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Abstract

Developing advanced energy storage systems may address the increasing
concerns of energy shortage and environmental issues. Among many energy storage
technologies, electrochemical energy storage systems such as lithium-ion batteries have
been widely used in various applications. However, current lithium-ion batteries using
flammable liquid electrolytes may cause a safety risk. All-solid-state sodium batteries
(ASSSBs) have been attracting considerable attention as safe and low-cost alternatives to
Li-ion batteries. However, the performance of ASSSBs falls short of the requirements for
commercial applications mainly due to the challenges at the electrode-solid electrolyte
interface.

The goal of this dissertation is to develop new materials and interfacial
engineering methods for high-performance ASSSBs with favorable electrode-electrolyte
interfaces. In this dissertation, I demonstrate three effective strategies to address the
interfacial challenges, namely through the use of organic cathode materials, new solid
electrolyte development, and interfacial engineering.

First, a high-performance ASSSB can be achieved using organic cathode materials
due to their unique properties. Organic cathode materials with a moderate redox potential
enable an (electro)chemically reversible cathode-electrolyte interface. The unique elastic
properties of organic cathode materials also ensure intimate contact during cycling. The
benefits of organic cathode material are reflected in the excellent cell performance.

Second, an oxysulfide solid-state electrolyte (SE) is developed to improve the

stability at the anode-electrolyte interface. The oxygen doped SE with more bridging
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units shows a more interconnected glass structure with less grain boundaries than that of
pure oxide or sulfide-based SEs, effectively suppressing the dendrite growth. The
stronger bonding of P-O than P-S also improves the chemical stability against Na metal,
which may be attributed to the electronic insulating interphase that self-limits the
continuous interfacial decomposition in sulfide-based SEs.

Pervious two strategies aim to solve the interfacial challenges between sulfide-
based electrolytes and electrodes mainly due to the (electro)chemical instability. Oxide-
based solid electrolytes can provide much better (electro)chemical stability but poor
interfacial contact against electrodes. The third strategy is to introduce auxiliary wetting
agents at the electrode-electrolyte interface to significantly improve the interfacial contact
and reduce the interfacial resistance. At the anode-electrolyte interface, an introduced Sn
thin film can serve as a buffer layer to react with molten Na, forming a NaSn alloy and
improving the interfacial contact. At the cathode-electrolyte interface, poly(ethylene
oxide) can serve as a mechanically compliant and ionically conductive agent to form an
efficient percolation network, enabling the full utilization of the organic cathode material
in the ASSSB.

In summary, the demonstrated three strategies address the key challenges in solid-
state batteries. Strategy 1 focuses on new electrode materials; strategy 2 proposes new
electrolyte materials; and strategy 3 combines strategies 1 and 2 with new device
engineering. I hope these approaches will be useful for building future solid-state
batteries with higher energy and longer cycling stability, and eventually for enabling

large-scale production.
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Chapter 1 Introduction

1.1 Solid-State Batteries

Fossil fuels (oils, coals, and natural gases) have served as the most dominant
source of energy supply in the past few centuries. These convenient and cheap sources,
however, are not sustainable, resulting in the severe depletion of these fossil fuel
reserves. The combustion reaction of fossil fuels also emits a significant amount of
carbon dioxide, which is the primary culprit behind global warming.' Therefore, the
development of advanced energy storage systems and devices is one of the most
promising solutions to alleviate the environmental concerns and the utilization of
renewable energy sources is imperative.

Rechargeable lithium ion batteries have been the predominant power source for
portable electronics and electric vehicles owing to their high energy density, long cycle
life, and high sustainability.” However, current commercial batteries do not meet the
urgent and increasing demands of these systems, in particular for large-scale applications
like electric vehicles. This is because the state-of-the-art lithium ion batteries have a
severe shortage of specific energy and specific power as shown in Figure 1.1. Most
current lithium ion batteries with specific energy of 80-120 Wh/kg only allow short
distances of 100-150 miles for an electric vehicle. This limited ranges are far from the
requirements for advanced automotive batteries with higher specific energy of 350 Wh/kg
in order to have a longer driving distance.® One apparent approach to improve the
specific energy is to replace the graphite anode with Li metal anode, which has

approximately 10 times higher specific capacity (3860 mAh/g) than that of graphite



anode.” However, battery charge/discharge cycling leads to non-uniform stripping and
plating of the Li metal, eventually causing the Li dendrites growth.® These dendrites can
penetrate the separator and connect the anode to the cathode, allowing an internal
electron transport pathway with an extremely high current that can ignite the flammable
liquid electrolyte and result in battery explosions. Therefore, the limited development
with lithium ion batteries with poor specific energy and high safety risk is strongly
correlated with organic liquid electrolytes.
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Figure 1.1 Ragone plot of traditional batteries and lithium ion batteries. Reprinted with
permission from Ref. 6. © 2017 Elsevier.

Solid-state batteries (SSBs) are receiving intense interests not only because of the
improved safety by replacing organic-based flammable liquid electrolytes with inorganic-
based solid ones,’ but also the possibility of using lithium or sodium metal for improving

the cell-level specific energy as shown in Figure 1.2."°



8000

High power-type
(for HVs)

S

E 6000 High capacity-typg
o (for EVs,PHVs)
;. Lithium-ion

) battery

5 4000 FY2025

:’T". Fy2020 >0 ¢ Lithium-air
< FY2015 '70 .... A"-SO"d-State battel’y

wi | © o '\batte'y - ‘O
( /) Nickel-metal Small prototype FY2030
hydride battery cells inTOYOTA \ﬂ

0 100 200 300 400 500 600 700 800 900 1000

Energy density (Wh/L)
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Additionally, SSBs also offer unique advantages over conventional liquid-
electrolyte batteries such as: (i) the prevention of electrode cross-talk,' (ii) the formation
of a less dynamic interphase,'” (iii) the possibility for extremely high power and ultra-
thick electrode because of the absence of electrolyte concentration gradient and high

1% and (iv) the possibility for bipolar design as

concentration of metal-ion per volume,
shown in Figure 1.3." In a traditional lithium ion battery, the liquid electrolyte is mobile
and interconnects all components of the battery cell. Therefore, each single cell must be
connected in parallel and then packed in series. In contrast, a solid-state electrolyte is
immobile, therefore, each single cell can be connected in series with a shared ionic
insulating current collector and packed in parallel. The reduction of the number of current

collectors and the exclusion of the cooling system significantly reduce the weight and

volume of the package, leading to an improved cell-level specific energy.
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Figure 1.3 Comparison of conventional lithium-ion battery and solid-state lithium battery
at the cell, stack, and pack levels. Reprinted with permission from Ref. 15. ©
2018 Elsevier.

1.2 Research Objective and Significance

Due to the substantial reserve and low cost of sodium resources, solid-state
sodium-ion batteries are attracting considerable attention. Therefore, the focus of this
dissertation will be on developing the high-performance solid-state sodium-ion batteries
with high-energy and long-cycle-life. This dissertation reveals the fundamental hurdles,
which are interfacial incompatibilities between electrode and electrolyte. This dissertation
proposes three viable approaches to overcome these issues in different perspectives: 1)
the use of innovative organic cathode materials; 2) the development of new solid

electrolyte; 3) solid-state cell architectural design. The demonstrated methods open a new



opportunity to realize a stable electrode-electrolyte interface for enhancing performances
of solid-state batteries and can be expanded in solid-state lithium-ion batteries for the

future work.
1.3 Dissertation Organization

The contents of this dissertation are divided into seven chapters. The motivation
and advantages of developing solid-state batteries are discussed in Chapter 1. Chapter 2
reviews relevant literature based on emerging solid-state electrolytes, architectural
design, fabrication approaches, and large-scale fabrication challenges for solid-state
batteries. The main hurdles regarding interfacial incompatibilities of developing high-
performance solid-state batteries are illustrated and the corresponding failure results
related to interfaces are analyzed.

The detailed research projects are reported in Chapters 3, 4, and 5. Chapter 3
begins with a detailed study on taming active material-solid electrolyte interface to
achieve high-performance solid-state batteries by using organic cathode material. The
quinone-based organic active material with moderate redox potential and unique
mechanical properties enables the solid-state sodium-ion batteries to deliver high specific
energy and long cycling stability.

Chapter 4 focuses on developing new oxysulfide electrolyte for improving anode-
electrolyte interfacial stability, enabling the use of Na metal as anode material to further
improve the specific energy. The features of a defect-free structure and excellent
chemical stability of electrolyte enable the best cycling stability with Na metal over all
the other known solid electrolytes.

Chapter 5 develops solutions to address the interfacial contact challenges between
5



oxide-based solid electrolyte and electrodes by introducing auxiliary wetting agents at the
interlayers. This work represents the first use of organic redox materials in oxide-based
solid-state sodium batteries. The study establishes effective interfacial modifying
strategies for developing high-performance solid-state sodium metal batteries, and to all
emerging solid-state batteries in general.

Chapter 6 summarizes all fundamental and advanced methodologies that I find
important and useful for solid-state batteries research. The fundamental synthesis
methods for electrode and electrolyte, processing procedures for the composite cathodes,
fabrication approaches, and test protocol for solid-state batteries are also introduced.

A final summary is provided and the outlook for this work is discussed.



Chapter 2 Literature Review of Solid-State Batteries

2.1 Solid-State Electrolytes

2.1.1 Historical Outline of Solid-State Electrolytes

Solid-state electrolytes (SEs) can be divided into two categories of material:
inorganic sulfide-based/oxide-based SEs and organic polymer-based SEs. Efforts to
incorporate SEs into batteries can be traced to the 1960s, when a fast sodium-ion-
conductor f-alumina (Na,O-11Al,03) for high-temperature sodium-sulfur batteries was
discovered by Joseph and Weber from Ford Corporation, which marked as a milestone in

the development of SEs (Figure 2.1).1

High-temperature Inorganic solid electrolyte Agueous batteries with
Na-S batteries Li-ion batteries mediator-ion solid
electrolytes

1960s 1980s 1990s 2000s 2010s

» 7EBRA batteries Solid electrolyte
* Polymer Li-ion batteries Li—air, Li-5 and Li-Br, batteries

Figure 2.1 A historical outline of the development of solid-state electrolyte batteries.
Reprinted with permission from Ref. 16. © 2017 Springer Nature.

Three types of battery chemistry using Ag;SI, RbAguls, and f-alumina were
successfully demonstrated in the 1960s and early 1970s, boosting the development pace
of SEs.'”" In the 1980s, f-alumina was used in ZEBRA cell, in South African for high-
temperature battery system.”” An organic polymer-based SE based on poly(ethylene
oxide) (PEO) was also discovered.”' Inorganic SEs have been used since the 1990s, after

a lithium phosphorus oxynitride (LiPON) was fabricated as a thin-film solid electrolyte
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by the Oak Ridge National Laboratory.”® After that, significant effort has been made
towards the development of inorganic lithium-ion conductive ceramic materials, such as
oxide-based SEs including perovskite-type,” sodium superionic conductor (NASICON)-
type,”* garnet-type,”” and sulfide-based SE materials.”® In the following sections, ion-
transport mechanisms, fundamental properties, and crystal structures of state-of-the-art
SEs will be reviewed and discussed.
2.1.2 Mechanisms of Ionic Transport in Solid-State Electrolytes

The mechanism of ionic transport in SEs are fundamentally different from those
of traditional liquid electrolytes. In liquid electrolytes, both the cations and anions are
mobile and contribute to the conductivity. As a result, the Li-ion transference number is
generally lower than 0.5.”” During cell cycling, Li-ions and anions will move in opposite
direction, leading to the accumulation of anions at the other side and causing
concentration gradients, cell polarization, and further degradation to the cell performance.
In contrast, only one type of ion is mobile in SSEs, thus, the Li-ion transference number
is 1, eliminating the possibility of electrodes cross-talk.

The temperature dependence ionic conductivity is one of the key metrics for SEs.

It is usually modeled by the Arrhenius equation (for inorganic SEs, Equation 2-1):

_ A [ E, 51
or the Vogel-Tammann-Fulcher (VTF) equation (for organic polymer-based SEs,

Equation 2-2):**

-1 B
o; = aoT 2exp [_T — To]' (2-2)

where A and oy are the pre-exponential factor, & is the rate constant, £, is the activation
8



energy, B is the pseudo-activation energy, and 7 is the reference temperature.

In organic polymer-based SEs, the ionic conduction is realized by the ions
migrating from one coordinating site to another with the aid of the segmental motion of
polymer chains at amorphous phase above the glass transition temperature (7) as shown
in Figure 2.2.”° Therefore, the lower 7} leads to the fast ion motion and the increase of

ionic conductivity.

Figure 2.2 Li-ion conduction in amorphous phase of polymer-based SE. Reprinted with
permission from Ref. 29. © 1988 John Wiley and Sons.

In inorganic SEs, Li-ions transport is generally achieved by their concentration
and distribution of defects (Figure 2.32).”" The ionic diffusion mechanism based on
Schottky and Frenkel point defects mainly include vacancy mechanism, interstitial
mechanism, and the interstitial-substitutional exchange mechanism (Figure 2.3c).
Vacancy mechanism generally relies on the Schottky defects that create many vacancies
available for ion-migrating among the crystalline. Interstitial mechanism normally
depends on the Frenkel defects by continuously dislocating Li ions in adjacent available
sites. In addition, super-ionic conductors with high ionic conductivity (~ 107 S/cm) can

be achieved by a synergistic mechanism as reported by Mo et al.,>’ who found that the



ions do not hop isolate, but instead migrate through concerted migrations of multiple ions

with low energy barriers (Figure 2.3b).
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Figure 2.3 Schematic representation of (a) defect. Reprinted with permission from Ref.
30. © 2018 Elsevier. (b) Migration pathway. (c) Migration mechanism in SEs.
Reprinted with permission from Ref. 31. © 2017 Springer Nature.

Overall, to achieve fast ionic conduction, three minimum criteria must be
satisfied: (i) the number of available equivalent sites for the mobile ions to occupy should
be much larger than the number of mobile species; (ii) the migration barrier energies
between the adjacent available sites should be low enough for an ion to migrate easily
from one site to another; (iii) and these available sites must be connected to form a
continuous diffusion pathway. These standards also apply to the sodium-ion conductor.
2.1.3 State-of-the-Art Solid-State Electrolytes

Solid-state electrolyte is the most vital component in solid-state batteries. It
determines the delivered energy, power, stability, and the safety of the SSBs. To achieve a

high-performance SSB, solid-state electrolytes must fulfill numerous metrics such as high
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ionic conductivity, high interfacial compatibilities, good mechanical properties, facile
preparation, and so on (Figure 2.4).>* However, all state-of-the-art SEs can not
simultaneously meet these requirements. In this section, I will introduce a general
overview of these features of SEs. The detailed review regarding processing approaches,
architectures, and interfacial compatibilities will be discussed in the following sections.
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Figure 2.4 The composition of solid-state batteries and the corresponding requirements of
solid-state electrolytes. Reprinted with permission from Ref. 32. © 2018
Elsevier.

The development of organic polymer-based SEs can be divided into three
categories: gel polymer electrolytes, dry solid polymer electrolytes, and composite
polymer electrolytes. However, as gel polymers are not in the solid state, they will not be
discussed here. Dry solid polymer electrolytes are usually flexible, thus allowing a facile
device integration and decent processing scalability. It also own decent stability with
Lithium metal.”® However, one of the main drawbacks is the low ionic conductivity (107
S/cm) at ambient temperatures. Using polymer-based SEs at elevated temperatures can
increase the ionic conductivity but sacrifice the mechanical strength. Therefore,

composite polymer-based SEs, developed by introducing ceramic fillers into the organic
11



polymer host, help to improve conductivity by decreasing the glass transition
temperatures and further the crystallinity.** The other disadvantage of polymer-based SEs
is the low ionic transference number, causing concentration gradients and cell
polarization. Therefore, single-ion-conducting polymer-based SEs gradually becomes the
research interest, whose anions are anchored to the host backbone or immobilized by
anion acceptors, exhibiting a high lithium-ion transference number approaching unity.3 >
In general, inorganic SEs can be divided into oxide-based SE and sulfide-based
SE. The main oxide-based SEs that are being studied for SSBs are garnet-type,
perovskite-type, LISICON-type, and NASICON-type. Garnet-type materials have the
general formula A;B,X301; (A= Ca, Mg, Y, La or rare earth; B = Al, Fe, Ga, Ge, Mn, Ni,
V; X = Si, Ge, Al), where the A and B cations have eight-fold and six-fold coordination,
respectively. The first representative garnet-type lithium ion conductor LisLazM,O0, (M =
Nb, Ta) with ionic conductivity of 10° S/cm was developed in 2003.%° Since then, the
conductivity was further increased to 10° S/cm with Li rich garnets such as
LicALa,M,01, (A = Mg, Ca, Sr, Ba),’® and Li;La;C,0, (C = Zr, Sn).”” The improved
ionic conductivities in Li rich garnets were attributed to 3D network of the Li-ion
migration pathway with short Li-Li distance and occupational disordering is formed in
the garnet-type framework structure. The basic unit of the pathway is a loop constructed

by the Lil and Li2 sites (Figure 2.5).®
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Figure 2.5 (a) Crystal structure of cubic Li;La3Zr,0;,. (b) 3D conducting network of Li
atomic arrangement in cubic LisLa3;Zr,O;,. Reprinted with permission from
Ref. 38. © 2011 Chemistry Letters.

Garnet-type SEs have numerous advantages such as high (electro)chemical
stability against Li metal, high anodic decomposition potential, and high mechanical
strength. However, it is rigid and difficult to be fabricated in large-scale production due to
the requirement of high temperature annealing. It is also not stable when exposed to the
moisture, leading to the formation of Li,COs, which has been found as a key component
to degrade the interfacial contact between Li metal and cubic Li7La32r2012.3 ?

The general formula of perovskite structure is ABO3 (A = Li, La; B = Ti), where
the A sites are in twelve-fold coordination and the B sites are in six-fold coordination.
The representative perovskite solid electrolyte is LisxLay;34TiO3, which shows ionic
conductivity of 10~ S/cm at room temperature.*® However, these materials are not stable
against Li metal because the facile reduction of Ti*" when in contact with Li metal, thus
limiting their practical applications.

Lithium Super Ionic Conductors (LISICONs) have crystal frameworks that are
similar to the y-Li;PO; structure with an orthorhombic unit cell and Pnma space group.*!

LISICONSs are three-dimensional structures with a hexagonal close packing of oxygen

13



atoms with Ge, Li and Zn cations occupying the tetrahedral and octahedral interstices.**
The room temperature conductivity of LISICONS is quite low (~ 107 S/cm), which fails
to meet the basic requirement of SE.

Sodium Super Ionic Conductors (NASICONs) have the general formula
LiMy(XO4); (M = Ge, Ti, or Zr; X = S, P, As, Mo). Generally, the compounds are
rhombohedral structures (space group R3c) with a 3D framework built up by M»(XO4)3
units in which two MOg octahedra and three XO, tetrahedra share oxygen atoms while
the A" ions diffuse through interstices.* These NASICONSs such as Li; <Al Ti«(PO4)3
(LATP) and Li;+,AlxGe,«(PO4); (LAGP) exhibit excellent ionic conductivity of ~107
S/cm at room temperature.44 However, they are also not stable with Li metal due to the
reduction of Ti* or Ge*" when in contact with Li metal anode.

For sulfide-based SEs, glassy powders with low ionic conductivity of ~107-107
S/cm can be prepared from mechanical ball milling. To increase the conductivity, the
glass-ceramic and ceramic sulfide-based SEs with crystalline phase can be obtained by
the heat treatment.” The earliest studied sulfide-type solid electrolyte was the Li,S-SiS,
system. Various other types which followed are LiS-GeS,, Li,S-B,S; and Li,S-P,Ss. The
compounds xLi,S-(100-x)P,Ss (x from 70 to 80) have been investigated extensively.
Among them, the stoichiometric Li;P3S;; exhibits the highest ionic conductivity of 4.2 x
107 S/cm, which is contributed from the direct Li-ion hopping with a low activation
barrier in the triclinic crystal structure (Figure 2.6a).*® Recently, Kanno et al. reported
that Li;oGeP,S1> (LGPS)*” and Li 54Si; 74P 44S11.7Cls (LSPSCI)" provide extremely high
jonic conductivity more than 10 S/cm which is comparable to that of the conventional

liquid electrolyte. Figure 2.6b shows the framework structure of LGPS composed of
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(GeosPo.5)Ss tetrahedra and LiS¢ octahedra connected to each other by a common edge,
forming 1D Li conduction path along the c-axis.’ In addition to the high ionic
conductivity, sulfide-based SEs also owns excellent deformability, enabling an easy
device integration and good scalability. However, sulfide-based SEs are extremely
sensitive to moisture, leading to the formation of hydrogen sulfide. The other big
challenge brought by sulfide-based SEs is the poor interfacial compatibilities against
cathode and anode materials, which will be discussed in detail in section 2.3, significantly

slowing down the development pace.

a b (Ge/P)S,
LiS,

Figure 2.6 (a) Crystal structure of Li;P3S;;. Reprinted with permission from Ref. 46. ©
2016 Elsevier. (b) Crystal structure of LPGS. Reprinted with permission from
Ref. 47. © 2011 Springer Nature.

The addition of halides to sulfide-based SEs can increase the conductivity of
quasi-binary or quasi-ternary systems. Outstanding examples are the halogen-substituted
argyrodites LicPSsX (X = Cl, Br, I).48 Figure 2.7a shows the unit cell of LigPSsX. The
framework of the lattice is built-up by PS4’ anions that centered at the 45 sites, with the

remaining sulfur occupying the 4a and 4¢ sites.* The halagon substitutions occupy the 4a
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or 4c sites. The Li™ ions are located at the 48/ and 24g sites, with the 24g sites acting as
the transition state between hops from 484 to 484. Twelve 484 sites surround each 4c site,
and form a cagelike structure, as depicted in Figure 2.7b.** The unique solution
processible property of argyrodite SE open up many opportunities not only for large-scale
processing, but also for achieving intimate particle contact by coating SE materials to the

. . 50
active material.
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Figure 2.7 (a) Crystal structure of LigPSsX with X = Cl, Br, L. (b) The Li positions from
localized cages in which multiple jump processes are possible. Reprinted
with permission from Ref. 49. © 2017 American Chemical Society.

Similarly, oxide-based SE such as B"™-ALO;" or sulfide-based SE such as
N213PS451 for sodium ionic conductors have been reported with similar features to lithium
ionic conductor, facilitating the development of solid-state sodium ion batteries.

In summary, the performance properties of polymer-based SEs (Figure 2.8a),
oxide-based SEs (Figure 2.8b), and sulfide-based SEs (Figure 2.8c) are present in the
radar plots. Polymer-based SEs are flexible and easy to produce a large-area membrane.
However, it has a low ionic conductivity at room temperature and low oxidation voltage,
which is typically less than 4 V, limiting the application of high-voltage cathode

materials. Oxide-based SEs have wide electrochemical stability window, offering
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intrinsic stability against electrodes. However, rigid oxide-based SEs bring challenges for
large-scale fabrication and device integration. Sulfide-based SEs offer high ionic
conductivity at room temperature and excellent deformability for facile device
integration. However, they have narrow electrochemical stability window with poor
stability against electrodes. Most sulfide-based SEs are extremely sensitive to the

moisture, producing toxic H,S gas.

a Polymer b oide € sutfide
lon Reduction lon Reduction lon Reduction
selectivity stability salectivity stability selectivity stability
Electronic Oxidation Electronic Cixidation Electronic Oxidation
ASR stability ASR stability ASR stability
lonic Chemical lonic Chemical lonic Chemical
ASR stability ASR stability ASR stability
Device Thermal Device Thermal Device Thermal
integration stalbility integration stability integration stability
Processing Mechanical Processing Mechanical Frocezsing Mechanical
cost propertias cost properties cost properties

Figure 2.8 Performance comparison of three classes of solid electrolyte materials.
Reprinted with permission from Ref. 16. © 2017 Springer Nature.

2.2 Architectural Design and Fabrication Approaches for Solid-State

Batteries
2.2.1 Bulk-Type Solid-State Batteries with Thick Solid Electrolyte

Unlike conventional lithium ion batteries that use porous electrodes (both cathode
and anode) and porous separator with the pores filled with liquid electrolytes,’* Bulk-type
SSBs are usually made of dense layers of electrodes and electrolyte (~500 pm thick) as
shown in Figure 2.9a. The use of dense layers is not only beneficial for high volumetric
energy density, but also prerequisite to for intimate interfacial contact and fast Li"

conduction.
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Figure 2.9 (a) Schematic representation of a typical bulk-type solid state batteries. (b)

Cold-pressing for sulfide electrolyte-based SSB. (c) Sintering process for
oxide electrolyte-based SSB.

The cathode of bulk-type SSBs is usually a composite layer of active material,
ionically conductive solid electrolyte, and electronically conductive carbon. Conductive
carbon is excluded sometimes if the electronic conductivity of active material is
sufficiently high.*”**** A high mechanical strength for the dense cathodes is required to
sustain any volume change of active materials since there is no free space to
accommodate such changes. A dense layer of solid electrolyte is also required to separate
cathode from anode, which is also considered as a potential solution for Li dendrite

55,56

suppression and enabling high-capacity Li anode. However, challenges still remain in

understanding the formation of Li dendrites along the grain boundaries and/or voids in
18



certain solid electrolytes.””®

If conventional anode materials such as graphite and
Li4TisO; are used in SSBs instead of Li metal, a composite electrode could also be used
as the anode.

The fabrication approach of SSBs largely depends on the mechanical property of
the solid electrolyte being used. Sulfide electrolytes are compliant, and therefore both the
composite electrode and the solid electrolyte layer can be prepared by cold-pressing
(Figure 2.9b).°" and lithium disc can be attached on the electrolyte with minimal pressure.
However, oxide-based solid electrolytes are generally much harder mechanically,62 and
high-temperature sintering (Figure 2.9¢) is usually required to ensure good contact within
the solid electrolyte and at the interface between solid electrolyte and electrode. Current
approaches of preparing these SSBs cannot be easily scaled up to industrial production,
and the performances of most SSBs are not as good as those of liquid-electrolyte
batteries. These limitations could be mainly ascribed to four challenges as summarized in
Figure 2.9a: (i) achieving intimate interfacial contact between electrolyte and active
material particles in the cathode composite, (ii) achieving intimate interfacial contact
between cathode composite layer and electrolyte layer, (iii) fabricating thin electrolyte
layer, (iv) scaling up for industrial fabrication. All of these challenges will be discussed in
the following sections.

2.2.2 Sheet-Type Solid-State Batteries with Thin Solid Electrolyte

To achieve higher specific gravimetric energy (Wh kg™') and volumetric energy
density (Wh L") at cell level than those of conventional lithium ion batteries, the solid
» 63, 64

electrolyte layer must be thinner than a critical value, or “break-even thickness”. For

example, for a cathode with 19.5 mg cm ™ loading, the specific gravimetric energy break-
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even thickness for oxide (LLZO) and sulfide solid electrolyte layers (Li;¢GeP,Si»
(LGPS)) are 45 pm and 122 pm, respectively.” It is obvious that the sulfide-based solid
electrolyte with a smaller mass density (LGPS, p~2 g cm; LLZO, p~5g cm™ ) shows
a larger break-even thickness. Solid electrolytes with less than 120 um in thickness are
necessary, which is still hard to be reached using traditional fabrication technology. Thus,
novel thin-electrolyte fabrication methods and sheet-type SSBs are essential. Advanced
techniques are emerging for fabricating thin oxide solid electrolytes with extremely
conformal thin-coating quality such as pulsed laser deposition (PLD),” sol-gel,66 aerosol
deposition,”’ radio frequency magnetron sputtering,”® and atomic layer deposition,”
though some of these approaches can be high-cost and/or difficult to scale up. A scalable
fabrication of thin LLZO film was demonstrated with casting-sintering flame-made
LLZO nanopowders.”® While typical LLZO pellets prepared from micropowders requires
sintering at >1000 °C, the nanopowder-derived film was sintered at 700-800 °C and
considerably dense and thin (<30 pum). Stacking such brittle thin films without damage
could become a challenge.

The break-even thickness for sulfide solid electrolytes is larger than that for oxide
solid electrolytes, thus technically more achievable.®® Therefore, sulfide solid electrolytes
could be more promising for high cell-level specific energy and energy density.”'’® Thin
sulfide solid electrolytes can be fabricated with the help of compliant polymer scaffold.”
Figure 2.10a shows a self-standing and bendable thin sulfide solid electrolyte layer (70
um) fabricated by doctor-blading a LisPS4 slurry on Ni foil followed by drying and then
cold-pressing onto a polymer (poly(paraphenylene terephthalamide)) nonwoven scaffold

which provides flexibility and toughness. The SSB assembled using this thin solid
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electrolyte delivered a 3-fold increase in cell-level specific energy compared with that of
a conventional pelletized SSB.” Introduction of polymeric binders also provides the
mechanical flexibility and adhesion between solid electrolyte particles necessary for
achieving thin layer.” 7 A thin solid electrolyte sheet (~70 um) was prepared by coating
a slurry consisting of glassy LisPS, solid electrolyte and styrene butadiene styrene
copolymer binder on a copper foil.”* Since polymer binders are ion-insulating, a thermal
decomposable poly(propylene carbonate) binder was designed for fabrication thin glassy
Li3PS, sheet (~60 um).”* The binder could be fully removed by heat treatment at 225 °C
after stacking and compressing steps (Figure 2.10b). The resulted SSB exhibited cell-
level specific energy of 115 Wh kg™', which was a 25% increase from that of binder-
containing SSB (92 Wh kg™").”
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Figure 2.10 (a) Fabrication of thin solid electrolyte. Reprinted with permission from Ref.
72. © 2015 American Chemical Society. (b) Fabrication of binder-free sheet-
type SSB. Reprinted with permission from Ref. 74. © 2017 Springer Nature.

2.2.3 Fabrication Approaches to Form Intimate Interparticle Contact

An ionically and electronically conductive network in the cathode composite is

crucial for high-performance SSBs. Unlike conventional batteries where liquid-
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electrolytes easily infiltrate into porous cathode layer to form intimate liquid-solid
contact, SSBs face challenge arising from insufficient solid-solid contact, leading to large
interfacial resistance between active material and solid electrolyte particles. Various
approaches have been reported to increase the inter-particle contact area in the cathode
composite.

A straightforward approach is to use submicrometer fine particles (Figure 2.11a)
by mechanical milling of active material, conductive carbon, and solid electrolyte using a

planetary ball-mill apparatus.”” "

Different from hand-ground cathode composite, better
contact was obtained in submicrometer particles, forming effective ions and electrons
transport ]pathway.79 Further enhancement of contact area can be achieved by using
solution processible components (Figure 2.11b). Some of the prevailing options are
soluble sulfide solid electrolytes.® A solution of the sulfides is either mixed with active
material to form solid electrolyte-coated active material after removing solvent,®™ or
infiltrated into a porous cathode fabricated for conventional liquid-electrolyte LIBs.”
Both approaches allow active materials and solid electrolyte to form an intimate contact,
and thus a more efficient ion transport pathway and enhanced performance compared to
dry-mixed electrodes. In addition to ionic conduction, electronic pathway should also be
simultaneously improved. Therefore, a solution processible conductive carbon precursor
was proposed, where the soluble polyvinylpyrrolidone was coprecipitated with active
material and solid electrolyte followed by thermal carbonization.** The mixed ionic and

electronic conducting cathode composite shows intimate triple-phase contact in

nanoscale, resulting in a high utilization of the active materials.
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Figure 2.11 (a) Finer particles. Reprinted with permission from Ref. 79. © 2017 Elsevier.
(b) Solution processible components. Reprinted with permission from Ref.
84. © 2016 American Chemical Society. (c¢) Auxiliary wetting agents.
Reprinted with permission from Ref. 53. © 2018 Elsevier.

For solid oxide electrolytes with a low solubility in solvents, auxiliary liquid or
solid wetting agents may be introduced to facilitate interfacial contact (Figure 2.11c).
Liquid electrolytes are great examples of such wetting agents, though the introduction of
liquids compromises the unique properties of SSBs.*® Li3;BO; (LBO) is a solid wetting
agent that has a melting point of 700 °C, enabling an improved interfacial contact
between Li;La;Zr,0,, (LLZO) particles at a relatively low sintering temperature (790
°C).* The introduced LBO can also minimize element mutual-diffusion between active
material and solid electrolytes, which takes place at >500 °C by physically separating the
two during sintering.®” To further improve the contact and separation, the wetting agent
Li, 3Cy 7B 303, reacts with Li,CO; and forms solid solution interphase of Li; 3.4Co 7+xBo 3-
xO3 (LCBO) after sintering at 700 °C. The active material and solid electrolyte particles
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are tightly glued together by the presence of LCBO.” Overall, an intimate inter-particle
contact is non-trivial to the formation of ionically/electronically conductive network in
cathode composite and continues to call for more effective solutions.
2.2.4 Fabrication Approaches to Form Intimate Interlayer Contact

In addition to the contact within the cathode composite, the contact between the
cathode layer and electrolyte layer can also become problematic. Due to the excellent
deformability of sulfide solid electrolytes, intimate contact is achieved by simple cold-
pressing. However, rigid oxide solid electrolyte leaves microscopic gaps between cathode
and solid electrolyte layers and cause huge interfacial resistance (Figure 2.12a). The
interfacial contact can be improved by the above-mentioned wetting agent-aided co-
sintering,86 or by advanced sintering techniques such as spark plasma sintering that could
lower sintering temperature (680 °C) and shorten processing time (10 min).*® However,
element mutual-diffusion inevitably occurs at these temperatures (> 500 °C) and induces
resistive interphase. Insertion of auxiliary interlayers has been proposed to improve the
interlayer contact without degrading interface stability (Figure 2.12a). A thin Nb layer
was deposited on the surface of (LLZO) pellet by radio frequency magnetron sputtering
and thermal annealing to form a Li'-conductive Li-Nb-O layer. The interfacial resistance
between LiCoO, and LLZO decreased from 2600 Q cm? to 150 Q cm? after the
introduction of the Li-Nb-O interlayer, which was attributed to the elimination of
voids/cavities and the suppression of element diffusion at the interface.® Alternatively, an
additional soft polymer electrolyte layer inserted between cathode and solid electrolyte
layer can wet the oxide solid electrolyte surface, leading to a large interlayer contact

area.”’
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Figure 2.12 Approaches to improve contact by (a) Surface modified layer. Reprinted with
permission from Ref. 89. © 2014 Elsevier. (b) Pre-formed monolithic bilayer
structure. Reprinted with permission from Ref. 91. © 2017 RSC Publishing.

Besides middle layer insertion, a monolithic porous cathode—dense electrolyte
bilayer architecture represents a promising strategy to provide intimate contact and
continuous ion transport if the active materials in continuous porous channels can
maintain good contact to the electrolyte wall during charge/discharge cycles.”' ™™ The
dense electrolyte layer was fabricated by tape-casting a LLZO powder slurry while the

porous electrolyte structure in cathodes was fabricated by adding pore former (e.g.

poly(methyl methacrylate)) in the slurry using the same method. Finally, the monolithic

bilayer structure was then formed by laminating and co-sintering (Figure 2.12b).”" The
continuous connected pore channels in the porous layer allow subsequent infiltration of

conductive-carbon (carbon nanotube ink) and active materials (melted sulfur). The direct

connection between cathode and solid electrolyte layers was demonstrated through
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elemental mapping (La, red; S, green). The aforementioned approaches can also be

extended to improve the interfacial contact between anode and solid electrolyte.”

2.3 Challenges for Large-Scale Fabrication

Bringing SSBs to the market requires scaling up from lab-scale fabrication to
industrial production. In this session, we provide an overview of the main challenges for
the large-scale fabrication of SSBs.

2.3.1 Material Cost

SSBs face challenges of obtaining low-cost solid electrolytes. The germanium
contained in LGPS, one of the most promising solid electrolytes with ionic conductivity
(12 mS cm™' at room temperature) surpassing those of liquid electrolytes, is very
expensive and efforts are being made to find its substitutions such as silicon and tin.”” As
for oxide solid electrolytes, the lanthanum contained in Li-garnet oxides is a concern
because of its scarcity on the Earth. Developing low-lanthanum oxide solid electrolytes
should be a direction. Since SSBs have hope to use Li metal as anode, the cost of Li
metal should also be considered. The cost of Li foils increases with decreasing
thickness."”” Similar to conventional LIBs, low-cost electrodes such as low-cobalt
cathodes”™ and organic electrodes” ' are desirable for SSBs.

2.3.2 Mass Loading, Layer Thickness/Density/Uniformity

One unique advantage of SSBs is to use ultra-thick electrode because of the
absence of Li-ion concentration gradient and high concentration of Li" per volume.” A
600 um-thick cathode layer (corresponding to a geometric capacity of 15.7 mAh cm )

has been used in SSBs with a sulfide solid electrolyte.'* Achieving homogenous
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distributions of solid electrolyte, active material, and carbon in such a thick electrode is
important for its performance but is also challenging. It is found that the rate performance
of ultra-thick electrode is mainly limited by the ohmic resistance from ion transport, and
therefore more careful optimization is needed to improve the ionic conductivity of solid
electrolyte in the composite and lowering the tortuosity for Li" transport.'* In this regard,
a sintering step might also be used for the cathode composite for sulfide solid electrolyte-
based SSB’s to improve the ionic conductivity of cathode composite, and considerable
attention must be focused on the particle size, morphology, and distribution of solid
electrolyte particles to reduce the tortuosity. Solution processing method will be helpful
to achieve this purpose. Although achieving close to theoretical density in the cathode
composite is strongly desired, such a dense cathode composite may suffer severe

mechanical strain/stress due to volume change of the electrode.'®!

Adding polymer
binders in the cathode composite can help tolerate the volumetric change of active
materials during SSB cycling and prevent the formation of cracks induced by the
strain/stress.'”
2.3.3 Fabrication Environment

Sulfide electrolytes are very sensitive to moisture in the air, generating toxic H,S,
and therefore the electrolytes and electrode composites have to be synthesized and
processed in moisture-controlled environment. Oxide electrolytes are more stable with
air. However, slight reactions between LLZO and CO,/H,O also occur, eventually
forming Li,CO; on the surface.'® The formation of Li,CO3 on the surface affects the
104

performance of LLZO, e.g. increased interfacial resistance between electrolyte and Li.

Several approaches have been proposed to remove the Li,CO; layer on LLZO,* ' but
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all of these approaches should be done under CO, and H,O free atmosphere to avoid the
re-formation of Li,CO; during processing. In addition, attention must be paid to the
environment for successful sintering of oxide-based electrolytes. Subtle variations in
humidity, Li vapor pressure, CO, and O, partial pressures have strong influence on the
relative density and ionic conductivity of solid electrolyte.'® Sintering under O, flow
helps to achieve a high relative density and ionic conductivity of LLZO.'"’
2.3.4 Cell Stacking

Although the utilization of solid electrolytes enables bi-polar design, stacking of
large SSBs for a high-voltage cell pack has shown difficult. Currently, the stacking of

1% The key challenge arises from the high bending

multiple cells was achieved manually.
stiffness of the electrode and electrolyte layers. Adequate attentions need to be drawn to
ensure the layers undamaged during stacking. Pressure or heating may be needed to
ensure intimate contact between layers. In addition, the volume change of stacked cell
during charge and discharge is another issue to be addressed. Polymer binders may be
added in each layer and buffer space may be required to accommodate the volume

change.'"” Fixed or variable pressure may be applied on the cell during cycling.

Packaging will also require special design to address the volume change of the cells.
2.4 The True Limits: Electro-Chemo-Mechanical Incompatibilities at

the Electrode-Electrolyte Interfaces

Although significant progress has been made in the development for solid-state
electrolytes with high ion conductivity as shown in Figure 2.13,"'° which looks quite

promising to apply solid-state electrolytes in solid-state batteries, the development is still
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advancing slowly. Indeed, high-ionic conductivity is the prerequisite for SEs, but blindly

pursuing fast ionic conductor will be misleading and not hitting the nail on the head.
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Figure 2.13 The temperature dependent ionic conductivity of reported solid-state
electrolytes and conventional liquid electrolytes. Reprinted with permission
from Ref. 110. © 2017 Elsevier.

Researchers started to realize that the high interfacial resistance at the electrode-
electrolyte interfaces led to the large polarization, which is the main reason for the low
material utilization. The impedance growth during battery cycling also led to the capacity
fade. The dendrites still grew and penetrated the electrolyte and eventually caused a short
circuit even though SEs exhibited good mechanical strength. The volume expansion or
contraction of electrodes during battery cycling caused the loss of contact at the
electrode-electrolyte interface (Figure 2.14).' All these factors resulted in an inferior
electrochemical performance. In the following sections, I will introduce the origins of

these interfacial challenges between solid electrolytes and electrodes in details.
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Figure 2.14 The fishbone diagram highlights contributing factors for battery failure.
Reprinted with permission from Ref. 106. © 2017 The Electrochemical
Society.
2.4.1 (Electro)chemical Incompatibilities
A schematic of the open circuit energy band diagram of a Li-SE-Li,M,0O, solid-
state system is presented in Figure 2.15.""" The electrochemical stability window
indicates the difference of the reduction and oxidation potentials of the solid electrolyte.

The applied cutoff voltages during battery beyond this window will lead to the reduction

and oxidation of SEs.
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Figure 2.15 The schematic of open-circuit energy diagram for a Li-SE-Li,M,0O, solid-
state battery system. Reprinted with permission from Ref. 111. © 2019
American Chemical Society.

Ideally, the potentials of the electrodes should be within the potential window of
the electrolyte to achieve stable electrochemical performance. Sulfide-based SEs are also
claimed to exhibit excellent stability with wide electrochemical stability windows of 0-5
V that are interpreted from relatively inaccurate CV measurements with the Li/SE/inert
blocking (stainless steel) electrode.''? These experiments results in an overestimation of
electrochemical stability window as the contact area between SE and inert blocking
electrode is too small to detect slow decomposition reactions at the interfaces. The newly
developed method using a Li-SE-SE+carbon cell is more convincible to measure the
intrinsic electrochemical stability window.''> Combining with the first principles

calculation of the voltage profile and phase equilibria of SEs, it has been widely accepted
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that SEs have much narrower electrochemical stability window than previously reported.
As shown in Figure 2.15, the potentials of Li and LixMyO, are beyond the
electrochemical stability window of the electrolyte, leading to the formation of reduction
species at the anode-electrolyte interface and oxidation species at the cathode-electrolyte

interface during battery cycling.
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Figure 2.16 Carbon effect on the electrolyte oxidation at the cathode-electrolyte interface.
Reprinted with permission from Ref. 54. © 2017 American Chemical

Society.
In the cathode side, it has been demonstrated that this decomposition process can
be accelerated by the carbon additive (Figure 2.16a).>* XPS spectra detects the oxidized
species (Figure 2.16b) and EIS spectra shows larger impedance (Figure 2.16¢) in the

carbon-containing cathode, leading to less cycling stability than that of carbon-free

cathode (Figure 2.16d). Even before applying the voltage, the directly contact between
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cathode and electrolyte will cause the formation of a resistive space-charge layer. Due to
the stronger bonding between Li ions and oxide ions than that of sulfide ions, Li ions in
sulfide-based SEs prefer to move into oxide cathodes and this ionic mutual diffusion
leads to a depletion layer of Li ions and high resistance at the interface as shown in
Figure 2.17a, which resulting in a large interfacial resistance.'"> An electronic insulating
but ionic conducting layer such as LiNbO3 can suppress this mutual diffusion process and
effectively reduce the interfacial resistance (Figure 2.17b). In the anode side, most
sulfide-based SEs are also unstable against Li metal when in contact. The reduction
species such as LisP is the mixed conducting interphase, leading to a continuous

decomposition of the SEs and eventually resulting in a short circuit.
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Figure 2.17 (a) The indication of mutual diffusion of elemental Co, P, and S. (b) Changes
in LiCoO,; cathode impedance with or without buffer layer. Reprinted with
permission from Ref. 113. © 2010 American Chemical Society.

In comparison to the sulfide-based SEs, oxide-based SEs are relatively more
thermodynamically stable with much wider electrochemical stability window, therefore
more electrochemically stable against electrodes during battery cycling.''* However,

chemical side reactions are still observed at the interface and form the undesired
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interfacial species. The reaction species corresponds to La,CoOs due to the mutual

diffusion and retards the lithium insertion/extraction at the interface, resulting in poor

electrochemical performance (Figure 2.18).'"
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Figure 2.18 The mutual diffusion at the LiCoO,/LLZO interface. Reprinted with
permission from Ref. 115. © 2011 Elsevier.

Overall, it is unrealistic to find SEs that are simultaneously stable at both the
reductive potentials of ~ 0 V against Li metal anode and positive electrode potentials of ~
4V. A stable, ionic conducting, and electronic insulating solid electrolyte interphase (SEI)
is highly desirable to improve the (electro)chemical compatibilities at the interface.

2.4.2 Mechanical Incompatibilities

Mechanical incompatibilities can be divided into two categories. The first one is
the challenge between Li metal anode and solid-state electrolytes. Monroe and Newman
suggested that the Li dendrite growth can be suppressed if a SE has a shear modulus two
times higher than that of Li, which is 4.2 GPa.*> However, this point of view may not be

appropriate in the practical situation, because the lithium dendrite has been detected in
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the garnet type LLZO as shown in Figure 2.19, despite the high shear modulus of (~60
GPa).”” The Li dendrites were found to preferentially propagate intergranularly through
the LLZO grain boundaries and result in a short circuit of cell during cycling. A similar
phenomenon was also observed in the sulfide-based SEs. Chiang et al found the presence

of Lithium dendrites in crystalline LisPS4 as shown in Figure 2.20.%°
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Figure 2.19 (a) The optical image of shorted LLZO. (b) SEM image of shorted LLZO. (c)
Schematic of Li dendrite growth in intergranular way. Reprinted with
permission from Ref. 57. © 2017 Elsevier.

Figure 2.20 (a) The optical image and (b) SEM image of Li dendrite in LisPS,4. Reprinted
with permission from Ref. 60. © 2019 John Wiley and Sons.

The origins of these phenomena are due to the inhomogeneous lithium ions
current flow in polycrystalline electrolytes, leading to a current redistribution and

detrimental current focusing, which initiates Li dendrites at the electrolyte/Li interfaces,
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especially propagating in confined spaces (voids, defects, grain boundaries, etc.) inside
polycrystalline electrolytes. Therefore, the shear-modulus criterion is not the determining
factor. Instead the factors such as inhomogeneous contact between SEs and Li metal,
grain boundaries, voids inside SEs that influenced lithium ions transport and current flow
should be carefully considered. An ideal SE material to stabilize the Li metal anode and
inhibit dendrite formation will be an amorphous electrolyte that lacks grain boundaries,
pores, surface flaws, and provides a homogeneous isotropic Li ion transport.

The second mechanical incompatibility is between the active material and the SE
in the composite cathode. Many efforts to achieve an efficient percolation network by
improving the inter-particle contact inside the composite cathode have been made and
introduced in section 2.2.3. What | would like to emphasize in this section is the
importance of maintaining an intimate inter-particle contact during cell cycling. The
volume expansion/contraction of an active material occurs during cell cycling. As shown
in Figure 2.21a, traditional inorganic active materials such as LiCoO, and NMC-811
experience 2-4% volume change during the charging process.''® Due to the high Young’s

"7 the volume evolution during cell cycling generates

moduli of these inorganic cathodes,
huge interfacial stress and finally leads to contact loss at the cathode-electrolyte interface

(Figure 2.21b), deteriorating the ionic pathway and causing the capacity decay (Figure

2.21c).
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Figure 2.21 (a) Volume change of LiCoO, and NCM-811 during de-lithiation process. (b)
Contact loss at the interface. (c¢) Capacity decay due to the contact loss.
Reprinted with permission from Ref. 116. © 2018 American Chemical
Society.
Therefore, rigid cathode is not able to compensate the mechanical changes

induced by the electrodes. The “zero-strain” or soft cathodes with low Young’s modulus

should be considered in the future.
2.5 Conclusions

In this chapter, the development of solid-state electrolytes was briefly reviewed.
The mechanisms of ionic transport in solid-state electrolytes were illustrated. In general,
lithium ions transport is achieved by their concentration and distribution of defects. In
addition, a synergistic mechanism showed that Li-ions migrate through concerted
migrations of multiple ions can significantly lower energy barriers with high ionic
conductivity (~ 102 S/cm). I have also reviewed architectures of solid-state batteries and
highlighted fabrication approaches for achieving intimate interparticle and interlayer
contact. The thin solid electrolyte film is critical for high cell-level specific energy and
energy density and can be prepared from soluble solid electrolytes with the aid of
polymer scaffolds or binders. Limiting factors in developing high-performance solid-state
batteries were discussed. Interfacial incompatibilities between electrodes and electrolyte

leads to the interfacial resistance growth, large polarization, dendritic growth, and contact
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loss during cell cycling, eventually resulting in an inferior performance. In chapter 3, 4,
and 5, the demonstrated strategies to solve these interfacial challenges will be discussed

in detail.
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Chapter 3 Forming Stable Cathode-Solid Electrolyte

Interfaces with Organic Cathode

3.1 Introduction

All-solid-state sodium batteries (ASSSBs) with inorganic solid electrolytes
feature higher safety and lower cost than non-aqueous liquid Li-ion batteries and are
attracting worldwide attention for their potential use in large-scale energy storage
applications.” ** " Among all currently known Na'-conducting solid electrolytes,
sulfide-based electrolytes offer the necessary formability and conductivity.”" ''*'*!
Despite these encouraging advantages, the development and application of sulfide-based
ASSSBs have been advancing slowly due to serious issues concerning the interface
between oxide cathode materials and sulfide electrolytes, as highlighted in Figure 3.1a.
First, the redox potentials of oxide cathodes are far above the anodic decomposition

122-124 . . . .
which can result in irreversible formation of a

potential of NazPS, (Figure 3.1c),
resistive layer at the interface, causing increased interfacial resistance and decreased
capacity.125 +126 Quch detrimental reactions are accelerated in the presence of conductive
carbon.” '"'? Second, the chemical potential difference between oxide cathodes and
Na3PS, is large enough leading to the formation of a highly resistive space-charge
layer.127 Accordingly, electron-insulating coatings on the oxide cathodes by spray
coating'*® or atomic layer deposition,'® which are expensive to scale up, are commonly
required to solve the abovementioned (electro)chemical issues. Third, oxide cathodes
with high Young’s moduli (Figure 3.1d) are prone to induce high mechanical stress

during cell cycling and lose interparticle mechanical contact with the electrolyte.'!” %1%
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Therefore, forming stable interfaces between cathode material and sulfide electrolyte is a

critical task for the successful development of high-performance ASSSBs. "

a Unfavorable electrode-electrolyte interface b Favorable electrode-electrolyte interface
Mechanical compatibility: Mechanical compatibility:
Contact loss during cycling Intimate contact during cycling
Chem!cal compatlblllty: / Electrochemical compatibility: Chemlcal. compatlplllty: / Electrochemical compatibility:
Chemical reaction Irreversible resistive layer No chemical reaction £ Organic Reversible resistive layer
2 cathode ;<
I\ materialsy™
Na,PS, Na,PS,
Carbon
c 3 d
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& [Na,VYPO)\NaFspO, NaCrO .
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Figure 3.1 Interfacial compatibility between cathode materials and sulfide electrolytes.
(a) Unfavorable interface. (b) Favorable interface. (c) Redox potential versus
theoretical specific capacity. (d) Hardness-modulus plot of electrode.

Cathode materials with moderate redox potentials and low Young’s moduli will
thus be ideal candidates for overcoming the fundamental interfacial issues described
above. Organic electrode materials represent one class of materials that is able to form a
favorable electrode—electrolyte interface (Figure 3.1b) due to their unique tunable redox

potentials™ 13

and mechanical compliance. We have recently presented a tailored
organic cathode NasC¢Og that is (electro)chemically compatible with Nas;PS,, thereby
delivering a specific energy of 395 Wh kg™' at the active-material level and a 70%
capacity retention after 400 cycles, among the highest energy and longest cycle life for

ASSSBs.'” To further improve the specific energy, cathode candidates with even higher

capacity and voltage are desirable but will also introduce new interfacial challenges. Here
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1% 136 with a theoretical

we report another quinone, pyrene-4,5,9,10-tetraone (PTO),
specific capacity of 409 mAh g™ (or 303 mAh g for the sodiated form NayPTO) and a
higher working potential of 2.2 V (vs. Na'/Na). A notable difference of PTO from
NayCeOg is that its end-of-charge potential (3.1 V vs. Na'/Na) exceeds the anodic
decomposition potential of electrolyte, resulting in partial oxidation of Na3zPS4. To
address this challenge, we tweaked the carbon ratio in the composite cathode to achieve
reversible Nas;PS, oxidation and reduction as revealed by in-situ electrochemical
impedance spectroscopy (EIS), ex-situ X-ray photoelectron spectroscopy (XPS), and
time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements. In addition,
the Young’s modulus of PTO (4.2 = 0.2 GPa; Figure 3.2) is approximately two orders of

magnitude lower than that of oxide cathodes (100-200 GPa)"*’

, which promises effective
accommodation of interfacial stress and consistently intimate interfacial contact for solid-

state batteries.

20

Load (mN)
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Figure 3.2 Load-displacement response of indentation of PTO and Na;PS,.

These properties enable PTO-based cells to deliver a high specific energy (587
Wh kg™') and a record cycling stability (89% retention over 500 cycles) for ASSSBs
reported to date (Table 3.1). The understandings obtained and the generalizable strategies
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established via the success of PTO make this work significant for energy storage.

Table 3.1 Comparison of electrochemical performance of previously reported
intercalation-type cathode materials and this work for all-solid-state sodium

cells.
Cathode Anode Cycle§/Rever51ble
materials Electrolyte Materials (°C capacity Reference
) (mAh/g)/Rate
) Hayashi et
TiS, Na;PS, Na;Sn  RT 10/90/0.01C al.,y201 551
TlSz N32.9375PS3.9375C10.0625 Na RT 10/70/01C gél;%?ggal’
TiS, NasPo 62As 3554 NaSn 80 9/103/0.02C ;{5‘1672?91"
TiS, Naj; 75810 75Sbo 2554 Na;Sn 30  40/165/0.18C ZHOC{’S?EOal"
Moon et
TiS, Na, 7Cag 15PS4 Na3;Sn 30 120/160/0.11C al.,
2018
Lietal.,
Na3V2(PO4)3 Na1,9Zn1,9Gao,1T606 Na 80 10/75/0.2C 2018142
Zhang et
Na3V2(PO4)3 Na3,3Zr1 .7Lao.3Si2PO12 Na 80 40/75/0 1C al.,
2017'%
) Kim et al.,
NaFePO4 NEBZI‘QSIQPOQ Na RT 3/5/0.2C 2015144
N Fe,. ) Rao et al.,
(S%Si €23 Nas ,SnoPo sS4 NaTi;0; 80 100/70/2C 5 3?7?43
Hayashi et
NaCrO, Na;zPS4 Na;sSny RT 20/60/0.01C al.,
2014'%
Banerjee
NaCrO, Na3;SbS4 NasSn RT 20/60/0.03C et al.,
2016'%
Duchéne
NaCrOz Naz(B12H12)0,5(B10H10)0,5 Na 60 250/65/0.2C et al.,
2017
Na,C¢Os  NasPS, Na;sSny 60  400/107/0.2C %’1‘ gfof,‘l"
This
PTO-NR Na;PS, Na;sSngs 60 500/242/0.3C
work
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3.2 Experimental Procedures

3.2.1 Synthesis of Electrodes and Electrolyte

Na;PS, glass-ceramic powders were prepared via mechanochemical reaction and
heat treatment. In brief, 1.02 g of Na,S (Alfa Aesar, 99.9%) and 0.98 g of P,S;s
(Sigma—Aldrich, 99%) were ball milled in a 250-mL argon-protected stainless-steel jar
containing stainless-steel milling balls (2x®15 mm and 20x®10 mm) at 500 rpm for 2
hours to obtain amorphous powders, which was further treated under vacuum at 260°C
for 2 hours to obtain glass-ceramic Na3PS4. NasPS, has been shown unstable with Na

147
;

meta therefore, a Na;sSny alloy (~0.1 V vs. Na+/Na) was prepared following the

18 PTO-B was synthesized following the previously report.'*® PTO-MP was

literature.
prepared by ball milling 200 mg of PTO powders in a 100-mL agate milling jar at 400
rpm for 10 hours. PTO-NR was synthesized using a chemical antisolvent precipitation
method. Briefly, 50 mg of PTO-B was dissolved in 13 mL of tetrahydrofuran (THF,
anhydrous, >99.9%, Sigma—Aldrich) and quickly injected into 70 mL of deionized water.
After sonication for 10 min, yellow precipitates were collected by centrifuging at 10,000
rpm for 15 min and subsequent vacuum drying overnight.
3.2.2 Materials Characterization

Nanoindentation measurements were performed on the surface of cold-pressed
Na3zPS4 and PTO pellets using a nanoindenter (G200, Agilent Technologies) in an argon-
filled glove box. The modulus and hardness were extracted from the load-displacement

curves according to the standard Oliver and Pharr method.'® Indentations under

displacement control at a maximum depth of 1000 nm were conducted at 10 different
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locations using a standard Berkovich tip. The loading, holding, and unloading time is 10
s, 5 s, and 10 s, respectively. The cross sections of composite cathodes utilized for SEM
were observed in a FIB-SEM (FEI, Helios NanoLab 660 DualBeam) using an argon-ion
beam polisher. Chemical information was obtained by FT-IR spectroscopy (Nicolet iS5).
The surface composition of the cycled composite cathodes was investigated by XPS
(Physical Electronics PHI 5700) and ToF-SIMS (ION-TOF). All reported binding energy
values were calibrated to the C 1s peak at 284.8 eV. A sputtering ion beam (Cs" with 1
keV ion energy) was used for depth profiling of ToF-SIMS in negative polarization mode.
To minimize air exposure, all samples were transferred from an argon-filled vessel to the
analysis chamber.
3.2.3. Fabrication of All-Solid-State Cells

The PTO-Na;PS4—C composite cathodes were mixed using an agate mortar and
pestle with weight ratios of 20:(80—x):x, where the x values are 0, 5, 10, 20, 28, and 33.
The Na3PS4;—C composite cathode was mixed with a weight ratio of 70:10. To assemble
the cell, 150 mg of electrolyte powder was filled into a polyetherether—ketone (PEEK)
cell die with a diameter of 13 mm and pressed at a pressure of 75 MPa to form a pellet.
Five milligrams (5 mg) of the composite cathode (active material loading ~1.0 mg) was
uniformly distributed on one side of the Na3;PS, pellet, and Na;sSns powder (100 mg) was
added to the other side of the pellet and then pressed together at a pressure of 375 MPa.
The over-dimensioned Na;sSny was necessary for fabrication as the Na;sSny layer easily
cracked after cold-pressing at such high pressure if less Na;sSns was used. During the cell
testing, the cell was subjected to a torque of 20-inch-pound on each of three screws,

corresponding to an initial pressure of ~0.5 MPa applied on the cell.
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3.2.4 Electrochemical Measurements

All galvanostatic discharge—charge cycles were performed in the potential range
of 1.1-3.1 V vs. Na'/Na at 60°C using a battery tester (LAND CT—2001A). Specific
capacity is calculated based on the mass of active material in the composite cathode. EIS
measurements were carried out using an electrochemical workstation (VMP3, Bio—Logic
Co.) during galvanostatic cycling at the following potentials: 2.0 V, 1.7 V, 1.5V, 1.3 V,
and 1.1 V vs. Na'/Na during the discharge process; and 1.7 V, 2.0V, 2.5V, 2.8 V, and 3.1
V vs. Na'/Na during the charge process. Each measurement was preceded by a rest period
of 30 min for equilibrium. A bias of 5 mV was applied for the measurement in the
frequency range of 1.0 MHz to 0.1 Hz.
3.3 Effect of Carbon Ratio on the Electrochemical Performance

PTO molecule theoretically undergoes a four-electron transfer reaction that
corresponds to a specific capacity of 409 mAh g_1 (Figure 3.3a). To experimentally verify
the capacity of PTO but to minimize possible oxidation of Na3;PS, when charging above
2.7 V vs. Na'/Na, we first adopted a carbon-free composite cathode. We found that a half
cell with the configuration of PTO-Na3;PS4/Na3;PSs/Na;sSns can deliver a reversible
capacity of 376 mAh g™ and a near-unity first-cycle coulombic efficiency at a low rate

(0.01C) (Figure 3.3b).

45



Q 0 NaQ ONa

+de, +aNa" ()
d b

NaQ ONa

w
2

n
@

—— 0% carbon

M
2

&

Potential (V vs. Na‘*/Na)

2

0 100 200 300 400
Specific capacity (mAh g')

Figure 3.3 Electrochemical reaction and voltage profile of PTO as a cathode. (a)

Molecular structure of PTO and its electrochemical reaction. (b) First-cycle
voltage profile of a PTO-Na3;PS4/Na3;PS4/Na;sSny half cell at 0.01C at 60°C

Next, to test at more practical current densities, composite cathodes with different
carbon ratio (0, 5, 10, 20wt%) were prepared. Figure 3.4a shows the first-cycle
galvanostatic voltage profiles of the corresponding cells tested at 0.1 C. When no carbon
was present, the cell only delivered 49% of its theoretical capacity, or 53% of that
observed at 0.01 C, and a low coulombic efficiency of 75%. When carbon was added, the
charge capacity increased and reached a maximum of 314 mAh g™' at 10 wt% carbon
(Figure 3.4c). The first-cycle coulombic efficiency increased as carbon ratio increased
from 0 to 5 wt% but then decreased as carbon ratio increased further (Figure 3.4c). To
understand the carbon effect on overall cell performance, we used XPS to study the
degree of electrolyte oxidation at different carbon ratio (Figure 3.4b). All samples showed
two S 2p doublets at 160.7 (blue) and 161.9 eV (orange), corresponding to the P-S—Na
and P=S bonds in Na3PS,, respectively.loo’ 147 When the carbon ratio was higher than 5
wt%, new peaks (green) appeared at a higher binding energy of 162.7 eV. According to a
similar study on LisPS, from Janek’s group,'” we assigned these peaks to the P—[S],—P

46



(n=1, 2) bond in Na4P,Sg, NasP,S;, and Na,P,S¢, which are oxidation products of Na;PS,.
When the carbon ratio increased to 10 and 20 wt%, we saw intensity of the new peaks
increased, indicating more ionically resistive phases were produced. Therefore, the low
efficiency for carbon-containing composite cathodes are resulted from inefficient ionic

conduction at the interface due to oxidation of Na3;PS..
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Figure 3.4 (a) First-cycle voltage profiles. (b) XPS spectra (S 2p) of the composite
cathodes. (c) Capacity and coulombic efficiency vs. carbon ratio. (d)
Charging capacity and coulombic efficiency vs. cycle number.

The composite cathode with 10 wt% carbon showed the best combination of high
initial charge capacity (314 mAh g™), first-cycle coulombic efficiency (82%), and
capacity retention (93% after 20 cycles) among the compositions investigated (Figure
3.4d). These observations suggest that (i) incorporation of carbon into the composite
cathode is indispensable for providing sufficient electron transport and (ii) too much
carbon in the composite cathode causes significant accumulation of resistive products at
the interface, thus leading to large capacity loss in the first cycle and the decreased

discharge potential in first few cycles. Therefore, composite cathodes with mass ratio of
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PTO:Na3PS,:carbon 2:7:1 and active material loading ~1 mg cm ™ were used in the
following experiments. The mass loading of Na;sSny is 100 mg cm™. All cells were

tested under 60°C and 0.5 MPa during cycling.

3.4 Investigation of Compatible Cathode-Electrolyte Interface

To probe the evolution of the cathode—electrolyte interface, we performed in-situ
EIS measurements for PTO-based cells in the first three cycles. Each EIS measurement
was preceded by a rest period of 30 min to allow for reaching equilibrium. Figure 3.5a
shows the galvanostatic voltage profiles and the A, extracted from the low-frequency EIS

spectra (1.0 Hz—0.1 Hz) at each selected potential (Figure 3.5b—3.5¢). During the first

—-12

cycle, 4y, decreased from 225 Q2 s~ '“ (corresponding to a Na-diffusion coefficient Dy, of

1/

1.46 x 107" cm? s7") at open circuit to 47 Q s™* at 1.1 V vs. Na"/Na during discharge

~12 at 2.5 V vs. Na'/Na during charge. Once

and then gradually increased to 154 Q s
reached 2.8 V vs. Na'/Na, above the decomposition potential of NasPS,, we saw a
significant increase of A, to 550 and further to 1897 QQ s 12 (Dna+ 0f 1.73 X 1072 cm? s_l)
at 3.1 V vs. Na'/Na. Interestingly, 4., reverted to 45 Q s at 2.0 V vs. Na"/Na during the
second discharge and remains low until the next charging process. The same impedance
evolution was observed during the second and third cycles. It is noteworthy that even
though PTO’s end-of-discharge potential of 1.1 V vs. Na'/Na exceeds the thermodynamic

cathodic decomposition potential of NasPS, (1.55 V vs Na+/Na),122

Ay, values stayed low
at 1.5V, 1.3 V, and 1.1 V vs. Na'/Na , indicating the probable cathodic instability at

PTO-Na3PS, interface does not produce resistive passivation layer and further degrading

the performance.
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Figure 3.5 (a) In-situ EIS measurement. Impedance spectra recorded during (b) First

discharge and (c) First charge. (d) Voltage profile without PTO in the
composite cathode. (e) XPS spectra. (f) ToF-SIMS spectra.

Therefore, we observed for the first time a reversible interfacial resistance
evolution during cell cycling. Such a reversible behavior is the consequence of reversible
conversion between conductive Na3PS, phase and resistive phases, which occurs within
the operation potential range of PTO (1.1-3.1 V vs. Na'/Na). In contrast, oxide cathode
materials with higher operation potentials, e.g. NaCrO, (up to 4.0 V vs. Na'/Na), result in

irreversible formation of low conductivity species such as S” at higher voltages,” which
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is responsible for capacity fading.

As the Na3PS, decomposition also contributes to the cathode capacity, a control
cell with a composite cathode containing only Nas;PS; and carbon was fabricated to
quantify the contribution. As shown in Figure 3.5d, Na;PS, alone showed a specific
capacity of less than 20 mAh g™'. Therefore, we can conclude that the high specific
capacities of PTO-based composite cathodes were mainly contributed by PTO. To
provide direct evidence of the identity and reversibility of oxidation products of Na;PS,,
we conducted ex-situ XPS and ToF-SIMS on two cycled cells as shown in Figure 3.5¢
and 3.5f. The S 2p XPS spectra of the composite cathode after the third charge showed
new peaks (green) that corresponded to the P—[S],—P bond, indicating partial oxidation of
Na3PS,. After the following discharge, these peaks disappeared and S 2p spectra became
similar to that of pristine Nas;PS4. The ToF-SIMS spectra of the fully charged electrode
showed peaks at 277, 387, and 399 m/z corresponding to NaP,S¢, Na;P,Sg’, and
CNaj3P,S¢™ respectively, indicating the formation of Na,P,S¢ and NasP,Sg. None of these
peaks retained after the fourth discharge, indicating a reversible transformation of the
oxidized products back to Na3PS,;. Overall, Na;PS,; oxidation and NasP,Sg/Na,P,Sg
reduction are highly reversible between 1.1 and 3.1 V vs. Na'/Na, guaranteeing a
reversible interface that is beneficial for cycling stability of cells.

Due to the suitable deformability of sulfide electrolytes, '

intimate interparticle
contact can be achieved for most composite cathodes containing sulfide electrolytes by
simple cold-pressing. Additionally, solution processed solid electrolyte can create a

uniform coating around the cathode particles to achieve intimate interparticle contact.'*

However, maintaining such an intimate contact upon cycling is challenging for oxide
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cathodes which have high Young’s moduli. Stress-induced cracks were observed in

129 1n contrast, PTO

cycled cathodes at the active material particle—electrolyte interface.
shows intimate contact with Na3;PS, before (Figure 3.6a) and after 200 cycles (Figure
3.6b), which is attributed to the small Young’s modulus of PTO that helps the particles
readily accommodate the mechanical stress generated at the interface upon cycling. The
cell therefore shows 304 mAh g specific capacity at 0.1 C with 97% capacity retention
after 100 cycles. To the best of our knowledge, this consistently intimate interfacial
contact is revealed for the first time for solid-state batteries. Low-modulus electrode

materials should receive more attention as an effective approach to mitigate capacity

fading originated from mechanically induced contact loss.

Figure 3.6 Cross-sectional SEM images and elemental mapEing of (FIB)-milled
composite cathodes. (a) Before cycling. (b) After 200" cycles.

3.5 Electrochemical Performance of Organic Cathode-Based All-Solid-

State Batteries

Size effect of electrode materials on the battery kinetics is well known."" '

Smaller electrode particles lead to shorter ionic and electronic pathways. Therefore, we
prepared PTO micropellets (PTO-MP) and PTO nanorods (PTO-NR) by mechanical
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milling and a chemical antisolvent precipitation method, respectively. Scanning electron
microscopy (SEM) images in Figure 3.7a—3.7c show a significant particle size reduction:
bulk PTO (PTO-B) particles are 50-100 um in diameter, while PTO—MP has an average
diameter of 5 pm and a thickness of 1 um, and PTO-NR is ~1 um in length and ~300 nm
in thickness. The rate performance of differently sized PTO is shown in Figure
3.7d-3.7g. PTO-NR exhibited the best rate capability, with capacity of 322 mAh g™' at
0.1C and 200 mAh g at 1C. PTO-NR allows the cell to achieve a specific energy of 587
Wh kg™ at 0.1C, a specific power of 335 W kg™ at 1C, (Figure 3.7h), and 89% capacity

retention after 500 cycles at 0.3C (Figure 3.71).
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Figure 3.7 (a-c) Different morphologies of PTO and (d-f) their corresponding
electrochemical performance. (g) Rate capabilities. (h) Ragone plot. (i)
Capacity and coulombic efficiency versus cycle number.
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3.6 Conclusions

In summary, we have demonstrated the capability of an organic cathode material
PTO to enable high-energy, high-power, and long-cycle-life ASSSBs. We tweaked the
carbon ratio in the composite cathode to achieve the best combination of high initial
charge capacity, first-cycle coulombic efficiency, and capacity retention. We also
observed for the first time a reversible cathode-electrolyte interfacial resistance evolution
during the cell cycling. We have further shown that PTO with a Young’s modulus two
orders of magnitude smaller than that of oxide cathodes, is capable of overcoming
mechanical failures and maintaining intimate interparticle contact upon cycling. As a
result, reversible resistance and intimate contact at the electrode-electrolyte interface
form the basis of achieving record specific capacity and cycling stability of any ASSSBs
reported to date. The improved performance and deeper understanding of the electrode-
electrolyte interface are shaping up a bright future for ASSSBs and opening up new

opportunities for other solid-state devices.
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Chapter 4 An Electrochemomechanically Stable Glassy

Electrolyte

4.1 Introduction

In previous work, the Na;sSn, alloy was used as anode material as Na metal was
not stable against sulfide-based solid-state electrolytes. However, the cell voltage was
limited due to the potential of Na;sSns was 0.1 V vs. Na'/Na. Therefore, solid-state
sodium metal batteries (SSMBs) using earth-abundant sodium metal anodes are attracting
worldwide research attention.” > '>* So far, the high-temperature Na-S battery is the only
successful example of a commercialized Na metal battery for grid-scale energy

13 However, its high working temperature of >300 °C, where both Na and S are

storage.
in the molten state, dramatically increases operational cost and poses safety hazards.'> In
contrast, the SSMBs working at ambient temperature using solid Na metal anode are
more desirable in a broader range of applications, whose realization is highly relied on
the development of the Na-ion solid electrolytes (SEs). In addition to high ionic
conductivity, an ideal Na-ion SE should also be chemically and electrochemically stable
with Na metal, and mechanically robust to resist Na dendrites. Furthermore, the SEs for
commercial applications must simultaneously meet the stringent requirements of low cost
and facile fabrication.'"® The currently developed Na-ion SEs mainly include two
categories,'”” oxide and sulfide, as illustrated in Figure 4.la and 4.1b, respectively.
Oxide-based SEs such as f"-Al,O; and NASICON-type ceramics exhibit excellent

chemical stability towards Na metal, nevertheless, they are subjected to high processing

temperatures and poor wettability with Na metal due to their rigid and rough surface.”"

54



136. 17 particularly, during the Na deposition process, metallic dendrites preferentially

propagate along the oxide-based SEs’ distinct grain boundaries, leading to eventual short-

106, 158

circuiting, although these SEs provide more than adequate moduli to resist

dendrites (Figure 4.1a). Sulfide-based SEs (e.g., heat-treated NasPS;”' and Na;SbS,"?)
have soft surfaces that effectively wet with Na metal. They also exhibit less well-defined
grain boundaries due to the existence of a certain quantity of a glassy phase (5~50 vol%),

which can mitigate the dendrite growth. However, these SEs suffer from continuous

127, 147, 160, 161

decomposition when contact with Na, which leads to the unstable interface

(Scheme 4.1b). For these reasons, Na alloys (e.g. Na;sSng) are commonly applied as an

alternative anode at the expense of voltage and cost.'*> '

a b c
Na Na Na

Ceramic (Oxide) Glass-ceramic (Sulfide) Glass (Oxysulfide)

Figure 4.1 Na|SEs interface phenomena in different SEs. (a) Oxide-based electrolyte. (b)
Sulfide-based electrolyte. (c) Newly designed oxysulfide glass.

To date, therefore, there is no single SE that can simultaneously meet all of the
chemical, mechanical, electrochemical, and processing requirements to realize the SSMB
with enhanced electrochemical performance and specific energy. Inspired by the specific
benefits of the individual SEs described above, we have developed a new series of
oxysulfide-based SEs (Na,S—P,Ss—P,0s) existing as a flawless glass using a facile one-

step mechanochemical milling method. The ternary electrolyte system reported here has
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been carefully designed based upon the following three aspects: first, P,Ss with a low
melting point is a strong glass former that appears to facilitate the formation of a

163, 164

structurally defect-free bulk glass, which we find crucial to addressing the Na

dendrites propagation issue in above pure oxide-based SEs; second, following our

. : . 165, 166
previous studies on mixed oxysulfide glass, ™

P,Os can form more robust glass
network because of stronger chemical bonding of P—O than that of P—S, thereby boosting
the mechanical strength and improving the electro-/chemical stability of pure sulfide-
based SEs; third, Na,S is an outstanding glass modifier to achieve high Na-ion

.. 167, 168
conductivity.'*”

During normal uniaxial cold-pressing, these new oxysulfide-based
SEs were found to spontaneously transform into fully dense and microscopically
homogeneous glass (Figure 4.1c¢). This structural transformation appears to be unique and
essential to creating excellent mechanics, chemical stability, and electrochemical cycling
vs. Na metal, which the oxide or sulfide-based SEs alone does not possess. Further, the

new oxysulfide-based SEs enable to fabricate an ambient-temperature all-solid-state Na-S

battery with the state-of-the-art energy density.
4.2 Experimental Procedures

4.2.1 Synthesis of Oxysulfide Solid-State Electrolytes

Na,S, P,Ss, and P,0Os (Sigma—Aldrich, 99%) were used as the raw materials
without further purification. The Na3;PS,.,O, (x = 0.00, 0.25, 0.50 and 1.00) SEs were
prepared by high-energy ball-milling technique. Typically, 2 g mixtures of appropriate
amounts of Na,S, P,Ss and P,Os powders were milled in an Argon-protected stainless
steel jar containing stainless steel milling balls at 500 rpm for 3 h to obtain the

amorphous SEs. The pure sulfide (x = 0.00) SE was synthesized by ball-milling raw
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materials in the agate jar at 500 rpm for 20 h. The Na;PS, glass-ceramic SE, H7-Na3PS,,
was obtained from the glassy Na;PS, by heating under vacuum at 260 °C for 2 h.
4.2.2 Materials Characterization of Oxysulfide Solid-State Electrolytes

Since Na3PS4.,O, SEs are sensitive to air and moisture, all of the characterizations
were conducted under Argon protection. Lab-based X-ray diffraction (XRD) were
collected using a Rigaku MiniFlex 600 with Cu Ka radiation (1 = 1.5418 A). The
synchrotron-based XRD patterns were collected at Beamline 11-ID-C at Advanced
Photon Source with an X-ray wavelength of 0.1173 A. The thermal behavior of the SEs
powders was examined using differential scanning calorimetry, DSC (TA Instruments
Q2000), using nitrogen as the carrier gas. The sample was placed in the Tzero aluminum
pan and hermetically crimp-sealed inside the Argon-filled glove box. The DSC
measurements were carried out at a heating rate of 20 °C min ' from 50 °C to 400 °C. A
Renishaw inVia Raman spectrometer employing a 488 nm Ar' laser and 10 mW of power
was used to collect the Raman spectra from 200 to 700 cm '. SE powders were placed
into a small plastic sample holder inside an Argon-filled glove box. Infrared (IR) spectra
were acquired on a Bruker IFS 66 v/s vacuum IR spectrometer in the range of 400—1200
cm ' using a KBr beamsplitter. The IR spectra of the samples were taken by diluting the
finely ground glass and glass-ceramic powders to ~2% in finely ground and carefully
dried CsI and then pressed into small pellets. *'P Solid-state Magic Angle Spinning
Nuclear Magnetic Resonance (MAS NMR) spectra were collected using a JEOL ECA-
500 NMR spectrometer. SE powders were packed into an alumina spinner with a sealant
in an Argon-filled glove box. Spectra were collected using a 4.25 us, 60° pulse length,

and a 200 s recycle delay with the spinning speed of 20 kHz. Chemical shifts were
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externally referenced to NaH,PO4. Morphologies of the SEs powders, as well as the
surface and cross-section of the densified pellets, were observed using a Gemini LEO
1525 scanning electron microscope (SEM). The X-ray photoelectron spectroscopy (XPS)
spectra were collected using a Physical Electronics PHI 5700 on the SEs pellets before
and after contacting with Na metal using a monochromatic Mg Ka X-ray source. The
XPS signals were corrected relative to the C 1s signal (284.8 eV) and fitted using the
XPS PEAK41 software. The elastic modulus E and hardness / were measured using the
same method as reported. Briefly, £ and H values were measured using a G200 Keysight
nanoindenter with a Berkovich indenter using the Oliver-Pharr method on samples inside
an Argon-filled glove box. Indentations with a maximum indentation load of 1 mN were
pressed on different spots of the SE surfaces to ensure the convergence of the measured
results. The loading-displacement curves were recorded during the tests.
4.2.3 Fabrication of Symmetric Cell and Full Cell

For the fabrication of Na|Na3;PS;0[Na3PS;750025 or H7-Na3PS4Na;PS;0[Na
symmetric cells, Na3PS;7500,5 glass or HT-Na;PS; glass-ceramic (~150 mg) SE
powders were cold-pressed at 75 MPa; then Na;PS;0 glass powders (~25 mg) were
evenly distributed on both sides of as-pressed Na3PS; 750025 glass or HT-Na3PS, glass-
ceramic pellet; finally the three layers were co-pressed at 450 MPa and attached with Na
metal with an initial pressure of 20 psi. Similarly, the all-solid-state Na metal-sulfur full
cells were assembled using Nas;PS;750025NasPS;0 bi-layer electrolyte, sulfur/Ketjen
black/Na3PS3 750025 composite, and Na metal as the separator, cathode, and anode,
respectively. Specifically, since NazPS;750¢5 is the most conductive among the

oxysulfide-based SEs and Ketjen black carbon has a high surface area of 1400 m* g ',
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they were chosen to blend with sulfur to create both fast ionic and electronic pathways
for the sulfur active material in the composite cathode. So the artitecture of the all-solid-
state Na-S batteries was sulfur/Ketjen black/Na3PSs 7500 .25|Na3PS; 7500 25/NazPS;0[Na. In
detail, sulfur (99.5%, Alfa Aesar) and Ketjen black (EC-600JD, AkzoNobel) powders
with a weight ratio of 1:1 were ball-milled in an agate jar at a rotation speed of 500 rpm
for 20 h to obtain a sulfur/Ketjen black nanocomposite, which was then milled with
Na3PS3.7500.25 electrolyte powders at a rotation speed of 350 rpm for 30 min. The weight
ratio of sulfur: Ketjen black: Na3;PS3 750025 composite cathode is 2:2:6. NazPS;7500 .25
electrolyte powders (~150 mg) were firstly pressed at 75 MPa into a pellet, of which
anode side was then uniformly covered with Na;PS;O electrolyte powders (20~25 mg)
and cathode side with composite cathode powders (~1 mg). Bulk-type all-solid-state Na-
S batteries were fabricated after co-pressing at 450 MPa and attaching a piece of Na
metal foil onto the Na;PS;0 electrolyte side. Galvanostatic tests were performed in the
potential range of 1.0 to 3.0 V vs. Na/Na" at different current densities from 0.05 to 0.35
mA cm > All the electrochemical tests were conducted at 60 °C except as otherwise
specified.
4.2.4 Electrochemical Measurements

The temperature-dependent ionic conductivities of the pelletized SEs were
measured from 25 °C to 90 °C using alternating current impedance method (frequency: 1
MHz-0.1 Hz, amplitude: 5 mV) on a VMP3, Bio-Logic Co. electrochemical workstation.
The SEs pellets were prepared by cold-pressing in a polyetherether-ketone (PEEK) test
cell die (¢ = 13 mm) under a pressure of 450 MPa and then co-pressing with nano-copper

(20 mg) powders (Sigma-Aldrich, 40-60 nm, >99.5%) as the electrodes under a pressure
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of 200 MPa. Chemical stability of the SEs towards Na metal was studied by monitoring
the impedance change vs. time of the symmetric cell Na|SE[Na, which was assembled by
attaching two same pieces of Na metal foils (~100 um in thickness) on both sides of the
SEs. Cyclic voltammetry of the stainless steel foil[Na;PS;0|Na3;PS;3750025/Naz;PS;0[Na
asymmetric cell was carried out using a scanning rate of 0.05 mV/s in a potential range of
—0.3 V to +3.0 V. Na plating/stripping test of the Na|Na;PS;0|Na;PS; 750925 or HT—
Na3PS4Na;PS;0|Na symmetric cells was conducted under step-current and constant-

current modes.
4.3 Structural Chacterizations of Oxysulfide Solid-State Electrolytes

To study the synergistic effects of oxygen and sulfur on the properties of the SEs,
different compositions of x = 0.00, 0.25, 0.50, 1.00 were systematically characterized.
The XRD patterns (Figure 4.2) show that all the raw materials became amorphous after

milling, as no diffraction peaks of the starting materials were detected.
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Figure 4.2 Lab-based X-ray diffraction (XRD) patterns of Na;PS, O, (x=0.00, 0.25,
0.50, and 1.00) SEs.

The amorphous glass is formed by the local high-temperature generated during

the milling process and rapid thermal quenching after the milling.'® However, just as in
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melt-quenching method, the quenching rate in milling process is always insufficient to
yield a fully amorphous glass and small amounts of crystalline phases can be detected in
some systems (e.g. Na,S—P,Ss'?® and Li,S—P,Ss'"°). To investigate the possible crystalline
phases in the Na3PS,.,O, SEs, high-energy synchrotron XRD patterns were collected and

shown in Figure 4.3a.
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Figure 4.3 (a) Synchrotron X-ray diffractions. (b) Gaussian fitting of Raman peak (PS4
mode) at 420 cm™'. (c) *'P-NMR spectra. (d) X-ray photoelectron spectra
(XPS). (e) Schematics of the network structure of the NazPS, and Na3PS;0.

All synthesized SEs feature two broad halos superimposed with weak Bragg

peaks, indicating a small number of fine-grained crystalline phases (tetragonal Na;PSy4
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and Na,S) do form and are embedded in the dominant glassy matrix. When x approaches
1.00, the proportion of the crystalline Na3PS, diminishes, while the Na,S increases in
intensity. The reason for the appearance Na,S is disproportionation reaction (2Nas;PSy

(P’) — NasP,S; (P') + Na,S) as confirmed from the Gaussian fitting of the primary

Raman peak (corresponding to the stretching mode of the PS, unit'®”'"!

) centered at 420
cm ' (Figure 4.3b). As indicated from both Figure 4.3a and 4.3b, the main composition of
the Na3PS4..O, SEs is a glassy phase with a small number of crystalline Na;PS, and
Na,S.

3'P MAS-NMR was used to gain further insights into the glassy phase of these
SEs by examining the local structure around the phosphorus glass forming cations.
Deconvolution of the *'P NMR spectra (Figure 4.3¢) show that the glass NasPS, (x =
0.00) is mainly composed of PS4 and P,S¢ sulfide units, which is consistent with the
Raman spectra. With the incorporation of oxygen, three new peaks at 63 ppm, 32 ppm,
and -17 ppm can be clearly observed, which are attributed to the formation of PS,0,,
PSO;3, and PO; units.'”? The peak for the expected but missing PS;0 oxysulfide units is
nearly indiscernible since it has essentially the same chemical shift as the PS4 units,
whose relative amount could be calculated with the charge balance method we recently
developed.'”"'” As is shown in the inset of Figure 4.3c, the fraction of mixed oxysulfide
units PS40y (x = 1,2,3) dramatically increases with oxygen incorporation and become
dominant when x reaches 1.0. Their appearance further suggests that the oxygen has been
incorporated into the PS4 tetrahedra unit, which is expected to improve the chemical
stability and mechanical strength of the glass network over that of the pure sulfide-based

SE. FTIR spectroscopy was further applied to explore the chemical bonding of P-S and
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P—O and the corresponding peaks assignments shown in Figure 4.4. The S or O bonding
mainly exists as three modes: non-bridging sulfur (NBS) P—S~ (400—600 cm™"), bridging
oxygen (BO) P—O—P (600-950 cm"), and non-bridging oxygen (NBO) P-O~ or P=0O
(950-1200 cm )" ' The oxygen incorporation leads to a slightly increased fraction of
P—O" and P=0O bonds and a particularly significant increase in the fraction of BO P-O-P

bonds, where the O atom is bridged between two P atoms.
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Figure 4.4 FT-IR spectra of Na;PS4 O, (x=0.00, 0.25, 0.50, and 1.00) SEs.

Further evidence of the formation of BO can be found in the O 1s XPS spectra
(Figure 4.3d), where peak for BO (532.5 eV'"*'”") becomes dominant as x reaches 1.00.
Spectral deconvolution of the NazPS;0 composition, for example, shows that more than
90% of the added oxygen atoms are present as BOs in the glass. This result is completely
consistent with our previous work on a similar Li,GeS,.,O, glass system.178 As shown in
Figure 4.3e, compared with the fully ionic and non-bridging structure of Na;PS, sulfide,
the formation of BO units in the Na3;PS;0 oxysulfide eventually leads to a more
interconnected glass structure that possesses high structure density, higher mechanical

modulus, and stronger bonding that improves the chemical stability of SEs.
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4.4 Mechanical and Morphological Properties of Oxysulfide Solid-State

Electrolytes

The morphological structure and mechanical properties of Na;PS4.,O, SEs were
then investigated. Obvious pores and grain boundaries can be clearly observed in both the
surface and cross-sectional SEM images of pelletized H7-Nas;PS, (Figure 4.5). These

Griffith flaws are believed to induce dendrite penetration60 and eventually lead to short-

circuiting, as demonstrated in Figure 4.6.

HT-Na,PS,

Figure 4.5 Top view (first row) and cross-sectional (second row) SEM images of HT-
NasPS, glass ceramic, Na3PS, glass, and Na3PS;0 glass. Scale bar: 10 um.
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Figure 4.6 Galvanostatic cycling of Na|H7-Na3;PS4[Na symmetric cells at 60 °C under

current density of 0.1 mA cm > with a stripping/plating capacity of 0.1 mAh
-2
cm
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NazPS, glass SE (x = 0.00) shows fewer defects on the surface and forms a denser
pellet compared to H7-Na3PS,. Surprisingly, the oxygen doped Na;PS;0 glass SE (x =
1.00) appears to be absent of any pores and cracks and is smooth and uniform from the
surface through to the interior. To the best of our knowledge, this fully dense morphology
observed here is the first result reported in any SE fabricated by the simple cold-pressing

at room temperature.
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Figure 4.7 (a) Relative density vs. molding pressure plot. (b) SEM images of cross-

sectional Na3PS, (first row) and Na;PS;0 (second row) SE pellets pressed at
150 MPa and 375 MPa.

As shown in Figure 4.7a and 4.7b, the Na;PS;0 glass is nearly fully densified at a
relatively low pressure of 150 MPa. In comparison, the Na;PS, glass and H7-Na3PS, are
not readily achievable even though much higher pressure of 450 MPa during cold-
pressing was applied. The excellent formability of these oxysulfide-based SEs may be
attributed to the synergistic effects of mixed P,Ss and P,Os glass formers and abundant
BOs units. We hypothesize that such electrolyte that lacks grain boundaries, pores, and
surface flaws combining with high mechanical strength can prevent the Na dendrite
growth. To quantify the mechanical properties of SEs, the Young’s elastic modulus £ and

. . . . . 11
hardness H were measured using our previously reported nano-indentation technique.'’
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Typical loading-displacement curves (Figure 4.8a) of the H7—Nas;PS, pellet exhibit a
sudden increase of indenter penetration during the loading process, which is not found in
glassy Na3;PS,.,O, pellets. A “pop-in” phenomenon is observed associated with crack
generation.''” Further, benefiting from the homogeneous structure, the NasPS,.,O, SEs
display very small standard deviations for £ and H as seen in the bar chart (Figure 4.8b).
The oxygen doping results in an increase of £ and H of SEs, which supports the above
hypothesis. The £ and H of Na3;PS;0 glass were measured to be 20.9+0.7 GPa and
1.0£0.1 GPa, respectively, which are the highest among Na;PS4.,O, SEs. In particular,

they are superior to the reported sulfide-based Na-ion SEs by the complex hot-pressing
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Figure 4.8 (a) Nano-indentation loading curves. (b) Comparison of Young’s modulus and
hardness for H7-Na3PS, glass ceramic and oxysulfide glass SEs.
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4.5 Chemical Stabilities of Oxysulfide Solid-State Electrolyte against Na

Metal

As described above, the chemical and electrochemical stability of SEs against Na
metal anode is critically important for developing high-performance SSMBs. We tested
the Na|Na3;PS,.,O, SE interfacial stability by monitoring the EIS change of Na|Na;PS..

+Ox|Na symmetric cells before and after 5 hours of rest at 60 °C, as shown in Figure 4.9a.
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Figure 4.9 (a) Electrochemical impedance spectra (EIS) evolution of freshly made and 5
h-standing Na|SE|Na symmetric cells. (b) P 2p and (c) S 2p XPS spectra of the
interfaces between Na and SEs after 5 h of contact.
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From the fitting parameters shown in Table 4.1, it can be concluded that the added
oxygen has a positive effect on improving the SEs’ chemical stability against Na metal as
the total areal specific resistance (ASR) change becomes less significant. Further from
the fitting parameters shown in Table 4.1, indeed, it is noteworthy that the Na;PS;0 SE
not only presents a negligible change of bulk resistance and charge-transfer resistance,
but also shows an indistinguishable interfacial resistance, suggesting not only a
chemically stable interface but also a mechanically intimate contact between Nas;PS;0
and Na. In contrast, all the other SEs display an interfacial resistance increasing with
time, which is indicative of an unstable Na|SE interface.

Table 4.1 Fitting results of EIS spectra (Figure 4.9a) of Na|Na;PS, Oy (x=0.00, 0.25,
0.50, and 1.00) SEs|Na symmetric cells before and after resting for 5 h
R, R Ry

c:b Ci Cct

x value ﬁ-lzmz] Ry [Q-cm’]  R; [Q-cm’] Ry [Q-cm’]
0.00 before  1596.7 1240 272 84.7
0.00 after 1753.0 1350 304 99.0
0.25 before  253.1 216 6.0 31.1
0.25 after 341.7 254 16.5 71.2
0.50 before  367.17 334 24.2 8.97
0.50 after 376.7 332 28.3 16.4
1.00 before  664.9 644 - 20.9
1.00 after 662.2 640.8 - 21.4

To identify the interphase composition, Na metal was detached from the

symmetric cells and the surface of SEs was probed by the XPS. Compared to the fresh
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SEs, the glassy SEs after contacting with Na metal (x < 1.00) exhibit a new pair of
doublets in both P 2p spectra and S 2p spectra (Figure 4.9b and 4.9¢). These new pairs of
doublets correspond to the reduced phosphide (Na,P) and sulfide species (Na,S),'** '’
respectively, which may form a mixed-conducting interface that can cause continuous
reduction of the SE. Similar phenomena have been observed in other pure sulfides and
selenides, e.g. Na3PS4,147 Na38b84160’ 161 and Na3PSe4m. In contrast, the XPS signals
from these reduced species are nearly indiscernible for Na;PS;0, validating the negligible
ASR increase from EIS measurement. We assert that the outstanding chemical stability of
Na3PS;0 in contact with Na metal is contributed by: first, as described above, Na3PS;0
has a more interconnected and robust glass network than the other SEs due to the
existence of more BO units, which have higher electronic binding energy than pure
sulfide units; second, the terminal oxygen in P—O may react with Na metal and form an

electronically insulating and stable interphase (Na,O).'*" '*!

4.6 Electrochemical Performance of Oxysulfide-Based Symmetrical Cell

and Full Cell

Figure 4.10a shows the temperature-dependence of the Na-ion conductivities that
were obtained from the Nyquist plots (Figure 4.10b) for the Na3;PS,.,O,, x = 0.00, 0.25,
0.50, 1.00, SEs. From Figure 4.10b and 4.10c, it is intriguing that with the initial addition
of oxygen, the conductivity of the Na3;PS; 750025 SE exhibit a 6-fold increase to 2.7x 1074
S cm™' with an activation energy as low as 41.5 kJ mol™". This anomalous increase in the
ionic conductivity may be associated with two factors: one is an increase of the

‘doorway’ radius as observed in our previously studied Li,GeS, O, glassy SE;'® the
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other is the existence of highly conductive tetragonal Nas;PS, crystalline phase (Figure
4.3a). However, further additions of oxygen monotonically decrease the SEs’
conductivities, which may be attributed to the more compact glass network that reduces

the free volume available for Na-ion transport.
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Figure 4.10 (a) Temperature dependence of the Na-ion conductivities of SEs. (b) Nyquist
plot of oxysulfide SEs. (c¢) Activation energies and conductivities versus
oxygen contents.

By taking full advantage of the high chemical stability of Na;PS;O and the high
Na-ion conductivity of NazPS;750¢25, a tri-layer architecture for the glassy electrolyte
separator was specially designed (inset of Figure 4.11). Further from the SEM image,
both layers exhibit intimate interface contact. Cyclic voltammetry was used on an
asymmetric cell Naftri-layer SE|SS, where SS is stainless steel, to examine the Na metal
plating/stripping capability and the stability of the tri-layer SE against oxidation and
reduction. As shown in Figure 4.11, a pair of well-defined Na oxidation and reduction
peaks is observed at ~0 V versus Na'/Na and there are no remarkable oxidation currents
up to 3 V. These results indicate the applicability of the tri-layer SE in SSMBs and in

particular, the applicability of operating in a Na-S battery.
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Figure 4.11 Cyclic voltammetry curve of tri-layer electrolyte in Na|SE|Stainless Steel
asymmetric cell. Insets show the schematic of the cell set-up and SEM
image of the tri-layer electrolyte. Scale bar is 100 um.

Before fabricating a full cell, the cyclability of the tri-layer SE was studied in a
symmetric Naljtrilayer-SE[Na cell using step-current and constant-current tests, as shown
in Figure 4c¢,d, respectively. From the Figure 4.12, the critical current density (CCD) that
reflects the capability of the SE in resisting metallic dendrite was found to be 2.3 mA cm™
2 which is unexpectedly comparable to the state-of-the-art CCD results based on oxide-
based SEs, see Table 4.2. The remarkably high CCD value of the oxysulfide glassy SEs is
attributed to the homogeneous and nearly flawless microstructure. These observations
agree well with recently proposed Griffith’s failure mechanism® of SEs towards a metal

anode.
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Figure 4.12 Critical current density test of Na;PS;0|Na3PS;.750¢.25[NasPS;0 tri-layer SE
working in Na|SE|Na symmetric cells at 60 °C, step size of the current
density increase is 0.05 mA cm * and plating/stripping time is 0.5 h.

Table 4.2 Comparison of reported critical current densities (CCD) of SEs with that of
Na3PS;0 SE developed our work

Critical
Test current
Electrolyte Electrolyte status temperature . Ref.
°C] density
[mA cm_z]
LisLa3Zr,015:Ta Ceramic 50 0.8 183
LisLa3Zr,045:Al Ceramic RT 0.134 184
LisLa3Zr,045:Al Ceramic RT 0.3 39
75Li,S-25P,Ss Glass RT 0.5 183
75Li,S-25P,Ss Glass RT 1.0 185
75Li,S-25P,Ss Glass-ceramic RT 0.1 185
70(75Li,S- 186
25P,S5)-30Lil Glass RT 1.0
70(75Li,S- 186
25P,S5)-30Lil Glass 60 2.16
Na;PS;0 Glass 60 2.3 This work

In the constant-current mode, Figure 4.13a,b show that symmetric cells with the
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same tri-layer SE can stably cycle for several hundred hours without short-circuiting at
current densities of 0.2 mA cm * and 0.5 mA cm 2, respectively. Furthermore, different
from the pure sulfide-based SEs (Figure 4.6), the voltage profiles of the oxysulfide-based
SE (inserts of Figure 4.13a,b) are flat with negligible polarization increase at each cycle,
indicating the fast and stable Na plating/stripping processes at the Na|Na;PS;0 interface.
It is clear that the oxysulfide-based SE developed in this work significantly extends the

cycle life and current density for SEs in symmetric cells, setting new standards in

SSMBs.
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0T s 6 8 w0 0410 212 214 216 218 200  O%0 402 404 4% 498 500
Hnuummmumnmmuumm A AT
ST Sy S U
40'30 1 2 3 Q 5 085 14:6 14'? 14.8 14'9 150 05 296 29|? zsa 299 300
E “W*- """ TR R O AT

0 100 150 200 250 300
Time (hr)

Figure 4.13 Galvanostatic cycling of Na|Na3;PS;0|Na3;PS;75025/Na;PS;0[Na symmetric
cells at 60 °C under current densities of (a) 0.2 mA ¢cm ° and (b) 0.5 mA
cm 2, respectively.

The excellent Na|Na3;PS;0 interfacial stability enables the fabrication of SSMBs,
of which the one of the most promising is the low-temperature Na-S battery with very

low cost and high specific energy. On the basis of the above study that demonstrated the

stability of tri-layer SEs, a Na-S battery with the architecture of S—
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NazPS3.7500.25[NasPS3 750¢.25/NazPS;0[Na was designed and tested at a low temperature
of 60 °C. Figure 4.14a shows that the cell can deliver a high initial discharge capacity of
1280 mAh g, which is 76% of the theoretical capacity of sulfur (Na—Na,S: 1675 mAh
g ') and especially much higher than that, 558 mAh g ', of the conventional high-
temperature Na-S battery.”* The 1* cycle coulombic efficiency is 92%, indicating that
the polysulfide shuttling phenomenon commonly found in a liquid electrolyte cell is
inexistent in the current system. After 40 cycles, the battery delivers a capacity of ~1000
mAh g with capacity retention of >80%, see Figure 4.14b. These values are
significantly better than those of the reported Na-S batteries using oxide or polymer SEs
as shown in Table 4.3. The average discharging potential is 1.42 V, which is higher than
those of other pure sulfide-based SE-based Na-S batteries that use a NaSn alloy as the
anode (Table 4.3). Therefore, the oxysulfide-based Na metal-sulfur battery system
described here is able to provide the highest specific energy density, 1819 Wh kg,
among all currently reported Na-S battery systems. Further, the cell presents good rate
capability of 908 and 574 mAh g at high current densities of 0.20 and 0.35 mA cm 2,
respectively, and stable cycling up to 150 cycles (Figure 4.14c). The significantly
improved performance of our Na-S battery is attributed to the excellent stability of
Na3PS;0 towards Na anode, which enables Na to stably plate/strip at high rates, as well
as the superior formability of Na3PS; 750025, which ensures the consistently good contact

with sulfur during cycling.
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Figure 4.14 Na-S full cell performances at 60 °C. (a) Charge/discharge voltage profiles.
(b) Capacity and coulombic efficiency vs. cycle number. (c) Rate capability
and cycling stability under different current densities.

Table 4.3 Comparison of reported Na-S batteries using SEs with our work

Discharge 1% cycle Specific
Electrolyte - energy
separator voltage capaCIt):1 [Wh Cycles  Ref.

[V] mAhg'] 'V

kg ]

Naj 1Zr) 9sMgp.05S12P 175 577 . 0 .
012
Poly (ethylene oxide) 58
(PEO) 1.75 505 884 10
B"-ALO; 1.73 836 1446 100 1%
Na;PS, 1.10 1522 1674 2 10
Na;PS, 1.30 1112 1446 25 11
Na3PS, 1.25 1050 1312 50 152
NasPS, 1.25 >800 ~1000 50 192
Na;3PS;.7500.25/NazP 142 1281 1819 150 Our
5:0 work
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4.7 Conclusions

A new class of oxysulfide glass SEs with combined advantages of sulfide-based
SEs and oxide-based SEs was successfully synthesized and systematically investigated in
both symmetric and full cell configurations. Compared with pure sulfide-based SEs, the
oxygen was introduced into the PS, structure units, leading to the formation of more
oxide and oxysulfide units with BO characteristics. As a result, these oxysulfide-based
SEs exhibit dramatically improved formability and are capable of forming homogenous
and near flawless glass pellet with significantly higher mechanical strength via facile
cold-pressing. Furthermore, the oxysulfide units with stronger P-O bond dramatically
improve the chemical stability of the SEs towards Na metal. A near flawless tri-layer
composite SE with Na;PS;0|Na3PS;.7500.25[NazPS;0 can not only demonstrate a record-
high CCD of up to 2.3 mA cm ~ and a long-cycle-life Na metal symmetric cell up to 500
h under 0.2 mA cm 2, but also enables a Na metal-sulfur cell to deliver the highest energy
density among all known solid-state Na-S systems to date. These new oxysulfide-based
SEs and the tri-layer SEs may provide a very promising avenue of research towards the
development of high energy, safe, low-cost, and long-cycle-life SSMBs in general and

new solid-state Na-S batteries for energy storage devices.
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Chapter S A High-Energy Quinone-Based Solid-State

Sodium Battery Using Oxide Electrolyte

5.1 Introduction

The sulfide-based solid electrolytes,“9’ 193 for example, the Na;PS, and Na;SbS,,
which are usually anodically and cathodically unstable, are prone to form resistive
interfacial layers when high-voltage cathodes or Na metal anode are applied.'?* '#7- 147 162
We recently demonstrated that adopting a tailored organic cathode Na,CcOg with redox
potential fully lying within the stability window of NasPS4 (1.5-2.7 V vs. Na'/Na) or
incorporating a polymer electrolyte that is stable with Na metal in between Na and
Na3SbS, are effective to address the interfacial challenges of Na;PS; and Na;SbS,,

100, 161

respectively. In contrast, oxide-based solid electrolytes, e.g. Na beta-alumina solid

electrolyte (BASE), are electrochemically stable in the window of 0—3.5 V vs. Na"/Na,'>*
1% which enables more favorable cathode-electrolyte and Na anode-electrolyte interfaces.
However, the rigid surface of BASE poses a challenge in forming intimate contact with

cathode materials and sodium me‘tz11,195'197

resulting in large interfacial resistance and
poor cycle life. Therefore, interface engineering of electrode-electrolyte contact is critical
for developing high-performance oxide-based all-solid-state sodium metal batteries
(ASSMBs).

In this work, we present a first proof-of-concept demonstration of an oxide-based
ASSMB with a sodium metal anode and an organic quinone cathode, pyrene-4,5,9,10-

tetraone (PTO), by simultaneously engineering the Na anode-BASE interface with a Sn

nanofilm and the cathode interparticle and cathode-BASE contact with a mechanically
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compliant ionically conductive poly(ethylene oxide) (PEO) auxiliary agent. The Sn-
modified BASE shows the best cycling stability towards Na metal and the PEO-
ameliorated PTO presents the highest energy density at the active-material level achieved
thus far among reported ASSMBs (Table 5.1). This study reveals a universal strategy to
reduce interfacial barriers in solid-state batteries.

Table 5.1 Cell performance of reported all-solid-state sodium metal batteries.

. Anode .
Solid-state interfacial Cathode Cathode Specific energy p o
Electrolyte interfacial layer (Wh kg ™)
layer
Na;Zr,Si,PO;; CPMEA  NaTiy(POs); CPMEA 214 193
Nay(Bi2Hi2)o5(Bio NaCrO, - 287 198
Hio)os
233_3Zr1.7Lao.3812P _ Na3V2(PO4)3 _ 360 196
12

Nay.9375PS3.9375Clo.o TiS, ) 371 160
625
Na;Zr,Si,POy, - Na,MnFe(CN)s PEO 432 180

NaCu;NiynFe; 199
PEO - - 408

sMn; 50,
Najz 1Zr; 9sMgo.0sS1 Sulfur PEO 724 187
2PO»
NasPS, - FeS, - 830 .
BASE Sn PTO PEO 891 This

work

5.2 Experimental Procedures
5.2.1 Synthesis of Oxide-Based Solid-State Electrolyte

Dense pellets of BASE containing 9.0 wt% Na,O and 0.72 wt% Li,O were
prepared by the solid-state sintering method following our previous work."™* Typically,
we prepared two precursors zeta-lithium aluminate (Li,O-5A1,03) and zeta-sodium

aluminate (Na,O-5A1,03) by calcinating Li;CO;:Al,O3 (molar ratio 1:5) and
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Na,CO;:ALO; (molar ratio 1:5) at 1250 °C for 2 h. Then the precursors were mixed at
molar ratio of 1:5.5 (zeta-lithium aluminate: zeta-sodium aluminate) by ball-milling,
spray-granulated, pressed into pellets at 200 MPa, and finally sintered at 1560 °C for 10
min and annealed at 1460 °C for 2 h to obtain dense BASE pellets in a muffle furnace
(MTI Corp., KSL-1700X-S-UL). The heating ramp rate is 20 °C min '. To compensate
the lithium and sodium loss of the BASE pellet during annealing, the green BASE pellets
was covered with mother powders with the same composition. The as-sintered pellets
were carefully polished with 1200-grit sand paper and ethanol in air. After polishing, the
pellets were ultrasonicated in ethanol and then vacuum-dried at 60 °C. Then the pellets
were quickly transferred to an argon-filled glove box for further study. The density of the
BASE pellet is 3.2 g cm ™ and dimension is 12 mm in diameter and 1 mm in thickness.
5.2.2 Interfacial Modification Methods

At the anode-electrolyte interface, we deposited a 20-nm-thick Sn layer inside a
thermal evaporator equipped with a thickness monitor (Inficon SQC-310) at a deposition
rate of 1 A/s. The thickness of Sn layer was confirmed by a Dektak XT profilometer. The
molten Na metal at 150 °C can diffuse into the Sn layer to form NaSn alloy and wets the
electrolyte surface, decreasing the contact angle between Na metal and electrolyte. At the
cathode-electrolyte interface, we added 20 wt.% PEO-NaClO; which serve as a
mechanically compliant and ionically conductive agent inside the composite cathode to
improve the contact.
5.2.3 Material Characterizations

X-ray diffraction (XRD) patterns of BASE pellets were collected using a Rigaku

MiniFlex 600 with Cu Ko radiation (A = 1.5418 A). Surface and cross-sectional
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morphology of the BASE electrolyte with and without Sn coating were characterized
using a Gemini LEO field emission scanning electron microscope (SEM). The chemical
elements of the interface between Na and BASE was identified using energy dispersive
X-ray (EDX) spectroscopy.
5.2.4 Fabrication of Symmetric Cells and Full Cells

For symmetric cells, two Na metal foils (~300 um each) were attached to both
sides of Sn-coated BASE or bare BASE pellets, kept at 150 °C for 30 minutes to ensure
better contact, and then fabricated in the pressured die cells at an initial pressure of 40
psi.

The organic cathode active material PTO was synthesized following the literature.
The PTO-based composite cathode was prepared as follows. Briefly, 6 mg PTO, 4 mg
Super P carbon, and 2 mg polyvinylidene fluoride (PVDF) powders were ground in an
agate mortar. Then, 8 mg PEO-NaClO4 (PEO Mw: 100,000; EO:Na molar ratio: 10:1)
dissolved in anhydrous acetonitrile (10 wt.%) was added into the mixture, resulting in a
homogenous cathode slurry. The slurry was then coated onto the uncoated side of the
BASE and dried in a vacuum oven at 70 °C for 10 h until the acetonitrile was fully dried.
The composite cathode has a mass ratio of PTO:PEO-NaClO4:C:PVDF of 3:4:2:1 with
active material mass loading of ~1.2 mg cm . A stainless-steel foil was used as a current
collector; the device area was 1.3 cm”. The other side of the BASE was coated with 20
nm-thick Sn, and a 300 pum-thick Na foil was used as the anode. Solid-state full cells
were also fabricated in the pressured die cells with initial pressure of 40 psi.
5.2.5 Electrochemical Measurement

The ionic conductivity of the BASE pellet electrolyte and PEO electrolyte was
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measured in Au/BASE or PEO/Au blocking cells, where Au was sputtered through a
Sputter Coater 108auto (Cressington Scientific Instruments). Electrochemical impedance
spectra were collected with AC amplitude of 5 mV and a frequency range of 1 MHz~0.1
Hz on an electrochemical workstation (VMP3, Bio-Logic Co.). Galvanostatic tests were
performed at current densities ranging from 0.1C to 0.5C (1C = 409 mA g ). Solid-state
cells were measured at 60 °C while liquid cells were tested at room temperature.

5.3 Interfacial Engineering with Auxiliary Wetting Agents

BASE has excellent structural, electrical, and mechanical properties and are
widely used in commercial high-temperature Na-S batteries.”>* In this work, BASE was
selected to pair with a high capacity PTO cathode. Figure 5.1a shows the Arrhenius curve
of BASE’s ionic conductivities. The characteristic layered structure (rhombohedral; R3m)
of BASE is confirmed by X-ray diffraction (XRD) analysis (Figure 5.1b), BASE exhibits
a low activation energy of 0.3 eV and a high Na-ion conductivity of 1. mS cm ™' at
60 °C, superior to most of the reported Na-ion SEs.'"” Moreover, BASE forms a highly
dense layer with relative density over 98% (inset of Figure 5.1a), revealing its ability to

potentially suppress dendritic Na growth.106
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Figure 5.1 (a) Arrhenius plot of ionic conductivity of BASE. Inset: cross-sectional
scanning electron microscopy (SEM) image of a BASE pellet. (b) X-ray
diffraction patterns of the BASE with and without Sn coating.
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However, one of the key challenges hindering the application of BASE in all-
solid-state-batteries is its poor wettability with metal anode (Figure 5.2a). This challenge
has been observed for other oxide-based SEs, such as Li;La;Zr,O;; (LLZO) and

NASICONSs .

Elements of interfacial layer
Na Atomic (%)

Na 51.05

Sn 1333

'
3
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Figure 5.2 (a) Different wetting behaviors of molten Na on bare and Sn-coated BASE. (b)

Magnified SEM image of coated vs. uncoated portion of BASE. (c) Energy
dispersive spectroscopy (EDS) shows the formation of NaSn alloy.

In a recent study, Hu et al. demonstrated that an interlayer could greatly improve
the wettability of lithium metal on garnet-type oxide-based SEs by forming alloys at the
interface.””' To overcome the interfacial barrier between Na and BASE, we deposited a
20-nm-thick Sn layer via thermal evaporation on the surface of BASE (Figure 5.3). The
diffraction peak of Sn thin layer is shown in Figure 5.1b. The Sn layer reduced the
surface roughness and lowered the surface tension of Na (Figure 5.2b), thus allowing the
molten Na to better wet and simultaneously alloy with Na to form a Na;sSn4 interlayer as
confirmed by the energy dispersive (EDS) spectrum (Figure 5.2c) and XRD patterns.
Note the process of forming Na-Sn alloy is kept at 150 °C for 30 minutes. The Na;sSny

interlayer improves the wettability of Na metal on the BASE by forming ‘sodiophobic’ to
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‘sodiophilic’ contact (Figure 5.2a) and specifically provides the necessary ionic/electronic

conduction for Na plating/stripping.
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Figure 5.3 Profilometer measurement of a Sn layer.

Another interfacial barrier for ASSMBs arises from the cathode-electrolyte

32: 202 where rigid solid-solid contact forms between the quinone composite

interface,
cathode and oxide SE, resulting in poor interfacial ionic transport. The high hardness and
sintering temperature of BASE restrict the conventional approaches (e.g. co-pressing and
co-sintering,®") of achieving intimate contact because the sublimation temperature of
PTO is around 300 °C. Alternatively, polymer electrolytes can serve as a mechanically
compliant ionically conductive auxiliary agent to improve cathode-electrolyte contact. A
PTO-PEO composite cathode was prepared in a full cell with a Na metal anode (Figure
5.4a). Incorporation PEO into the cathode simultaneously increases the interfacial contact
between cathode and BASE as well as contact inside the cathode. As shown in the cross-
sectional SEM in Figure 5.4b, there is no discernable gap between the composite cathode
and BASE layer. Furthermore, Figure 5.4c shows uniform distribution and intimate
contact among the cathode components, highlighting the interpenetrating ionic and

electronic pathways that favor the full utilization of PTO. For comparison, when PEO is

absent in the cathode composite, unfavorable cathode-BASE and inter-particle contact
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are observed (Figure 5.5).

PEO

Figure 5.4 (a) Schematic of Na/Sn/BASE/PTO-PEO structure. (b—c) SEM images
highlight the intimate contact between the cathode composite and BASE.

Figure 5.5 A cross-sectional SEM image highlights the non-ideal mechanical contact
between PTO-C65 cathode and BASE electrolyte.

5.4 Improved Electrochemical Performance

Compatibility of BASE with Na metal anode was examined in symmetric Na-Na
cells. The cells with bare BASE exhibited fluctuating voltage profiles and quickly short-
circuited as shown in Figure 5.6a, which is attributed to the poor contact and non-uniform
plating-stripping. In comparison, the Na/Sn/BASE/Sn/Na cell presents a much more
stable electrochemical Na plating-stripping voltage profile with much smaller hysteresis
due to the significant decreased areal specific resistance (ASR) from the EIS spectra
(Figure 5.6a and 5.6b). The total ASR of the Na/Sn/BASE/Sn/Na symmetric cell is only

54 Q-cm?. This value is two orders of magnitude lower than that of the Na/BASE/Na cell
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(3359 Q-cm?) (Figure 5.6a), and is superior compared to previous reports of symmetric
cells. The EIS spectra were further interpreted by fitting Nyquist plots according to the
equivalent circuit shown in the inset of Figure 5.6b with the fitting parameters in Table
5.2. The characteristic frequencies of different electrochemical processes are employed to
identify the electrolyte bulk resistance (Ry), interfacial resistance (R;), and charge-transfer
resistance (R from the total ASR of the spectra.'”® The incorporation of an ultrathin Sn
interlayer at the Na/BASE interface dramatically lowers the R; and R to 9.6 Q-cm’ and

26.7 Q-cm’, respectively, indicating the interface modification approach presented here is

. . 156
comparable to those shown for interface-engineered garnet-type SEs.
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Figure 5.6 (a) Voltage profiles of the Na/BASE/Na cell. Inset: EIS spectrum. (b) EIS
spectrum of the Na/Sn/BASE/Sn/Na cell. (c¢) Voltage profiles of the
Na/Sn/BASE/Sn/Na cell.

Figure 5.6c shows the cycling stability of a symmetric cell at a higher current
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density of 0.5 mA cm . The cell exhibited an initial overpotential of a mere 30 mV with
no obvious increase in polarization after 1000 h. To the best of our knowledge, this is the
first report of Na/SEs/Na symmetric cells that can stably cycle at a high current density of
0.5 mA cm * and maintain a long cycle life of 1000 h. Such an outstanding stability of Na
plating-stripping behavior of the Sn-modified BASE demonstrates the advantages of
surface coating in improving the interfacial contact between Na metal anode and oxide
SEs.

Table 5.2 EIS spectra fitting of the symmetric cells shown in the inset of Figure 5.6a and

Figure 5.6b. Ry, R;, and R represent the resistance of the BASE bulk, the
resistance of the interphase, and the charge transfer resistance.

Symmetric Na cells Ry, (Q-cm”) R; (Q:cm’) Ry (Q-cm”)

Na/BASE/Na 40.6 3255 86.5

Na/Sn/BASE/Sn/Na  20.1 9.6 26.7

For the PTO-PEO composite cathode, Table 5.3 shows 50-fold increase in
interfacial resistance (R;) from 220 Q-cm’ to 10,800 Q-cm” when PEO is absent. These
results illustrate the important function of PEO in overcoming the challenges of cathode-
electrolyte interface in a functioning ASSMB.

Table 5.3 Fitting results for the EIS spectra shown in Figure 5.7a. In the equivalent

circuit, W represents the Warburg diffusion resistance. Ry, Rj, Ry, refer to the
same definitions as above.

Full cells Ry (Q-cm”) R (Qcm’) Ry (Qem’) W (Q-cm?)
Na/Sn/BASE/PTO 37.1 10,800 1430 5,030
Na/Sn/BASE/PTO-PEO 16.8 220 456 1,010
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Figure 5.7 (a) EIS spectrum and corresponding equivalent circuit. (b) Voltage profiles at
0.1C for 50 cycles. (c) Cycling stability and coulombic efficiency vs. cycle
number. (d) A comprehensive comparison with all reported ASSMBs.

PTO can deliver a high initial discharge specific capacity of 362 mAh g™’

and a

coulombic efficiency of 95% in Figure 5.7b. A stable cycling with 80% capacity retention

over 50 cycles and a high coulombic efficiency of ~100% are demonstrated in Figure

5.7c, in sharp contrast to the performance when liquid electrolyte is used. The presented

ASSMB successfully addresses the dissolution and shuttling issues. The finely tailored

cathode and anode interfaces, with low interfacial resistance summarized in Table 5.2 and

5.3, enable excellent rate capability (Figure 5.8).
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Figure 5.8 Electrochemical performance of an all-solid-state cell (Na/Sn/BASE/PTO-
PEO) using PEO as a cathode side interlayer measured at 60 °C. (a)
Galvanostatic voltage profiles and (b) cycling at different C rates.

At 0.5C, PTO can offer a discharge capacity of 180 mAh g, corresponding to a
power density of 220 W kg™'. Furthermore, the cell exhibits initial energy density of ~900
Wh kg calculated based on the cathode specific capacity of 362 mAh g ' (only the mass
of active material is considered) and the average voltage of 2.46 V vs Na/Na’, the highest

among all the reported ASSMBs using intercalation-type cathodes.
5.5 Conclusions

In summary, the dissolution and shuttling issues of high-capacity organic quinone-
based electrodes are addressed in this work by designing an all-solid-state battery. The Na
metal/BASE interface and the PTO cathode/BASE interface were effectively ameliorated
by introducing an ultrathin Sn metal interlayer and a mechanically compliant ionically
conductive polymer auxiliary agent, respectively. Due to the formation of Na;sSn, alloy
at the interface after Sn coating, the wettability of Na metal on BASE was obviously

transformed from sodiophobic to sodiophilic, and the cycling stability of the

88



corresponding Na symmetric cell was remarkably enhanced. In addition, PEO in the
cathode composite facilitates both intimate inter-particle and inter-layer contact. Our
approach has led to an organic ASSMB with a remarkably high energy density of 900 Wh
kg'. We believe that the proof-of-concept demonstration and interfacial engineering
approaches presented here can be extended to other SEs and organic cathodes to promote

the exciting development of ASSMBs.
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Chapter 6 Methods and Tools used in Solid-state Battery

Research

6.1 Solid-State Electrolyte Synthesis

Solid-state electrolytes (SEs) are the most critical component for the development
of solid-state batteries. Therefore, synthesis of high-quality SEs is one of the most
important skills for solid-state batteries researchers. The detailed illustration of synthesis
procedures for oxide-based SEs can be found in this review paper.”” Briefly, precursors
are mixed in stoichiometry ratio and pressed into pellets and finally sintered with high
temperatures. It is noteworthy that the lithium or sodium loss becomes very prominent at
such high sintering temperatures. To compensate the lithium or sodium loss of the oxide-
based SEs, the green SE pellets are typically covered with mother powders with the same
composition. Sulfide-based SEs are more deformable and therefore more readily
synthesized compared to oxide-based SEs. Mechanochemical-synthesis and solution-
synthesis are two main approaches for sulfide-base SEs synthesis and routines will be
described in 6.1.1 and 6.1.2.

6.1.1 Mechanochemical-Synthesis Method

Mechanochemical-synthesis via high-energy ball milling is the most popular way
for synthesizing sulfide-based SEs. For example, in the 75Li,S-25P,Ss binary system of
glassy Li-ion conductor, the glass modifier Li,S and glass former P,Ss were added into
the stainless-steel milling jar with the stoichiometry ratio. For a standard 250 mL milling
jar, two grams of precursor powders with milling balls (2 x ®15mm and 20 x ®10mm)

were tightly sealed in the milling jar and ball milled with the desired speed and time.
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Five-hundred rpm at 20 hours was the common recipe for yielding 75Li,S-25P,Ss glassy
electrolyte. During the tedious milling process, precursor powders are -easily
agglomerating and coated on the surface of the milling jar and balls, leading to an
insufficient mixing and deviation of the stoichiometric compositions. To solve this
problem, an initial low energy milling process with slow 300 rpm and 1 hour was applied
to achieve a sufficient mixing degree before the mechanochemical reaction. The high-
energy ball milling process in general yields glassy sulfide-based electrolytes which are
amorphous with a relatively ionic conductivity of 10~ ~ 10* S/cm.”™ The post annealing
treatment at or above the crystallization temperature of the as-synthesized SEs can
enhance the conductivity to 10*~10? S/cm by introducing the crystalline phases into the
amorphous structure and these types of SEs are usually called glass-ceramic sulfide-
based SEs (50-95 vol% crystalline) or ceramic (100 vol% crystalline) sulfide-based
SEs.”” To determine the annealing temperature, the differential scanning calorimetry

(DSC) measurement is usually conducted as shown in Figure 6.1.
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Figure 6.1 DSC measurement of the as-synthesized 75Li,S-25P,S;5 glassy electrolyte.

An obvious crystallization peak at 251°C provides the guidance for the annealing
temperature. A 2-hour vacuum annealing with 260°C temperature can form glass-ceramic

91



Li;PS, SE. To have a uniform heating process, the as-synthesized glassy SE powder
should be pressed into pellets before the annealing process.
6.1.2 Solution-Synthesis Method

Recently, many studies have reported the synthesis of sulfide-based SEs via
solution chemistry using liquid solvents as the mediums. It has several advantages such

2% The pioneering work is from Liu et al.*’,

as: scalability, low cost, and homogeneity.
who developed a wet-chemical method for synthesizing ceramic f-LisPS4. This
electrolyte was prepared with precursors of Li,S and P,Ss in tetrahydrofuran (THF). The
removal of THF from the LisPS4:3THF complex leads to the glassy LisPS4, the
subsequent heat treatment at 140°C convers the amorphous phase to a crystalline phase.
In addition to THF, various solvents have been applied to successfully synthesize
electrolytes such as acetonitrile (ACN),” 2*"2% | 2-dimethoxyethane (DME),”'> *'' and

ethyl propionate (EP).*"

In addition to the advantages mentioned above, the particle size
from solution-synthesized SEs is usually smaller and more uniform than that from the

traditional ball milling process, which will be discussed in 6.2.1.
6.2 Characterization of Solid Electrolytes

The as-synthesized SEs are not ready for battery fabrication until all important
properties have been properly characterized and meet requirements or reported values.
Four critical property characterization methods including particle size, crystalline
structure, ionic conductivity, and electrochemical stability window will be discussed in
the following sections.

6.2.1 Particle Size

The particle size can be characterized by SEM. Due to the moisture sensitivity of
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the sulfide-based SEs, these samples need to be sealed in an Argon-filled jar or transfer
box and quickly transferred to the SEM chamber to minimize the exposure to the air. The
smaller particle size is normally desirable and beneficial for improving the contact area
with active material and carbon to achieve a higher material utilization. However, due to
the possibility of electrolyte decomposition, a larger contact area may also lead to an
expectedly more severe electrolyte decomposition. Therefore, the size control can be
extremely crucial but most likely overlooked for battery fabrication. Figure 6.2 shows the

particle size from three synthesize methods.

Figure 6.2 SEM images of glass ceramic LisPS, electrolyte synthesized by (a) high
energy ball milling. (b) solution synthesized with THF. (c) high energy + low
energy ball milling followed by sifting.

It is obvious that the solution synthesized Li;PSs (Figure 6.2b) is more
advantageous than the traditional ball milling method (Figure 6.1a) as the particle size is
much smaller and more uniformly distributed. Further low-energy ball milling in an agate
jar with ~ 40 agate milling balls (500 rpm, 4 hours) and sifting can downsize the particle
to ~ 1 um (Figure 6.3c). Therefore, low-energy ball milling and sifting should be
considered as a routine for synthesizing SEs to maximize the contact area with other
components in the composite cathode.

6.2.2 Crystalline Structure

Crystalline structure can be examined by XRD. The purpose is to compare the
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peaks to the reported ones and identify the purity of the as-synthesized SEs. The sample
preparation is the tricky part for the XRD measurement. The SE powders are covered by
Kapton tape with small background peaks to prevent the exposure to the air. The peaks
must be scrutinized with the reference or PDF card before using for battery fabrication.
Figure 6.3 shows a comparison of XRD patterns between the reported LisPSs (Figure
6.3a)’" and the home-made Li;PS4 (Figure 6.3b). The as-synthesized glassy 75Li,S-
25P,Ss SE shows no crystalline peaks, indicating it has an amorphous structure. After
heat-treatment, glass ceramic Li;PS4 shows its characteristic peaks and our home-made
Li;PS4 exhibits the same peak position and relative peak intensities compared to the

reported one.
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Figure 6.3 The XRD patterns of the reported glassy 75Li,S-25P,Ss, glass ceramic LizPSy
(Figure 6.3a), and our home-made glass ceramic Li;PS4 (Figure 6.3b). Figure
6.3a is reprinted with permission from Ref. 213. © 2017 Springer Nature.

6.2.3 Ionic Conductivity
High ionic conductivity is the prerequisite for qualified SEs to provide fast ionic

transportation. To measure the time-dependent ionic conductivity, electrolyte (~150 mg)
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powder is first pressed into a dense pellet with 5 metric tons (375 MPa) for 5 min. The
copper nano-powder (30 mg) is sequentially dispersed on each side and co-pressed with 3
metric tons (225 MPa) for 5 min to improve the contact between the electrolyte and the
current collector. An AC perturbation of ~ 7 mV is applied to the system to excite the
internal dynamic feedback at different frequency range. The measurement starts from a
high frequency 1 MHz to a low frequency 0.1 Hz and the representative Nyquist plot is
shown in Figure 6.4a. The bulk resistance (R}) and grain boundary resistance (Rg,) will
show at high frequency range, and ionic conductivity can be calculated from the total

resistance (R) with the given thickness (L) and area of the electrolyte (4) as shown in

Equation 6-1:

L
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Figure 6.4 (a) The representative EIS spectra of solid electrolyte for ionic conductivity
measurement. (b) The temperature-dependent ionic conductivity of LizPS,.
Inset is the cell architecture for ionic conductivity measurement
As the electrodes on both sides are copper, which are electronic conductors, a

significant diffusion resistance is observed as a straight line inclined at a certain angle (or

so-called tail part) because the ionic diffusion was heavily impeded, indicating the ionic
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conductivity is the much more dominant part for the solid electrolyte. On the other hand,
if a certain electrolyte has a more dominating electronic conductivity measurement, there
will be no tail part in the EIS spectra as the electronic diffusion resistance will be
extremely small and the spectra will present like a full semi-circle.

Figure 6.4b shows Arrhenius an plot for LisPS, electrolyte. The activation energy
(E,) that indicates the barrier for Li-ion migration can be calculated from linear fitting
between the Inc versus 1/T. Then, the slope will be -E,/R, where R is the a constant equal
to 8.314 J/mol-K.
6.2.4 Electrochemical Stability Window

The electrochemical stability window (ESW) has been considered as the most
critical value for the new developed SEs as it determines the interfacial compatibilities
between electrode and electrolyte. Thermodynamically ESW can be calculated by DFT
but kinetically ESW is more accurate and directly related to the interfacial

compatibilities. The cell architecture for ESW measurement is shown as Figure 6.5.
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Figure 6.5 Cyclic voltammetry profile and cell architecture for electrochemical stability
window measurement.

The electrolyte (~150 mg) powder is first pressed into a pellet with 2 metric tons

(150 MPa) for 5 min. The hand grinded composite cathode consisting of electrolyte and
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carbon with 13:1 mass ratio will be sequentially dispersed on the top side and co-pressed
with 5 metric tons (375 MPa) for 5 min. The introduced carbon aims to improve the
contact area and increase the electronic conductivity for the composite cathode, reflecting
the accurate ESW. Finally, the Li foil is attached to the bottom side and pressed with a 20
inch-pound torque. The cyclic voltammetry (CV) measurement is conducted with a slow
scan rate (0.05 mV/s) and proper scan direction. For example, the upper voltage limit is
set to 5 V when examining the anodic stability window as shown in Figure 6.4. The
apparent anodic decomposition peak at 2.7 V indicates this electrolyte will be oxidized at

2.7V.

6.3 Anode Materials Synthesis

Li/Na metal are always the more desirable anode material than the corresponding
alloyed anode materials due to their lower potential to the standard hydrogen electrode
(SHE). However, not all electrolytes are stable against Li/Na metals. Therefore, it is
necessary to synthesis alloyed anode materials to be stable with electrolyte, although it
sacrifices the specific energy.

6.3.1 Na-Sn alloy

Na;sSny alloy is one the most common anode alternative for Na metal '8 Na;5Sny
has a potential of 0.1 V vs. Na'/Na and can be synthesized via a high-energy ball milling
process (500 rpm and 20 hours) with stoichiometry ratio.

6.3.2 Li-In alloy

LipsIn alloy is a widely used anode material to replace Li metal.”!* Tt has a

potential of 0.6 V vs. Li'/Li and can be synthesized as follows: Pieces of indium foil

(thickness of 0.3 mm, diameter of 9 mm) and lithium foil (thickness of 0.1 mm, diameter
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of 8 mm) are pressed under a pressure of 100 MPa.*"”

6.4 Size Reduction for Cathode Active Materials

Similar to the discussion in 6.2.1, the smaller cathode active material particle size
will have the larger contact area with electrolyte and carbon, improving the efficiency of
the percolation network and material utilization.

6.4.1 Ball-Milling Method

Low-energy ball milling is commonly used to downsize the particle. Instead of
using stainless steel milling jar and balls, an agate milling jar and ~40 milling balls will
be used for the low-energy ball-milling process. The common recipe will be 500 rpm
with 10 hours.

6.4.2 Precipitation Method

The chemical antisolvent precipitation method is another approach to get fine
particle. For example, 50 mg as-synthesized PTO active material can be dissolved in 13
mL of tetrahydrofuran (THF, anhydrous, >99.9%, Sigma—Aldrich) and quickly injected
into 70 mL of deionized water. After sonication for 10 min, yellow precipitates were
collected by centrifuging at 10,000 rpm for 15 min and subsequent vacuum drying
overnight. Figure 6.6 summarizes the PTO particle size evolution that is treated by ball-

milling and precipitation methods.

Figure 6.6 (a) As-synthesized PTO. (b) PTO-Micro pellet that treated by low-energy ball
milling process. (c) PTO-Nano rod that treated by precipitation method.
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6.5 Physicochemical Characterization Methods

The physicochemical properties of electrode and electrolyte materials have
recently attracted considerable attention as they are closely related to the performance of
solid-state batteries. Therefore, the characterization methods for mechanical properties,
percolation network, and chemical compositional information will be detailed in the
following sections.

6.5.1 Mechanical Properties Measurement by Indentation

Mechanical properties such as Young’s modulus and hardness reflects the
deformability for cell fabrication and the capability of achieving intimate contact between
electrode and electrolyte materials. The classic Oliver and Pharr indention method that
was developed in 1992 is still in use today.'*” The modulus and hardness were extracted

from the load-displacement curves as shown in Figure 6.7.
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Figure 6.7 The load-displacement curve for an indentation experiment. Reprinted with
permission from Ref. 149. © 1992 Materials Research Society.

FE and v are Young’s modulus and Poisson’s ratio for the sample and E; and v; are

the parameters for the indenter in Equation 6-2:
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(6-2)

the S = dP / dh in Equation 6-3 is the measured stiffness of the upper portion of the

unloading data and A4 is the contact area:

dpP 2
=— =" EVA -

S
Therefore, the Young’s modulus can be derived by measuring the unloading

stiffness S. The hardness is defined as the maximum applied load Pp,.x divided by the

corresponding contact area A as indicated in Equation 6-4:

Pmax
H = m (6—4)
In our experiment, indentations under displacement control at a maximum depth
of 1000 nm were conducted at 10 different locations using a standard Berkovich tip. The
loading, holding, and unloading time is 10 s, 5 s, and 10 s, respectively. The sample
powder was pressed with 5 metric tons (375 MPa) for 10 min into a dense pellet for
minimizing the microcracks and gaps. The load-displacement curve of the NasPS, solid-

state electrolyte is shown as Figure 6.8.
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Figure 6.8 Load-displacement response of indentation of Na;PS,.
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6.5.2 Morphological Characterization by Focused-Ion-Beam Scanning Electron
Microscopy and Three-Dimensional (3D) Reconstruction

A highly percolated ionic/electronic pathway in the composite cathode is required
for achieving high-performance solid-state batteries. A quantitative analysis of the
composite cathode with the 3D reconstruction technique provides the direct evidence of
the microstructure of the composite cathodes. Figure 6.9 shows a flow scheme for a
quantitative analysis using the 3D reconstruction technique. A cross-sectional composite
cathode consisting of an active material and a solid electrolyte was first polished by
focused ion beam in the directional perpendicular to the prepared sample, and the SEM
image of the milled surface was taken at an angle of 52°. The region marked with a red
dashed rectangle was selected as the area for the following 3D reconstruction (Figure
6.9a). Continuous slicing and imaging were performed 200 times with 50 nm intervals
followed by the image alignment (Figure 6.9b). The obtained consecutive images were
segmented based on the different gray-scale contrast and stacked to reconstruct a 3D
volume microstructure of composite cathode including three components: solid

electrolytes, active materials, and pores (Figure 6.9c¢).
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Figure 6.9 (a) Cross-sectional SEM image of the composite cathode. (b) Acquisition and
align of consecutive SEM images. (c¢) 3D reconstruction of the composite
cathode

6.5.3 Chemical Compositional Analysis by Time-of-Flight Secondary Ion Mass
Spectrometry (ToF-SIMS)

ToF-SIMS provides detailed elemental and molecular information about surface,
thin layers, interfaces, and full 3D analysis of the samples. For ToF-SIMS analysis, a
solid sample surface is bombarded with a pulsed primary Bi ion beam as shown in Figure
6.10. Both atomic and molecular ions are emitted from the outermost layers of the
surface. These ions are accelerated with negative or positive bias and are collected and
analyzed with a time-of-flight detector. A sputtering ion beam (Cs~ with 1 keV ion

energy) was used for depth profiling. To minimize air exposure, all samples were
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transferred from an argon-filled vessel to the analysis chamber. In my recent published

work,'® ToF-SIMs was used to analyze the interfacial decomposition products during

battery cycling as shown in Figure 3.5f.
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Figure 6.10 The schematic setup of ToF-SIMS.

6.6 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) can determine both the resistive

and capacitive properties of materials. It has been widely used for analyzing

ionic/electronic properties for electrode and electrolyte materials and interfacial diffusion

resistance at the electrode-electrolyte interfaces for solid-state batteries.
6.6.1 Electronic Conductivities Measurement of Solid-State Electrolytes

The ideal solid electrolytes should have a high ionic conductivity but a negligible

electronic conductivity. However, a recent study from Wang et al. reported that the high

electronic conductivity could be the origin of the lithium dendrite formation.*'

Therefore, the electronic conductivity measurement is as important as the ionic

conductivity measurement. The cell architecture for electronic conductivity measurement
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has been shown in the inset of Figure 6.4b and a DC voltage of ~ 0.1 V will be applied at

the cell for usually one hour.
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Figure 6.11 The representative current-time curves for electronic conductivity

measurement. Reprinted with permission from Ref. 216. © 2019 Springer
Nature.

With the ionic blocking electrodes of copper at both sides, the steady current can
only be contributed from an electronic current. As shown in Figure 6.11, the electronic
conductivity of Li;PS4 at room temperature is 2.2 x 10° S/cm, which is three magnitude
higher than the ideal electronic conductivity of ~10™* S/cm for solid electrolyte.

6.6.2 In-Situ EIS Measurement at Various State-of-Charge

In-situ EIS measurement is an informative tool to reveal the interfacial evolution
during cell cycling (Figure 3.5a). The experimental details can be found in section 3.2.4.
Here, I want to introduce how to extract the Warburg coefficient from the raw EIS
spectra. During the discharge process, the EIS measurement was conducted at five
different discharge potentials and their corresponding EIS spectra are shown in Figure
6.12a. The Warburg coefficient 4y, which indicating the ionic diffusion resistance at the

interface, can be obtained by plotting the real impedance against the reciprocal of the
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square root of the frequency. The value of the slope from linear fitting in the low
frequency range (1 Hz — 0.1 Hz) is the Warburg coefficient as shown in 6.12c. Figure

6.12b and 6.12d show the EIS spectra and corresponding linear fitting during charge

process.
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Figure 6.12 EIS spectra during (a) discharge and (b) charge process and their
corresponding real part resistance versus minus square root of frequency
during (c) discharge and (d) charge process.

6.6.3 Ionic/Electronic Conductivities Measurement of Cathode Active Materials

It is also important to investigate the ionic/electronic conductivities of cathode
active materials to design the optimum composition of the composite cathode. For
example, LiCoO; has decent electronic conductivity of ~ 107 S/cm. Therefore, the carbon
is usually not necessary for the LiCoO,-contained composite cathode.

For the electronic conductivity measurement for active material, the cell

architecture and test method are the same as above-mentioned as shown in Figure 6.13a.
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Figure 6.13 DC polarization curves for (a) electronic conductivity measurement and (b)
ionic conductivity measurement of active material. Reprinted with
permission from Ref. 217. © 2017 Elsevier.

For the ionic conductivity measurement, same DC bias will be applied but the
electrodes will be replaced by the electron blocking electrodes, such as solid electrolyte
Li;PS4 as shown in Figure 6.13b. The Li metal on both sides provide the Li source.
Therefore, the steady current after 1 hour can be only contributed from ions

transportation.
6.7 Full Cell Fabrication

6.7.1 Dry Mixing of Composite Cathodes for Bulk-Type Cells Fabrication

The electrochemical performance and cell architecture strongly depend on the
processing approach of the composite cathode. Two categories of the composite cathodes
are fabricated. Traditionally, dry mixing the active material, solid electrolyte, and carbon
with a desirable mass ratio in an agate mortar with 10-15 min can form the composite
cathode for fabricating solid-state batteries. It is noteworthy that the composite cathode

can also be prepared by ball milling or freeze milling with a higher mixing degree.
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However, it significantly depends on the compatibility between the active material,
electrolyte, and carbon. The ball milling or freeze milling with much higher energy than
hand grinding may lead to more severe decomposition. Then, ~150 mg of the solid
electrolyte powder is pressed into pellet with 2 metric tons. The as-prepared composite
cathode is then distributed uniformly on top of the electrolyte and co-pressed with 5
metric tons to achieve an intimate interlayer and interparticle contact. The anode
materials such Li/Na metal will finally be attached to the bottom of the electrolyte and
then pressed with 20 inch-pound torque and sealed with vacuum grease to prevent the air
exposure. This type of solid-state battery is called bulk-type solid-state battery, which
used a compressed powder pellet with the thickness of several hundred micrometers as a
solid electrolyte separator.
6.7.2 Wet Mixing of Composite Cathodes for Sheet-Type Cells Fabrication

To increase the cell-level specific energy, the electrolyte thickness must be
reduced to bring solid state batteries to reality as discussed in section 2.2.2. For this
reason, the sheet-type solid-state batteries were recently attracting more attention by
introducing binders into the electrolyte to provide mechanical strength during battery
fabrication. Typically, the composite cathode slurry was prepared by wet-mixing the
active material, solid electrolyte, carbon, and binder with the desirable mass ratio into
solvent that can fully dissolve the selected binder. The solvent here plays a very important
role as the electrolyte must not react with the selected solvent and the binder must exhibit
a decent solubility into the solvent. The cathode slurry then coated on current collector
using the tape-casting technique, followed by vacuum drying to remove the solvent.

Similarly, the solid electrolyte slurry that containing solid electrolyte and binder are
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dispersed uniformly in the solvent and directly tape-casted on top of the as-prepared
cathode layer, followed by the same drying procedure as the composite cathode layer.
Finally, the anode foil is attached and co-pressed. This type of solid-state battery is called
a sheet-type solid-state battery with less than 100 micrometers thickness electrolyte,
significantly reducing the weight of the cell and increasing the cell-level specific energy.
The comparison in terms of the fabrication procedures between bulk-type solid-state

batteries and sheet-type solid-state batteries is shown as Figure 6.14.

<Dry mixing-based process> <Solution-based process>
composite cathode composite cathode
Active material (NCM811) 60 wt%
Active material (NCM811) 60 wt% Solid electrolyte 35 wt%
Solid electrolyte 35 wt% 75Li2S-25P2Ss)
(75Li2S-25P2Ss) enka black 3 wit%
Denka black 5 wt% Binder (NBR) 2 wt%
Solvent ( p-Xylene)
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Figure 6.14 The comparison of fabrication procedures of bulk-type and sheet-type solid-
state batteries. Reprinted with permission from Ref. 75. © 2017 The
Electrochemical Society.

6.8 Symmetrical Cell Fabrication

The purpose of fabricating symmetrical cell is to measure the anode stability at
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the anode-electrolyte interface. The solid electrolyte (~ 150 mg) will be first pressed into
a dense pellet. If the anode material is Li or Na foil, it can be punched with the area of 1.3
cm’® and directly attached to both sides of solid electrolyte pellet and pressed with 10
inch-pound torque. If the anode material is alloy powder, it needs to be distributed on
both sides of electrolyte and co-pressed with 5 metric tons and pressed with 20 inch-

pound torque for the test.
6.9 Full Cell Testing

For full cells testing, galvanostatic cycling is the typical method. The cycling
current can be calculated by multiplying the theoretical capacity of the active material,

active material loading in the composite cathode, and cycling C-rate.
6.10 Symmetrical Cell Testing

The anode stripping (negative current) and plating (positive current) process is
taking place with designated current density and time. Typically, the test will begin with a
relatively small current density of 0.1 mA/cm? and short time of 1 hour (capacity of 0.1
mAh/cm?). If the voltage profile is shown as Figure 4.6, it indicates the anode is not
stable against electrolyte as the areal specific resistance (ASR) keeps increasing. ASR
(ohm-cm?) can be calculated as voltage (mV) divided by current density (mA/cm?). The
trend of ASR is the key to reflect the anode stability. If the ASR maintains constant at low
current density and capacity, a higher current density can be applied and intermittently
increased until the voltage profile exhibits a characteristic “peaking” shape, indicating a
soft short-circuit is occurring. The voltage will gradually be decreasing and eventually

becoming very stable with very small ASR, indicating the cell short completely.
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Chapter 7 Summary and Outlook

7.1 Summary

This dissertation reports various electrode materials, electrolyte materials, and cell
architectures to develop high-energy and long-cycle-life solid-state batteries for
application in energy storage. | have demonstrated the effect of interfacial compatibilities
between electrode and electrolyte on the battery performance and the approaches to
achieve excellent compatibilities by using innovative active materials, electrolyte, and
modified cell architecture.

This study starts from the urgent needs of the advanced energy storage system and
the advantages of the solid-state batteries over the traditional liquid-based batteries. The
motivation and the concept of developing solid-state batteries are discussed in Chapter 1,
with a focus on features of solid-state batteries such as high safety, high energy, and
unique architecture. Chapter 2 reviews relevant literature based on emerging solid-state
electrolytes, architecture design, fabrication approaches, and large-scale fabrication
challenges for solid-state batteries. The correlations between these perspectives and
battery performance are revealed and the fundamental concept of these factors is
deliberated. The main hurdles regarding interfacial incompatibilities of developing high-
performance solid-state batteries are illustrated and the corresponding failure results
related to interfaces are analyzed.

Chapter 3 begins with a detailed study on taming active material-solid electrolyte
interface to achieve high-performance solid-state batteries by using organic cathode

material. The quinone-based organic active material pyrene-4,5,9,10-tetraone (PTO) with
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a higher theoretical specific capacity and a higher working potential can further improve
the specific energy in solid-state batteries. PTO has a moderate redox potential (2.2 V vs.
Na'/Na) that aligns with the electrochemical stability window of Na3;PS,, ensuring a
reversible electrolyte oxidation with controlled resistivity. Additionally, PTO’s
mechanical properties are first revealed by nanoindentation technique. The Young’s
modulus of PTO (4.2 + 0.2 GPa) is approximately two orders of magnitude lower than
that of oxide cathodes (100-200 GPa), which promises effective accommodation of
interfacial stress and intimate inter-particle contact upon cycling, contributing to the
excellent cycling stability. All above-mentioned advantages of PTO enable the PTO-
based solid-state sodium-ion batteries to deliver a specific energy (587 Wh kg ™' at 0.1C),
a specific power (335 W kg™ at 1C), and 89% capacity retention over 500 cycles at 0.3C.
This organic compound as cathode material opens a new opportunity to realize a stable
electrode-electrolyte interface for enhancing performances of solid-state batteries, and it
can be also applied to other all-solid-state energy storage system.

Chapter 4 focuses on developing new oxysulfide electrolyte for improving anode-
electrolyte interfacial stability. An oxysulfide NasPS;0 glassy solid electrolyte that shows
distinctive ability to form a defect-free and robust structure that excludes the possibility
of grain-boundary dendrite penetration in oxide-based solid electrolytes, and substantial
chemical/electrochemical stability that addresses the challenge of continuous interfacial
decomposition in sulfide-based solid electrolytes. Systematic structural characteriztions
reveals that compared with pure sulfide-based solid electrolytes, the oxygen is introduced
into the PSy structure units, leading to the formation of more oxide and oxysulfide units

with bridging-oxygen characteristics. The unique structure and properties of the new
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solid electrolyte enable hitherto the best cycling stability with Na metal over all the other
known solid electrolytes. Furthermore, an ambient-temperature Na-S battery with
Na;PS;0 demonstrates the highest yet reported energy density (1819 Wh kg ') among all
the current sodium batteries. This study provides a very promising avenue of research
towards the development of high-performance solid-state sodium metal batteries, and to
all emerging solid-state batteries in general.

Chapter 5 solves the interfacial stability challenge by replacing sulfide electrolyte
with oxide-based electrolyte with the wider electrochemical stability window and
develops solutions to address interfacial contact challenges by introducing auxiliary
wetting agents at the interlayers. I for the first time demonstrates an all-solid-state cell
based on an oxide-based solid electrolyte (beta-alumina solid electrolyte, BASE), which
not only enables PTO to deliver the highest energy (ca. 900 Wh kg™ at the material-level)
but also offers a sodium metal anode the best cycling stability (1000 h at 0.5 mA cm °) to
date among the reported all-solid-state sodium metal batteries (ASSSBs). This work
represents the first use of organic redox materials in oxide-based solid-state sodium
batteries. The study establishes effective interfacial modifying strategies for developing
high-performance solid-state sodium metal batteries, and to all emerging solid-state
batteries in general.

Chapter 6 summarizes all fundamental and advanced methodologies that I used
for solid-state batteries research. Numerous characterization techniques such as
electrochemical impedance spectroscopy, DC polarization methods, focused-ion-beam
scanning electron microscopy (FIB-SEM), nanoindentation, and time-of-flight secondary

ion mass spectrometry (ToF-SIMS) are discussed. The fundamental synthesis methods for
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electrode and electrolyte, processing procedures for the composite cathodes, and

fabrication approaches for solid-state batteries are also introduced.
7.2 Outlook and Future Directions

Even with the promising results for developing solid-state batteries by above-
mentioned approaches, realizing high-performance solid-state batteries remains
challenging due to the high interfacial impedance. Addressing these issues requires a
clear understandings and quantitative analysis of the chemical compositions and
microstructure of the composite cathode, which however remain elusive. One of the
future directions will be researching, developing, and demonstrating a systematic
diagnostic technique combining chemical and structural information interfaces using
time-of-flight secondary ion mass spectrometry (ToF-SIMS), focused ion beam scanning
electron microscopy (FIB-SEM), 3D volume reconstruction. Successful demonstration of
these diagnostic tools will provide us unprecedented details of the interfaces, their
influences on battery performances, and possible ways to optimize them.

I have already initiated the morphological characterization by combining FIB
milling and 3D reconstruction. As shown in Figure 6.9, the 3D reconstruction clearly
shows the percolation network of the composite cathode and provides a clear angle for
conducting further analysis such as: volume ratio, connectivity, porosity, and tortuosity,
which are the key properties for achieving an effective ionic/electronic conducting
network. This quantitative analysis will provide us a guidance for optimizing the
processing and fabrication approaches for solid-state batteries with the improved
performance. With this technique, we can bridge the knowledge gaps between the

mechanical/morphological/compositional and electrochemical performance in the
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conventional solid-state battery interface studies, and enables the establishment of a
general model for the electro-chemo-mechanical effects on the solid-state batteries.

I have demonstrated the organic cathode material PTO with high specific energy
at active material level in the detailed work in Chapter 3 and Chapter 5. To bring these
organic cathode-based solid-state batteries close to the practical application, we need to
focus on translating the active material-level high specific energy to the cell level in the
future. There are two proposed approaches: 1) exploring ways to increase the active
material ratio (from the current 20 wt % to 70 wt%) and areal loading (4 mAh/cm?) in the
composite cathode; 2) reducing the thickness of solid electrolytes and developing the
fabrication routine for the sheet-type solid-state batteries for achieving this goal. I have
two hypothesis towards the current issue of low active material ratio and the relating
solutions will also be briefly discussed.

One of the possible reasons for the low active material ratio issue may be due to
the insulating properties of most organic cathode materials, which is very similar to the
sulfur as a cathode material. Therefore, in both sulfur and organic cathode cases,
excessive amount of solid electrolyte (>50 wt %) and carbon (~20 wt %) are needed to
compensate the insulating natures of active materials. In contrast, inorganic cathode
materials such as LiCoO, and LiNiysMng ;Co¢ 10, have decent electronic conductivity of

7 resulting in high active material ratio

~10" S/cm and ionic conductivity of ~ 10 S/cm,’
in the composite. Therefore, organic cathode materials possess good ionic and electronic
conduction properties (mixed conductor) should have the potential for increasing the

mass ratio and cell-level specific energy.

In addition to the insulating properties of organic electrode materials, the
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insufficient percolated network due to the poor solid-solid contact in the composite
cathode also limits the mass loading of the organic cathode materials. The solution
processed method for fabricating composite cathode can possibly solve this challenge by
achieving an intimate solid-solid contact, which can be realized by coating the dissolved
solid electrolytes onto active materials,”'® or directly infiltrating solution processed solid
electrolytes intor the porous composite cathode.”® By doing this, the interfacial contact
can be improved by excluding any cracks and pores at the electrode-electrolyte interface,
leading to the higher material utilization.

Solid-state batteries have experienced fast growing interest. However, the
understanding of interfacial incompatibilities, cell architecture, and performance are still
at an early stage. The transition from conventional bulk-type solid-state batteries to sheet-
type solid-state batteries is very critical to improve the cell-level energy. Major efforts are
required for a objective evaluation of the technological fugure of solid-state batteries. I
hope this dissertation make a humble but meaningful contribution in the progress for

developing high-performance solid-state batteries.
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