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Abstract

Solid electrolyte batteries are generally safer than traditional liquid electrolyte batteries. A promising
solid electrolyte is LisPSsCl argyrodite for a lithium ion battery. However, it has instability in the active
material and electrolyte interphase that will lead to an increase in impedance and rapid capacity loss.
This thesis will focus on doping stable salts of LiCl and LiF in the argyrodite for a solid state lithium ion
batteries to study the effect of stability of the interphase with active material of NCM 622.

The synthesis of pristine and doped argyrodite was carried out. With XRD analysis, it is discovered
that side phases and unreacted precursors are present. These include: LiCl, Li,S, Li;PO,, Li,PS;, and
LiOH. Li;P is produced during battery cycling. Hence, the argyrodite is not as pure as expected. Nev-
ertheless, since all the argyrodites synthesized have side phases, the experiments are carried out.

Electrochemical Impedance Spectroscopy (EIS) is carried out for each synthesized argyrodite to
determine the ionic conductivity and give an estimation of which argyrodite will decompose faster. LiCl
doped Li,PS<Cl was estimated to decompose slower, but will have lower resistance than of pristine. In
contrast, LiF doped LisPSsCl will decompose faster but have higher resistance than pristine LigPS<Cl.

The cell of: NCM 622, Li,PS;Cl, C / Li;PS;Cl / In are cycled with constant C-rate, with the
doped LigPS;Cl being used in the cathode mixture. Pristine LizPSsCl will always be used as the separa-
tor of anode and cathode. From the electrochemical data from the Maccor, it is found that LiCl doped
Li,PS<Cl reduces the specific capacity retention despite more mobile ions expected. This could be due
to poor interphase contact. This reasoning and the lower rate of reaction from EIS analysis could also
explain the lower chemical degradation for the LiCl doped LigPS;Cl than of pristine LigPS;Cl.

The lesser amount of LiF doped LisPSsCl decreases the specific capacity retention of NCM 622 which
reflects on the EIS analysis. The higher amount of LiF doped Li;PSsCl however improves the specific
capacity retention which is comparable to of pristine Li;PS<Cl despite the lower ionic conductivities.
This could be due to similiar composition or the higher rate of decomposition which affected the elec-
trochemical performance.

Another type of battery is cycled without the cathode active material of NCM 622. In this case,
the pristine LigPS:Cl is shown to have a large increase in specific capacity which indicates electrolyte
decomposition. For lesser amount of LiCl doped LisPSsCl, the specific capacity is less than pristine
Li,PSsCl which could mean that the decomposition is lower. For the more LiCl doped LisPS:Cl, de-
composition occurs as there is an increase in specific capacity. LiF doped LisPSsCl generally have no
increase in capacity which suggests that there are little decomposition.

An alternative doping method was carried out and determined that ionic conductivity was lower and
degradation rate would be higher. With additional 5% LiCl doping, the cycling performance is worse,
which could also be the result of poor interphase or interphase stability. In contrast, with additional
10% LiCl doping, the cycling performance is improved with better specific capacity retained. However,
it shows significant chemical degradation even with fewer cycles overall.

Further recommendations to improve the overall outlook of this research, which includes improving
on purity of Li;PSsCl through better synthesis. Additionally, further analysis of TEM, XRD in operando
mode, EDS, and EDS with SEM could be carried out. Alternatively, coating with LiCl and LiF as opposed
to doping method could be looked into.
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Introduction

Lithium ion batteries are a form of energy storage used for a wide range of applications such as re-
newable energy storage, mobile phones and electric vehicles. As most renewable energy sources are
intermittent, thus the energy supply might not necessarily match with the demand at any time. Energy
storage, especially batteries may be among the solution of the main problem of renewable energy.
Lithium ion batteries have advanced rapidly in the last two decades with long cyclic stability and in-
creased energy density. These are ideal for applications stated.

Solid state batteries, unlike the traditional liquid electrolyte batteries have the advantage of being
generally safer. An increasingly popular electrolyte, Argyrodite are generally unstable as it degrades
electrochemically during cycling. Lithium Chloride (LiCl) which is a precursor to the chloride argyrodite
is a chemically stable salt. Lithium Fluoride, LiF is even more stable salt compared to LiCl. Therefore, in
theory it is possible to coat argyrodite with these salts to prevent direct contact with the active material
to slow down decomposition of the argyrodite. However, to simplify the addition of LiCl or LiF salts,
doping method is used.

This research will focus on the interphase of the half cell battery of Lithium Nickel Cobalt Mangenese
Oxide (Li(Niy ¢ Coy,Mny,5 )O, or NCM 622) and doped chloride argyrodite (Li;PSsCl). As this argyrodite is
unstable during cycling, it will also focus on using the argyrodite with carbon black as a cathode mixture.

This thesis will begin with the theoretical background to understand the methods or concepts used.
The main part of experimental analysis and discussion will be separated into three main parts. First, in
preparation for the battery assembly, the argyrodite synthesised and NCM622 will be analysed. Sec-
ond, is of the actual cycling of the battery, where electrochemical data is analysed. Third, focuses on
post cycling of the battery where an Ex-situ analysis is carried out.

The research questions for this thesis will include the following:

e What is the method used and how to determine the quality of the synthesised Li6PS5CI?

e What is the effect of the addition of LiCl or LiF in terms of cycling of battery performance? Why
is the performance of addition of LiCl or LiF different as opposed to of using pristine argyrodite.

o Will LiCl or LiF affect the side reactions of the degradation of the argyrodite during cycling or
synthesis? Is it better to neglect the active material of NCM622 to further understand the effect?

» Will changing the method of LiCl or LiF addition affect the synthesis composition or the cycling
performance?






Background Theory

This chapter will explain and summarize and review the literature used to develop this thesis. First, it
briefly describes solid state batteries in general along with the properties of the materials used which
are: argyrodites (with more focus on LigPS<Cl), LiCl, LiF and NCM622, and Indium. In addition to
that, this chapter will explain the theory and principles of the measurement instruments used of X-ray
Diffraction (XRD) and Electrochemical Impedance Spectroscopy (EIS).

2.1. Solid State Lihtium Ion Battery

As of today, Lithium ion rechargeable batteries have been successfully commercialized and has become
a reliable power source. In Li ion rechargeable batteries, the cathodes that store lithium ions through
electrochemical intercalation must contain suitable lattice sites to charge and discharge working ions
reversibly. Hence, robust crystal structures with sufficiently strong storing sites are crucial to produce
a material with stable cyclability and high specific capacity. Additionally, a cathode with high electro-
chemical intercalation potential would result in a high energy density with a given anode. This is due to
the energy density of the device is the product of the specific capacity of the electrode materials and the
working voltage which is the differential electrochemcial potentials between the cathode and anode.[1]

The energy and power density of a battery are two essential parameters to evaluate its practical
performance. Previous studies on various nanostructured cathode and anode materials with a large
surface area and short solid state transport distance shows enhanced power density and better cyclic
stability. Also, the energy storage performance has been improved with addition of thin (typically in
nanometers scale) and porous carbon materials such as film, nanotubes and graphene on nanostruc-
tured cathode or anode materials. These carbon materials can act as electrically conductive additives,
structural stabilizers, reactive precursors, or catalysts for storage performance. However, these en-
hancements are limited by the lithium ion storage capacity and the cell potential. The storage capacity
is determined by the amount of Li ions that can be inserted and extracted reversibly under operating
conditions of the battery. [1]

For Li-ion batteries, the main type of degradation are capacity fade and power fade. There are
several factors of the declination of capacity such as formation and/or growth of the SEI layer on the
graphite anode/electrolye interphase, loss of active materials due to instability of structure and chem-
istry, and Li plating at low temperature or over-charge conditions. Overall, these processes lead to a
consumption of lithium inventory which results in decrease of cell capacity. Another degradation of
power fade us mainly associated with the rise of internal impedance. The factors of cell impedance
increase includes the formation/growth of the SEI layer on the anode/electrolyte interphase, the for-
mation/growth of passivation layers at cathode/electrolyte interphase, loss of contact between cell
components, the reduction of conductivity of the composite binder, and the reduction of electrolyte
conductivity due to electrolyte decomposition. [2]

The traditional Li ion Batteries with organic liquid electrolytes have safety issues because of the po-
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tential electrolyte leakage and thus flammability. Unlike liquid electrolytes, solid electrolytes provides
a safer alternative as it is non-flammable and has a better gravimetric and volumetric energy density
due to its reduced packaging demands. It is important to note however that generally, solid electrolyte
in a solid state batteries has a lower ionic conductivity than of conventional organic liquid electrolyte. [3]

In order to achieve good performance, the solid electrolyte needs to have a high ionic conductivity

with a low electronic conductivity which mitigates the electron transport. This prevents self discharge
of batteries. A stable interphase between the electrodes and electrolytes are also preferred. [4]

2.2. Argyrodite

Argyrodites, which are named after the mineral AggGeS, has a general formula of AT (M™+Y27)Y2- X5

12—-m— 2
where A*=Li*, Cu*, Ag*; M™*= Si*+, Ge*+, Sn**, P5+ AsS*; Y2~ = 027, S, Se?, Te*~; X~ = CI-,
Br=, I7; 0 <x <2. As first reported by Deiseroth group, lithium argyrodites are a promising candidate
for solid electrolytes. [4]

Argyrodites with the general formula of Li;_,PSe_.X, (0 £x <1; X= Cl, Br, or I) have high Lithium
ions (Li*) conductivity which is an ideal characteristic for an electrolyte. Li;PScCl argyrodite especially
has a high conductivity (¢ = 1.33 x 1073 S cm™! at 25 9C) and has a lower cost than sulfur based
solid electrolyte consisting of germanium (Ge) which makes it a promising electrolyte in a solid state
battery.[5]

However, it is generally observed that argyrodite undergoes a rapid capacity loss due to a suspected
active material and electrolyte interface instability which leads to an impedance increase[5]. It is found
that argyrodites share the same critical decomposition as expressed as Equation 2.1[4]. Applying this
reaction for LisPSsCl, the expression is related to equation 2.2.

LiyyyomM™ Sg_ X, < Lig_mM™* S, + (2 — x)Li,S + xLiX (2.1)

LigPSsCl <> LizPS, + Li,S + LiCl (2.2)

In addition to that, it is found that lihtium argyrodites decompose in moisture as it has negative
dissociation energies. Phosphorus and silicon argyrodites are highly sensitive to moisture. Also, the
vulnerability of hydrolysis only slightly decrease with the increase of the size of the halogen atom. The
critical reaction for this case expressed in equations 2.3 and 2.4.[4]

Li;_xPSe_xXy + (8 — 2x)H,0 > xLiX + LizP0O, + (6 — x)H,S + (4 — 2x)LiOH (2.3)
LigPSsCl + 6H,0 «> LiCl + LisPO, + 5H,S + 2LiOH (2.4)

2.3. Doping, Lithium Chloride and Lithium Fluoride

Doping is a widely used method to change certain physical and/or chemical properties by small addi-
tion (typically less than 1%) of one or more compounds or elements. The position of the dopant (the
doping agent) is not necessarily known. [6] [7]

In this thesis, Lithium Chloride (LiCl) is chosen as a dopant for the argyrodite as it is the most stable
among the LigPSsCl precursors. Lithium Fluoride (LiF) is also researched on as a doping material due
to its similar crystal structure and chemical properties to LiCl.

Chlorine (CI) And Fluorine (Fl) belong to Group 7, which is also known as halogens in the periodic
table as shown in 2.1. Halogens are a high electronegative group, which means it is very stable once
it accepts an additional electron to form an anion (X~). Lithium metal (in Group 1) in contrast, has a
low electronegativity and will likely to donate an electron (Li*). In the formation of LiCl and LiF, Fl and
Cl will accept an electron from a lithium metal. This type of bonding is known as ionic bonding. [8]
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As fluorine is positioned the highest of the group 7 in the periodic table, it has the least electrons
rings, and thus the least shielding, which makes it very stable due to forces from the nucleus. Chlorine
has an additional shielding from an additional electron ring, which makes it less stable than fluorine.
Cl~ is more polarizable than F~, which means that it has greater ease in electron density distortion
towards the cations. Thus, F~ has greater ionic character than CI=. Thus, LiF salt has stronger ionic
bonds than of LiCl, and thus when reacted with reactants, LiCl will react with reactants to form LigPSsCl
as opposed to LigPSsF. [8]

Group 7: Halogens

H He
|

Li [Be B|C|N O[F [Ne

Na|Mg Al |Si P |sS |Cl|Ar
|

Co | Ni (Cu|Zn Ga|Ge As| Se | Br|Kr

K |Ca|Sc Ti V |Cr Mn| Fe

Rb|Sr| Y |Zr [Nb|/Mo| Tc Ru‘Rh Pd|Ag | Cd|In |Sn|Sb Te | | |Xe

Ir | Pt [Au/Hg| Tl |Pb| Bi |Po|At|Rn

Cs Ba‘ ‘Hf Ta| W Re|Os

Fr |Ra

Figure 2.1: Periodic table with Group 7 highlighted [9]

It is worth noting that in the first intuition is that the argyrodite of Li;PS<F is formed if the reactant
of LiF is used instead of LiCl from Reaction 3.1. However, it is nearly impossible to have a fluoride
argyrodite due to the strong stability and ionic bonding of LiF. Furthermore, there are no papers which
mentions formation of fluoride argyrodites.

2.4. NCM as an Active Material for Cathode

Transitional metal oxides as a cathode material have many advantages as their variable valence states
facilitate more electron-storing sites[10]. This includes Li(Ni,Co,,Mn,)O, (where x+y+2z=1) also known
as NCM which is a promising cathode material. This is mainly due to NCM generally have higher specific
capacity than a well used cathode active material, Lithium Cobalt Oxide (LCO). NCM also have a lower
cost due to less cobalt content is required in LCO. Li(Niy33C0g33Mng35)0, (or NCM 333) is typically
used in the battery market. Recent studies show that NCM showed reversible specific capacity as high
as 234 mAh/g and good cycle stability even at 50°C [11]. The bulk material for a nickel-rich layered ox-
ide Li(Ni, Co,.1Mn, ;)0 has a higher energy density as higher nickel content allows for higher lithium
extraction without structure deterioration. [12]

In several literature, the degradation of NCM is well documented. Its’ capacity fade is mainly due
to the loss of lithium inventory caused by SEI layer formation/growth at the anode, and loss of the
active material at the cathode. In the case of NCM 622 (or NMC 622) is illustrated in Figure 2.2 from
a literature that confirms both power fade and capacity fade occurs. Figure 2.2(a) shows the CV curve
shifts to the left with increasing number of cycles which confirms the power fade, and Figure 2.2(b)
shows that it does not retain its capacity with increasing number of cycles which proves that capacity
fade occurs at much later cycles. [2]

In this thesis, Li(Niy ¢Cog,Mng )0, also known as NCM 622 is used.

2.5. Indium metal

Indium metal is used in this thesis as the counter anode. Indium metal is uniform and self-healing.
The chemical composition of Indium generally remains the same while being physically intact. Hence
it is a stable counter electrode. [13]
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Figure 2.2: (a) 1C and C/3 discharge curves; (b) C/3 capacity retention at room temperature as a function of cycle number for
NCM622/graphite cells with NCM111/graphite cells for comparison [2]

2.6. Electrochemical Impedance Spectroscopy

According to Ohm’s law, resistance is the ratio of Voltage, E to current, I as expressed in equation 2.5.
This expression is too simplified because in realistic situations, circuit elements have a more complex
behaviour. Thus impedance is used in the place of resistance. A typical method to measure Electro-
chemical Impedance is to apply an AC potential to an electrochemical cell and measuring the current
passing through it. Assuming that sinusoidal potential excitation is applied, the response to this poten-
tial is an AC current signal which can be analyzed as a sum of sinusoidal functions (Fourier series). [14]

R_E
T

(2.5)

For the cell’s response to be pseudo-linear, the electrochemical impedance is normally measured
using a small excitation signal. In this case, the current response will be a sinusoid at the same fre-
quency but with the phase shifted as seen in Figure 2.3 [14].

NN
NV

NIV

ZIRVERVA

phase—shift

Figure 2.3: Sinusoidal Current Response in a linear system [14]

The excitation signal is thus expressed as:

E; = E,sinwt (2.6)
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where E; is the potential at time ¢, E, is the amplitude of the signal, and w is the radial frequency (w
= 2r f). For a linear system, the response signal, I; is shifted by phase (¢) and has different amplitude
than of I, which is then expressed as: [14]

Iy =I,sinwt + ¢ (2.7)

To calculate impedance of the system, which is similiar to Equation 2.5 and by combining Equations
2.6 and 2.7 is determined by: [14]

E; E, sin wt sin wt

/= —= =
I, I,sinwt+¢ °sinwt + ¢

(2.8)

The impedance is thus expressed in terms of magnitude Z, and phase shift ¢. Plotting E(t) against
I(t) as shown in Figure 2.4 will result in an Lissajous (a method of impedance measurement) figure
which is circled. [14].

KL .

Figure 2.4: Origin of Lissajous figure [15]

With Eulers relationship (as expressed in Equation 2.9, impedance may be expressed as a com-
plex function from the potential (Equation 2.10) and current response (Equation 2.11) as expressed in
Equation 2.12 [14].

exp(j) = cos + sin g (2.9)
E, = E,exp(jot) (2.10)

I = Lyexp(jot — ¢) (2.11)

2@) = T = Zyexp(i$) = Zy(cos g + jsing) (2.12)

For the impedance of an electrochemical cell, the electrolyte resistance is often a significant fac-
tor. The resistance depends on type of ions, concentration of ions, temperature, and gemotery of the
electrolyte. The resistance is then reflected as Equation 2.13, where R, is the bulk resistance of a
material where « is the ionic conductivity of a material, A is the area of the composite films, and / is
the thickness of the composite films. The unit of conductivity, k is usually Siemens per meter (S/m).
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[14]

14 l
Rb = ;T — K = ﬂ (213)

Nyquist impedance plot (Z'-Z") plot can determine the appropriate equivalent circuit and to estimate
the circuit parameters values which reflect the carrier transport properties. From Figure 2.5, it is ob-
served that there is a compressed semicircle in the high frequency range, and then a straight inclined
line in the low frequeuncy range. Typically in real scenarios, the Nyquist plot deviate from an ideal
impedance spectrum which is a perfect semicircle and a straight line to a deformed semicircle and a
nearly straight line. This may be due to irregular thickness and morphology of the electrolyte film, and
the electrolyte surface roughness[]. There are two methods to get the value of R, from the Nyquist
plot. The first, is the intersection point of the semicircle (in high frequencies) and the inclined line (in
low frequencies). The other, is by fitting the Nyquist plot using a standard software with predefined
parameters[16].

Kinetic control Mass-transfer
control
Zlm w = 1/Rcth
e i
RS—’ Rsz + Rcf
ZRe

Figure 2.5: Ideal Nyquist plot

Referring to Figure 2.5, if R,; is large and hence the Nyquist plot mostly consist of the semi-circle,
the system is kinetically slow and mass transfer is significant. In contrast, if R.; is low, and hence the
Nyquist plot mostly consist of the straight inclined line, mass transfer always play a role and the system
is kinetically simple. [17] [18]

A method to evaluate the data quality of EIS is to use Kramers-Kronig (KK) relations. This relation
shows that the plane spectral data shows dependence between magnitude and phase. The integration
of the imaginary part determines the real part of the spectrum and vice versa. In this instace, KK
analysis is done by fitting the model to experimental EIS data.If the model is a good fit, than it is
concluded to be KK compliant [19][20]. Usually, a KK test is necessary although not a sufficient
condition for requirements. [21]

2.7. X-ray Diffraction

The properties of materials are defined by its chemical composition and microstructure. A key step in
determining the structure, properties and applications of a given material is through the quantification
of crystalline phases. Typically, the distribution of phases or microstructure is affected by maunfac-
turing techniques, raw materials used, sintering process, equilibrium reactions, kinetics and phase
changes.[22]

This report will use X-ray diffraction analysis due to its ability to characterize: Index of crystalline
phases, refinements of unit cell, quantitative analysis of phases, determination of crystal structures,
and refinements of crystal structures. Additionally, XRD is suitable for quantitative analysis of phases.
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Bragg’s Law
nl = 2dsinf

Figure 2.6: Schematic of Bragg’s law principle [23]

2.7.1. XRD principle

XRD relates to the phenomenon of interactions between the incident X-ray beam and the electrons of
the atoms of a material component from coherent scattering. This technique involves incidence of ra-
diation on a sample and in the detection of the diffraction photons (also known as diffracted beam).[22]

Referring to Figure 2.6, at a certain frequency, the x-ray beam that focuses on a beam behaves as
a scattering centre and vibrates at the same frequency as the incident beam, spreading in all direction.
When the atoms are arranged in a lattice, this incident beam will go through a constructive interference
in certain directions, and destructive in others. Likewise when the path difference of successive planes
scattered beam is equal to an integer number of wavelength, The constructive interference of scattered
radiation occurs. Bragg’s law, which is a geometric interpretation from the figure is expressed as Equa-
tion 2.14 where n is the integer number of wavelength, d is the interplanar distance of the successive
crystal planes, 6 is the angle measured between the incident beam and determined crystal planes [22].

nA = 2dsin @ (2.14)

The diffracted beam is usually expressed through peaks that stand out from the background (in
intensity per second) versus the angle 26 or d. Each crystalline compound has a characteristic diffrac-
tion pattern which allows phase identification through the angular positions and relative intensities
of diffracted peaks. To identify crystalline phases, the XRD with the diffraction patterns of individual
phases provided by ICDD (International Center for Diffraction Data) are compared. It is also possible
to quantify ratio of phases from the XRD peak intensities [22].

The analysis of diffraction pattern can give many information of the structure of the material. These
include:

¢ Angular position of diffraction lines is affected by the geometry of the crystal lattice,

¢ Intensity of the diffraction line is affected by the type of atoms, its arrangement on the crystal
lattice and the crystallographic orientation

 shape of diffraction lines which is affected by instrumental broadening, particle size, and defor-
mation. [22]

However, there are also other factors from the instrument which can affect the diffraction pattern of
a sample. These include: displacement of the sample, geometry of the X-ray source, transparency of
the sample, misalignment of the diffractometer, and more [22]. Other factors from the sample include
the flatness of the sample shape, transparency of the sample, particle size, and more.
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2.7.2. Quantification of Crystalline phases in materials

In the context of this research, refinement refers to the process of adjusting the model of parame-
ters included in the calculation of a diffraction pattern, to the closest observed of the XRD measure-
ment. Typically, simultaneous refinement includes but not limited to: unit cell and crystal structure,
microstructure analysis, quantitative analysis of phases and determination of preferred orientation [22].

The General Structure Analysis System (GSAS) program has a great flexibility for single crystal data,
neutron diffraction, and powder diffraction which has been widely used in the scientific community. The
main parameters that can be adjusted simultaneously for refinement (especially in GSAS) are as follows:

» Scale factor: Relates to the amount of phase;

« Background: (Also known as baseline) Correction from data collected in the same XRD pattern
and interpolation between these points.

« Peak profile: The width and position of the peaks are depends on the characteristics of crystallite
size and cell respectively;

o Cell parameters: Interplanar distance of successive planes of the crystal fitted by Bragg’s law;

¢ Factor of structure: Variable parameters that includes atomic positions, the isotropic and
anisotropic temperature factors, and the occupation number;

o Offset: Parameters of displacement corrections due to external factors

¢ Preferential orientation: Problems generated in the sample preparation correlation [22]

There are many ways to evaluate the output file and refinement data. Hugo Rietveld has suggested
the weight fraction as expressed in Equation 2.15, where S; is the refined scale factor of component i
in a mixture of j phases, Zis the number of formula units in the unit cell of j, M is the mass of formula
unit (in atomic mass unit), and Vis the volume of unit cell (in A%). Hence the term ZMV is the product
of Z, M, and V [24].

S ZMy);
Wi = X, S;(ZMV); (2.15)

The refinement can be assessed from verification of the structural parameters and the profile ob-
tained, the comparison of results with those obtained for single crystals and the observation of plot
of calculated and observed patterns and residuals obtained. To verify the quality of refinement, GSAS
uses R-profile (R,) and R-Profile Adjust (R,,,) as expressed in Equations 2.16 and 2.17 respectively.
For good results the value of R, should be 2-10%. [22]

_ Z D’i,obs - Yi,calcl

R
Z Yi,obs

. (2.16)

Z Wi (yi,obs B yi,calc)2 ]0.5

XA (2.17)
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Experimental Methods

3.1. Battery Preparation

The half-cell battery is assembled as shown in Diagram 3.1 with NCM 622 as the active material, Super
P Carbon Black as the electron conductors, and LigPSsCl as the electrolyte. Indium metal is used as an
anode

Current collector

Solid electrolyte

Positive
Active material " electrode
Carbon fibers
| | Electrolyte
In electrode

Figure 3.1: Schematic view of the cross section of the battery applied in this research [5]

3.1.1. Argyrodite Synthesis

Lithium Sulfide (Li,S), Phosphorus Pentasulfide (P,Ss), and Lithium Chloride (LiCl) are precursors of the
chloride argyrodite (LisPSsCl). These precursors are weighed in exact molar composition (see Equation
3.1) and always in the Argon glovebox. These reactants are then agate ball milled at 110 RPM for 1
hour to form a homogeneous mixture. These precursors are then enclosed in a glass tube under Argon
gas to allow it to be transferred to an oven to be annealed at 550°C for 10 hours with a heating rate of
100°C/hour. The sample in the tube is then transferred back into the argon glovebox in order to break
it open and hand grind the sample to a fine powder. This is considered a pristine argyrodite.

2.5 Li,S + 0.5 P,Ss + LiCl = LigPSsCl (3.1)

To synthesize doped argyrodite, 5 and 10% of LiCl mass required is calculated. With this value, LiCl
is added to the reactants before the ball milling process. This process is repeated with LiF in the place
of additional LiCl added. From this point onwards, the argyrodites with additional 5% and 10%
LiCl added will be referred to "Li,PS:Cl CL5” and "Li,PS-Cl CL10” respectively. Also, with
the same weight percentage as the additional LiCl, LiF is used instead and will be referred
to as "“Li;PS;Cl F5” and "Li,PS;Cl F10” respectively.

11
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3.1.2. Catholyte & Cathode mixture

Catholyte, which in definition is a mixture of cathode active material and electrolyte. For this thesis,
the catholyte in solid state battery consists of the active material of NCM 622 (coated, 5 microns (0
1 1)), argyrodite synthesized from section 3.1.1, and super P carbon black. In this experiment, the
catholyte mixture is fixed at a ratio of 45.5:45.5:5 by mass for NCM 622, argyrodite, and carbon black
respectively. In the argon glovebox, these reactants are hand grind with a agate pestle and mortar un-
til a homogeneous mixture is formed. For each argyrodite synthesized, different cathodes are prepared.

Another type of cathode mixture is prepared using argyrodite and carbon black with the weight
ratio of 7:3 respectively. Cathodes mixtures are used for each type of argyrodite synthesised.

3.1.3. Battery Assembly
The solid state battery is assembled in the Argon Glovebox with a 10 mm diameter of the Aluminium
Oxide Ring, and thus, 10mm of pellet of the active battery.

Approximately 100mg of pristine LizPS;Cl is poured into the aluminium oxide ring with an electrode
underneath. A cylinder which fits in the ring is inserted in the ring. The ring is then inverted and
the electrode is removed. The spatula is then used to ensure a smooth and even distribution of the
electrolyte in the ring. Then approximately 15mg of cathode mixture is poured above the electrolyte
and the spatula is used to distribute a smooth layer that ensures it covers the surface of the electrolyte.
Great care is to ensure that the electrolyte and the cathode mixture do not mix together. An electrode
was put back into ring and inverted. The pellet press was put under the pressure of 4.5 tons with steps
of 0.5 tons with release. This is followed by removing the pellet press and 8mm diameter of Indium
(Anode) and stainless steel (for easy cleaning) was inserted and the last electrode was put in. The
whole battery was pressed under the pressure of tons and then screwed tightly. It is also important
to note that 10mm diameter of O-rings with thickness of 1mm was used to ensure airtightness of the
battery.

3.2. Battery Analysis

3.2.1. Electrochemical Impedance Spectroscopy Measurement

Each argyrodite synthesized are tested separately. Approximately 200g of argyrodite is pressed into a
pellet into a solid state battery in the argon glovebox. This battery is then connected to Nova Autolab.
All impedance measurements were carried out at 10Hz to 1M hz with applied voltage of 0.05V at
room temperature. Additionally, with a built-in function of Nova Autolab, Kronig-Kramers (KK) test is
carried out.Post impedance testing, the battery is dissembled and the pellet is removed to measure the
thickness (/) with a thickness gauge meter. (/)

3.2.2. Maccor

After the battery is assembled from subsection 3.1.3, the battery is connected to Maccor Instrument
which charges and discharges the battery at a constant C-rate while measuring the voltage, current,
capacity with time and cycle. The cycling settings for battery with catholytes are summarized as follows:

¢ Resting period: 3 hours before start of first cycle and 30 mins in between cycles
 Cut-off Voltage: 3.58V (charging) & 1.88V (discharging)
¢ Constant C-rate: 0.05C (178mAh per g of NCM 622 used)

Additionally, the cycling setting for the cathode mixture of argyrodite and carbon black are as
follows:

¢ Resting period: 1 hour before the start of the first cycle and 30 mins in between cycles
 Cut-off Voltage:3.68V (charging) & 0V (discharging)
e Constant C-rate: 0.05C (0.00010205Ah)
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3.2.3. X-ray Diffraction (XRD)

Every Argyrodite synthesised were measured in the XRD machine for 1 hour. NCM 622 and the cath-
ode mixture with NCM622 were also measured in the XRD using the monochromator for approximately
3 hours. Finally, after cycling, the pellet (electrolyte and cathode) were removed the battery to be
analysed using batch mode which has 6 scans at least to test the efficiency of the vacuum sample
holder. For every material measured that contains argyrodite, a vacuum sample holder is used as it is
air-sensitive.

Each XRD measurement is refined using GSAS EXPGUI. Pearson Crystal Data software was used to
find information for each phases which includes cell parameters. During refinement, the values of R,,,,
and R,, are noted and should be decreasing. Once that value is increasing, then refinement needs to
stop and reopen the previous refinements to redo. Refinement is considered satisfied once R,,,, and
R, values cannot get any lower and all the peaks are fitted.






Material Analysis

Li¢PS;Cl argyrodites are synthesized as mentioned in section 3.1.1 prior to be used in the solid state bat-
teries. This chapter analyses the quality of the argyrodite synthesized with Electrochemical Impedance
Spectroscopy (EIS) to determine its ionic conductivity. X-ray Diffraction (XRD) is also used to analyze
the purity of the argyrodite synthesized and potential side products formed. Additionally, XRD is also
used to analyze the quality of NCM 622, and each cathode mixture with NCM 622.

4.1. Electrochemical Impedance Spectroscopy (EIS) testing

In this section, each of the synthesised Li;PS<Cl is tested with EIS. The data obtained from EIS is used
to determine the ionic conductivity of each argyrodite synthesized.

a? 10* {a) Nyquist plot (b} Zoomed Nyquist plot
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Figure 4.1: Nyquist plot at room temperature: (a) Overall and (b) zoomed at low impedances (also at high frequencies)

The Nyquist plot of each argyrodite synthesized is shown in Figure 4.1. In this figure (a), the inclined
straight line dominates which indicates that mass transfer control dominates over the kinetic control.
This means that the ionic transport (most likely Li* ions) migrates and/or diffuses across under current.

If the Nyquist plot is zoomed at high frequencies (or at low Real Impedance) as shown in Figure
4.1(b), partial semi-circles which relates to the kinetic control are observed. Thus, chemical reactions
such as decomposition will occur. If the impedance instrument is able to measure at higher frequencies,
than it may be possible to observe full semicircles of the Nyquist plot. However, due to the limitation

15
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of the Autolab instrument, the maximum frequency it is able to measure is 1 MHz. From the figure, it
is expected that LiCl doped LizPS;Cl have the lowest rate of reaction. Pristine Li;PS;Cl and LiF doped
Li,PSsCl also have significant rate of reaction, with Li;PSsCl F10 expected to be the highest due to its
larger 'semi-circle’.

The ionic conductivity is then calculated using Equation 2.13 with the value of A of 7.85 x 1075
mm? (from internal battery diammeter of 10mm) and values of / summarized in Table A.1 in Appendix.
From the intersection of the semicircle and the straight line, the bulk resistance, R, of the electrolyte
can be determined (See Figure A.1 in Appendix for values). Thus, for each argyrodite synthesised,
the conductivities are summarised in Table 4.1. The conductivity of the pristine LizPS;Cl synthesized
is shown to be higher than of literature in Section 2.2. This may be due to Li,PS;Cl synthesized for
this thesis has a number of side products which will be further discussed in Section 4.2.2. With the
addition of LiCl, the conductivity increases. In contrast, the addition of LiF decreases the conductivity
of the argyrodite.

Table 4.1: Ionic conductivity obtained and calculated from Figure 4.1 and Equation 2.13

Argyrodite Ionic Conductivity [s/cm]
Pristine LigPS;Cl | 0.0020
LigPSsCl CL5 0.0027
LigPS;Cl CL10 0.0028
LigPS<Cl F5 0.0016
LigPSsCl F10 0.0014

Lissajous analysis was carried out as shown in Figure A.3 in Appendix. The quality of the AC and
voltage varies between different readings of the synthesized Li;PS;Cl. This is mainly due to different Au-
tolab instrument used. For a perfect supply of AC the Lissajous figure should be perfectly oval shaped.
Since some of the imperfect figures do not deviate much from the oval shaped, the reading is accepted.

Next, KK analysis is carried out. (See Figure A.5 in Appendix). From the analysis, the error are
quite low in a range of 0 to 2%. Thus, it is determined that the EIS data is reliable.

4.2. XRD Analysis of reactants

The purpose of the analysis of the XRD measurement with refinements is to determine the quality
of the LigPS:Cl synthesised and NCM 622 to be used in assembling the battery later on. With GSAS
refinements, the following data can be determined: side products and the scale factor of each phases
(products).

4.2.1. NCM 622

From the refined XRD measurement as shown in Figure 4.2, the quality of the industrial grade NCM 622
is highly pristine or pure. This is reflected in the XRD analysis where the refinement closely matches
the measurement with low R,, and R,,,, values and minimal background.

4.2.2. i, PS.CI

The XRD measurement and refinements of each argyrodites are plotted in Figures A.12(a), A.13(a),
A.14(a), A.15(a), and A.16(a) in the Appendix. From the refinements, it is discovered that the syn-
thesised LisPSsCl contains precursors of lithium chloride (LiCl) and lithium sulfide (Li,S); and the side
products of: lithium phosphate (Li;PO,) and Li,PS;. The most significant side product, which is Li; PO,
indicates that it has been reacted with air or moisture as stated previously in the literature, despite the
synthesis process has taken great care to avoid this from happening. The other side products noted
may be due to the insufficient annealing or ball-milling power or duration. Pristine LigPSsCl synthe-
sized has the least amount of side reactants and amount of LiCl. As pristine LizPS;Cl may not have
been so pure, nevertheless, it is a good constant in regards to argyrodites with additions of LiCl and LiF.
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Figure 4.2: XRD measurement and refinement of NCM 622

From the phase fractions refined, the weight fraction is calculated using Equation 2.15. In regards
to weight fraction, it is expected that pristine Li;PS;Cl contains the highest amount of LizPS;Cl with
the lowest amount of LiCl. Li;PSsCl CL5 and CL10 have highest weight fraction of LiCL. This is indeed
reflected in Figure 4.3.

For LiF doped argyrodite in the same figure, there are small amounts of LiCl that was likely from
the unreacted precursors. It could be possible that the very stable LiF salts inhibited the reactants to
synthesize properly during annealing due to reduction of contact of the precursors. This is proven as
LiF has the the highest nhumber of impurities. What could be done was the ball milling and annealing
of the precursors should be longer. LiF present in Li;PS<Cl F5 seems to be more than of Li;PS<Cl F10.
However in reality, the percentage could be offset by the larger amount of Li;PO, present in Li;PSsCl
F10 than of LigPSsCl F5.

4.2.3. Catholyte mixture

As mentioned in Section 3.1.2, the cathode mixture consists of the Argyrodite (Pristine or doped),
NCM622, and carbon black with the mass ratio of (42.5:42.5:5). XRD of NCM622, Li,PS<Cl, and other
phases will give the XRD of the cathode mixture. Please refer to Figures A.7(a), A.8(a), A.9(a), A.10(a),
and A.11(a) in Appendix to see each XRD measurement and refinements of the catholyte mixtures.

Using the Rietveld weight fraction analysis as expressed in Equation 2.15, the graph of weight
fraction of different phases in the catholyte mixture is shown in Figure 4.4. From this figure, the mass
fraction of NCM 622 and Li;PSCl are nearly the same for all the argyrodites synthesised. Li;PO, is
clearly significant with different quantities. This will definitely affect the results during cycling as Li;PO,,
has its own conductivity and specific capacity which could affect the overall argyrodite. Also, LizPSsCl
CL10 also has a significant amount of Li,S while other argyrodites has a small amount of it. The overall
result may affect the EIS reading, as other phases are more pronounced than LiCl or LiF. Thus, it is
difficult to determine if LiCl or LiF addition affects the EIS reading. It is important to note that the
Rietveld method to quantify phases may not be accurate. This is due to the fact that the weight of
NCM 622 and argyrodite should be equal which is not reflected in the figure. Nevertheless, the ratio of
NCM 622 to Argyrodite and its side phases remains nearly constant throughout the catholyte mixture
and thus the method is not completely wrong.
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Figure 4.3: Weight Fraction of phases present in Argyrodite synthesised
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Figure 4.4: Weight fraction of cathode material with different argyrodites used



Cycling Of Batteries

After the cathode mixtures are synthesized, the batteries are finally assembled and cycled as detailed
in Section 3.1.3 and 3.2.2. This section will analyze the results obtained from the Maccor.

5.1. Catholyte:
Black

Overall, there is a significant specific capacity drop after the first cycle followed by a more stable hor-
izontal curve as shown Figures 5.1 and 5.2. This was expected as mentioned in Section 2.4 which
indicates that NCM cathodes and the argyrodites degrades after the first cycle (this point will be fur-
ther discussed in Chapter 6). However, in literature (Section 2.4), NCM degrades significantly after
approximately 70 cycles and thus the degradation and decomposition of NCM 622 may be assumed to
be negligible.

NCM 622, pristine/doped LigPS;Cl & Carbon

(a) Specific Capacity for NCM622 (for LiCl doped LiGPSSCI) (b) Specific Capacity for NCM622 (for LiF doped Li6PS5CI)
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Figure 5.1: Specific capacity of NCM 622 with each cycle with (a) LiCl doped LigPS5Cl, and (b) LiF doped LigPSsCl in comparison
with pristine LigPSsCl

From Figure 5.1, it is be observed that using pristine Li;PSsCl in the catholyte generally gives a
larger specific capacity retention for NCM 622 in comparison to of doped LizPS;Cl. For the LiCl doped
Li;PS<Cl in Figure 5.1(a), the LiCl addition appears to reduce the specific capacity retention of NCM
622. Thus, it creates an impression that Li;PS;Cl CL5 and CL10 have lower ionic conductivities than of
pristine LigPS5Cl due to less mobile ions in the cathode region. This is despite the higher ionic conduc-
tivities for LigPSsCl CL5 and CL10 from the EIS analysis (see Table 4.1). It is possible that this cathode
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20 5. Cycling Of Batteries

has poor interphase contact between the active material and the LiCl doped Li;PS;Cl and therefore
have higher resistance in the interphase that results in the poor overall specific capacity.

For LiF doped Li,PS<Cl as shown in Figure 5.1(b), Li;PS<Cl F5 is shown to have lower specific
capacity retention than of pristine LisPS<Cl. Thus, the ionic conductivity is lower for Li;PS;Cl F5 than of
pristine as Li;PSsCl F5 has lower lithium ion mobility in the cathode which lowers the specific capacity
retention. This correlates to the ionic conductivity values from EIS analysis (Table 4.1). However,
Li,PSsCl F10, appears to have better retention specific capacity of NCM 622 than for pristine Li;PSsCl
despite having the lower ionic conductivty from EIS analysis. This could be due to the compostion of
the catholyte having similiar composition from the XRD analysis (see Figure 4.4) rather than LigPSsCl
F5.
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Figure 5.2: Specific capacity of NCM 622 against cycle with LiCl and LiF doped LizPSsCl in the cathode mixture of (a) 5% in
excess and (b) 10% in excess

As seen from Figure 5.2, which compares the specific capacity of NCM 622 with the same weight
fraction excess of LiCl or LiF, LiF doped Li;PSsCl gives a better performance than LiCl doped as NCM
622 as it is observed to retain higher specific capacity than of LiCl doped Li;PSsCl. Thus, LiF doping
appears to have higher ionic mobility and less ionic resistance. This finding completely contradicts the
EIS analysis the LiCl doped Li,PS:Cl has larger ionic conductivities than LiF doped Li;PS<CI.

The cyclic voltage as shown in Figure 5.3, is observed to be smooth and uniform. In general, as
the cycling of the battery progresses, the curve moves inwards as indicated by the black arrows. For
LiCl doped LizPSsCl as shown in Figure 5.3(a), it is observed that the (light and dark blue) curves are
more spread apart than of pristine Li;PS<Cl (green curves).

NCM 622 with: | Charging Overpotential (V) | Discharging Overpotential (V)
Li,PSsCl CL5 0.025 0.058
Li,PS<ClI CL10 0.020 0.074
Li,PSsCl F5 0.01 0.019
LisPS<ClI F10 0 0.023

Table 5.1: Overpotentials of NCM 622 with doped Argyrodites at normalized capacity of 0.5 in relation to pristine Argyrodite

The second cycle with the normalized capacity is shown in Figure 5.4. From this figure, the over-
potentials of the LiCl and LiF doped are determined with pristine Li;PSsCl as the reference voltage
and summarized in Table 5.1 for the normalized capacity of 0.5. In Figure 5.4(a) and Table 5.1, it is
observed that the LiCl doped argyrodites have lower charging overpotentials compared to discharging
overpotentials. For the case of LiF doped argyrodite as shown in Figure 5.4(b), it is observed that the
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Figure 5.3: Cyclic voltage for the battery with argyrodite doped with (a) LiCl and (b) LiF in the cathode

argyrodite has negligible charging overpotential. However, the addition of LiF will result in overpoten-
tials in relation to pristine Li;PS<Cl. Referring to the values of Table 5.4, LiF doped argyrodites will
result in lower charging and discharging overpotentials in comparison to LiCl doped argyrodite.

In this context, higher overpotentials means that more potential is required than of pristine ar-
gyrodite. Potential difference, which is proportional to resistance, indicates tha LiCl and LiF doped
Li¢PSsCl have higher overall resistance than pristine LigPS;Cl.

5.2. Cathode: Pristine/doped Li;PS;Cl & Carbon Black

This section will look into the cycling of the battery with the cathode mixture of argyrodite (pristine
and doped) and carbon black. The capacity curve for each cycle is shown in Figure 5.5. The specific
capacity of the argyrodites are significantly lower without NCM 622. This is to be expected since there
is no active cathode material present. Any capacity observed could be a consequence of the decom-
position of the electrolyte in the first cycle to Li,S, which then acts as a cathode cycling reversibly over
subsequent cycles. Furthermore, it is observed that pristine Li,PS<Cl is relatively stable up to 215t
cycle where it then increases in a rapid rate. This indicates that a large scale decomposition of the
electrolyte in contact with carbon is occurring leading to the capacity observed. From the Figure 5.5
the performance of the battery is not ideal since the electrolyte is not expected to be electrochemically
active in the given voltage window and the increase in capacity on cycling indicates its progressive
decomposition on cycling.

For LiCl doped LisPSsCl as seen in Figure 5.5(a), LigPSsCl CL5 generally has less specific capacity
than pristine Li;PS<Cl and CL10. Li;PS<Cl CL10 has generally the largest specific capacity. This could
indicate that Li,PS<Cl CL5 is successful in preventing the progressive decomposition of the electrolyte.
The LigPSsCl CL10 electrolyte by virtue of its higher capacity and irregular behavior indicates more
electrolyte decomposition.
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Figure 5.4: Voltage for the second cycle against the normalized specific capacity of NCM 622 for (a) LiCl doped argyrodites and
(b) LiF doped argyrodites
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Figure 5.5: Graph of specific capacity per cycle of LigPSCl for doped and pristine argyrodties as cathodes

The cathodes with LiF dopants, has shown to generally have a higher specific capacity than pristine
Li,PSsCl in Figure 5.5(b). Though both LicPS<Cl F5 and F10 show a higher initial specific capacity,
there is no increase in capacity over cycling, which suggest a formation of a stable solid electrolyte
interphase between decomposition products formed on the first cycle and the solid electrolyte which
prevents its progressive deterioration.

From the figures, it is difficult to determine the overpotential of the figure, as there are no stable
values to take into consideration. The cyclic voltage as shown in Figure 7.8 has a more disarray pattern
in comparison to of the cyclic voltage when NCM622 is used (as seen in Figure 5.3).
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Ex-situ XRD Analysis

In this section, ex-situ analysis is carried out by XRD measurement of the cathode side of the cycled
solid state lithium ion battery. Refinements of the XRD measurement is carried out to identify and
quantify phases present of the post-cycled battery.

While it is possible to identify all of the peaks, however the GSAS software operates significantly
slower as more phases are included in the refinement. As this research requires a lot of refinement
with a number of phases, only the significant phases identified are included in the refinements.

6.1. Cathode: NCM622, pristine/doped LigPS;Cl and Carbon Black

Potentially, side reactions may occur or existing side products are intensified during cycling. NCM 622
in general degrades minimally, and during GSAS refinement, the phase fraction of NCM 622 is kept
constant while others are allowed to be refined. As shown in the refinements of the XRD measurement
in the Appendix, the NCM622 peaks remains nearly the same after cycling. Please refer to Figures A.7,
A.8, A9, A.10, and A.11 in Appendix to see the XRD measurement and refinements for these batteries.

6.1.1. with LiCl doped Li,PS:Cl

Firstly, looking into LiCl doped LizPSsCl in the catholyte is analysed as shown in Figure 6.1, where the
pristine LisPSsCl is compared as well. LiCl is already present in the LiCl doped argyrodites as expected,
although undesired for pristine argyrodite. After cycling, pristine LizPSsCl is shown to have a large
increase in the amount of LiCl, while LiPSsCl CL5 has it's LiCl reduced. LigPSsCl CL10 in contrast, has
a significant increase in the phase fraction of LiCl.

An existing side product, Li,S has generally shown to be decreasing in amount with the exception
of LigPS<Cl CL5 although the differences between before and post-cycling are small. It may be possible
that it had reversible side reactions to form Li,PS;. From the graph, it correlates that the change of
Li,S in inversely proportional to the change of Li,PS;. It is important to note that the highest peak
positions of the XRD measurement of Li,S and Li,PS; are near each other even to merges to form one
peak. Thus, it also relies on other smaller peaks to fit the respective phases.

Another existing precursor, Li;PO,, is shown to be intensified after cycling for the LiCl doped
Li;PS<Cl. However this is likely due to reaction with air and moisture. Thus, the efficiency of the
o-rings in the solid state battery may not be so effective to let external air or moisture to enter the
active battery. Hence, Li;PO, will be neglected in terms of looking into degradation as ideal conditions
assume that the battery is airtight enough.

In each case of the NCM catholytes, Li;P is formed during cycling. It is observed that with increase
of LiCl addition inhibits the formation of Li;P.
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Figure 6.1: Graph of percentage of XRD phase fractions of the catholytes pre-cycling and post-cycling for LiCl doped LigPSsCl
with 5% error

Overall, the catholyte with pristine Li;PSsCl decomposes significantly to LiCl, Li,PS;, and Li;P. Tak-
ing account of the errors, LigPSsCl CL5 degrades slightly to Li,S, Li, PS5, and LisP. LigPSsCl CL10 results
may be off due to high value of Li,PS; phase before cycling. This is mainly due to increased value of
LiCl, Li;PO,, Li,PS;, and Li;P. Li;PS<Cl CL10 is shown to be intensified after cycling which is completely
wrong. This could be due to the wrong value of Li,PS; phase before cycling as it is also unlikely for
the phase to be greatly reduced after cycling.

Looking previously at the Nyquist plot in Figure 4.1(b), the kinetic control (the semi-circle part of
the Nyquist plot) of the LigPS:Cl CL5 and CL10 is smaller than of pristine. Kinetic control relates to
the rate of reaction. Hence the Nyquist plot corroborates the fact that LiCl doped Li;PS<Cl is will react
less than of pristine LigPSsCl. However, it is difficult to determine if LicPS;Cl CL5 degrades more than
LigPSsCl CL10 due to errors of the refinement of the LisPS;Cl CL10. From the cycling analysis, it is
shown that LiCl doped LigPSsCl retains less specific capacity than of pristine. As theorized previously
that it has poor interphase contact, hence the chemical reaction could be slower for the same reason.

6.1.2. with LiF doped Li,PS;Cl
The change of percentage of phase fractions for of LiF doped Li,PSsCl together with pristine LigPSsCl
is shown in Figure 6.2.

Unlike LiCl doped argyrodite, LiCl phase is not expected in LiF doped argyrodites. However LiCl is
indeed present as explained in Section 4.2.2. Like the LiCl doped argyrodites as mentioned previously,
the percentage of phase fraction of LiCl is reduced slightly after cycling. In the case of LigPSsCl F10,
the changes may be negligible if errors are taken account of.

Reiterating what was mentioned previously, Li,S change is inversely proportional to Li,PS; change.
For LiF doped argyrodite in contrast, the change in percentage of phase fractions of Li,S are seemingly
proportional to Li,PS;.

An existing side product of Li;PO, is intensified after cycling with Li;PSsCl F5, but was reduced
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Figure 6.2: Graph of percentage of XRD phase fraction of the catholytes pre-cycling and post-cycling for LiF doped LigPS5Cl with
5% error

signficantly with Li;,PS<Cl F10. This is most likely due the efficiency of the o-rings to seal the solid state
battery. With pristine Li;PS<Cl and Li,PS<Cl F10, the phase fraction is reduced (or probably remains
the same).

Li;P which is formed after cycling also exists with LiF doped LisPS<Cl. Although Li;PS:Cl F5 gives a
very minimal reaction to this, Li;PSsCl F10 produces Li;P even higher than of pristine Li;PS<CI.

In terms of Li,PS<Cl phase, Li;PS<Cl F5 has higher percentage of phase fraction of Li;,PS:Cl after
cycling. LizPS<Cl F10 however is shown to have a significant reduction of Li;PS<Cl phase after cycling.
This means that pristine Li;PSsCl and LigPS<Cl F10 degrades significantly.

In short, LigPSsCl F5 forms Li;P and intensifies it's overall phases with the exception of LiCl. This is
difficult to determine if reversible reaction of Li,PS<Cl formation does indeed occur as decomposition
definitely occurred. LigPS<Cl F10 in contrast has all it's phases reduced but has a sharp increase of
Li;P. From the Nyquist plot of Figure 4.1(b) shown previously, the semicircle part (the kinetic control)
of the LiF doped LisPSsCl is more significant than of pristine Li;PSsCl and hence the rate of reaction
of is higher for the LiF doped LisPS<Cl than of pristine. However, this finding does not reflect well in
this ex-situ analysis as LiF doped LizPS;Cl is shown to undergo reaction less than pristine LigPS;Cl.
Additionally, the kinetic control of LigPSsCl F10 is higher than of LisPS;Cl F5, which reflects well in this
ex-situ analysis due to Li¢PS<Cl F10 produces undergoes more chemical reaction than of Li,PSsCl F5
due to possessing a higher rate of reaction. From the cycling analysis, LisPSsCl F5 worsens the specific
capacity retention, while LizPSsCl F10 improves it. Thus, the high specific capacity could be the result
of the decomposition reaction.

6.2. Cathode: Pristine/doped LigPS;Cl and Carbon Black

The main limitation of the previous analysis from Section 6.1 is that the phases quantified in terms
of phase fraction are in relation to NCM 622 present. While NCM 622 remains somewhat constant
however the argyrodite does degrade over time and with cycling and thus, it is difficult to quantify the
side products formed in relation to the argyrodite. Thus, the same analysis is carried for the cathode
of argyrodite and carbon black in the this subsection. The focus of this subsection is to quantify the
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side products of the synthesized LizPSsCl in relation to Li¢PSsCl phase. During refinement of the bat-
tery with argyrodite as cathodes, the phase fraction of Li;PSsCl remains constant while the other side
products phase fractions are refined. Please refer to Figures A.12, A.13, A.14, A.15 and A.16 to see
the XRD measurement and refinement of these batteries.

6.2.1. with LiCl doped Li,PS;Cl
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Figure 6.3: Graph of percentage of XRD phase fractions of the Argyrodites as cathodes for pre-cycling and post-cycling for LiCl
doped LigPS;Cl with 5% error

The LiCl doped LigPS;Cl with carbon black as the cathode has the changes in phases from pre to
post-cycling as shown in Figure 6.3 with an error of 5%.

Similar to the LiCl doped catholytes (as seen in Figure 6.1, the percentage of phase fraction for LiCl
decreases significantly for the LiCl doped Li¢PSsCl while pristine LigPSsCl produces a large amount of
LiCl during cycling.

An existing side product of Li,S has the percentage of phase fraction decreased with the exception
of LizPSsCl CL10. However, it may not necessarily means that the amount of Li,S decreases, and it
may means that it remains the same due to the increase amount of other side products. Additionally
from the figure, Li,S is generally observed to be inversely proportianal to Li,PS; except for LigPSCl
CL10. Li,PS; is formed significantly more for LiCl doped than of pristine.

Another existing side product, Li;PO, is intensified after cycling with the exception of LizPSsCl CL5.
While pristine LigPSCl has a slight change, LisPSsCl CL10 has a large increase in the phase fraction.
As mentioned previously, this side product depends on the presence of air or moisture and hence the
airtightness of the battery or air and moisture content ‘trapped’ in the battery.

Reiterating previously, Li;P is produced during cycling. Like the NCM 622 catholytes, the addition
of LiCl inhibits the reaction of Li;P. In this case however, Li;PS<Cl CL5 produces less phase fraction of
LizP than for LigPSsCl CL10.

Overall, it can be concluded that pristine LizPSsCl has the worst decomposition as it degrades to
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LiCl, Li;PO,, Li, PS5, and Li;P. Although it is shown that Li;PS<Cl CL5 has the Li;PS<Cl phase intensified,
decomposition definitely occurs. What could have affected this data is the offset by phase factors of
Li,S, Li;PO, and/or Li,PS;. Nevertheless, it is assumed that LiPS;Cl CL5 decomposes less severely
in comparison to pristine LigPS<Cl as it only degrades to Li,PS;, and Li;P and reduces unwanted side
products of Li,S and Li;PO,. It is important to note that the decomposition to Li,PS; is greatly inten-
sified after cycling. For LigPSsCl CL10 (considering the error bars), it degrades to Li;PO,, Li,PS; and
Li;P. The amount of Li,S after cycling is a difficult to determine if it is reduced or intensified as the
changes are considerably small. Thus, although the side products of LiCl doped LizPSsCl are smaller
than of pristine LigPSsCl, it is still significant.

Reiterating previously from the EIS analysis, LiCl doped Li;PS<Cl has lower rate of reaction than
of pristine LizPSsCl, LigPSsCl CL5 and CL10 will react slower than of pristine LigPS;Cl. This is indeed
reflected in the figure as pristine Li;PSsCl degrades more or produces more side products than of
LiCl doped LigPSsCl. Furthermore, it is difficult to quantify whether Li;PS;Cl CL5 degrades more than
Li,PS;sCl CL10 although cycling analysis suggests that decomposition is higher for Li;PSsCl CL10 than
Li¢xPSsCl CL5.

6.2.2. with LiF doped Li;PS;Cl
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Figure 6.4: Graph of percentage of XRD phase fraction of Argyrodites as cathodes for pre-cycling and post-cycling for LiF doped
Li¢ PS5 Cl with 5% error

Next, the cathode mixture of LiF doped Li;PS;Cl with carbon black are analyzed. The changes in
the percentage of phase fractions before and after cycling are shown in Figure 6.4.

As mentioned previously, LiCl is an unwanted side product in this case. Pristine Li;PS;Cl shows a
great amount of LiCl produced after cycling. It seems that the LiCl in LicPSsCl CL5 is reacted with as
after cycling the amount is reduced to a negligible value. However, with Li;PSsCl F10 LiCl is greatly
intensified after cycling by approximately 75%.

Looking into the unwanted side product of Li,S, it was reacted under pristine Li;PS<Cl and Li;PS:Cl
F10. LicPSsCl F5 seems to intensify the percentage of phase fraction slightly. For Li,PS;, where in
the case of NCM 622 where it seems proportional to the values of Li,S, the same relationship cannot
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be applied here with the exception of Li,PSsCl F5. However, the changes of the percentage of phase
fraction before and after cycling of Li,PS; is small especially if the erros are considered, it is possible
that no reaction is taking place.

For pristine Li;PS<Cl and Li;PS:Cl F5, the percentage of phase fraction of the Li;PO, is intensified
considerably which could also mean that the amount has increased as well. However, LigPS;Cl F10
it seems that Li;PO is reacted with as after cycling, the percent of phase fractions are very minimal.
This could be an error as the negative change is too large. Again, this relies on the air and moisture
content of the battery

In the case of Li;P, LigPS<sCl F5 and pristine LigPS<Cl produces this phase. Li;PSsCl F10 however
does not seem to be have Li;P after cycling as the phase was not able to fit in the XRD measurement
during refinement. In contrast, looking previously to the catholytes in Figure 6.2 where LigPS;Cl F10
produces more Li;P than pristine LigPSsCl and LigPSsCl F5.

To summarize this subsection, pristine Li;PS;Cl decomposes significantly to LiCl, Li;PO,, Li;P, and
possibly Li,PS;. Although it seems like the phase of LicPS<Cl in Li;PSsCl F5 seems to be intensified
during cycling (similiar to the LigPSsCl F5 used in catholyte), it is assumed that decomposition still oc-
cur as the side phase fractions of Li,S, Li;PO,, Li,PS;, and Li;P is formed or intensified during cycling.
Finally, Li;PSsCl F10 appears to have little decomposition from the Li,PS;Cl phase fraction percentage
difference.

Reiterating previously from the EIS findings, LiF doped Li;PS;Cl have significant kinetic control than
is comparable to of pristine LizPS;Cl, which means LiF doped LigPSsCl should decompose faster than
pristine Li,PS:Cl. This is not reflected at all since the LiF doped Li,PS:Cl reacts less than of pristine.
Furthermore from the cycling analysis, it is suggested that the LiF doped LisPS:Cl undergoes less
decomposition than pristine LigPS;Cl. Additionally, it could also be due to poor interphase as theorised
in the cycling analysis.



Alternative Doping Method

The whole experiment was repeated with a new methodology on the LiCl doped LisPSsCl synthesis.
LiCl was first ball milled with Zirconia ball mill jar to get smaller grains, and pristine argyrodite were
synthesized separately. Afterwards, 5% and 10% of the ball milled LiCl required were added to the
argyrodite and agate ball milled to a homogenous mixture. These argyrodite with additional 5%
and 10% of LiCl will be referred to as Li;PS;Cl 5CL-bm and Li,PS;Cl 10CL-bm respectively
from here onwards

7.1. Material Analysis

Similar to the previous synthesis of Argyrodite, the alternate method of synthesizing the argyrodite, the
material analysis is carried out using EIS and XRD. XRD measurement is also carried out for catholyte
mixture with NCM 622.

7.1.1. EIS

The Argyrodite undergoes EIS and the results are shown in Figure 7.1. It is observed that the semi-
circle part of the Nyquist plot is more significant than the original method used. Thus, the kinetic
control is more pronounced in these argyrodites. However, in the overall Nyquist plot as shown in part
(a), the straight inclined line still dominates which indicates that mass transfer control is preferred.
Conductivity of these argyrodites are summarized in Table 7.1. From these results, the conductivity are
shown to be much lower than of LigPS;Cl CL5 and CL10. LigPS;Cl CL5-bm has higher conductivity than
Li,PSsCl CL10-bm although the two values of LigPS;Cl CL5-bm and CL10-bm are close. Considering
that the values are very small, accuracy of the values is considered to be low.

Argyrodite Ionic Conductivity [S/cm]
LigPSsCl CL5-bm 0.0001238
LigPS;Cl CL10-bm 0.0001036

Table 7.1: Conductivity derived from Equation 2.13 and Figure 7.1

The AC supply for Liz,PS;Cl CL5-bm does not have a good quality as seen from the Lissajous Figure
in Figure A.4 in Appendix. LigPS<Cl CL10-bm however shows a good smooth oval in the Lissajous Figure
which indicates there is a good reading. Again, this is due to different Autolab instrument used.

With the KK test (see Figure A.6), the errors are relatively low with the values up to 0.4% for real
impedance and 1.6% for imaginary impedance. Thus, the values are going to be acceptable
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Figure 7.1: Nyquist plot (a) Overall and (b) zoomed at low impedances (high frequencies)

7.1.2. XRD
In this subsection, the quality of the argyrodite synthesised and the cathode mixture containing the
NCM 622 are analyzed. From the refinements, the phase fractions is converted to weight fraction using
Equation 2.15.

For the aryrodite synthesised as shown in Figure 7.2, more than 70% of the synthesis are LisPS;Cl.
The amount of LiCl as expected is larger in LigPSsCl CL10-bm than in LigPSsCl CL5-bm. There are still
side products of Li;PO,, Li,PS;, LiOH, and Li,S. The side products are not consistent with one an-
other as LigPSsCl VL5-bm has a significant amount of Li;PO,, while LizPSsCl CL10-bm has a signifant
amount of Li,PS;. Experimental wise, this is not a good synthesis method in comparing the difference
of the LiCl addition due to different purity and side phases present in both argyrodites. Furthermore,
comparing the ball milled LiCl addition to that of pristine argyrodite (as previously used in the previous
chapters), the side phase of pristine LigPSsCl has a significant amount of Li;PO, like LiPSsCl CL5-bm
although not the same ratio of LigPS;Cl to Li;PO,.
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Figure 7.2: Argyrodite weight fraction with addition of ball milled LiCl via ball mill

Next, the catholyte mixture undergoes a XRD analysis with the weight fraction as shown in Figure
7.3. Similar to Section 4.2.3, the values are wrong as the argyrodite and NCM 622 weight fraction
should be equal. Nevertheless, the ratio of the NCM622 to the Argyrodite with its side phases remains
constant throughout the catholyte mixtures.
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Figure 7.3: weight fraction of catholyte with addition of ball milled LiCl via ball mill

7.2. Cycling Analysis

The battery is assembled with the cathode mixture of NCM 622, pristine or ball milled LiCl doped
Li,PSsCl, and super P carbon Black. It is allowed to cycle for approximately 36 cycles. Another battery
is cycled with the cathode mixture of pristine or ball milled LiCl doped LizPSsCl and Carbon Black. The
cycling data from the Maccor is analysed in this section.

7.2.1. Catholyte: NCM 622, pristine/ball milled LiCl doped Li;PS;Cl, Carbon
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Figure 7.4: Curve of Specific Capacity Cycle of NCM 622 with each cycle

The batteries are assembled and cycled with its specific capacity for each cycle are shown in Figure
7.4. From this figure, the battery with Li;PS<sCl CL5-bm has the specific capacity retention is largely re-
duced. This could be either from less mobility of ions or the interphase between NCM 622 and LisPS;Cl
CL5 is smaller. For LigPSsCl CL10, it is shown to have a better specific capacity retention than of pristine
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Li,PSsCl. this could mean that the conductivity of ions are larger for pristine Li;PSCl although the EIS
testing contradicts this. Additionally, the interphase of the NCM 622 and LisPSsCl F10 could be stable
as it has less capacity degradation than of pristine LigPS:Cl.
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Figure 7.5: Cyclic Voltage of the batteries with cathode of NCM622, pristine/ball milled LiCl doped LisPSsCl, and carbon black

Next, the cyclic voltage of the batteries are shown in Figure 7.5. From this figure, curves of the
battery with LigPS5Cl CL5-bm and CL10-bm are more compact than the previous method (in Figure 5.3)
where the curves were spread apart. However, it is also noted that the cycling of the catholytes with
ball milled LiCl doped LisPSsCl were cycled less than the previous method. Like the previous method,
the curves are smooth and uniform.
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Figure 7.6: Voltage from the second cycle against the normalized capacity of NCM 622 for ball milled LiCl doped LigPSsCl

From the data used in Figure 7.4, the overpotentials is calculated by composing a graph of Voltage
against the normalized capacity for the second cycle. This is shown in Figure 7.6. The overpotentials
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values are then summarized in Table 7.2. From the overpotential values, LisPS;Cl CL5-bm are shown
to be more resistive then pristine LigPSsCl. However, Li;PSsCl CL10-bm are shown to be less resistive
than pristine LizPSsCl.

NCM 622 with: | Charging Overpotential (V) | Discharging Overpotential (V)
Li,PS;Cl CL5-bm 0.156 -0.400
Li,PS;Cl CL10-bm -0.012 0.031

Table 7.2: Overpotentials of NCM 622 with doped Argyrodites at normalized capacity of 0.5 in relation to pristine Argyrodite

7.2.2. Cathode: Pristine/Ball milled Li,PS;Cl and Carbon black

Specific Capacity for each Cycle for LiBPSSCI
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- Discharge Capacity (pristine LiePSSCI)
Charge Capacity (LigPS;Cl)
50 + : — — Discharge Capacity (Li;PS;Cl CL5-bm)
: — — Charging Capacity (Li;PS;Cl CL5-bm)
—————— Discharge Capacity (LisPSSCI CL10-bm)

- Charging Capacity (LigPS;CI CL10-bm) ||

N
o
T

Specific Capacity [mAh/g]
3 8
T T
Il

0 5 10 15 20 25 30
Cycle Number

Figure 7.7: Specific Capacity for each cycle for argyrodites as cathodes

Next the batteries with cathode without NCM 622 are cycled and analysed in regards to ball milled
LiCl doped LigPSsCl. The specific capacity for each cycle is shown in Figure 7.7. Overall, it has a much
lower specific capacity than with NCM 622 (in Figure 7.4) as expected. LizPSsCl CL5-bm and LizPSsCl
CL10-bm are shown to have higher specific capacity although it is still relatively unstable. This indi-
cates that the ball milled dopants added to the argyrodite electrolyte do not impede its decomposition,
though more cycling data is required to make an analysis.

Next, the cyclic voltage of the battery is shown in Figure 7.8. Like Figure 7.8, the curves are messy,
rough, and not uniform. More cycling or experiments are necessary to interpret the data.
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(a) Cyclic Voltage of Li;PS_CI with ball-milled LiCl addition to Li PS_CI
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Figure 7.8: Cyclic Voltage of the batteries with Argyrodite as cathodes

7.3. Ex-situ XRD Analysis

XRD measurement and refinement are carried out as an ex-situ analysis. For the measurement and
refinement of the XRD please refer to Figures A.17, A.18, A.19 and A.20 in the Appendix.

7.3.1. Cathode: NCM 622, ball milled LiCl doped Li,PS;Cl, and Carbon Black
The difference of phase fraction in pre and post cycling are shown in Figure 7.9. To summarize this
figure, pristine LigPSsCl decomposes mostly to LiCl and Li;P. LigPSsCl CL5-bm also decomposes signif-
icantly to Li;P and LiOH. Li,PS;Cl CL10-bm degrades to form significant products of Li,PS;, Li;P and
probably LiOH (considering the error). From the EIS discussion in Sections 7.1.1 and 4.1, LigPS:Cl
CL5-bm and Li;PSsCl CL10-bm have a larger kinetic control than of pristine Li;PS<Cl. Thus, the ball
milled LiCl doped LisPSsCl has a higher rate of reaction than of pristine LizPS;Cl. If the battery with
LigPS5Cl CL5-bm and CL10-bm were allowed to cycle longer, then the side phases might be intensified.
Considering the battery with the ball milled LiCl doped was cycled half of pristine LizPS;Cl and still get
significant degradation with side products, it is safe to assume that the EIS data corroborates with the
ex-situ analysis.

7.3.2. Cathode: ball milled LiCl doped Li,PS;Cl, and Carbon Black

The batteries without the active material of NCM 622 were cycled and the percentage of phase fraction
from the XRD analysis is shown in Figure 7.10. In this figure, the Pristine Li;PS;Cl degrades to LiCl,
Li;PO,, Li,PS; and LisP. Li;PSsCl CL5-bm appears to have no degradation, but from an increase of LiCl,
Li,PS;, and Li;P confirms otherwise. It could be that the phase fraction of LiOH in the argyrodite is
wrong as it very unlikely for the significantly large loss of LiOH to occur. LigPS;Cl CL10-bm degrades
to Li;PO,, Li;P, and LiOH. Reiterating previous statement, Li;PS;Cl CL5-bm and CL10-bm have higher
rate of reaction than for pristine Li;PSsCl. However, it is not reflected well in this Figure. This is most
likely due to fewer cycles in comparison to pristine LigPS<Cl.
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Figure 7.10: Percentage of phase fraction for before and after cycling of cathodes of argyrodite and carbon black with 5% error
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Further Recommendations

To conclude, doping LiCl into LigPSsCl increases the ionic conductivities and decreases the chemical
rate of reaction. However, it lowers the specific capacity retention of NCM 622. This could be due
to the poor interphase contact between the argyrodite and active material. Additionally, doping LiCl
into Li,PS<Cl helps to mitgate decomposition by reducing it’s kinetic control properties. However, the
reasoning of the poor interphase contact also could explain the low decomposition.

Doping LiF to LigPS5Cl decreases the ionic conductivity but increases the chemical rate of reaction.
For the case of Li,PS;Cl F5, it reduces the specific capacity retention which confirms that there are
less mobile ions in the cathode region. However for LicPS<Cl F10, the specific capacity retention of the
active material is comparable to of pristine LisPS;Cl which may be due to catholyte having similar com-
position. Also it shows that LizPS;Cl F10 degrades significantly more than pristine LigPS;Cl and LigPSsCl
F5. Hence the high specific capacity for Li;PSsCl F10 may be caused by the high rate of decomposition.

With the alternative doping method of ball milling the ball milled LiCl after Li;PS<Cl synthesis, it is
shown to have more resistance and higher rate of degradation from the EIS analysis. During cycling
with NCM 622, it is shown that specific capacity retention is better for Li;PSsCl CL10-bm than pristine
and LizPS;Cl CL5-bm. This could be due to high rate of degradation as side phases are intensified dur-
ing cycling compared to pristine LigPSsCl and LigPSsCl CL5-bm. For LigPS;Cl CL5-bm however specific
capacity degradation was the worst among pristine Li;PS<Cl and Li;PS<Cl CL10-bm. This was expected
due to lower conductivity and thus less mobile ions. It could also mean that the interphase was bad
too. This could also explain why the side phases were intensified less than of others.

To improve the quality of the research, the purity of the LizPS;Cl needs to be greatly improved due
to a significant amount of side phases present before cycling. The side phases likely affected the results
of the experiments especially during cycling. The main factor of the impurities formed of the Li;PS<Cl
is from the method of synthesis. Also, doping Li;PS:Cl LiF should be longer in terms of ball-milling
and annealing as LiF seems to mitigate the synthesis of Li;PS;Cl. Another improvement is to gently
heat the cathode mixtures to form a faster equilibrium with all of the mixtures. Additionally, to better
understand the effect of LiCl or LiF doping of Argyrodite, the following methods could be carried out:

¢ Transmission Electron Microscopy (TEM) analysis to observe the surface morphology of
the LiCl or LiF positions in relation to the argyrodite. It is ideal that the doping is uniformly
distributed and it needs to be confirmed.

* XRD in operando mode to check the phase changes for each cycle of the battery and thus able
to make a better estimation of rate of decomposition

« Energy Dispersive X-ray Spectrometry (EDS) for quantifying chemical compositions with
more accuracy than XRD. Elemental mapping may also be determined which is identifying phases

39
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across the surface

« EDS with scanning electron microscope (SEM) to do line profile analysis in which the relative
elemental concentration of each element can be determine in a position along the line of sample

Additionally, an interesting factor to look at is ageing. Since decomposition of the argyrodite will
naturally occur even in storage, will LiCl or LiF improve or worsens the ageing process? Alternately,
it is better to explore other methods in adding LiCl or LiF salts such as Wet Chemistry Method and
Atomic Layer Deposition. These methods will be defined as coating and not doping. With coating,
it is expected for the LiCl or LiF to have a more uniform microscopic structure and distribution as well
as forming a ‘protective layer’ around the argyrodite atomic particles.
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Figure A.1: Intersection of semi circle and straight line to determine Resistance of the bulk, Ry,
Table A.1: Thickness of Argyrodite pellet used on EIS testing
Argyrodite Thickness of the pellet, I [mm]
Pristine LigPS;Cl 1.60
Li,PS:Cl CL5 1.65
LisPSsCI CL10 1.60
Li,PS:CI F5 1.65
Li,PSsCI F10 1.65

Li,PSsCl CL5-bm | 1.40
Li,PS,Cl CL10-bm | 1.20
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Figure A.7: XRD measurement and refinement with different phases identified for cathode of: NCM622, pristine Liz PS5 Cl, Carbon
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Figure A.8: XRD measurement and refinement with different phases identified for cathode of: NCM622, LigPS;Cl CL5, Carbon
black for (a) before cycling and (b) after 72 cycles



48

A. Appendix
3000
i (a) Catholyte with Li6P85CI CL10 X Observed
2500 L Calculated
Background
3 Difference
2000 - % NCM 622
LiSPSSCI
1500 F WRp = 0.0642 LigPO,
2 Rp = 0.0493 Li,S
2 Li,PS
& 1000 28
I &
04 s oo i A e
500 . = . e 1T S e e T e Ti i T h et T LS L
1 1 1 I. .I 1 1 “I 1 1 - 1
20 30 40 50 60 70 80 90 100 110 120
20
2500 g
(b) Ex-situ of cathode: NCM622 and Li6PS5CI CL10
2000 F X ~72 cycles x  Observed
) Calculated
Background
X3 Difference
1500 _ 7 ) NCM 622
5 3 ). wRp = 0.0707 LigPS,Cl
> : 3 : Licl
c ; % ,
2 F ) : Ho®
500 e % Li,PS,
e, "% % WY o - NiO
ol P
BOO "o o e, ofs Saneaocmasomesan amem e’ csme o mminen somionSmaomn noniions mumSummsmcsetsSumeee
1 i 1 ° [ e B [t B - "1 iy S T EEm mem -
20 30 40 50 60 2'60 80 90 100 110 120

Figure A.9: XRD measurement and refinement with different phases identified for cathode of: NCM622, LisPS;Cl CL10, Carbon
black for (a) before cycling and (b) after 72 cycles



49

4000

3500

3000

2500

2000

1500 -

Intensity

1000

500

(a) Catholyte with LisPSSCI F5

wRp = 0.0678
Rp = 0.0527

pad

Observed
Calculated
Background
Difference
NCM 622
L|5P850I
LiF

LiCl

L|3PO4

L|ES
L|2PS3

'500_- o* . . :- *s * e ss T ae e = = Ll iy S T - ™ -
R RN I T T T R T LT T e T
20 30 40 50 60 70 80 90 100 110 120
20
; . . . X  Observed
2500 o (b) Ex-situ of cathode: NCM622 and L|6P85CI F5 Calculated
% ~72 cycles Background
Difference
2000 - NCM 622
Li5P850I
LiCl
1500 ¥ wRp = 0.0696 - Li,PO,
=) Rp = 0.0544 Li,S
2 ¢ LiF
2 1000 Li P
c 3

500

- .- - e

-500 [ | | L. | L |--' 'I'- | - -| -'|" . |
20 30 40 50 60 70 80 90 100 110 120
20
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Figure A.12: XRD measurement and refinement with different phases identified for cathode of: pristine LisPSsCl and Carbon
black for (a) before cycling and (b) after 30 cycles
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Figure A.13: XRD measurement and refinement with different phases identified for cathode of: LigPS;Cl CL5 and Carbon black
for (a) before cycling and (b) after 36 cycles
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Figure A.14: XRD measurement and refinement with different phases identified for cathode of: LizPSsCl CL10 and Carbon black

for (a) before cycling and (b) after 32 cycles
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Figure A.15: XRD measurement and refinement with different phases identified for cathode of: LizPSsCl F5 and Carbon black

for (a) before cycling and (b) after 26 cycles
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Figure A.16: XRD measurement and refinement with different phases identified for cathode of: LisPSsCl F10 and Carbon black
for (a) before cycling and (b) after 26 cycles
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Figure A.17: XRD measurement and refinement with different phases identified for cathode of: NCM622, LisPSsCl CL5-bm,

Carbon black for (a) before cycling and (b) after 38 cycles
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Figure A.18: XRD measurement and refinement with different phases identified for cathode of: NCM622, LisPSsCl CL10-bm,
Carbon black for (a) before cycling and (b) after 36 cycles
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Figure A.19: XRD measurement and refinement with different phases identified for cathode of: LigPSsCl CL5-bm, Carbon black

for (a) before cycling and (b) after 18 cycles
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Figure A.20: XRD measurement and refinement with different phases identified for cathode of: LigPS;Cl CL10-bm, Carbon black
for (a) before cycling and (b) after 8 cycles
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