33 
by the floating zone method,” J. Cryst. Growth, 237–239 [1 4 I] 801–805 (2002). 

(39) M. Gervais, “Crystallization of Amorphous Precursors in the Calcia – Alumina System : A 
Differential Scanning Calorimetry Study,” J. Am. Ceram. Soc., 83 [1] 70–76 (2000). 

(40) M. Miyakawa, K. Hayashi, M. Hirano, Y. Toda, T. Kamiya, and H. Hosono, “Fabrication of 
highly conductive 12CaO·7Al2O3 thin films encaging hydride ions by proton implantation,” Adv. 
Mater., 15 [13] 1100–1103 (2003). 

(41) M. Matsuda, Y. Inda, W. Hisamatsu, and T. Umegaki, “Conduction properties of oxide ion 
conductor Ca12AI14033 prepared with solution-synthesized powders,” 15 933–934 (1996). 

(42) B. Matović, M. Prekajski, J. Pantić, T. Bräuniger, M. Rosić, D. Zagorac, and D. Milivojević, 
“Synthesis and densification of single-phase mayenite (C12A7),” J. Eur. Ceram. Soc., 36 [16] 
4237–4241 (2016). 

 
 
 
 
 
 
 
 
 

 

 
 

 
 



 217 

  
 

Conclusions and Future Work 

11.1 Solid electrolytes  
Current high-quality Li-ion battery cells and systems revolutionized many markets, especially 

mobile electronic devices with the transportation sector witnessing a similar experience. The trend 

is intentional, regulators as well as businesses are interested in sustainable clean transportation and 

thus sustainable businesses. One remaining challenge is battery cost, causing battery electric 

vehicles (BEVs) to still be more expensive than their combustion engine powered counterparts 

with similar range. With increasing demand for Li-ion batteries, even used in stationary storage 

systems, the cost is reduced through mass production, but material prices could go in the opposite 

direction. This is one reason to look into all solid-state batteries that promise to work without cost 

risk, and/or flammable, and toxic commodities. Another angle to consider is integration as part of 

automotive vehicle development. A battery supporting a ≥ 300-mile range requires ≥ 500 kg just 

in cell weight, counterproductive to all automotive industry efforts to increase range by reducing 

weight. The high weight comes with the requirement for structural elements that further reduce 

available volumes, valuable in automotive design.  

Li-metal anodes, a high-capacity alternative to today’s graphite anodes, suffer from capacity 

losses during cycling, surface passivation due to the high chemical reactivity of Li-metal, and the 

tendency to grow dendrites on charging. One possible solution to these issues is the use of a solid-

state electrolyte membrane that prevents liquid electrolyte from contacting the metal surface and 

prevents dendrites by a combination of mechanical blocking and control of Li-ion current density.  

Different types of solid-state Li-ion conductors are increasingly available including polymers, 

ceramics, glass-ceramics, amorphous glasses, and composites thereof. All known solid-state 

electrolytes require further improvements in at least one of these parameters: conductivity at room 

temperature, chemical stability against Li-metal, stability against the electrochemical potential of 

the full cell, mechanical strength, wettability, porosity and manufacturability. An amorphous Li-

ion conductor that stands out is LiPON. This material has been used in commercial thin-film 

lithium batteries for many years. Wetting of the electrolyte with Li-metal does not appear to be an 
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issue for LiPON, as it is with otherwise highly promising Li7La3Zr2O12 (LLZO) garnet ceramics, 

which leads to large interface impedances. Due to LiPON’s amorphous structure, an equal current 

density can be expected over the surface area, in contact with Li-metal.  

The only problems with using LiPON are its low conductivity, compensated by application of 

very thin LiPON layers, and current, expensive methods of application. At present, LiPON can 

only be produced by sputtering in nitrogen atmosphere or atomic layer deposition (ALD) in 

nitrogen plasma. The main challenges of sputtering techniques is that it is difficult to fabricate a 

large target, slow deposition rates, high power requirements, and high cost of manufacturing. The 

thin layer cannot stand by itself since it must resist the mechanical stresses introduced by stripping 

and plating Li-metal.  

Automotive applications mandate current density rates of multiple mA/cm2. A combination of 

highly conductive LLZO or other ceramic electrolytes with very thin LiPON layers offers a viable 

option for a solid-state membrane with superior properties. We have demonstrated a completely 

different approach to the application of very thin LiPON films that avoids the costly methods 

currently extant through use of LiPON precursors applied via melt or solution processing at similar 

thicknesses but with much less capital equipment investment and using simple industry standard 

synthesis methods. 

The Li-sulfur cathode is a good match for a Li-metal anode because both technologies have 

very high capacities, resulting in electrodes with similar thickness. A membrane, as described 

above, could resolve a series of issues for the sulfur-based cathode as well as the Li-metal anode. 

Intriguing is the new opportunity to design or select liquid electrolytes that specifically fit the 

sulfur electrode and not the Li-metal electrode, enabled by physical separation by a membrane. 

Based on the design criteria for ceramic precursors discussed in Chapter 1, we have developed 

a set of polymer precursors that can be coated from solution onto thin film ceramic electrolytes 

and heated under mild conditions (< 600 °C) relative to the sintering temperatures needed to 

process dense, flexible ceramic thin films. The design and optimization of polymer precursors to 

glasses/ceramics and methods of processing them into a wide variety of thin films, binders, 

adhesives and ion conducting fillers offers a low energy/low-cost alternative to gas phase 

processing of LiPON-like materials. 

In chapters 3-5, we demonstrated the utility of LixPON, LixSiON, and LiSiPHN polymer 

electrolytes as a coating on a Celgard membrane. These polymer electrolytes show high ohmic 
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stability against Li metal at current densities of 0.375 – 3.75 mAhcm-2. Furthermore, we have 

shown that the Celgard coated Li6SiPON polymer electrolyte can be used to assemble a nearly all 

solid-state Li-S battery as described in chapter 3. Also, in these same engineering studies, our data 

demonstrate that polymer precursors can be used as active fillers in PEO matrices, resulting in a 

significant improvement in ambient ionic conductivity (2.8 mS/cm). If these PEO/polymer 

precursors can be melt cast onto cathodes and Li metal at the PEO melting point of 65−75 °C, it 

may be possible to replace the liquid electrolytes in traditional Li-ion batteries with melt cast 

mixtures of these materials eliminating fire hazards, reducing the extent of containment seals 

needed, and perhaps greatly simplifying the ASSB assembly. This would obviate the need to 

introduce both capital equipment and energy intensive new processes envisioned as necessary to 

assemble ASSBs that rely on ceramic electrolytes.  

11.2 Cathode materials  
Cathode materials used in LIBs attract extensive attention due to relatively high costs – usually 

the most expensive component in the cell.1 In 2019 Wentker et al.1 estimated that current cathodes 

can make up 30-50% of the total cost of the cell or 20-65 $/kWh. In a drive for global 

electrification, $/kWh is often used as a make or break metric. Dissecting this metric, gains can be 

accessed either via a decrease in the cost per energy or an increase in the energy per cost. Thus it 

is important to investigate high voltage oxides i.e. LiNi0.5Mn1.5O4 (LMNO) and NMA 

(LiNi0.883Mn0.056Al0.061O2) as a low cost, high energy density cathode material. LMNO is currently 

one of the least expensive cathode materials on the market per kWh due to absence of cobalt.2 The 

growing consenus to reduce cobalt use in LIB cathodes resulted in revitalized interest in LMNO. 

Another challenge is to increase the kWh per cost i.e. improve the performance of LMNO at the 

same affordable cost.  

One trend observed in industry (BASF) and academia is particle size reduction for active 

materials in both the cathode and anode.3,4 Particle size reduction results in three primary 

advantages focusing on interfaces and kinetics. First, nanoscale materials have higher SSAs than 

micron-scale materials increasing contact areas between the active material and electrolyte.4,5 

Increased interfacial contact area between active material and electrolyte means more Li+ diffusion 

pathways and a higher chance Li+ can diffuse more rapidly in and out of the active material. 

Kuppan et al.6 report that realizing stable LMNO cathodes must be predicated on particle sizes 

below one micron, but such systems must counter increased surface reactions with increases in 
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SSA. The high NP SSAs should lead to superior charge transfer kinetics and shorter Li+ diffusion 

paths on average. Characteristic migration times can be derived from Fick’s law; Equation (1):1 

𝜏𝜏 = 𝐿𝐿2

4𝜋𝜋𝐷𝐷∗
   (1) 

Where 𝜏𝜏 is the characteristic time (or in this scenario the Li+ migration time), L is the diffusion 

length, and D* is the chemical diffusion coefficient of Li+ in the host lattice. The decrease in 

characteristic time from micro- to nanoparticles can be as much as 10. This greater access to Li+ 

should in theory lead to higher capacity at higher C-rates and subsquently higher power.1 

 Despite compelling reasons to move to nanoscale cathodes, LMNO has one inherent 

disadvantage with increased SSAs. LMNO suffers from disproportionation of Mn3+ per Equation 

(2):7 

2𝑀𝑀𝑡𝑡3+ → 𝑀𝑀𝑡𝑡4+ + 𝑀𝑀𝑡𝑡2+   (2) 

Where the newly formed Mn2+ can easily dissolve into the elctrolyte, effectively accelerating cell 

aging and reducing capacity. This disproportionation reaction is triggered by the presence of acid 

such as HF, a common by product of electrolyte decompositon and SEI formation.7 

Common solutions to this issue are coating particle surfaces, introducing electrolyte additives, 

and transtional metal doping.8 Removing the cathode–liquid electrolyte interface altogether is 

another possibility to diminish Mn2+ dissolution. Reducing a major degradation mechanism is one 

rationale to couple high voltage LMNO with an all solid state cell. This is our eventual goal as 

discussed below.  

LMNO can be synthesized using a variety of methods ranging from benchtop nanoreactors to 

industrial scale including but not limited to sol-gel, hydrothermal synthesis, spray pyrolysis, 

solution combustion, and organic co-precipitation.9–11 Often these techniques are hindered by high 

cost, low yield, and complicated procedures and required capital equipment. Our group uses LF-

FSP which benefits from controlled morphology, phase purity, high yield, and low cost. This 

technique has been proven to produce phase pure solid electrolyte and anode nanoparticles as 

discussed in Chapters 6 and 7, respectivley. By leveraging our expertise in nanoparticle synthesis, 

we believe we can produce LMNO materials that can be used directly in ASSBs taking advantage 

of improved kinetics while avoiding Mn2+ dissolution.  

The future plan is to develop and optimize all solid-state lithium-ion batteries by using scalable 

polymer precursors to LixPON and LixSiON ike materials to coat, act as binder and/or adhesives 

for ceramic electrolytes and that offer potential to serve as interface buffer layers between 
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electrolyte and electrodes (Scheme 11.1). The target for the next 4 months is to use different 

cathodes that enable high specific energy batteries with performance goals of 500 Wh/kg and 1000 

cycles. The high voltage cathodes such as LMNO and NMA will be investigated as proof-of-

principle polymer coated ceramic electrolytes were found to offer wide electrochemical stability 

windows. The resulting technology aims to enable the commercialization of high performance, 

high energy, low-cost automotive battery that presents a potential path to achieving battery cost 

reduction, and US-based advanced manufacturing.  

 
Scheme 11.1. LMNO catholyte synhesis. 

11.3 Anode materials  
Conventional lithium-ion batteries (LIBs) using graphite anodes cannot meet the increasing 

demands for power density, operational reliability, system integration, and safety in many 

applications. Replacing graphite (specific capacity 372 mAh g-1) with higher energy density 

materials is a priority. Of the many potential LIB anodes, Si-based materials offer promise with 

high gravimetric/volumetric capacities (4200/9786 mAh g-1 Simet). Also, Si-based anodes offer 

low discharge potentials ~0.2-0.4 V reducing adverse lithium plating. Finally, Si is abundant, low 

cost, environmentally friendly, recyclable, non-toxic and easily isolated from SDRHA.  

Unfortunately, Si anodes exhibit poor capacity retention due to severe volume changes during 

charge/discharge cycling. As alternatives, SiOx and SiNx films have received attention as they offer 

capacities of 1250-2300 mAh/g and capacity retention. SiC was previously regarded as an inactive 

anode material. However, recent studies of SiC anodes find high reversible capacity, 1200 mAh/g; 

3x the theoretical capacity of graphite. Some researchers suggest this process involves a 
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conversion reaction of SiC with Li+ via an alloying/dealloying reaction as shown in Equations 

(3 𝑡𝑡𝑡𝑡𝐼𝐼 4).  

𝑆𝑆𝑆𝑆𝐶𝐶 +  4𝐿𝐿𝑆𝑆+  +  4𝑒𝑒− ↔ 𝐿𝐿𝑆𝑆4𝐶𝐶 + 𝑆𝑆𝑆𝑆          (3) 

𝑆𝑆𝑆𝑆 + 4. 4𝐿𝐿𝑆𝑆+  +  4. 4𝑒𝑒− ↔  𝐿𝐿𝑆𝑆4.4𝑆𝑆𝑆𝑆          (4) 

The suggested reaction mechanisms allow calculation of a 2288 mAh/g capacity, much larger 

than pristine silicon specific capacity (1200 mAh/g). However, the experimentally attainable 

capacity is < 1200 mAh/g. Hence, the actual lithiation mechanisms and the reversibility of the 

reaction seem to be unknown and should be carefully delineated to realize superior Ag waste SiC 

anodes, one proposed target.   

Our lab proposed efforts center on using SP and SDRHA to access novel solid electrolyte and 

anode materials, respectively, as briefly detailed below (Scheme 11.2). These low-cost, easily 

processed materials offer a unique opportunity to develop components for all-solid-state batteries 

(ASSBs) in a carbon neutral process that valorizes a plentiful Ag waste. One can envision using 

the same process technology to develop recycling methods at the end of battery life. 

 
Scheme 11.2. Process steps toward battery materials from Ag waste. 
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