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Kurzfassung

Lithiumaluminiumgermaniumphosphat (LAGP) und Lithiumaluminiumtitanphosphat (LATP) sind
vielversprechende Feststoffelektrolytmaterialien flr die zukiinftigen Lithium-lonen-Batterien. Sie
verfigen Uber gute ionische Leitfahigkeit und hervorragende thermische Stabilitat, die die
Leistung und Sicherheit von Lithium-lonen-Batterien stark verbessern kann. LAGP und LATP
weisen eine sogenannte NaSICON-Struktur auf, deren Skelett aus eckenverknipften PQOa-
Tetraedern und TiOs- bzw. GeOs-Oktaedern besteht. Die NaSICON—Struktur ermdglicht eine
leichte Migration von Li-lonen durch das Kristallgitter.

Ein wichtiges Ziel dieser Arbeit war die Optimierung der ionischen Leitfahigkeit von LAGP und
LATP. Dazu wurden LAGP Proben mit unterschiedlichen Zusammensetzungen mit Hilfe der
Sintermethode bzw. der Warmenachbehandlungsmethode prapariert. Die ionische Leitfahigkeit
wurde mittels Impedanzspektroskopie und die thermische Leitfahigkeit mittels
Laserflashmessungen gemessen. Die optimierte Sinter- bzw. Warmebehandlungstemperatur
wurden bei 800°C gefunden. Unter den Proben mit unterschiedlichen Zusammensetzungen zeigte
das Li-reiches LAGP die hochste Leitfahigkeit. Die optimierte Sintertemperatur fir die Proben von
LATP wurde bei 1000°C gefunden. Bei LAGP wurde erstmals der Zusammenhang zwischen der
thermischen und der ionischen Leitfahigkeit untersucht. Dabei ist nachgewiesen worden, dass fir
diese Materialien das Wiedemann-Franz-Gesetz nicht gilt.

Um das Verstandnis Gber die Mechanismen des lonentransports in polykristallinem LAGP/LATP
zu erweitern, wurde das Gefilige der Proben untersucht. Die Phasentransformationen in LAGP
wurden untersucht, um die Sinter- und Warmebehandlungsvorgang zu folgen.
Rasterelektronenmikroskopie (REM), DSC, Dilatometrie (DIL), thermogravimetrische Analyse
(TGA), XRD und Hot-stage-XRD Messungen wurden ausgefihrt.

Es wurden Li-lonen-Zellen gebaut um die Funktionalitit des LAGP/LATP Materials als
Feststoffelektrolyte zu testen. Zellen mit unterschiedlichen Elektrodenkombinationen und
Strukturen wurden getestet. LAGP und LATP zeigten beide eine Instabilitdt gegen Li-Metall- und
Graphitanode. LAGP war nur stabil gegen eine LisTisO12-Anode. Daher wurden zusatzlich Zyklische
Voltammetrie-Messungen ausgefiihrt, um die Reaktion bei LAGP genauer zu untersuchen. Eine
Reduktionsreaktion findet an LAGP statt, wenn die Spannung an LAGP unter 1 V gegen Li/Li* fallt.
Die Reaktion wirkte sich negativ auf die Beschaffenheit des LAGP Feststoffelektrolyten aus und
verursachte das Versagen der Zelle. Verbesserungen und Modifikationen sind deswegen fiir die
Anwendung von LAGP/LATP als Feststoffelektrolyte in Li-lonen-Zellen notwendig.



Abstract

Lithium aluminum germanium phosphate (LAGP) and lithium aluminum titanium phosphate
(LATP) are promising solid-state electrolyte materials for future lithium ion batteries. They have
good ionic conductivity and excellent thermal stability, which can improve the performance and
safety of the lithium ion cells. The LAGP and LATP have the NaSICON structure, whose framework
consists of corner connecting POs-tetrahedra and TiOs- or GeOs-octahedra, respectively. The
NaSICON structure enables an easy migration of the Li* ions through the lattice.

An important objective of this work was the optimization of the ionic conductivity of the LAGP
and LATP solid-state electrolytes via different process routes. LAGP samples with different
compositions were prepared via sintering method and heat-treating method, respectively. The
ionic conductivities of the samples were measured with impedance spectroscopy and the thermal
conductivity with Laser flash measurements. The optimized sintering/heat-treating temperature
was found to be 800°C and the Li rich LAGP showed the highest ionic conductivity among the
samples with different compositions. For LATP, the optimized sintering temperature was found
to be 1000°C. For LAGP, the relation between the thermal conductivity and the ionic conductivity
was investigated for the first time and it was revealed that these materials do not obey the
Wiedemann-Franz law.

The microstructure of the samples was analyzed for a better understanding of the ion conducting
mechanisms in the polycrystalline LAGP/LATP material. The phase transitions in LAGP were
investigated for a better understanding of the sintering/heat-treating process. Scanning electron
microscopy (SEM), DSC, Dilatometry (DIL), Thermal gravimetric analysis (TGA), XRD and hot stage
XRD measurements were carried out.

Lithium ion cells were assembled in order to test the functionality of LAGP and LATP as solid-state
electrolyte. Cells with different electrode combinations and different structures were tested.
Instability of the LAGP and LATP solid-state electrolyte was observed vs lithium metal and
graphite anode. On the other hand, LAGP was stable vs. LisTisO12 anode. Thus cyclic voltammetry
measurements were carried out in order to investigate the reaction for LAGP in more detail. It
was shown that the LAGP is reduced at the voltage below 1 V vs Li/Li*. This reaction caused
damage of the LAGP electrolyte pellet and the failures of the test cells. Improvements and
modifications are therefore required for the application of the LAGP and LATP as solid-state
electrolyte in lithium ion batteries.
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1 Introduction

1.1 Motivation

Lithium ion battery is one of the most massively used battery types. Lithium ion batteries have the
advantages of high energy density, high open circuit voltage, fast charge / discharge, no memory effect
and low self-discharge, which make them the most suitable power source for portable electronic devices,
which are fabricated in largest amount. Electrical vehicles are being intensively developed nowadays and
many of them rely on lithium ion batteries. The battery system is an important limiting factor for the
performance of an electrical vehicle. In addition, large lithium ion battery modules have the application as
stationary energy storage systems, which are required for the renewable energy systems such as wind and
solar in order to reduce the fluctuation of the output of wind and solar energy?.

For those applications (portable devices, electrical vehicles and stationary energy storage), larger capacity,
longer lifetime and especially higher safety are required. However, the liquid electrolytes in lithium ion
batteries raise safety issues such as decomposition, leakage and inflammation. The instability of the
organic liquid electrolyte is also a limiting factor for the lifetime of lithium ion batteries.

Solid-state electrolytes have the potential to improve the performance of battery systems significantly.
Glass and ceramic solid-state electrolytes have a good thermal stability. There would be no concerns about
leakage of the electrolytes, when the liquid organic electrolytes are replaced with solid-state electrolyte.
Better heat resistance and higher power density can be also achieved in lithium ion battery cells.

In addition, a number of solid-state electrolytes may offer a larger electrochemical stability window
compared to liquid electrolytes, which enables the application of high voltage cathode and increases the
energy density of the Lithium ion battery.

Moreover, the solid-state electrolytes are supposed to be able to suppress the growth of Li dendrites
during cycling of the Lithium ion batteries, which improves the safety. It will be then possible to apply the
Li metal as anode, which has a far higher capacity than other anode materials. The solid-state electrolyte
material gives also more freedom of the battery geometry. Higher packing efficiency of the cells can be
achieved with help of advanced processing techniques, which increases practical battery energy densities.

Phosphate based ceramics lithium aluminum germanium phosphate (LAGP) and lithium aluminum
titanium phosphate (LATP) were reported to have a good ionic conductivity?. For the applications, their
fabrication processes need to be optimized for the best conductivity. Tests in battery cells are also required.
In addition, their thermophysical properties and electrochemical stability are of great importance for the
application as solid-state electrolytes.
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1.2 Lithium ion battery

1.2.1 Electrode materials of Lithium ion battery

A lithium ion battery consists of the anode, the cathode, the electrolyte, and the separator. Li ions are
extracted from the cathode and transported to the anode. The electrons flow through the external circuit
from cathode to the anode (Figure 1-1). The lithium ion battery was invented in 1970s. In 1979, John
Goodenough and Koichi Mizushima demonstrated a rechargeable cell with a voltage around 4 V using
lithium cobalt oxide (LiCoQ,) as the cathode (positive electrode) and lithium metal as the anode (negative
electrode).

The discovery of lithium cobalt oxide (LiCoO,, LCO) as a cathode material enabled the development of
rechargeable lithium ion battery®. The LiCoO, has a layered structure: the cobalt atoms are octahedrally
coordinated by oxygen atoms. The octahedra are connected with each other forming a planar structure.
Li* ions are positioned between the cobalt-oxygen planar layers*. Cobalt ions are oxidized by charging
(from Co** to Co*) and lithium ions are extracted from the layer structure of the LiCoO,. A half Li of each
LiCoO; formula unit can be extracted while its layered structure is preserved, which corresponds to a
capacity of 140 mAh/g and a voltage window of 3V -4.2 V vs Li/Li*. Cobalt ions are reduced by discharging
and Li* ions intercalate again in the layer structure of Li;xCoO,. The reaction on the cathode side is:

Li;_,Co0, + xLi* + xe™ = LiCoO0, 1-1

In the 1980s, the graphite was discovered as an anode material, which is less reactive than lithium metal
and causes less safety problems (Li metal fails to be an appropriate anode due to the dendrite formation®).
Graphite has a layered, planar structure. Individual layers are bound via weak van der Waals bonds, which
allow them to be easily separated or to slide past each other. During charging and discharging, the Li* ions
are intercalated into and extracted from the graphite, respectively. The potential of graphite lies at around
0.1V vs Li/Li* (depending on the state of charge)®. The graphite is the most often used anode material for
lithium ion batteries. The reaction on the anode side can be written as:

xLiCe = xLit + xe™ + xCq 1-2

There are other cathode materials for lithium ion batteries. Lithium nickel manganese cobalt oxide (NMC)
is one of the most successful cathode materials. These systems can be tailored to serve different
requirements from high power to high capacity. There are different ratios of nickel, manganese and cobalt:
from NMC 1:1:1 to NMC 5:3:2 to NMC 8:1:17. Manganese spinels (Liz+x[Mn;]O4) are environmental friendly
and less expensive®. Lithium iron phosphate (LiFePQ,, LFP) has lower cost and no environmental harmful
element. It has a good thermal stability, enhanced safety, better tolerance to abuse but lower voltage than
LiCoO,°.

Lithium titanate (LisTisO1z, LTO) is an electrode material with a potential of 1.5 V vs. Li/Li*. The LTO can
work as cathode material vs. graphite and also as anode material vs. LiCoO,. The cell voltage lies at 1.5V
vs. Li/Li* and at 2.4 V vs LiCoO,. The reaction between LTO and e, Li* is:



Li4,Ti5012 + 3e™ + 3Ll+ = Li7Ti5012 1-3

Both LisTisO1; and Li;TisO1, have a cubic spinel structure with the space group of Fd3m?™. The lattice
parameter exhibits less than 0.1% change during cycling®™.

CHARGE MECHANISM DISCHARGE MECHANISM
Charger Lk T
| =2 Blectron s e
current g- SABEBEN LS é Eledrons g Current g
Separator ; Separator

Electrolyte Electrolyte
Figure 1-1: Charge and discharge process of secondary lithium-ion batteries*>.
1.2.2 Liquid electrolytes in lithium ion cells

The electrolyte in lithium ion cells provides Lithium ion conduction between the cathode and the anode.
Li ions dissolved in the electrolyte can migrate under external electric field. A good ionic conductivity,
thermal and electrochemical stability are required for the electrolyte at its operating temperature®,

Agueous solutions cannot be applied as electrolytes for lithium ion battery because H,0 can dissociate in
Hs0* and OH". The anode material in lithium ion battery (for example Li metal or Li in graphite) can reduce
the Hs0" cations and produce H; gas.

Aprotic organic solvents are therefore applied for liquid electrolyte in lithium ion batteries. A sufficient
solubility of lithium salts, an appropriate melting point and a good chemical stability are required for the
organic solvents. Most of the lithium electrolytes are based on solutions of one or more lithium salts in
two or more solvents.

Various solvents such as Ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC),
ethyl methyl carbonate (EMC), diethyl carbonate (DEC), propyl methyl carbonate (PMC), dimethoxyethane
(DME) are applied for the mixed solvents. Most of the organic solvents are inflammable'® *>. A commonly
used solvent mixture consists of ethylene carbonate (EC) and dimethyl carbonate (DMC). The dimethyl
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carbonate has the formula OC(OCHs), and the ethylene carbonate has the formula (CH,0),CO. The
mixture is a colorless liquid at room temperature.

The organic solvents are not stable with respect to Li or graphite anodes. They decompose in contact with
the anode material and form a passivation layer, the solid electrolyte interface (SEl) layer!’. A huge variety
of compounds has been observed in SEl layers. (CH,OCO4Li),, Li»COs3, LiF, etc are proposed in different
researches®®. This SEI layer covers the anode surface and prevents the organic solvent from further
decomposition. The SEl layer has also influence on the cell characteristics such as the cycle life, safety, and
the self-discharge®.

The Li ions dissolved in the organic solvents are the charge carriers in the electrolyte. However, simple Li-
salts such as LiCl, LiF and Li.O have poor solubility in an aprotic solvent. Because of their strong cation—
anion interactions and high lattice energy, it is energetically unfavorable for such lithium salts to dissolve
in those aprotic organic solvents. Therefore, Li-salts of weakly coordinating anions are applied. Via the
electron-drawing substituents like —F or —CFs, the negative charges are delocalized over the whole anion.
LiPFg, LiBF3, LiClO4, etc. are commonly applied for liquid electrolyte. Among them, the LiPFs is the dominant
salt in commercial lithium ion batteries due to its best balance of properties in different categories: the
conductivity, the thermal stability, the sensitivity to hydrolysis and formation of proper SEI. The LiPFs
dissociates into Li* and [PFe] ions in solvent:

LiPFg = Lit + PFy 1-4

The LiPFs could hydrolyze by the presence of small amounts of moisture:

LiPFg + H,0 = LiF + POF; + 2HF 1-5

and PFs + H,0 = POF; + 2HF 1-6

These reactions take place at around 80°C and introduce impurities in the electrolyte. The hydrogen
fluoride (HF) is very toxic and corrosive®> %°,

1.2.3 Safety concerns of lithium ion batteries

The reactive materials employed in lithium ion batteries (liquid electrolyte, anode material, polymer
separator, e.g.) can bring safety risks, which lead to serious failure such as short circuit and inflammation
of the batteries.

The cell temperature can rise dangerously high under abusive conditions, e.g. insufficient heat dissipation
or short circuit. The SEl layer, which passivates the anode, begins to decompose at 80°C - 120°C. The
electrolyte reacts then with the anode material and generates heat (self-heating). As the temperature
further increases, the LiCoO, cathode begins to evolve oxygen gas at the temperature higher than 250°C,
which reacts violently with the anode and electrolyte, which would cause fire and explosion. Most of the
cathode materials decompose and evolve oxygen at elevated temperature with the exception of LiFePO,

4



21-23 The separator and the battery case melt and fail at a temperature higher than 200°C. Melting of the

separator can cause internal short circuit of the call. Leakage of the battery case expose the cell
components to the air and can cause inflammation.

Multiple safety devices are developed for the Lithium ion cells. A cell safety vent can release the gas if a
certain pressure level is exceeded in the cell. A current limiting fuse controls the maximum current. A shut
down separators stops the ionic transport when the cell temperature exceeds the temperature limit.

However, an internal short circuit is more difficult to handle. In that case, the anode and cathode get into
direct contact and large current flows without passing the external circuit. The internal short circuit could
be caused by foreign particles, by dendrites formation or by physical damage. Metallic foreign objects can
fall between electrode sheets through failures in the manufacturing process and cause damage on the
separator. Dendrites can be formed on the graphite anode by high charging current or low temperature,
at which the Li* ion cannot diffuse fast enough into the graphite matrix. Dendrites are needle-like lithium
metal crystals, which can puncture the separator and cause internal short circuit. In addition, a mechanical
impact can damage the cell structure and cause direct contact of the different electrodes.

One way to improve the battery safety is to use a more robust electrolyte. Solid-state electrolyte made of
glass or ceramic material provides an alternative for the liquid electrolyte and the separator in lithium ion
cells.

1.3 Solid-state electrolyte

Solid-state electrolyte refers to the solid-state material, which provides ionic conductivity and has
negligible electronic conductivity.

Solid-state electrolytes made of glass and ceramic have the advantages of excellent thermal stability, good
electrochemical stability and form stability. The risks of decomposition and leakage of the flammable liquid
organic electrolytes can be eliminated in cells with solid-state electrolyte. The cells will become more
robust vs. higher operation temperature, which increases both the safety and the performance of the
lithium ion batteries. Materials with roughly twice the shear modulus of lithium can suppress dendrites?.
A dense solid-state electrolyte with sufficient shear modulus can thus improve the cell safety with respect
to dendrites formation and internal short circuit. It is then possible to use Li metal as anode material, which
provides highest energy density. It is possible to produce multiple-layer-stacked cell using solid-state
electrolyte, which can achieve a higher power density. Thin film lithium ion battery can be produced for
special applications such as smart card or wearable devices.

In contrast to liquid electrolyte, a crystalline solid-state electrolyte has a lattice framework, which is
immobile under external electric field. However, there are mobile ions in the lattice, which can migrate
under external electric field. There is usually only one kind of mobile ions in solid-state electrolytes (e.g.
Li*). The ion transport number (the fraction of the total electric current carried in an electrolyte by a given
ionic species) of this ion is close to 1, which is significantly higher than the Li* transport number in
conventional liquid electrolytes (lower as 0.6)%.
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The ion transport in the solid-state electrolyte is conducted by jumping of the mobile ions from one lattice
site to neighboring vacancies in the lattice. Alternatively, an ion can jump to an interstitial site and migrate
via interstitial sites. The number of vacancies and interstitial defects are therefore important for the ionic
conductivity of the crystalline solid-state electrolyte materials. Vacancies and interstitial atoms can be
generated as Frenkel defect (An atom is displaced from its lattice position to an interstitial site) or Schottky
defect (oppositely charged ions leave their lattice sites and create vacancies). These defects are formed
via thermal activated process and called intrinsic defects. The ionic conductivity resulting from those
defects is called intrinsic conductivity. The number of the intrinsic generated charge carriers have
therefore strong temperature dependence.

On the other hand, defects could also be introduced into the crystal by doping with foreign atoms. One
example is the yttria-stabilized zirconia (YSZ). The YSZ is produced by doping ZrO, with the Y,0s. The
addition of Y,0s3 stabilizes the zirconia cubic fluorite structure at room temperature and introduces oxygen
vacancies into the lattice. The ionic conductivity of the YSZ depends therefore on the concentration of
dopant. The ionic conductivity resulting from the introduced defects is called extrinsic conductivity.

The ionic conductivity of the solid-state electrolyte o can be generally expressed as:
o =nZepn 1-7

with n: the volume density of the mobile ions, Z-e: the charge, which is carried by one mobile ion and u:
the mobility of the carrier®.

The “n” refers to the concentration of interstitial defects when the ions migrate via interstitial sites in the
solid-state electrolyte. It refers to the concentration of vacancies when the ions migrate via vacancies in
the solid-state electrolyte. For extrinsic defects, n depends on the concentration of dopant. For intrinsic
defects, the n obeys the Arrhenius equation.

Atoms need to overcome an energy barrier when they are jumping from one site to another site in the
lattice (activation energy). The ionic conductivity obeys the Arrhenius equation:
o= aoexp(—& 1-8
kT

with o: the ionic conductivity, op: the pre-exponential factor, which represents the vibration rate of the
ions, T: the absolute temperature and k: the Boltzmann constant, E,: the activation energy. For the solid-
state electrolyte with dominating extrinsic conductivity, the activation energy E, represents the activation
energy for ion migration. For the solid-state electrolyte with dominating intrinsic conductivity, it includes
the activation energy for ion migration and the energy for the defect formation. The ionic conductivity of
solid-state electrolyte has therefore strong temperature dependence. The ionic conductivity increases
exponentially with 1/T.

A solid-state electrolyte is often called superionic conductor when it has a high ionic conductivity in the
same order of magnitude as molten salts.



Silver iodide (Agl) is one of the earliest investigated superionic conductors. The Agl has a phase transition
at 147°C from B-Agl to a-Agl (wurtzite to body centered cubic). The ionic conductivity of the Agl jumps
from 10* S/cm to more than 1 S/cm in the phase transition. In the a-Agl, the Ag sub lattice is highly
disordered and has a quasi-molten state, while the iodide sub lattice remains solid. It allows the correlated

motion of the silver ions, which largely enhances the ionic conductivity?’=2°.

T(°C)
800 500 200 100 27 -30 -100
LISICON New Li;,GeP,S,, solid electrolyte
LiaZn(GeO,)q Glass electrolyte
Li,S-5iS,-Li;PO, lonic liquid electrolyte 1 M LiBF ,/EMIBF

loglo (S ecm™)]

107 T-1 (K-)

Figure 1-2: lonic conductivity of different kinds of lithium solid electrolytes, organic liquid electrolytes,
polymer electrolytes, ionic liquids and gel electrolytes®.

The lithium ion batteries are widely used. Solid-state electrolytes conducting Li* ions gain therefore great
interest. Different kinds of lithium superionic conductors were investigated in the past years. Many of
them have a good ionic conductivity, which is comparable to that of polymer electrolytes (Figure 1-2). The
Garnet-type Li-ionic conductors, Perovskite-type Li-ionic conductors, sulfide Li-ionic conductors and
phosphate NaSICON Li-ionic conductors are the promising solid-state electrolyte materials®..

The garnet structure crystal has the general formula X5Y,Z301,, where the X-sites are occupied by divalent
cations, the Y-sites by trivalent cations and the Z-sites by tetravalent atoms. Each X-site is coordinated with
eight oxygen atoms in a distorted cubic. The Y-site is 6-fold coordinated (octahedral) and the Z-site is 4-
fold coordinated (tetrahedral). One example of the garnet type Li-ionic conductor is the LisLasTa;012. Its
stoichiometry can be modified by substitution of tetravalent atoms with pentavalent Ta. Extra Li* ions are
introduced into the crystal on the interstitial sites. Various kinds of elements are applied as dopant in
garnet type Li-ionic conductor with the formula LisALa2M,01, (A = Ca, Sr, Ba; M = Nb, Ta). The Garnet-type

7



1. Introduction

Li-ionic conductors have good ionic conductivity (in the range of 10° — 103 S/cm at room temperature)
32-34

and good chemical stability
The perovskite structure crystal has the general formula of ABOs, where A and B represent cations and O
is oxygen. The B cation is tetravalent and coordinated with six oxygen atoms. The BOgs-octahedra share
corners with each other and build a 3-dimensional framework. The divalent A cations occupy the holes
created by eight BOs octahedra, giving the A cations 12-fold oxygen coordination. The 3D structure of the
perovskite structure allows good diffusion of the cations. LisxLaz;3xTiO3 (LLTO) is one example of the
Perovskite-type Li-ionic conductor. By substitution of the A%* with the La3>* and Li*, vacancies are generated
in the crystal (when x < 1/6). The LLTO has an ionic conductivity of 10*— 103 S/cm at room temperature).
However, the Ti** can be reduced by Li metal and lithium intercalation graphite anode, which makes the
LLTO unstable in Li-ion cells®. Perovskite Li-ionic conductors with other elements such as
Lizx-ySr1-xHf1-yNb,Os (x =0.75y) and LissSrs/16Hf1/4Ta3/40;3 are investigated in order to overcome this
problem?3e,

The sulfide Li-ionic conductors involve a group of glass-ceramic sulfide materials such as Li,S-SiS;, Li,S—
SiSo—Lil, Li,S—P,Ss and Li>S— GeS,—P,Ss. A superionic LizPsS11 phase is formed in the Li;S—P,Ss system, which
improves the ionic conductivity®’. In the Li;S—GeS,—P,Ss System, the superionic Lis—x Ge1xP,Ss phase is
formed?2. Besides the high ionic conductivity of the crystal grains, the advantage of sulfide electrolytes is
the low grain boundary resistance (The grain boundary resistance has the largest fraction of the total
resistance in other Li-ionic conductors)®. The sulfide Li-ionic conductors have the ionic conductivity as high
as 102 S/cm at room temperature?. The main drawback of the sulfide electrolytes is their hydrolysis in air.
H,S is formed in this reaction and can induce security risks®’.

There are other kinds of Li-ionic conductor such as LisN, Li-B-alumina and Liz.gsPO38sNo.14 (LIPON)3% 40,
However, none of the solid-state electrolyte mentioned above has replaced the liquid electrolyte applied
in commercial Li-ion batteries. Research and development are required to improve the properties (ionic
conductivity, chemical stability, production procedure, etc.) of the solid-state electrolytes.

1.4 NaSICON Super ionic conductor

The phosphate based solid ionic conductors lithium aluminum germanium phosphate Lii+xAlkGez.x(POa)s (x
= 0.3 - 0.7, LAGP) and lithium aluminum titanium phosphate Li1«xAlTi2x(PO4)s (x = 0.3 - 0.7, LATP) are
reported to have a ionic conductivity in the range of 10* - 103 Scm™ 241743, They are non-flammable, stable
in air and water and have high melting points. The LAGP and LATP are therefore candidates for solid-state
electrolytes in lithium ion batteries.

The LAGP and LATP possess a so-called NaSICON structure. This structure was proposed in 1976 by Hong
and Goodenough et al. The structure has a suitable tunnel size for Na* migration in the Nay.x Zr; SixP3-« 012
(0 < x < 3) framework and was named as Sodium (Na) Super (S) lonic (1) Conductor (CON) (NaSICON)* 45,
The crystal with the composition NaZr,Ps0;; has a rhombohedral space group R3c (Space group No. 167)
(Figure 1-3, Figure 1-4). A small distortion to monoclinic symmetry occurs at 1.8 < x £ 2.2. Consequently,
the structure of NasZr,Si,PO1, has the space group C2/c (Space group No. 15) (Figure 1-4).



Figure 1-3: Rhombohedral R3c structure of NaZr:P301;%. Z: Zirconium, P: Phosphorous, N: Sodium. Oxygen
atoms are on the corner of each octahedra and tetrahedra.

(b) C2/c

Figure 1-4: The a - b plane of the NaSICON structure with the space group (a) R3¢ and (b) C2/c*.

In later publications, the NaSICON is referred to a class of structurally isomorphous 3D framework
compounds with high conductivity. Generally, the NaSICON compounds have the formula AMyM’,P301,.
The A usually refers to an alkali ion (Li*, Na* or K*). The M and M’ refer to divalent (Zn?*, Cd%, Ni**, Mn?%,

9



1. Introduction

Co?), trivalent (Fe*, Sc**, V**, Cr*, AP, In*, Ga*", Y**, Lu*), tetravalent (Ti*, Zr*, Hf*, Sn*", Si*", Ge*') and
pentavalent (V**, Nb**, Ta®, Sb>*, As®*) transition metal ions*6#’.

In the 3D framework of a NaSICON lattice, each M atom is octahedrally coordinated with six oxygen atoms
(yellow octahedra in Figure 1-5). Each phosphorous atom is tetrahedrally coordinated with four oxygen
atoms (purple tetrahedra in Figure 1-5). The MOg-octahedra and PO,-tetrahedra are connected with each
other via their corners. l.e. each oxygen atom is bonded with phosphorous atom on one hand and with
the M atom on the other hand.

The Wyckoff positions of the different atoms in the NaSICON structure are listed in Table 1-1. The exact
atom coordinates vary between compounds with different elements and compositions. There are 72
oxygen atoms occupying two kinds of 36f positions in one elementary cell. There are 18 phosphorous
atoms occupying the 18e positions and 12 M-atoms occupying the 12c positions. The alkali ions (e.g. Na*
or Li*) occupy the 6b positions (A1). There are other 18 interstitial positions (A2) in one unit cell, which
have also the Wyckoff position 18e*°°, As shown on Figure 1-6, the Al sites are between two MOe-
octahedra along the c-axis and the A2 sites are in distorted octahedra.

There are numerous options of substitution at various lattice sites. The tetravalent ions in the MOs-
octahedra can be substituted by trivalent ions. The phosphorous atoms in the POs-tetrahedra can be
substituted by tetravalent ions. The charge deficiency is compensated by additional monovalent ions (Na*
or Li*) in the crystal. The charge compensating cations occupy vacancies A2, which is initially unoccupied
without substitution (Li2 position on Figure 1-6).

The lithium aluminum germanium phosphate glass-ceramics (LAGP) and lithium aluminum titanium
phosphate (LATP) have the NaSICON structure with the space group R3c, which consists of corner
connecting PO;-tetrahedra and GeOs- or TiOs-octahedra, respectively>¥™3, Li-ions occupy the low energy
site Al between two GeOs-octahedra/TiOs-octahedra (Wyckoff position 6b) in the un-doped LiGez(PO4)3
/LiTi(PO4)s (LGP/LTP) lattice. The AI** ions occupy the Ge*/Ti*" site (Wyckoff position 12¢) when they are
doped in LGP/LTP. The additional Li* ions introduced by doping occupy the A2 sites with higher energy
(Wyckoff position 18e).
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Figure 1-5: 3D crystal structure of NaSICON Na1.,Zr:Ps.SixO1:. Sodium atoms are not shown. Red dots:
Oxygen atoms, yellow octahedron: ZrOs octahedron, purple tetrahedron: PO, tetrahedron. (Generated by
chemtube3d of University Liverpool. ChemTube3D by Nick Greeves is licensed under a Creative Commons
Attribution-Noncommercial-Share Alike 2.0 UK: England & Wales License)

Table 1-1: Wyckoff positions of the atom sites in R3¢ NaSICON structure with hexagonal axis.

Atom site Wyckoff position
Al 6b

A2 18e

M 12c

P 18e

0] 36f
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Figure 1-6: Structure of the Li12(Alo.2Geo 2 Ti1.6)(PO4)s crystal with NaSICON structure®®. The Lil atoms occupy
the A1 site, the Li2 atoms are on the A2 site.

The 3D-Framework of the crystal enables an easy migration of the monovalent ions (Li*, Na* or K*). The A2
vacancies in the lattice are partially occupied by the monovalent ions (Na* or Li*). The ions can jump
between the Al and A2 site. lonic conduction occurs by correlated migrations of the monovalent ions:

Lig, + Lijy + V35 - V5 + Lig, + Lij, 1-9

where Lij; refers to the monovalent ion on Al site with neutral charge relative to site that it occupies(a
monovalent ion), Lij, refers to the monovalent ion on A2 site, which has a single positive charge relative
to the site that it occupies(a vacancy), and V5 refers to a vacancy at the A2 site with neutral charge.

Figure 1-7 shows the migration path of Li* ions in a LiTiz(POa); crystal. The Li* ion migrates along the Al-
A2-A1 path. Figure 1-8 shows the simulated diffusion channel in the LiTi,(PO4)s crystal (using energy
minimization of Universal Force Field), through which the Li* ions can migrate.

There are different mechanisms, which can enhance the ionic conductivity. The additional Li* ions increase
the concentration of the charge carriers and hence increase the ionic conductivity. The doped atoms and
the extra Li* ions enlarge the lattice volume. The enlarged lattice volume is correlated with a larger
bottleneck width in the diffusion path, which reduces the activation energy of the ion migration. Moreover,
new interstitial sites for Li* ions can be created, which increases the probability of a successful jump. These
mechanisms have a combined effect and increase the ionic conductivity of the crystal to the magnitude of
10*- 103 S/cm at room temperature®® > 56,

12



Figure 1-7: Migration path for Liions in LiTi,(PO4)3 consisting of A1 (stable sites in green) and A2 (transition
sites in yellow) positions *’.

Figure 1-8 : Diffusion channels in the [Ti(PO4)s]” framework *°.

13



1. Introduction

1.5 Polycrystalline LAGP/LATP and Equivalent circuit model (ECM)

The LATP and LAGP solid-state electrolytes are usually fabricated as polycrystalline materials. The grain
boundaries have significant influence on the ion transport in LAGP/LATP.

The grain boundary has a thickness of several atom layers. Atoms at the grain boundary have an irregular
arrangement and a lower packing density. Since there are more defects at the grain boundary, diffusion is
faster at grain boundary than in grains in conventional polycrystalline materials. However, due to its crystal
structure and vacancy distribution, the grains of the NaSICON materials have a higher ionic conductivity
and lower resistance as the grain boundary. Moreover, glassy or crystalline minor phases can be formed
at the grain boundary and affect the ionic conductivity®® 5°,

It was reported that the ratio of the grain boundary resistance and the grain resistance is about 10 (Rgv/Rg
=10) in LATP solid-state electrolyte® and grain conductivity (102 S/cm at room temperature) is 3 - 5 orders
of magnitude higher than the grain boundary conductivity (in the range of 107 — 10° S/cm at room
temperature)®. In LAGP solid state electrolyte, the grain boundary resistance is also higher than the grain
conductivity and the conductivity (10® S/cm at -60°C) is 1 - 2 orders of magnitude higher than the grain
boundary conductivity (in the range of 10% - 107 S/cm at -60°C)52%3,

The arrangement of the grains can be described with the brick-layer model, where the “bricks” represent
the grains (Figure 1-9). There are series as well as parallel connections between the grains and the grain
boundary. The mobile ions migrate via the “grain - grain boundary - grain” route or via the parallel grain
boundary. However, since the resistance of the grain boundary is larger than the resistance of the grain,
the current flows mainly via the grains. The parallel grain boundary conduction is therefore negligible. On
the other hand, the mobile ions need still to cross the grain boundary when they migrated via the “grain -
grain boundary - grain” route. The series grain boundary resistance needs to be taken into account.

An equivalent circuit model can be used to describe the conduction mechanisms of a material. It is a
simplified form of a more complex circuit in order to aid analysis and calculation. The equivalent circuit
should preferably behave the same in an electric circuit as the real material.

For detailed investigation of the LAGP and LATP solid-state electrolyte, the equivalent circuit needs to
contain components representing the grain and the grain boundary. The arrangement of the grains is
described using the brick-model (Figure 1-9). The equivalent circuit can be simplified to a series connection
of the grain and the grain boundary contribution as shown in Figure 1-10. Rgrin and Cgrain represent the
resistance and capacitance of the grains and Rgrain-boundary aNd Cgrain-boundary represent the resistance and
capacitance of the grain boundary, respectively.
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Figure 1-9: Brick-layer model for the ionic conduction in polycrystalline materials: (a) the material consists
of the grains and the high resistive grain boundary phase. (b) Schematic representation of the serial path
of grain core and capping grain boundary and the grain boundary path in parallel 5%
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Figure 1-10 : The equivalent circuit model with grain and grain boundary contribution, which represents
the ionic conduction in solid electrolytes.
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1.6 Ionic conductivity and complex impedance spectroscopy

lonic conductivity represents the ability of a material to conduct ions. Analogous to the electrical
conductivity, the ionic conductivity o can be defined as:

1-10

with j: the ion current density in the ionic conductor (Sl unit A/m?), E: the electric field intensity (V/m) and
p: the resistivity of the ionic conductor. The ionic conductivity has the unit of A/(V-m) and S/m (The unit
Siemens (S) is defined as 1/Q). In the literature, the unit S/cm is most frequently used.

The ionic conductivity can be calculated using the resistance and the sample geometric parameters. The
conductivity of a cylindrical sample can be calculated as:

d 1-11

°TRA

with R: the resistance of the sample, d: the height of the cylindrical sample and A: cross section area of the
cylindrical sample.

A sample needs to be connected to the measuring circuit for the conductivity measurement by applying
electrodes. When the solid-state electrolyte sample is connected on both sides with electrochemical active
electrodes, for example Li metal, redox reactions take place and the ions migrate into and out of the
sample. This kind of electrode is called a non-blocking electrode. When a DC voltage is applied on such
electrodes, current can flow continuously. However, the resistance at the interface between the electrode
and the sample needs to be taken into account for the conductivity measurement. The interface resistance
contributes significantly to the total resistance of the measuring circuit and is also dependent on the
interface property®®. It is difficult to separate the resistance of the interface and of the sample. The DC
method with non-blocking electrode is therefore not suitable for the ionic conductivity measurement.

When a solid-state electrolyte sample is connected on both sides with inert electrodes, such as gold or
platinum, which are called blocking electrodes, the ions cannot migrate from the electrode into the solid-
state electrolyte and vice versa. When DC voltage is applied to the sample, the Li* ions migrate to the
negative pole due to the electrical field. The charge accumulates at the interface between the sample and
the electrodes and forms a polarization layer. The electrical field of the polarization layer counteracts the
external electrical field and achieves equilibrium in the ion conductor so that the current goes to zero.

The electrical impedance spectroscopy (EIS) is applied to measure the ionic conductivity. The electrical
impedance spectroscopy uses an AC (alternating current) sinusoidal excitation potential. An AC current
flows through the sample. By varying the frequency of the excitation potential, the measuring device scans
a certain frequency range. For each frequency, the amplitude and the phase shift of the response signal is
recorded and the electrical impedance is calculated.

Similar to the ohmic resistance, the electrical impedance is defined as the ratio of the voltage and current:
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% 1-12
Z=-
I

with Z: the electrical impedance, V: the voltage applied on the conductor, I: the current through the

conductor.

In the case of AC measurement, the voltage and current can be presented as complex-valued functions:
V = Vyelet 1-13
I = [jel@t=9) 1-14

with ¢: the phase shift between voltage and current, Vp: the amplitude of the voltage, lp: the amplitude of
the current, w: the angular frequency of the excitation potential (unit: radians per second).

According to the equation 1-12, the complex impedance equals:

) 1-15

Z=—¢e? =17,
Iy

with Vo: the amplitude of the voltage, /p: the amplitude of the current, w: the angular frequency of the
excitation potential (unit: radians per second), t: time, ¢: phase shift between voltage and current, Zp:
absolute value of the impedance.

The electrical impedances of common electrical elements (resistance, capacitance and inductance) are
shown in Table 1-2.

Table 1-2 : The electrical impedance of the common electrical elements

Element Electrical impedance

Resistor R R=V/I

Capacitor (iwC)? C: capacity of the capacitor
Inductor iwL L: inductivity of the inductor

However, materials often show properties that the common electrical elements (resistor, capacitor and
inductor) do not represent exactly. In AC (alternating current) measurements, materials show dispersive
character, which means that the electric response of the material has a frequency dependence. The
capacitive process in a real material may not behave exactly as an ideal capacitor, but with a phase angle

different from 90°. In order to consider this effect, the constant phase element is introduced 7-5°.

The constant phase element (CPE) is defined to have the electrical impedance as follows:

1 1 1-16

Q (iw)n

Zepg =

Q: the amplitude of the constant phase element, n: the phase parameter (0 < n<1).
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For n = 1, the constant phase element is equivalent to a capacitor. For n = 0, the constant phase element
becomes a resistor. For a certain value of the parameter n the CPE causes a constant phase shift between
-90° < <0°.

There are various explanations of the CPE. The surface roughness at the interface between solid-state
electrolyte and electrode is commonly considered as one reason for the CPE’> 7, There are also other
explanations such as inhomogeneous reaction rates on a surface’? and non-uniform current distribution’.
With help of the constant phase element, equivalent circuit model can be better adapted to the real
measurement. Figure 1-11 shows the equivalent circuit model of a solid-state electrolyte with CPE.

CPEgrain CPEgram boundary

) )

!
|:| | I |
R R
grain grain boundary

Figure 1-11 : The equivalent circuit model with resistances and constant phase elements (CPE) of the grain
and grain boundary.

The complex impedance can be written in real part and imaginary part.
Z=7"+iz" 1-17

with Z: complex impedance, Z”: real part of the complex impedance, Z”: imaginary part of the complex
impedance.

Z' = Zycos(¢) 1-18
Z' = Zysin(¢) 1-19
with Zp: the absolute value of the impedance ¢: the phase difference of the voltage and current.

Each complex impedance value corresponds to a frequency v at which it is measured. A complex
impedance value has two variables (2" and Z” or Zpand ¢). Together with the corresponding frequency v,
the result of the impedance spectroscopy is a 3-variable data set (Z, Z”, v). There are different ways to
present the data set in two-dimensional diagrams and calculate the ionic conductivity of the sample. The
Nyquist-diagram and the conductivity spectrum are explained in the following.
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1.6.1 The Nyquist-diagram

In a Nyquist-diagram, the real part of the complex impedance Z’ is plotted vs the negative imaginary part
of the complex impedance Z”. The frequency information is implicit and not directly readable. Figure 1-12
shows the Nyquist-diagram of a solid-state electrolyte sample with a part of a deformed semicircle in the

high frequency range.

The measured diagram can be fitted using the equivalent circuit model. The equivalent circuit model for
the fitting is shown on the inset of Figure 1-12. The Ry, CPE; and R;, CPE; can be interpreted as resistance
and capacitance of the grain and grain boundary of the sample, respectively. The CPE; represents the effect
of the blocking electrode®. The experimental data can be fitted using the parameters of the equivalent

circuit model by the software EISSA.

Nyquist-Diagramm

-5000 T T T T T T T T T Iv"
I R, R, = data point J
-4000 g >— fitted curve _-' T
CPE;4 CPE» u
—~-3000 |- = 4
£ .
o .
) ;
R 2000 L high frequenci}/_‘ low frequency_
-1000 / .
0 L 1 L 1 L 1 L 1 L 1
0 2000 4000 6000 8000 10000

Z' (Qcm)

Figure 1-12 : Nyquist-diagram and the fitted curve of a LAGP sample. The fitted equivalent circuit model is
given in the inset.

Figure 1-13 shows the Nyquist-diagram of different electronic elements and elements combinations. In
reality, the measured data do not show the same behavior of standard electrical elements. The constant
phase element (CPE) is therefore introduced. Figure 1-14 shows the Nyquist-diagram of the resistor-CPE

circuit compared with that of a resistor-capacitor circuit.
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Figure 1-13: The Nyquist-diagrams of different electrical elements and elements combinations. The arrow
shows the increasing angular frequency (w). Top left: Pure capacitor has only imaginary impedance. Pure
resistor has frequency independent real impedance. Top right: The parallel connection of a capacitor and
a resistor shows a semicircle in the Nyquist-diagram. Bottom left: A series connected resistor shifts the
semicircle. Bottom right: The series connected capacitor induces a spike in the high frequency side®’.
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Figure 1-14 : Comparison of the Nyquist-diagram of resistor-capacitor circuit (R-C circuit) and resistor-CPE
circuit (R-CPE circuit)®’.
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1.6.2 The conductivity spectrum:

The impedance measurement can be also presented in the conductivity spectrum. For a sample with a
regular form, the complex conductivity o can be calculated by:

1-20

N =
N IS

with Z: the complex impedance, d: the thickness of the sample, A: the area of the parallel surface contacted
with electrode.

The conductivity is a complex value:

B 1 d Z' d N —-iZz" d 1-21
CT 7 ¥z AT 7+ A 77+ 27 A
The complex conductivity o can be separated in real and imaginary part:
, A d 1-22
g =— .=
Z'2+7" A
. —iZv o d 1-23
7T 77y 77

The conductivity spectrum is obtained by plotting the values of the real part of the complex conductivity
o’ vs the values of the frequency vin double-log-plot. It presents the conductivity of the sample at different
frequencies (Figure 1-15). The spectrum can be divided into 3 regions. In the low frequency region, the
conductivity increases rapidly with increasing frequency. In the intermediate frequency region, the
conductivity shows a plateau, where the conductivity increases slowly with increasing frequency. In the
high frequency region, the conductivity increases further with increasing frequency.

The electrical response of the ionic conductor in different frequency ranges can be explained with the
Jump Relaxation Model: The ions migrate in the matrix by jumping from site to site. The jumping time is
negligible. Consider one mobile ion in the matrix, which stays at first on a site with absolute minimum
energy. When this ion jumps to another site with higher energy, there is a probability that this ion jumps
back. It is called an unsuccessful jump when this ion jumps back to its original site. On the other hand, the
ion can jump further to another site with absolute minimum energy. Alternatively, the neighboring ions at
the new site can evade around the mobile ion, making the new site to an energetic absolute minimum. It
is called a successful jump in these cases.

In a proper frequency range, the period of the measuring signal matches the interval of the “successful
jump”. Only the successful jump is measured in these frequencies. The conductivity changes slowly with
the frequency. The conductivity in this frequency range represents the DCionic conductivity of the sample.
The plateau is therefore called DC-plateau.

In lower frequency region, the period of the measuring signal is so large that electric charge has
accumulated on the blocking electrodes and formed a polarization layer. The polarization effect reduces
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the current and the measured conductivity decreases with decreasing frequency. In higher frequency
region, the unsuccessful jump is also counted to the conductivity. The higher the frequency, the more
unsuccessful jumps would be counted. The measured conductivity increases with increasing frequency’.
The conductivity shows dispersion effect.

Conductivity spectrum

I - LAGP | Dispersion

ol

DC-plateau

100 1000 10000 100000 1000000 1E7

Frequency (Hz)

Figure 1-15 : The conductivity spectrum of a LAGP sample. The spectrum can be divided into 3 regions: the
polarization effect in low frequency region, the DC-plateau in intermediate frequency region and the
dispersion region in high frequency region.

1.7 Development of LAGP/LATP solid-state electrolytes

As the demand for lithium ion batteries increases, lithium ion conducting solid-state electrolytes draw
more and more attention. Investigations have been carried out in the lithium aluminum titanium
phosphate (LATP) and lithium aluminum germanium phosphate (LAGP) system with NaSICON structure.

Aono et. al investigated the lithium titanium phosphate(LTP) system doped with various metal ions in
1980s and 1990s’%77%, It was reported that LiTi,(POs); based materials with NaSICON-type structure had
the most suitable tunnel size for Li-ion migration among the series of LiM,(PQOa)s, where M =Ti, Ge, Hf, Sr,
etc. High ionic conductivity was obtained in the systems of Li1.«NxTi2x(PO4)3, where N = Al, Sc, Y, and La.
The conductivity and lattice parameters were measured for samples prepared via sintering route with
different dopants and different x value. The lithium titanium phosphate doped with Al and Sc with x = 0.3
showed the best conductivity of 7 -10* S/cm at 298 K.
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Fu reported in 1997 the 14Li,0-9Al,03-38Ti0,-39P,05 (which can be written as Liio7AloesTi1.a6(P04)3)
compound with NaSICON structure with enhanced ionic conductivity”. The solid-state electrolyte samples
were prepared using the heat-treating method. The optimized heat-treating process was found to be
“950°C for 12 hours”. A maximum conductivity of 1.3-10 S/cm at room temperature was obtained. The
glass transition and crystallization temperature was reported at 650°C and 690°C, respectively.

Beside the heat-treating route, wet chemical methods such as acetate precipitation, spray-dried
precipitation and sol-gel synthesis were also reported for the preparation of LATP solid state electrolyte*"
1, However, the ionic conductivity achieved was significantly lower (in the order of 108 S/cm at 293K).

It was reported in multiple studies that the AIPO4 minor phase is formed in LATP matrix*3 5% 61,8,

The Ti* ions in LATP can be reduced to Ti**, which causes a stability problem of the LATP solid-state
electrolyte. Due to the absence of Ti element, the lithium aluminum germanium phosphate (LAGP) is
considered as stable by many authors®? 81783,

LAGP was less investigated in the literature. Fu reported a high ionic conductivity of the LAGP solid-state
electrolyte®t. Samples were prepared by heat-treating of LAGP glasses with the composition of LiznAlLGe;-
«(PO4)s with x = 0—0.8. The LAGP glass-ceramics exhibit a conductivity over 10 S/cm™ in the composition
range x = 0.3 — 0.7. The ionic conductivity reaches the maximum value of 4.0-10 S/cm™ at x = 0.5. The
glass transition and crystallization of the LAGP glass was found at 597°C — 521°C and 651°C — 600°C for
different x values, respectively. Both the glass transition and the crystallization temperature decrease with
increasing x value.

Besides the heat-treating route, LAGP solid-state electrolytes were also prepared via powder sintering™,
spark plasma sintering (SPS)® and sol-gel methods® 8. LAGP synthesized via different routes shows the
ionic conductivities values in the range of 10° - 10* S/cm at room temperature. Some ionic conductivity
values of LAGP solid-state electrolyte prepared via different methods are shown in Table 1-3. Several
factors were found to have influence on the overall ionic transport process in LAGP such as chemical
composition, secondary phases, microstructure, process route and process parameters>* 83 87,88,

A number of publications reported much higher ionic conductivity of LAGP (4 -5 - 1073 S/cm) 4%8% 9 These
conductivity values are one order of magnitude higher than the values reported in other sources. However,
these high values are attributed to an incorrect interpretation of the impedance spectroscopy diagrams®:
The grain boundary resistance was interpreted as the total resistance in these works and the grain
resistance was interpreted as the “circuit resistance”.
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1. Introduction

Table 1-3: Different process routes, compositions and the obtained ionic conductivity values of LAGP solid-
state electrolytes.

Preparation route Composition Conductivity
heat-treating® Li1sAlpsGe1s(POa4)3 4.0-10*S/cm at 25°C
heat-treating®? Livs AlosGes (PO4)s— 0.05Li,0 7.25-10%S/cm

at room temperature
sol-gel method + sintering® LizsAlosGe1s(PO4)s 1.8 -107*S/cm at 30°C
spark plasma sintering® Li1sAlpsGe1s(POas)3 3.3-107°S/cm at 20°C
flame spray + sintering® Li1.sAlo.sGe1s(POa4)3 2-10%S/cm

at room temperature

1.8 Objectives and experiments

One main objective of this study is to reveal the correlation between the process parameters, the
microstructure and the ionic conductivity of the solid-state electrolyte and to optimize their fabrication
process. A further objective is to prove the functionality of the LAGP and LATP solid-state electrolyte in
lithium ion batteries.

For that purpose, lithium aluminum germanium phosphate (LAGP) and lithium aluminum titanium
phosphate (LATP) solid-state electrolyte should be fabricated using melt quenching technique and
characterized with various methods: Dilatometer measurements for the volume change studies during
sintering/heat-treatment, impedance spectroscopy for the investigation of ionic conductivity and scanning
electron microscope for the microstructure characterization of the samples.

To investigate the composition dependence of the ionic conductivity, multiple batches of LAGP with
different compositions (Li1xAlxGez«(PO4)s with x = 0.3 — 0.7) are synthesized. LAGP solid-state electrolyte
samples are prepared using sintering method and heat-treating method for the comparison of both
methods. Different process parameters should be applied for developing the optimized ionic conductivity.
The phase transitions during heat-treatment should be investigated using DSC and hot stage XRD.

Since the ionic conductivity of LAGP/LATP solid—state electrolyte increases strongly with increasing
temperature, they are also supposed to operate at elevated temperature in high temperature cells.
Therefore, thermophysical properties of the glass ceramic at higher temperature are of importance. The
thermal conductivity of the LAGP glass ceramic, which was not measured in any other study up to now,
should be derived using DSC and laser flash analysis for the first time. The combined determination of the
ionic and the thermal conductivity can be used to proof the concept of a so-called “ionic” Wiedemann-
Franz-law. l.e. the ionic transport is related to the thermal transport. This relation should be investigated
in this study.

The test of the LAGP and LATP solid-state electrolytes in lithium ion battery is another important aspect
of this study. For that purpose, lithium ion cells with different structure need to be built and tested with
different electrode-electrolyte combinations (cells with hybrid (liquid/solid) electrolyte and cells with all-
solid-state arrangement, cells with Li metal anode, with graphite anode and with LisTisO1; anode).
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2 Characterization of ceramic solid-state electrolytes

Multiple batches of lithium aluminum germanium phosphate (LAGP) glass were prepared using the melt-
guench process. Samples were processed from LAGP glass using a powder-sintering method and a glass
heat-treating method, respectively. The LAGP fabricated via the glass heat-treating route was reported to
have a good ionic conductivity (Table 1-3). It requires also less steps to prepare the LAGP glass ceramic
samples using heat-treating method. On the other hand, the powder-sintering method allows the
fabrication of LAGP solid-state electrolyte with more complicated form and is better suited for production
in large scale. Additives can be easily mixed into the powder for improved properties. The powder-
sintering route and glass heat-treating route are compared in this study (Figure 2-1).

Lithium aluminum titanium phosphate (LATP) solid-state electrolyte was also prepared and investigated.
One batch of LATP was prepared via sintering route. The sintering properties, microstructure and ionic
conductivity were investigated.

Starting materials

Melt quenching

LAGP/LATP glass

Grinding Heat treating

Powder Sample for characterization

1 Pressing
Pellet

l, Sintering

Sample for characterization

Figure 2-1: Flowchart diagram of the sample preparation via sintering route (left) and heat-treating route
(right).
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2. Characterization of ceramic solid-state electrolytes

2.1 Experimental methods

2.1.1 Glass fabrication and sample preparation

The LATP and LAGP glasses were prepared using the melt quenching method. For LAGP glass, Li>COs (Fluka,
99.0%), Al,03 (Sigma-Aldrich, 98.5%), P20s (Analar Normapur, 99.1%) and GeO; (Alfa Aesar, 99.98%) were
used as starting materials. For LATP glass, Li,COs (Fluka, 99.0%), Al,Os (Sigma-Aldrich, 98.5%), P.Os (Analar
Normapur, 99.1%) and TiO, (Alfa Aesar, 99.5%) were used as starting materials.

The reagents were weighted using an electronic balance and filled in an alumina crucible. The amounts of
the starting materials are shown in Table 2-1. The reagents were mixed using a stir rod. The P,0s is highly
hygroscopic and to minimize the moisture absorption, the mixed starting material was directly transferred
into a chamber furnace where the mixture was melted.

Table 2-1: The mass of starting materials used for each batch of LAGP and LATP glass.

Li.COs/g | Al,Os/g GeO, /g P,Os/g | Sum/g | Aimed composition
LAGP batch 1 2.16 0.84 5.20 7.60 14.51 Li1.7Alo7Ge1.3P3012
LAGP batch 2 3.73 1.02 13.35 17.42 33.30 Li13Alo3Ge1.7P3012
LAGP batch 3 4.82 2.00 12.54 18.14 34.63 LizsAlosGe1sP3012
LAGP batch 4 6.35 2.40 15.00 21.87 41.83 Li1.7Alo6Ge1.38P3012
Li,COs/g | Al,Os/g | TiO2/g P,0s/g | Sum /g
LATP batch 1 2.16 0.84 5.20 7.60 14.51 Liz.1Alp7Ti1.45(POa)3

The temperature program of the furnace is shown in Figure 2-2. The material was heated up to 900°C with
10K/min and the Li,CO3; decomposed. The material was further heated up to 1450°C with 15K/min and
held at that temperature for 0.2 h. A viscous melt was formed. The melt was transferred out of the furnace
and casted on a steel plate. Another steel plate was pressed on the melt immediately to shape the melt
into a thin disk. The melt solidified after a few seconds and formed a glass disk with a thickness of 1 - 2
mm. The glass disk broke into pieces due to the thermal stress after the rapid cooling process. The glass
pieces were transparent and did not show porosity.
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Figure 2-2: Temperature program of the melt quenching method.

Samples were prepared via heat-treating route and powder-sintering route.

Heat-treating route:

For the heat-treating route, the glass pieces obtained by casting were heated up in a furnace up to the
preset heat-treatment temperature. The heating rate was 5K/min (300 K/hour) and the heat-treatment
temperature varied from 600°C to 1100°C. The temperature was held for the preset length of time. The
samples were then cooled down to room temperature with the cooling rate of 5K/min (300 K/hour) for
further characterization.

Powder-sintering route:

For the powder-sintering route, the glass pieces obtained by melt quenching were first milled into a
powder. The glass pieces were filled into a grinding crucible made of alumina together with seven alumina
mill balls and isopropanol and were ground in a planetary mill for 2.5 hours. The obtained powder was
transferred into a glass cup and dried in a temperature chamber at 100°C for 10 hours.

Cylindrical samples were pressed using uniaxial pressing. The press matrices have cylindrical inner volume
with a diameter of 5 mm, 10 mm and 14 mm, respectively. The matrix filled with powder was placed in a
uniaxial press machine and pressed for 5 min with a pressure of 130 MPa.

The pellet was further densified using cold isostatic pressing. The cold isostatic pressing applies hydraulic

pressure from all directions onto the pellet to achieve a better uniformity of the compaction. The pellet

was sealed in a plastic bag and placed in the oil vessel of the cold isostatic press. The press generated a
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2. Characterization of ceramic solid-state electrolytes

pressure of 398 MPa in the vessel. After 3 min press time, the sample was taken out from the oil vessel
and unsealed from the plastic bag.

The pressed pellets were then sintered in a chamber furnace or in a sinter dilatometer. The samples were
heated up to the sintering temperature, held at that temperature for a preset time and cooled down to
room temperature with a heating/cooling rate of 5K/min (300 K/hour).

2.1.2 Thermal analysis

2.1.2.1 Dilatometry

In order to investigate the dimension change of the LAGP and LATP samples during heat-treatment and
sintering, dilatometer (DIL) measurements were carried out on a Netzsch DIL 402E dilatometer.

The sample is fixed in a ceramic carrier with one face attached to a pushrod. The pushrod transmits the
length change of the sample mechanically to the linear variable differential transformer (LVDT). The LVDT
transforms the length change into an electrical signal, which is recorded by the controller, which is
connected with a computer. The resolution of this sensor is 0.01 um, which is around 0.001% of the
samples length.

The starting length of the sample was measured with a micrometer screw before each DIL measurement.
The sample was mounted on the sample carrier and heated according to a preset temperature program.
The length change of the sample and the temperature was recorded vs time.

2.1.2.2 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) was carried out to analyze possible phase changes during the
heating process and to measure the heat capacity of the samples. For the measurements from room
temperature up to 1100°C, a Netzsch DSC 404C device was applied. A Netzsch DSC 204 device was used as
complement for the measurements between -25°C and 150°C. The uncertainties of the temperature
values measured in these devices are +1 K. The temperature measurement was calibrated using a series
of standard materials with defined melting points.

Before each measurement, the sample and the crucibles were weighted using an electronic balance. The
DSC was operated at a heating rate of 15K/min with a constant Ar-gas flow of 100 ml/min.

For the heat capacity measurements, a base line measurement, a reference measurement and a sample
measurement were carried out. The base line measurement was made without sample. The reference
measurement was made with a sapphire standard reference material with known heat capacity. The base
line was subtracted from the sample measurement and the reference measurement. The analyzing
software “Netzsch Proteus” calculated the heat capacity by comparing the base line subtracted reference
measurement and sample measurement. The uncertainties of the heat capacity were estimated by
measuring the standard materials and comparing them with the literature values. The uncertainties of the
results are estimated to be less than 1%.
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2.1.2.3 Thermal gravimetric Analysis

With the thermal gravimetric Analysis (TGA), the mass change of sample during the heating process can
be analyzed. The TGA measurements were carried out using a “SETSYS Evolution” simultaneous thermal
analysis system (SETARAM), which is a combination of differential thermal analysis (DTA) and thermal
gravimetric analysis (TGA).

In this device, a sample carrier is configured hanging at the balance beam. The thermocouples on the
sample carrier measure the temperature difference between the sample and the reference and deliver
the differential thermal analysis results. The balance measures the mass change of the sample
simultaneously and provides thermal gravimetric analysis results.

The furnace runs using a preset temperature program. The TGA and DTA data are recorded vs temperature.
The measurements were carried out by Alexandra Reif and Dr. Damian Cupid at the IAM-AWP.

2.1.2.4  Laser flash analysis

Laser flash analysis (LFA) was carried out to investigate the thermal diffusivity and thermal conductivity of
the LAGP samples. A Netzsch LFA 427 device was used in this work. The device has a sample holder in a
furnace, where a cylindrical sample is placed. A Nd:YAG (neodymium-doped yttrium aluminum garnet)
laser generates a single laser pulse, which is absorbed by the sample. The lower surface of the sample is
heated by the laser pulse. The resulting temperature change on the upper surface of the sample is
measured with an infrared detector. Figure 2-3 shows the temperature change of the upper surface of a
sample vs time. A steeper temperature curve represents a higher thermal diffusivity. The thermal
diffusivity and can be calculated using the half time (time value at half signal height) and sample thickness.
The thermal conductivity can be calculated from the product of the thermal diffusivity, the heat capacity
and the density °1.

The thickness of the sample was measured before the measurement. The sample was coated with graphite
in order to absorb laser energy. The sample was placed on the sample holder in the furnace, which was
sealed and evacuated, and measured at different temperatures.
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2. Characterization of ceramic solid-state electrolytes
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Figure 2-3 : Signal and calculation formula of the Laser flash measurement®?. A(T): thermal conductivity at
temperature T, a(T): thermal diffusivity at T, C,(T): heat capacity at T, p(T): density at T, m: mass of the
sample.

2.1.3 lonic conductivity measurement using electrical impedance spectroscopy

A Sourcetronic 2826 LCR meter was used to measure the impedance spectrum of the solid-state
electrolytes in this work. Samples were polished on both sides and gold electrodes were sputtered on the
parallel surfaces. The electrodes are opposite to each other and have the same area. Conductive silver
paint was dripped on each electrode to protect the thin gold layer and form a connecting point with wires
of the measuring circuit.

The setup for the impedance measurement is shown in Figure 2-4. The sample is placed on a heating plate.
A thermocouple is mounted in the heating plate for the temperature measurement. The heating plate
serves also as current conductor for the measuring signal. The two electrodes on the sample are connected
to the measuring circuit via the heating plate on the bottom and the point contact at the top, respectively.
The setup is enclosed in a steal case with heat insulating material to hold the temperature stable. The
heating plate can heat the sample up to 300°C.
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Figure 2-4: Setup for the complex impedance measurement.

The LCR meter presents the result in the absolute value of the impedance Zg, the phase shift ¢ and the
corresponding frequency v. The complex impedance can be expressed as:

W) =2"+iz" 2-1
= Zo(v) - cos(p(v)) + iZo(v) - sin(p(v))

with Z: complex impedance, Z”: real part of the complex impedance, Z”: imaginary part of the complex
impedance. Zy(v): the absolute value of the impedance at the frequency v and ¢(v): the phase shift at the
frequency v.

The obtained data set can be plotted in Nyquist-diagram (see 1.6). A software “EIS Spectrum Analyzer
EISSA” was used to fit the equivalent circuit model to the measured data. The equivalent circuit model for
the fitting is show on the inset of Figure 1-12. The software fits the parameter of the electrical elements
of the equivalent circuit model so that the electrical response of the equivalent circuit matches with the
real sample.

The ionic conductivity can be also evaluated via the conductivity spectrum (see 1.6). The conductivity on
the DC plateau with the smallest slope was taken as the ionic conductivity of the sample. The uncertainty
(error bar) of the ionic conductivity was taken from the maximum and minimum of the DC-plateau.

2.1.4 Scanning electron microscopy and energy-dispersive X-ray spectroscopy

Scanning electron microscopes (SEM) were applied for the microstructure observation. A JEOL JSM-840
scanning electron microscope and a Philips XL30S FEG scanning electron microscope were used.

The JEOL JSM-840 scanning electron microscope has a tungsten cathode, which emits electrons. The
electron beam scans the surface of the sample. The microscope has detectors for secondary electrons and
back scattered electrons. Additionally, an energy-dispersive X-ray (EDX) detector is built in the microscope,
which analyzes the elemental composition of a scanned area.
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2. Characterization of ceramic solid-state electrolytes

The Philips XL30S FEG scanning electron microscope is a modern model with computer control. The device
has a field emission cathode, secondary electron detector, back scattered electron detector and EDX
detector.

For the surface observation, the samples were ground with sand paper (mesh 4000), polished with 3-um
diamond particle suspension, cleaned with isopropanol in ultrasound bath and dried in warm air. The
sample surface was sputtered with gold in order to avoid the electron accumulation on the sample. For
the cross sectional observation, the sample was broken apart and the cross section was sputtered with a
gold layer. After the preparation, the sample was carefully transferred into the vacuum chamber of the
microscope for the SEM observation and EDX analysis.

2.1.5 Density measurement

The density of the samples was measured using the Archimedes method:

The sample is weighted in air and immerged in liquid. The density of the sample can be calculated with the
known density of the liquid:

Mg 2-2

Psample = Pliquid m, —m,

With psampre: density of the sample, piiquia: density of the liquid, ma: weight of the sample in air, m;: weight
of the sample in the liquid.

The density of the liquid can be measured with a calibration body with known volume. The calibration
body is weighted in air and in the liquid. The density of the liquid pjiguid:

Dlicuia = Mg —My 2-3
qui Va

with mg: weight of the calibration body in air, m;: weight of the calibration body in liquid, V,: the volume
of the calibration body.

The electronic balance used for the density measurement has the accuracy of 0.01 mg. The samples
measured in this work have usually the weight of around 200 mg. However, the ceramic samples have
always porosity. The pores on the sample surface can be filled with the liquid when the sample is weighted
in liquid, which leads to an underestimation of the sample volume and hence an overestimation of the
density. The uncertainty of the sample weight in liquid was estimated to be 0.2 mg, which leads to an
uncertainty of around 0.4% of the sample density.

For samples with larger open porosity however, the above-mentioned error becomes too large. Therefore,
the sample is coated with a lacquer layer. The sample is weighted first and then coated with a layer of
Zapon lacquer. The coated sample is weighted again in air and in the liquid. The density of the porous
sample can be calculated:
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_ my 2-4
Psample = m, —mz My, —Mmy

pliquid pZapon

with m;: the mass of the sample in air, mz: the mass of coated sample in air, ms: the mass of coated sample
in liquid, pzapon: the density of the Zapon lacquer and pjiquis: the density of the liquid.

The density of the Zapon lacquer (pzapon) Was measured also using the Archimedes method. Several
droplets of the Zapon lacquer was dropped on a watch glass. The dried lacquer layer was separated from
the watch glass and its density could be measured. However, the measured pz;pon Showed deviation from
the value from literature. The uncertainty of the sample density measured using this method was
estimated to be 1%.

2.1.6 X-ray diffraction (XRD)

X-ray diffraction (XRD) was applied for phase analysis. XRD uses an X-ray source, which radiates with an
incident angle 6 onto the sample and a detector, which measures the diffracted X-ray at the angle 180 - 6.
It undergoes constructive interference when conditions satisfy the Bragg's Law:

nA = 2dsin@ 2-5
with A: the wave length of incident X-ray, d: the interplanar distance and 6: the incident angle.

A Seifert XRD system was used in this study. The device has an X-ray tube of copper K, radiation. A nickel
filter was used to filter the Kg radiation. The wavelength of the X-ray is 1.54056 A. A Meteor 1D X-ray linear
detector is integrated in this system, which has a capture angle of up to 20° in one sight. The detector can
measure the X-ray intensity with different angle in the range of 20° simultaneously, which enhances the
measuring speed.

The X-ray diffractogram presents the measured intensity vs the incident angle times 2 (20). The diffraction
peaks can be converted to lattice plane spacing. By comparing the measured diffractogram with the
database (Powder Diffraction Files (PDF) provided by Joint Committee on Powder Diffraction Standards
(JCPDS), ICSD - the Inorganic Crystal Structure Database provided by FIZ Karlsruhe), the different phases
in the specimen can be identified and the lattice parameters can be calculated.

A hot stage XRD measurement was also carried out to follow the phase transition in-situ at elevated
temperatures. The measurement system consists of a Bruker D8 Diffractometer with Copper K, radiation,
a Bruker Lynxeye Detector and an Anton Paar heating chamber. The measurement was carried out by Dr.
Morsi Mahmoud and Dr. Holger Gesswein at the Institut fir Angewandte Materialien, Keramische
Werkstoffe und Technologien (IAM-KWT) of KIT.
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2. Characterization of ceramic solid-state electrolytes

2.1.7 Spectroscopic analysis

2.1.7.1 Laser-induced breakdown spectroscopy (LIBS)

Laser-Induced Breakdown Spectroscopy (LIBS) is a type of atomic emission spectroscopy for the qualitative
and quantitative chemical analysis of elements. The measuring principle of LIBS is based on the spectral
analysis of characteristic emission lines of atoms and ions. A short pulse laser beam is focused onto the
sample surface and induces a local heating of more than 10000 °C. A light emitting plasma is generated
(ignition), which consists of ablated atoms and ions of the sample material. Shortly after the ignition, the
expanding plasma emits unspecific “Bremsstrahlung” and recombination radiation (continuous spectrum).
After several 100 ns, the atoms and ions recombine and emit a characteristic emission spectrum for the
elements in the plasma. A spectral analysis by means of a high-resolution spectrometer allows the
determination of the atomic composition of the sample.

By continuous ablation at one point of the sample, the surface can be etched layer by layer. The material
under the surface is exposed and further analyzed. A composition-depth profile can be measured in that
way.

A SECOPTA fiber LIBS device was employed for the measurements in this work. The measurements were
carried out by Dr. Wilhelm Pfleging from the Laser group of IAM-AWP.

2.1.7.2 ICP-OES

The inductively coupled plasma optical emission spectrometry (ICP-OES) was applied for quantitative
analysis of the chemical composition. The principle of this measurement is based on the characteristic
optical emission of atoms of a specific element. The atoms of the specimen are excited and ionized in the
inductively coupled plasma. The ions emit electromagnetic radiation at wavelengths characteristic of the
particular element.

The solid specimen is dissolved in 6 ml hydrochloric acid, 2 ml nitric acid and 1 ml hydrofluoric acid in order
to be fed into the ICP-OES device for the chemical analysis. The solution is nebulized and introduced to the
plasma. The molecules and ions in the solution dissociate and recombine in the plasma, emitting
characteristic radiation. The elements in the solution are identified by their characteristic spectrum and
their fraction is determined through the intensity of their characteristic spectral lines.

The measurements were carried out by the group of Chemical Analytics of IAM-AWP. A PerkinElmer
Optima 4300 DV ICP-OES device was used for the measurements. The content of the elements lithium,
aluminum, germanium, titanium and phosphorus in LAGP and LATP was measured using ICP-OES.

2.1.7.3 Carrier Gas Hot Extraction

Carrier Gas Hot Extraction (CGHE) method was used for quantitative analysis of the oxygen and nitrogen
content. A TC 600 device (Leco Co.) was employed for the measurement. The weighted specimen is placed
in a high-purity graphite crucible and fused under a flowing helium gas stream at temperatures (~2500K)
sufficient to release oxygen, nitrogen and hydrogen. The oxygen in the sample combines with the carbon
from the crucible forming primarily carbon monoxide (CO). In some instances, depending upon sample
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type and furnace temperature, some oxygen can be released directly as carbon dioxide (CO;). The nitrogen
present in the sample releases as molecular nitrogen. The hydrogen is released as hydrogen gas. The
oxygen content is measured quantitatively by infrared absorption. The nitrogen content is determined
guantitatively by a thermal conductivity detector.

The carbon content is analyzed with the CS600 (LECO) device. The sample with the mass of 100 — 200 mg
(weighting accuracy + 0.1 mg) is weighted in a ceramic crucible. About 1 g of accelerator material (W with
Sn) is added. The sample is purged with oxygen to drive off residual atmosphere gas after loading into the
furnace. The materials combust in oxygen at about 2200 K and are completely oxidized. The carbon is
converted with the oxygen into CO or CO; and finally converted to CO,. The CO, gas is measured
quantitatively with infrared absorption same as in the TC 600 device.
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2. Characterization of ceramic solid-state electrolytes

2.2 LAGP solid-state electrolyte via sintering route

LAGP solid-state electrolyte was first prepared via sintering route. Since the LAGP with excess Li,O showed
high ionic conductivity®?, the LAGP batch 1 was prepared with a higher lithium content. The obtained LAGP
glass has an overall chemical formula of LiyesAlos1Ge1.32P3011.90, Which corresponds approximately to x =
0.7 in the general formula of Li.xAlxGez.xP3013.

The starting material used for each batch is shown in Table 2-1. The chemical compositions of the
fabricated glasses powder were analyzed (CGHE for oxygen and ICP-OES for other elements) and shown in
Table 2-2. The uncertainties shown in this table were evaluated from the deviation of three measurements.
The atom percent of each element was calculated from the weight percent. The overall chemical formula
was calculated from the atom percent and fitted to the general formula of LiinAlLGe,xP301,%* 2. The
number of phosphorous element in the chemical formula was set to 3. The numbers of other elements are
calculated via the element ratios between phosphorous and the specific element. This LAGP batch has a
higher Li and Al content and is designated as high lithium LAGP.

Table 2-2: Composition of the LAGP powder batch 1 in weight percent, atom percent and the overall
chemical formula.

Li Al P Ge 0]
High Li LAGP-| wt. % | 2.82+0.02| 3.9810.03 22.5+0.25 23.310.1 46.310.46
batch-1 at. % | 9.04+0.06| 3.28+0.03 | 16.2+0.18 | 7.13+0.03 | 64.4+0.64
overall chemical formula Li1.6sAl0.61Ge1.32P3011.90

Since the Carrier Gas Hot Extraction (CGHE) method is less accurate, the oxygen content of the sample has
a higher uncertainty. The sum of the weight percent of all the elements has therefore deviation from one.
The overall chemical formula, which corresponds to the composition of the starting material, is
Li16aAlo46Ge139P3011.79 (calculated from data of Table 2-1). The composition of the LAGP glass
(Li1.68Alo.61Ge1.32P3011.90) sShows higher Al content as the composition of the starting material. That can be
attributed to the Al,Os, which diffused from the alumina crucible into the LAGP melt during the melting-
process and which was rubbed off from the alumina grinding crucible and grinding balls during the powder
preparation.
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2.2.1 Sample characterization

Samples of high Li LAGP batch 1 prepared with different process parameters are listed in Table 2-3 along
with the characterization methods.

Table 2-3: List of the samples of high Li LAGP batch fabricated with different process parameters and
characterized with DSC, Dilatometry (DIL), Thermal gravimetric analysis (TGA), XRD, scanning electron
microscopy (SEM) and impedance spectroscopy (IS).

Sample No. Fabrication process parameters Characterization methods
#1 Pellet pressed from glass powder DSC

#2 Sintered at 900°C for 6h using not calcined powder | DIL, XRD, SEM, IS
#3 Sintered at 700°C for 6h using calcined powder* DIL, SEM

#4 Sintered at 750°C for 6h using calcined powder* DIL, IS

#5 Sintered at 800°C for 6h using calcined powder* DIL, IS, SEM, XRD
#o6 Sintered at 900°C for 6h using calcined powder* DIL, IS, SEM

#7 Sintered at 850°C for 6h using calcined powder* IS

#8 Sintered at 800°C for 3h using calcined powder* IS

#9 Sintered at 800°C for 9h using calcined powder* IS

#10 Pellet pressed from glass powder TGA

*700°C 3h calcined

2.2.1.1 DSC measurement

The heating and cooling curves of the first DSC measurement of the pellet sample #1 pressed from the
high Li LAGP (Li1.esAlos1Ge1.3,P3011.90) glass powder are shown Figure 2-5. The glass sample was heated up
with a heating rate of 15K/min. The glass transition took place at 504°C — 532°C. The crystallization onset
temperature lies at 596°C. No other peak was observed while the sample was further heated up to 900°C.
On the cooling curve, two exothermal peaks are observed at 703°C and 632°C, which are significantly
smaller than the crystallization peak.

The crystallized sample was measurement again in the DSC to determine the heat capacity (Figure 2-6).
The uncertainty of the heat capacity was estimated to be 1%. An endothermal peak is shown at 647°C on
the heating curve. Two much smaller peaks are shown at 622°C and 592°C. These peaks appeared
repetitively in the repeated measurements, showing that they represent reversible phase transitions.
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Figure 2-5: DSC curve of the sample #1 of high Li LAGP with x = 0.7 in Li;.AlkGe;xP3012. The sample was
heated up to 900°C and cooled down with the rate of 15 K/min.
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Figure 2-6: Heat capacity curve of the high Li LAGP #1 with x = 0.7. The peaks represent the heat of

reversible phase transitions.
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2.2.1.2 Dilatometry

The dilatometer curves of the sample #2 pressed from the as prepared glass powder (not calcined) of high
Li LAGP with x =0.7 are shown in Figure 2-7. The sample showed an expansion during the sintering process.
The samples began to shrink rapidly at 500°C. The sample showed a shrinkage of about 20% up to 590°C.
The length of the sample stayed unchanged between 590°C and 670°C. However, the sample showed an
expansions starting at 670°C. At 750°C — 770°C, the sample showed a drastic expansion of more than 10%.
The expansion of the sample continued until the temperature stopped to increase at 900°C. The sample
shrank gradually at 900°C and achieved a net expansion of 15% at the end of the sintering process.
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Figure 2-7: Dilatometer measurements of sample #2 from not calcined powder of the high Li LAGP. a: The
solid line shows the length changes vs. time. The axis on the left presents the relative length changes of the
sample. The dashed line shows the temperature vs. time. The right axis presents the temperature in the
dilatometer. b: Relative length changes of the same sample vs. temperature.

In order to avoid the unwanted expansion, samples were prepared using calcined powder. The glass
powder of high Li LAGP batch was heated up to 700°C with a heating rate of 5K/min in a furnace, held for
3 hours and cooled down with the same rate. The calcined powder was ground again and pressed into
pellets.

Figure 2-8 shows the length change of the samples #3 — #6 vs. sintering time, which were pressed from
calcined powder and sintered at different temperatures. Since the powder was already calcined and
crystallized, the samples did not show the shrinkage at 500°C. The samples #3 and #4 sintered for 6 hours
at 700°C and 750°C showed only limited densification (2.5% and 6.8% length shrinkage, respectively). The
sample #5 sintered at 800°C for 6 hours showed the highest shrinkage (18.1% length shrinkage at the end
of the sintering). The fastest shrinkage took place when the temperature reached 800°C.

However, as shown in Figure 2-8, the sample #6 showed expansion again at 900°C. The expansion lasted
more than 5 hours before the sample began to shrink slowly. The sample showed a net expansion of 1.4%
of its original length at the end of the sintering.
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Figure 2-8: Dilatometer measurements of samples made of calcined powders of the high Li LAGP with x =
0.7 in LiznAlLGe»xPs012. The axis on the left presents the relative length changes of the sample. The solid
lines show the length changes vs. time. The right axis presents the temperature in the dilatometer. The
dashed lines show the temperature vs. time.

2.2.1.3  Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA) was carried out on the sample #10 pressed from the not calcined
powder of high Li LAGP batch (x = 0.7) to follow the mass change during the sintering process. The sample
had an initial mass of 12.92 mg. The sample was heated up to 900°C with a rate of 5K/min, held at the
temperature for 1 hour, cooled down to 200°C, heated up to 900°C again, held at the temperature for 1
hour and cooled down to room temperature.

The TGA result of the first heating and isotherm segment is shown in Figure 2-9-a. There was a relatively
fast mass loss at about 100°C, which can be attributed to the elimination of moisture in the LAGP powder.
The mass loss became slower at 150°C and stopped at 500°C. The sample exhibited another mass loss at
temperatures higher than 670°C. The sample mass had some fluctuation between 740°C and 840°C and
decreased continually at over 860°C and during the isotherm segment at 900°C. The sample had a total
mass loss of 0.293 mg/2.27% in the first heating and isotherm segment. The mass loss at the temperature
higher than 860°C was 0.066 mg/0.51%. The sample did not show mass loss under 800°C in the second
heating segment (Figure 2-9-b). Above 800°C however, there was again a gradually mass loss of 0.043
mg/0.33%.
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The mass loss of the sample at the temperature higher than 700°C indicates that a reaction took place in
the LAGP, which reduced the weight of the solid sample. This will be discussed in section 2.2.2.
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Figure 2-9: TGA result of the sample #10 pressed from the not calcined powder of high Li LAGP. a: first
heating and isotherm segment: mass change vs. time and temperature vs. time. The sample has a mass
loss of 2.27%; b: second heating and isotherm segment: mass change vs. time and temperature vs. time.
The sample has a mass loss of 0.33%.
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2214 XRD

The X-ray diffractograms of the sample #2 sintered at 900°C and #5 sintered at 800°C of high Li LAGP (x=0.7)
are shown in Figure 2-10. Most of the diffraction peaks can be attributed to the LGP phase (PDF 41-

0034/01-080-1922, LiGe,(PO4)s), which has a hexagonal crystal structure and R3c space group (space
group number 167). The lattice parameters are calculated from the sample sintered at 800°C and shown
in Table 2-4. The diffraction peaks of the GeO, phase (PDF 36-1463) are also observed on the diffractogram.
The GeO; has hexagonal crystal structure and the P3,21 space group (space group number 154). The
diffraction peaks of LAGP and GeO; phase are the same on both samples, which were sintered at 800°C
and 900°C.
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Figure 2-10: X-ray diffractogram of the samples of high Li LAGP with x = 0.7. Blue line: the sample #2 from
not calcined powder sintered at 900°C for 6h. Red line: the sample #5 from calcined powder sintered at
800°C for 6h. The diffraction peaks of LiGe2(PO4)s phase (PDF 41-0034) are indexed with black number. The
diffraction peaks of GeO; phase are pointed with red arrows.
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Table 2-4: Lattice parameters of the LAGP sample.

High Li LAGP (x =0.7)
8.241+0.001 A
8.241+0.001 A
20.524 +0.004 A
90°

90°

120°

volume 1207.1+0.6 A

< ™| |0 |To|w

2.2.1.5 Scanning electron microscopy and energy-dispersive X-ray spectroscopy

SEM (scanning electron microscopy) was applied for the microstructure observation. EDX (energy-
dispersive X-ray spectroscopy) was carried out to measure the elemental composition at certain positions
on the sample. Figure 2-11 - Figure 2-15 show the SEM images of samples of the high lithium LAGP (x =
0.7).

The SEM images of the sample #2 from the not calcined powder sintered at 900°C are shown in Figure
2-11. Large pores can be observed. The largest pores have the diameter of 1 mm. Cubic grains are visible
on the inner wall of the pores. The grains have the dimension of 1 — 2 um. The large size of the pores
indicates that the pores were inflated by gas.

The Figure 2-12 — Figure 2-15 show the samples from calcined LAGP powder. The sample #3 sintered at
700°C shows open porosity (Figure 2-12). The large amount of pores shows that the sample was
insufficiently sintered at 700°C. On the other hand, only one single phase was observed in this sample.

The sample #5 sintered at 800°C for 6 hours has much less porosity (Figure 2-13). Two new minor phases
appear in the matrix: one bright phase and one dark phase. EDX measurement was carried out on these
phases. The compositions of the matrix, the bright phase and the dark phase, respectively, are shown in
Table 2-5. The quantitative EDX analysis has relatively large uncertainty since no reference sample was
used. Furthermore, the X-ray can excite larger area than the diameter of the X-ray beam. The different
phases are close to each other. It is difficult to limit the scan area to one single phase and the signals from
multiple phase can be counted in one measurement. Considering the uncertainty of the EDX measurement,
the EDX result of the matrix is close to the result of the chemical analysis, which confirmed that the matrix
is the LAGP phase.

The main elements in the bright phase, Ge and O, have the ratio of nearly 1 : 2, showing that the bright
phase is GeO,. The GeO, grains have a nearly spherical form. The main elements in the dark phase are Al,
P and O. The Al : P : O ratio is about 1 : 1 : 3. Considering the uncertainty of EDX measurements, the dark
phase is AIPO,. There are larger AIPO, grains with a size of 1 —5 pand small AIPO, areas between the LAGP
grains (Figure 2-13-b). Grains with different size could be observed on the fracture surface (Figure 2-14).
There are small grains with the size of around 1 um located around the large grains with the size of 3 um
or more. Pores with the size of 3 —5 um are visible in the sample.
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The SEM images of the sample #6 sintered at 900°C for 6 hours are shown Figure 2-15. Large pores are
visible on the fracture surface of the sample, which are similar to the sample sintered from not calcined
powder. The pores have a size of about 50 um. The GeO; and AIPO4 minor phase are visible on the polished
surface. The fraction of AIPO,4 phase at the grain boundary has increased significantly in comparison with

the sample sintered at 800°C.

Figure 2-11: SEM images of the sample #2 from not calcined high lithium LAGP powder, which was sintered
at 900°C for 6 hours. a: 15x magnification; b 1000x magnification.

Figure 2-12: SEM images of the sample #3 from calcined high lithium LAGP powder, which was sintered at
700°C for 6 hours. a: 500x magnification; b 2000x magnification.
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Figure 2-13: Polished surface of the sample #5 from calcined high lithium LAGP powder, which was sintered
at 800°C for 6 hours. a: 1000x magnification; b 2000x magnification.

Figure 2-14: Fracture surface of the sample #5 from calcined high lithium LAGP powder, which was sintered
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00129996

at 800°C for 6 hours. a: 2000x magnification; b 5000x magnification.

Table 2-5: EDX results of the composition of different phases in the LAGP sample, which was sintered at
800°C (Figure 2-13). The elements Al, O, P and Ge are taken into account for the calculation of the atom

5

fraction, since the EDX device employed here is not able to detect lithium element.

Atom % of the element | Matrix (LAGP) Bright phase (GeO,) Dark phase (AlPQO,)
0] 64.0% 55.1% 53.3%

Al 6.2% 2.3% 23.2%

P 17.0% 5.0% 19.5%

Ge 11.1% 35.7% 2.4%
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Figure 2-15: SEM images of the sample #6 from calcined high lithium LAGP powder, which was sintered at
900°C for 6 hours. a, b: the fracture surface with 500x and 2000x magnification, respectively; c, d: the
polished surface with 2000x and 5000x magnification, respectively..

Comparing the SEM images of the samples of high lithium LAGP sintered at 700°C, 800°C and 900°C, the
sample, which was sintered at 800°C, shows the lowest porosity. The fraction of the minor phases
increases with increasing sintering temperature. In the 900°C sample, the amount of the AIPO, phase had
significantly increased. The minor phases tend to precipitate from the LAGP phase and accumulate at the
boundary between the LAGP grains.

2.2.1.6  lonic conductivity

The conductivity can be evaluated by fitting on the Nyquist-diagram and by reading the conductivity
spectrum. Figure 2-16 shows the Nyquist-Diagram of the sample #2 measured at -28°C, 25°C and 50°C,
respectively, which was sintered at 900°C for 6h using not calcined LAGP powder. The conductivity
spectrums of the same measurements are shown Figure 2-18. Both diagrams show that the scale of the
impedance decreased drastically with increasing temperature.

Figure 2-17-a shows the Nyquist-Diagram of the sample measured at -28°C and the fitted curve (red). Two
semicircles can be recognized on the diagram. The equivalent circuit model is fitted with the measured
data. The Riand R, represents the resistance of the grain and grain boundary (see 1.5). The Ry has a smaller

46



value and lies at higher frequency. The R; has a larger value and lies at lower frequency. In the LAGP super
ionic conductor, the grain resistance is lower than the grain boundary resistance % ¢, Simulation shows
that the high-frequency semicircle on the Nyquist-Diagram can be attributed to the grain and the low-
frequency semicircle to the grain boundary®. Therefore, the R; is attributed to the resistance of the grain
and the R; to the grain boundary.

The conductivity value can be calculated from resistance value and the sample geometry factor. The total
conductivity of the sample is:

1 d
Ototal = (Rl + RZ) A 2-6

It is assumed that the volume of the grain boundary is negligible compared to the volume of the grains.
The grain conductivity can be therefore calculated:

2-7

|

1
Ograin = ="
grain R,

where the d is thickness and the A is the top/bottom surface area of the cylindrical sample.

The cylindrical sample has a thickness d = 0.369 cm and a top surface area A = 0.648 cm?. The grain
conductivity at -28°C is 4.2:10° S/cm and the total conductivity is 4.5-107 S/cm. On the conductivity
spectrum, DC plateaus with smaller slope are visible (Figure 2-18). On the curve of the measurement at
that temperature (-28°C), the higher plateau corresponds to the grain conductivity and the lower plateau
corresponds to the total conductivity.

At higher temperature however, the small semicircle on the Nyquist-Diagram begins to merge in the larger
one (Figure 2-17-b and -c). The Riand R, have then large uncertainty by fitting. However, the sum of Ry
and R; has smaller uncertainty. On the conductivity spectrum, only one plateau is visible (Figure 2-18 the
top two lines), which represents the total conductivity of the sample calculated using equation

2-6. At the temperature higher than 50°C, only one semicircle can be recognized on the Nyquist-Diagram
and only one plateau on the conductivity spectrum. The grain and grain boundary contribution cannot be
separated.

As shown on Figure 2-17, it is difficult to fit the equivalent circuit model perfectly with the measured data.
The real material is much more complicated than the equivalent circuit model with limited elements.

Since the conductivity values evaluated by the Nyquist-diagram and by reading the conductivity spectrum
are the same, the ionic conductivity of the samples are evaluated by reading the conductivity spectrum
throughout this work. The conductivity values are taken from the position with the smallest slope on the
conductivity spectrum curve (where the first derivative of the conductivity curve has minimum). The
uncertainty (error bar) of the ionic conductivity of the sample is taken from the width of the plateau in Y-
direction, which is determined by the intersection points of the extrapolated lines of different sections of
the conductivity curve. (Figure 2-18).
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Figure 2-16: The Nyquist-Diagrams of the sample #2 of high Li LAGP with x = 0.7 in Li;nAlkGez.xP30;1;
measured at -28°C, 25°C and 50°C.
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b Nyquist-Diagramm
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Figure 2-17: The Nyquist-Diagrams of the sample #2 of the high lithium LAGP measured at a: -28°C, b: 25°C
and c: 50°C. The equivalent circuit model and the fitted resistance value are shown on the diagrams. The
cylindrical sample has a thickness d = 0.369 cm and a top surface area A = 0.648 cm?.
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Figure 2-18: The conductivity spectrums of the sample #2 of high Li LAGP. a: The conductivity spectrums
measured at -28°C, 25°C and 50°C corresponding to Figure 2-17, respectively; b: The conductivity spectrum
measured at 50°C. The uncertainty (error bar) of the ionic conductivity is taken from the width of the
plateau in vertical direction, which is determined by the intersection points of the extrapolated lines of

different sections of the conductivity curve.
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The ionic conductivities of the samples of high Li LAGP (x = 0.7) are shown in Figure 2-19 and Figure 2-20.
The measured ionic conductivity is plotted in a semi-log plot over 1000/T. The numerical values of the ionic
conductivity are shown in the appendix.

As shown in Figure 2-19, the sample #5, which was sintered at 800°C for 6 hours using the calcined LAGP
powder, has the highest ionic conductivity (1.5 - 10* S/cm at room temperature, 3.0- 10 S/cm at 100°C
and 2.2-102S/cm at 200°C). The samples #7 and #6, which were sintered at 850°C and 900°C, respectively,
have a lower conductivity. The ionic conductivity of sample #4 sintered at 750°C is lower as the other
samples.

As shown in Figure 2-20, the conductivity of the sample #8 sintered 3 hours at 800°C is slightly lower than
the sample #5 sintered for 6 hours. The conductivity decreases again as the sintering time increases to 9
hours (sample #9).
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Figure 2-19: lonic conductivity of the samples made of the calcined and not calcined powder of the high Li
LAGP with x = 0.7 in LiinAlkGe,xP301,. The samples were sintered for 6 hours at 750°C — 900°C. The
numerical values of the ionic conductivity are shown in the appendix Table A- 1 — Table A- 5
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Figure 2-20: lonic conductivity of the samples made of the calcined high Li LAGP powder sintered at 800°C
for 3—9 h. The numerical values of the ionic conductivity are shown in the appendix Table A- 3, Table A- 6
and Table A- 7.

2.2.1.7 Density

The densities of the samples were measured with the Archimedes method (see 2.1.5). The sample #3 and
#4 were measured with help of Zapon lacquer and other samples were measured without Zapon lacquer.
The theoretical density of the LAGP crystal is calculated from the lattice parameters measured by the XRD
and the formula molecular weight of LAGP. LAGP of batch 1 (x = 0.7 in the general formula of LiixAlGe,-
«P3012) has the theoretical density of 3.40 g/cm3. Table 2-6 shows the density and the relative density of
the samples of the high Li LAGP. The uncertainty of the density was estimated to be less than 1%.
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Table 2-6: Density and relative density of samples of LAGP batch 1.

Sample Density p (g/cm?) Relative density(p/ptheo)
#2. not calcined powder 900°C | 1.79 52.6%
sintered for 6 h

#3. calcined powder 700°C | 2.82 82.9%
sintered for 6 h

#4. calcined powder 750°C | 2.88 84.7%
sintered for 6 h

#5. calcined powder 800°C | 3.10 91.2%
sintered for 6 h

#6. calcined powder 900°C | 2.47 72.6%
sintered for 6 h

#7. calcined powder 850°C | 2.87 84.4%
sintered for 6 h

2.2.2 Discussion

The characterization results of the LAGP samples are discussed in this section for the optimized sintering
procedure.

The first batch of LAGP has the composition of LiiesAlos1Ge132P3011.90. The glass transition temperature
and crystallization temperature of the LAGP glass is shown in Table 2-7.

Table 2-7: Glass transition temperature and crystallization temperature of the LAGP glass batch 1.

LAGP Glass transition onset Crystallization onset
Batch 1: high Li, x = 0.7 504°C 596°C
Liz.68Al0.61Ge132P3011.90

During the sinter process, the sample #2 from the not calcined powder showed a rapid shrinkage starting
at 510°C (Figure 2-7), which matches the glass transition temperature of the LAGP glass measured by DSC.
An amorphous material transforms from a hard and brittle glassy state into a viscous state when the
temperature exceeds the glass transition temperature. The samples is therefore compacted via viscous
flow of the glass particles and achieved high shrinking rate.

However, the sample #2 pressed from the not calcined LAGP powder showed unusual behavior at higher
temperature: As shown in Figure 2-7, the sample exhibited an expansion starting at 670°C. The large
expansion (40% in total) indicates that the expansion is not caused by a phase transition in the solid phase,
because no phase transition was reported in these materials with such large dimensional change. SEM
images show large pores in this sample (Figure 2-11). The pores have the size of up to 1000 um, which are
hardly formed except inflated by gas.
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Thermal gravimetric analysis (TGA) was carried out on a sample of the high Li LAGP (x = 0.7) to investigate
the mass change during sintering (Figure 2-9). The TGA results showed a mass loss of the sample at the
temperature higher than 670°C, which took place simultaneously with the sample expansion measured by
dilatometer, showing that the mass loss and the expansion of the sample are in one single process. It
confirms that that there is a gas release of the LAGP sample during sintering, which inflates the pores in
the sample and results in an expansion of up to 40%.

Li,COs is one of the starting materials for the preparation of the LAGP glass. It was assumed at first that
CO; gas was formed from the carbonate left in the LAGP glass during the sintering. However, the chemical
analysis showed no carbon (C) element in the LAGP powder. It is therefore not possible for the LAGP
samples to release CO; gas.

Another possible gaseous substance in this Li-Al-Ge-P-O-system is the P,0s. It has the sublimation point at
362°C. Since gaseous substance has much larger volume than in solid state (3 orders of magnitude higher),
small amount of gaseous P,0s is enough to cause a significant expansion of the sample by sintering.

It has been mentioned that the Al(POs)s decomposes at 800°C — 1200°C and releases P,05%% °7:
Al(P0O3)3; — AlPO, + P,05 2-8

The AI(POs); can be prepared in glassy state by melting the Al,03 and HPO3%® %9, Al,O3 was used as one of
the starting materials for LAGP glass. The mole ratio between the element Al and P in the starting material
is around 1 : 5. Therefore, there might be Al(POs); formed in the LAGP glass during the melt quenching
process. As the LAGP glass was later sintered, P,Os was released from AI(POs); and resulted in the
expansion of the sample.

The rest of the LAGP powder was calcined at 700°C for 3 hours. Samples pressed from the calcined powder
were sintered at 700°C — 900°C (sample #3 — #9). Unlike the samples of not calcined glass powder, which
has a rapid shrinkage at the glass transition temperature (around 500°C), the shrinkage of the samples of
calcined powder took place at much higher temperatures (750°C — 800°C). The samples were not
sufficiently densified at lower temperature (700°C — 750°C). The sample sintered at 800°C for 6 hours
showed the highest density and the highest ionic conductivity (Figure 2-8, Figure 2-21, Figure 2-19, Figure
2-20). At higher temperature (900°C), the decomposition reaction of the Al(POs); minor phase took place
again, which resulted in a gas release and an increase of porosity.

The amount of the AIPO4, minor phase increased as the sintering temperature increased. On the other
hand, the ionic conductivity increased as the sintering temperature increased to 800°C but decreased as
it increased to 900°C. The minor phase in the LAGP matrix has both positive and negative effect on the
ionic conductivity of LAGP ceramic. An appropriate amount of AIPO4 minor phase can fill the porosity and
mediate the ion transport, as it showed on the sample #5 sintered at 800°C. However, the AlIPO, is not a
lithium ion conductor. The lithium ion transport is hindered when larger amount of AIPO, phase is formed
at the grain boundary. As shown in Figure 2-13 and Figure 2-15, the amount of AIPQ,increased at the
boundary between LAGP grains at 900°C and hence the ionic conductivity decreased in comparison with
the sample sintered at 800°C.
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J. Thokchom et. al proposed a theory about the enhancing and blocking effect of AIPO4 minor phase on
the ionic transport in LAGP: The minor phase can induce space charge effect when it is in contact with
LAGP. Charged complexes might be formed by AlIPOsand Li* ions at the AIPO4-LAGP interface. The AIPO,
minor phase affects the lithium conduction path depending on its size: while larger AIPO,4 blocks the ion
transport, smaller AIPO4:Li* complex might mediate the lithium ion transport between LAGP grains. Grains
of the minor phase with a proper size can therefore enhance the ionic conductivity, although they have
poor conductivity themselves.

The sample #2 sintered at 900°C had higher ionic conductivity as the sample #4 sintered at 750°C, although
the sample #2 was less compacted (Figure 2-19, Figure 2-21). That is due to the better contact between
the grains in the sample #2.

Resulting from the combined effect of the sintering property and the formation of minor phases, the
optimized sintering procedure for the LAGP (Li1¢sAlo.s1Ge1.32P3011.90) is using a sintering temperature of
800°C and a holding period of 6 hours.
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Figure 2-21: The density of the LAGP samples of high lithium LAGP (x = 0.7) sintered at different
temperatures for 6 hours.

The ionic conductivity obtained on the sintered LAGP samples (1.5 - 10* S/cm at 25°C by x = 0.7) agrees
with the value reported in literature using sintering method. In the work of Kichambare et. al, an optimized
ionic conductivity of 1.03 - 10* S/cm at room temperature was achieved by sintering Li1 sAlosGe1.515P3012
powder prepared by sol-gel process!®t. Kotobuki et. al reported a highest ionic conductivity of 1.8 - 10*
S/cm at 30°C also using sol-gel powder synthesis and sintering route®. They found an optimized sintering
procedure at a temperature of 850°C held for 12 hours, which is higher and longer as found in this work.
The difference could be due to the composition and morphology of LAGP powder. Similar results were also
reported by Mariappan et. al®® and Leo et. al 1%,
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2. Characterization of ceramic solid-state electrolytes

2.3 LAGP solid-state electrolyte via heat-treating route

An alternative preparation route is the heat-treating of quenched LAGP glass (see 2.1.1). Three different
compositions of LAGP were fabricated via the heat-treating route. The compositions are shown in Table
2-8.

The overall chemical formula is calculated from the atomic fraction. The number of phosphorous element
in the chemical formula is set to 3 according to the formula of LiznAlLGe,xP301,* 8. The numbers of the
elements Li, Al and Ge are calculated via the ratios between the specific element and the phosphorous
and the numbers of oxygen are calculated according the charge neutrality. The x value for the LAGP solid-
state electrolyte in this work are approximately 0.3 (LAGP batch 2), 0.5 (LAGP batch 3) and 0.7 (LAGP batch
4), respectively.

Table 2-8: Chemical composition of the LAGP batch 2 — 4.

LAGP Li Al P Ge o]
Batch 2 wt. % 2.18+0.02 2.70+0.02 22.90+0.04 | 26.510.4 43.7+0.3
low Li
at. % 7.39+0.07 2.35+0.02 17.40+0.03 | 8.58+0.12 64.3+0.5
Overall chemical formula Li1.27Alp.41Ge1.48P3011.70
Batch 3 wt. % 2.57+0.02 3.39+0.07 22.60+0.03 | 24.10+0.02 | 46.210.2
Medium Li
at. % 8.33+0.07 2.83+0.06 16.42+0.02 | 7.46+0.01 65.0+0.3
Overall chemical formula Li152Alp.52Ge1.36P3011.76
Batch 4 wt. % 2.85+0.02 3.45+0.04 22.2+0.1 23.7+0.2 44.4+0.6
High Li
at. % 9.43+0.07 2.94+0.02 16.45+0.07 | 7.49+0.06 63.710.8
Overall chemical formula Li1.72Alp.54Ge1.37P3011.89

Since the Carrier Gas Hot Extraction (CGHE) method is less accurate, the oxygen content of the sample has
a higher uncertainty. The sum of the weight percent of all the elements has therefore deviation from 100%.
The composition of the starting material (calculated using data in Table 2-1) and the composition of the
glass after the melt quenching process are compared in Table 2-9. The compositions of the LAGP glasses
show higher Al content as the composition of the starting material. That can be attributed to the Al,Os,
which diffused from the alumina crucible into the LAGP melt during the melting-process.
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Table 2-9: Comparison of the composition of the starting material with the composition of the glass after
the melt quenching process.

Batch 2, low Li
Li1.23Al0.24Ge1.56P3011.60

Batch 3, medium Li
Li1.53Al0.46Ge1.40P3011.77

Batch 4, high Li
Li1.67Al0.46Ge1.40P3011.81

Composition of the
starting material
Composition of the
glass

Li1.27Al0.41Ge1.48P3011.70 Li1.52Al052Ge1.36P3011.76 Li1.72Alo54Ge1.37P3011.89

2.3.1 Sample characterization

LAGP glass samples with low lithium content (Li1.27Alo.41Ge1.4sP3011.70, batch 2), medium lithium content
(Li1.52Al0 52Ge136P3011.76, batch 3) and high lithium content (Li172Alps4Ge137P3011.89, batch 4) were heat-
treated using different process parameters and characterized as listed in Table 2-10, Table 2-11 and Table
2-12.

Table 2-10: List of the samples of low lithium LAGP batch 2 fabricated with different process parameters
and characterized with Dilatometry (DIL), XRD, scanning electron microscopy (SEM), impedance
spectroscopy (IS) and laser flash analysis (LFA).

Sample No. Fabrication process parameters Characterization methods
#1 Heat treated at 800°C for 6h in dilatometer DIL, XRD

#2 Heat treated at 660°C for 3h IS, SEM, LFA

#3 Heat treated at 800°C for 3h and then 6h IS, SEM, LFA

#a Heat treated at 800°C for 6h IS, SEM, LFA

#5 Glass IS, LFA

#6 Heat treated in hot stage XRD device Hot stage XRD

H7 Glass DSC

Table 2-11: List of the samples of medium lithium LAGP batch 3 fabricated with different process
parameters and characterized with XRD, scanning electron microscopy (SEM), impedance spectroscopy (1S)
and laser flash analysis (LFA).

Sample No. Fabrication process parameters Characterization methods
#1 Heat treated at 800°C for 6h SEM, IS, XRD, LFA

#2 Heat treated at 550°C for 10 min + 650°C for 2h | SEM, IS

#3 Sintered from powder at 800°C for 6h SEM, IS

#4 Heat treated in hot stage XRD device Hot stage XRD

#5 Glass DSC
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2. Characterization of ceramic solid-state electrolytes

Table 2-12: List of the samples of high lithium LAGP batch 4 fabricated with different process parameters
and characterized with dilatometer(DIL), XRD, scanning electron microscopy (SEM), impedance
spectroscopy (IS), DSC and laser flash analysis (LFA).

Sample No. Fabrication process parameters Characterization methods
#1 Heat treated at 800°C for 6h in dilatometer DIL, SEM, IS, DSC up to 900°C
#2 Heat treated at 550°C for 1h + 630°C for 1h + | DIL, SEM, IS
800°C for 1h in dilatometer
#3 Heat treated at 600°C for 2h + 800°C for 6h IS, XRD
#4 Heat treated at 900°C for 6h IS
#5 Heat treated at 800°C for 12h IS
#6 Heat treated in hot stage XRD device Hot stage XRD
#7 Heat treated at 800°C for 6h LFA
#8 Glass DSC

2.3.1.1 DSC measurements

Samples of LAGP were measured in the DSC device to analyze the phase transitions during heat-treatment.
Phase transitions taking place in the LAGP samples are discussed together with results of other
investigation methods in section 2.3.3.

Figure 2-22 shows the first heating and cooling curves of the low lithium LAGP glass sample #7 (batch 2, x
= 0.3). The glass transition took place between 535°C (onset) and 564°C (end). The crystallization onset
temperature was at 649°C. No other peak is observed during the further heating and cooling. The
crystallized sample was measured in the DSC for three times to determine the heat capacity. The median
value of the three measurements was taken as the result. The difference between the different
measurements were smaller than 1%. Figure 2-23 shows the heat capacity curve of the crystallized LAGP
sample between -20°C and 900°C. The heat capacity increased throughout the whole temperature range.
The slope became smaller as the temperature reached 800°C and became larger above that temperature.

Figure 2-24 shows the first heating and cooling curve of the medium lithium LAGP glass sample #5 (batch
3, x=0.5). The sample had the glass transition between 530°C (onset) — 558°C (end) and the crystallization
onset temperature at 640°C. On the cooling curve, a small peak was visible at 700°C. The heat capacity of
the sample of medium lithium LAGP is shown in Figure 2-25. Five peaks appeared at 562°C, 644°C, 696°C,
731°C and 750°C on the heat capacity curve. These peaks appeared repetitively on the further
measurement cycles, showing that they are presenting reversible transitions.
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Figure 2-22: DSC curve of the low lithium LAGP sample #7 (with x = 0.3 in LiinAlGesxP3012). The sample
was heated up to 900°C with a heating rate of 15K/min and cooled down to room temperature.
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Figure 2-23: Heat capacity of the crystalized sample #7 of the low lithium LAGP.
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Figure 2-24: DSC curve of the medium lithium LAGP sample #5 (x = 0.5). The sample was heated up to 900°C
with a heating rate of 15K/min and cooled down to room temperature.
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Figure 2-25: Heat capacity of the sample of medium lithium LAGP sample #5 (with x = 0.5 in the general
formula of Li;AlGe>xP3012), which was crystallized during the previous DSC measurements. The peaks on
the curve represent the heat of reversible phase transitions. The temperatures shown on the curve are the
positions of the peaks.
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Figure 2-26 shows the DSC curves of the high lithium LAGP sample #8 (batch 4, x = 0.7) measured for three
times with a heating and cooling rate of 15K/min. The glass transition took place at 510°C — 534°C. The
crystallization onset temperature was at 625°C. An exothermal peak appeared at 693°C on the first cooling
curve.

No glass transition and crystallization peak was observed on the second and the third measurement.
Endothermal peaks were observed on the heating curves at 648°C, 746°C and 792°C. Exothermal peaks
were observed on the cooling curves at around 707°C. These peaks are significantly smaller compared to
the crystallization peak.

Heat capacity of the high lithium LAGP was measured on the sample #1 batch 4, which was previously
heat-treated at 800°C for 6 hours. The crystallized sample was measured in the DSC for 8 times. The
median value of the last three measurements was taken as the result. Two peaks were visible at 644°C and
757°C. These peaks appeared repetitively in each measurement. The heat capacity of the sample increased
with increasing temperature. At the temperature higher than 757°C, the heat capacity had a higher
increasing rate.

The peaks on the heat capacity curves and on the DSC curve are at different temperatures (Figure 2-26 vs.
Figure 2-27), which is because the heat capacity was measured on the sample which was heat-treated at
800°C for 6 hours. Due to the formation of the minor phase during heat-treatment, the composition of the
LAGP main phase changed over time. The position of the peak changed therefore when the samples was
heat-treated for a relatively long period (e.g. 6 hours).
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Figure 2-26: DSC curves of the high lithium LAGP sample #8 with x = 0.7. The sample was heated up to
900°C with the heating rate of 15K/min and cooled down back to room temperature for 3 times. M1, M2,
Ma3: the first, second and third measurement, respectively. a: the full temperature range. B: the curves
between 500°C and 900°C.
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Figure 2-27: Heat capacity of the sample #1 of high lithium LAGP with x = 0.7 which was heat-treated at
800°C for 6h. The peaks represent the heat of reversible phase transitions. The temperatures shown on the
curve are the positions of the peaks.

2.3.1.2 Dilatometry

The relative length change of a low lithium LAGP sample #1 (batch 2, x = 0.3) and the temperature vs. heat-
treating time are shown in Figure 2-28. The heating and cooling rate is 5 K/min. The sample showed a
thermal expansion up to 480°C. A rapid shrinkage occurred at 520°C — 616°C. The sample had a shrinkage
of 16.1% in 26 min. The shrinkage inversed at 616°C and the sample had a short expansion for 26 min from
616°C to 753°C, with a length change of 0.9%. The sample length reached a local maximum and decreased
then slowly. At the end of the heat-treatment, the sample had an overall shrinkage of 19.8%.

The temperature range, at which the rapid shrinkage took place (520°C — 616°C), is approximately the
temperature range between the glass transition and the crystallization temperature (535°C — 649°C). The
bulk glass sample began to shrink at the glass transition temperature and stopped to shrink when the glass
began to crystallize.
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Figure 2-28: Dilatometer measurements of the sample #1 of low lithium LAGP (batch 2. x = 0.3). The axis
on the left presents the relative length changes of the sample. The solid lines show the length changes vs.
time. The right axis presents the temperature in the dilatometer. The dashed lines show the temperature
vs. time.

Figure 2-29 shows the dilatometry measurement of samples of high lithium LAGP (batch 4, x = 0.7). The
sample #1 was heat-treated at 800°C for 6 hours and the sample #2 was heat-treated in succession at
550°C, 630°C and 800°C for each 1 hour in dilatometer. The samples showed thermal expansion at the
beginning of the measurement (below 430°C) and rapidly shrinkage at 520°C. The sample #1 had a
shrinkage of 12% in 16 min. The shrinkage stopped at 599°C and the sample had then an expansion of 0.5%
for 5 min before it shrank slowly further. The sample had a total shrinkage of 12.8% at the end of the
dilatometry measurement.

The sample #2 was heated up to 550°C and held at that temperature for 1h. The shrinking rate became
smaller when the temperature stopped to increase. The sample had another faster shrinkage when the
temperature further rose. Similar to sample #1, the sample #2 had also short expansion for 2 min at 589°C.
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Figure 2-29: Dilatometer measurements of samples of high lithium LAGP batch 4 with x = 0.7. The axis on
the left presents the relative length changes of the sample. The solid lines show the length changes vs. time.
The right axis presents the temperature in the dilatometer. The dashed lines show the temperature vs. time.

2.3.1.3 XRD

The X-ray diffractograms of samples of different LAGP compositions (batch 2 sample #1, batch 3 sample
#1 and batch 4 sample #3 with x = 0.3 — 0.7) are shown in Figure 2-30. The most intensive peaks are
attributed to the LiGey(PO4); phase (PDF 01-080-1924). The peaks at 20.8° and 26.1° are from the AIPO,4
phase (PDF 01-077-5502). Peaks of GeO, phase are not observed.

The lattice parameters are calculated from the X-ray diffractogram using a least squares refinement and
shown in Table 2-13. As the x value increases from 0.3 to 0.5, the lattice parameters and the cell volume
decrease slightly. As the x increases from 0.5 to 0.7 however, the lattice parameters and the cell volume
increase again. It shows that the lattice parameter of LAGP has a minimum when x = 0.5.

Different composition dependences of the lattice parameters have been reported in literature. It has been
reported by Safanama et al. that the parameter ¢ of LAGP lattice increases monotonously with increasing
x value in LinxAlkGe2xP3012 (0 < x < 0.5)%, Arbi et al. has reported that the parameter c of LAGP lattice
increases monotonously with increasing x while the parameter a & b increases when x increases from 0 to
0.2 and decreases when x increases from 0.2 to 0.5%, Liu et al. has reported that the parameter a & b stay
almost constant by varying x and parameter c increases with increasing x with the exception of x = 0.7,
The deviation between the reported values and the values in this work can be attributed to the strain of
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the lattice due to stress in the matrix, the difference of the sample composition and errors during the XRD

measurements.
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Figure 2-30: X-ray diffractogram of samples of LAGP with x = 0.3 (batch 2, sample #1), x = 0.5 (batch 3,
sample #1) and x = 0.7 (batch 4, sample #3), respectively. The black numbers index the diffractions of
LiGey(PO4); phase (PDF reference 01-080-1924). The reds arrows indicate the diffraction lines of AIPOy
phase (PDF 01-077-5502).

Table 2-13: Lattice parameters of the LAGP phases with different compositions.

Low Li LAGP (x =0.3) | Medium Li LAGP (x | High Li LAGP (x =0.7)
=0.5)
a 8.230 £ 0.001 A 8.223 +0.001 A 8.240 +0.001 A
b 8.230 £ 0.001 A 8.223 +0.001 A 8.240 + 0.001 A
c 20.497 + 0.004 A 20.484 + 0.004 A 20.570 + 0.004 A
o 90° 90° 90°
B 90° 90° 90°
v 120° 120° 120°
volume 12023 +0.6 A2 1199.5 + 0.6 A3 1209.5 + 0.6 A3
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Hot stage XRD was applied to obtain the diffractograms at higher temperature up to 900°C. The results of
the low Li LAGP sample #6 (x = 0.3) are shown in Figure 2-31. The first diffractogram at 25°C showed no
peak since the sample was in glassy state. The sample was then heated up to 630°C. Eleven diffractograms
were taken at that temperature and each measurement took 30 min. The last diffractogram, which was
taken after 5.5 hours at 630°C, is shown on Figure 2-31. Diffraction peaks appeared in the diagram,
showing that the glass was crystallized. The diffraction peaks are attributed to LiGez(PO)s. The sample was
heated up further and held at 650°C, 700°C, 750°C, 800°C, 850°C and 900°C for each 6h. The diffractograms,
which were taken after 6 hours at each temperature, are shown in Figure 2-31. At higher temperature, the
diffraction peaks became sharper and higher. The position of the diffraction peaks shifted slightly due to

thermal expansion.
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Figure 2-31: Hot stage X-ray diffractograms of the sample #6 of low lithium LAGP (x = 0.3, batch2) heat-
treated at different temperatures.

The lattice parameters of the LAGP were calculated from the hot stage XRD data obtained at different
temperatures using a least squares refinement (Software name: UnitCell). Figure 2-32 shows the lattice
parameters of the low Li LAGP at different temperatures. The parameter ¢ increased with increasing
temperature. The parameter a & b decreased with increasing temperature, showing that the a and b axis
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have a negative coefficient of thermal expansion. It was shown in the work of Alami et al. that the
parameter a & b of the LiGe,(P0O.)s phase have a negative thermal expansion coefficient>®, which matches
the results of this work.
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Figure 2-32: Lattice parameters of the low Li LAGP sample at different temperatures calculated from the
hot stage XRD data. a: the parameter c, b: the parameter a & b.

Figure 2-33 shows the diffractograms obtained using hot stage XRD on the sample # 4 of medium lithium
LAGP with x = 0.5. The sample was in glassy state at the beginning 25°C and crystallized at 630°C. The
diffraction peaks matched that of the LiGe,(PO)s phase. In addition at 650°C, 700°C and 750°C, new peaks
appeared at 13.2°, 18.0°, 22.8° and 29.4°. When the temperature further increased to 800°C, these peaks
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of minor phase disappeared again, showing that a new phase appeared at 650°C and disappeared at 800°C.
The peaks of LAGP main phase shifted due to thermal expansion/shrinkage. After the sample was cooled
down from 900°C to 25°C, new peaks appeared at 20.7° and 21.9° belonging to the hexagonal AIPO, phase
(PDF 00-046-0253).

The lattice parameters of this LAGP sample was calculated from the hot stage XRD data obtained at
different temperatures with help of the Rietveld refinement. The refinements were carried out on a single
LiGe,(P0.); phase. Refined parameters are lattice parameters with a sample displacement error (because
of the thermal displacement of the sample stage) and microstructure parameters (crystallite size,
microstrain). The lattice parameter values are the average value of the multiple measurements at the same
temperature. The uncertainty of the parameters are calculated from the deviation of the measurements.
Figure 2-34 shows the lattice parameters of the medium Li LAGP at different temperatures. Same as the
low Li LAGP sample, the parameter c increased with increasing temperature and the parameter a & b

decreased with increasing temperature.
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Figure 2-33: Hot stage X-ray diffractograms of the sample #4 of medium lithium LAGP (batch 3, x = 0.5)
heat-treated at different temperatures.
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Figure 2-34: Lattice parameters of the medium Li LAGP at different temperatures calculated from the hot
stage XRD data. a: the parameter c, b: the parameter a & b.

The diffractograms of the sample #6 of high lithium LAGP batch 4 with x = 0.7 obtained at different
temperatures are shown in Figure 2-35. The position of the diffraction peaks also matched the LiGe,(P0O4);
phase. Same as the medium lithium LAGP (x = 0.5), new diffraction peaks appeared at 13.1°, 22.6° and
29.4° at 650°C, 700°C and 750°C. These peaks disappeared as the temperature further increased to 800°C.
As the sample was cooled back to 25°C, new peaks appeared at 20.6° and 21.8°, which belong to the
hexagonal AIPO, phase (PDF 00-046-0253).

The lattice parameters of this LAGP sample was calculated from the hot stage XRD data obtained at
different temperatures with help of the Rietveld refinement. Figure 2-36 shows the lattice parameters at
different temperatures. The parameter c increased with increasing temperature in the whole temperature
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range. Different as the samples of low Li and medium Li LAGP, the parameter a & b of the high Li LAGP
samples showed an abrupt increase and deviation from the linearity as the temperature increased to

800°C. The lattice parameter decreased again at 850°C.

hexagonal
AIPO,

—— 25°C End
- 900°C 6h
850°C 6h
—— 800°C 6h
750°C 6h
—— 700°C 6h
650°C 6h
—— 630°C 5.5h
25°C Begin

Intensity
%%

1

15 20 25 30 35
20

Figure 2-35: Hot stage X-ray diffractograms of the sample #6 of the high Li LAGP (batch 4, x = 0.7) heat-
treated at different temperatures.
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2. Characterization of ceramic solid-state electrolytes
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Figure 2-36: Lattice parameters at different temperatures calculated from the hot stage XRD data. a: the
parameter c, b: the parameter a & b.
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2.3.1.4 lIonic conductivity

The ionic conductivity of the samples of the low lithium LAGP (batch2, x = 0.3) are shown in Figure 2-37.
The ionic conductivity of the glass sample #5 was far below the value of the heat-treated samples. The
ionic conductivity of the glass was not measureable for the temperature below 150°C. The sample #2,
which was heat-treated at 660°C for 3 hours, has at room temperature the ionic conductivity of 4.8-10°
S/cm, which is higher than the conductivity of the glass sample at 250°C.

The samples, which were heat-treated at 800°C, had significant higher ionic conductivity than the sample,
which was heat-treated at 660°C, although all of them were crystallized. The conductivity increased
gradually as the length of heat-treatment increased at 800°C. The sample, which was heat-treated at 800°C
for 3+6 hours, has reached 1.2:10% S/cm at 27°C, 4.8-10°3 S/cm at 150°C and 1.1-102 S/cm at 202°C. The
best conductivity value of the low lithium LAGP was in the same order of magnitude as the sintered LAGP

samples.
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Figure 2-37: lonic conductivity of the samples of the low lithium LAGP (batch 2, x = 0.3 in Li1xAlGe;.xP3015).
The heat-treating temperature and time are labeled by each sample. The numerical values of the ionic
conductivity are shown in the appendix Table A- 8 — Table A- 11.

Samples of the medium lithium LAGP (batch 3, x = 0.5) were fabricated via the heat-treating route and the
sintering route. Their ionic conductivities are shown in Figure 2-38. The sample #1, which was heat-treated
at 800°C for 6 hours, had an ionic conductivity of 1.7-10* S/cm at room temperature and 7.4:103 S/cm at
150°C, which is significantly higher than the sample #2, which was heat-treated at 550°C for 10 min and
then at 650°C for 2 hours. The sample #3, which was prepared via the sintering route (sintered at 800°C
for 6 hours), showed also lower conductivity.
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2. Characterization of ceramic solid-state electrolytes
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Figure 2-38: lonic conductivity of the samples of the medium lithium LAGP batch 3 with x = 0.5. The
numerical values of the ionic conductivity are shown in the appendix Table A- 12 — Table A- 14.
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Figure 2-39: lonic conductivity of the samples of the high lithium LAGP batch 4 with x = 0.7. The numerical
values of the ionic conductivity are shown in the appendix Table A- 15 — Table A- 189.
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The ionic conductivities of the samples of the high lithium LAGP (batch 4, x = 0.7) are shown in Figure 2-39.
The sample #2, which was heat-treated in succession at 550°C, 630°C and 800°C for each 1h showed lower
ionic conductivity. The conductivity increased significantly as the sample was heat-treated at 800°C for 6
hours (sample #1, 2.1-10* S/cm at room temperature and 9.0-103 S/cm at 150°C). The sample #3, which
was heat-treated in two steps (600°C for 2h and 800°C for 6h) has a slightly higher conductivity as the
sample #1. The conductivity increased further when the heat-treating time at 800°C increased to 12 h
(sample #5). However, the ionic conductivity decreased as the heat-treating temperature increased to
900°C (sample #4).

2.3.1.5 Scanning electron microscopy

The SEM images of the low lithium LAGP samples (batch 2, x = 0.3) heat-treated with different process
parameters are shown in Figure 2-40 - Figure 2-42.

The polished surface of the sample #2, which was heat-treated at 660°C for 3 hours, showed bright areas
formed by small pores (Figure 2-40-a). The fracture surface of this sample is shown in Figure 2-40-b. The
grains had an average size of 0.3 um (estimated using the intercept method). The pores in the matrix were
also visible on the fracture surface. Since there were no pores initially in the glass, the pores were formed
during the heat-treatment. Due to the amorphous atom arrangement, the glass had a lower density
compared with crystallized material. The volume of the LAGP shrank by crystallization and pores were
formed therefore in the samples. At the temperature lower than 800°C, the porosity was not eliminated
in the heat-treating process. The samples heat-treated at lower temperature had therefore less good
contact between grains and lower ionic conductivity.

The polished surface of the sample, which was heat-treated at 800°C for 3 hours, is shown in Figure 2-41.
Small pores were visible with a size of 2 — 5 um. The bright areas formed by small pores became smaller,
indicating that the amount of pores was much smaller than in the sample #2 (Figure 2-41-a vs Figure 2-40-
a). The pores are inhomogenously distributed (Figure 2-41-b). An AIPO4 minor phase was visible in the
LAGP matrix (Figure 2-41-c and -d).

Figure 2-42 shows the fracture surface of the sample #4 of low lithium LAGP, which was heat-treated at
800°C for 6 hours. The grains had the similar size as in the sample #2, which was heat-treated at 660°C. On
the other hand, significantly less pores could be seen on the sample which was heat-treated at 800°C. The
grains had better contact with each other, which resulted in a higher ionic conductivity.
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2. Characterization of ceramic solid-state electrolytes

Figure 2-40: SEM images of the sample #2 of low lithium LAGP, which was heat-treated at 660°C for 3 hours.
a: the polished surface of the sample(35x magnification); The bright textures are formed by small pores. b:
the fracture surface of the sample (10000x magnification).
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Figure 2-41: SEM images of the polished surface of the sample #3 of low lithium LAGP, which was heat-
treated at 800°C for 3 hours. a: 35x magnification; b: 500x magnification. The bright area is formed by
higher density of small pores; c: area without pores, 5000x magnification; d: area with pores, 5000x
magnification.
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Figure 2-42: SEM images of the fracture surface of the sample #4 of low lithium LAGP, which was heat-
treated at 800°C for 6 hours. a: 5000x magnification; b: 10000x magnification.

The polished surface and the fracture surface of samples of medium lithium LAGP (batch 3, x = 0.5) are
shown on Figure 2-43 - Figure 2-45.

The sample #1 prepared by heat-treating at 800°C for 6 hours showed stripe-like areas of pores on its
surface (Figure 2-43-a). The pores had a size of 2 - 10 um. There were areas with almost no porosity
between the stripes. The AIPO, minor phase could be seen in the matrix (Figure 2-43-b). Figure 2-44-d
shows the fracture surface, where the pores are also visible.

The polished surface and fracture surface of the sample #2, which was heat-treated at 550°C for 10 min
and 650°C for 2 hours, are shown in Figure 2-44. Gaps between grains were visible on the sample surface.
The contact between the LAGP grains were weak compared to the sample heat-treated at 800°C, which
resulted in the lower ionic conductivity of this sample.

The sample #3 was prepared via sintering route using the powder of the medium Li LAGP (batch 3). The
fracture surface of this sample is shown in Figure 2-45. The fracture surface was full of pores. Unlike the
irregular pores in the heat-treated samples, the pores here were spherical with a size of 5 - 10 um,
indicating that the pores were inflated by a gas.

Among the samples of the medium lithium LAGP, the sample heat-treated at 800°C showed higher
conductivity (Figure 2-38), which is attributed to the lower porosity and better contact between grains.
The AIPO,4 phase filled the porosity between the LAGP grains and hence improved the ionic conductivity.
The AIPO, minor phase is therefore not always a negative factor in terms of ionic conductivity of the
ceramic LAGP samples, although it is not a good ionic conductor.
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2. Characterization of ceramic solid-state electrolytes

15kV 2000x 18mm

Figure 2-43: SEM images of the sample #1 of medium lithium LAGP (batch3, x = 0.5), which was heat-
treated at 800°C for 6 hours. a, b and c: the polished surface with 50x, 2000x and 2000x magnification,
respectively; d: the fracture surface with 5000x magnification.
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Figure 2-44: SEM images of the sample #2 of medium lithium LAGP (batch 3, x = 0.5), which was heat-
treated at 550°C for 10 min and 650°C for 2 hours. a: the polished surface (2000x); b: the fracture surface
(2000x).
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Figure 2-45: SEM images of the sample #3 of medium lithium LAGP (x = 0.5), which was sintered from
powder at 800°C for 6 hours. a: 500x magnification; b: 5000x magnification.

The SEM images of the heat-treated samples of the high lithium LAGP (batch 4, x = 0.7) are shown in Figure
2-46 - Figure 2-48.

Figure 2-46 shows the sample #1 heat-treated at 800°C for 6h. Large grains in the matrix with a size of 4 —
10 um and smaller grains with a size of 0.3 um were visible. Small amount of AIPO, phase was observed
on the polished surface. Pores with a size of 5 — 10 um were observed, which were inhomogeneously
distributed.

SEM images of the sample #1, which was heat-treated at 800°C for 6h and then heated up to 900°C for 8
times in DSC device, are shown in Figure 2-47. Larger pores with a size of 15 — 25 um are visible on this
sample, which are 2 — 3 times larger than in the sample heat-treated at 800°C. Larger amount of AIPO,4
phase was formed in the matrix with larger size (up to 4 pm). Table 2-14 shows the elemental composition
of the matrix and the minor phase measured by EDX. The minor phase was richer on Al and its composition
(Al:P:0=1:1:5) matched approximately the AIPO,.

Figure 2-48 shows the polished surface of the sample #2, which was heat-treated in succession at 550°C,
630°C and 800°C for each 1h. This sample had also larger porosity compared to the sample, which was
heat-treated at 800°C for 6 h.
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Figure 2-46: Polished surface (a: 1000x magnification and b: 2000x magnification) and fracture surface (c:
1000x magnification, d: 5000x magnification and e: 20000x magnification) of the sample #1 of high lithium
LAGP (batch 4, x = 0.7), which was heat-treated at 800°C for 6h.
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Figure 2-47: Polished surface of the sample #1 of high Li LAGP batch 4, which was heat-treated at 800°C in
succession for 6h (Figure 2-46) and then heated up to 900°C for 8 times in DSC device. a: 200x magnification;
b: 1000x magnification.

Table 2-14: The composition of the matrix and the dark minor phase of the sample shown in Figure 2-47-b
measured with EDX.

Atom % of the element Matrix Dark phase
0] 74.5% 72.0%

Al 1.4% 12.4%

P 15.4% 15.0%

Ge 8.6% 0.6%

4

JML’Z

\ S
15kV 1000x 15mm

Figure 2-48: Polished surface of the sample #2 of high Li LAGP batch 4, which was heat-treated at 550°C,
630°C and 800°C in succession for each 1h. a: 1000x magnification; b: 5000x magnification.
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2. Characterization of ceramic solid-state electrolytes

As shown on the SEM images of the high lithium LAGP samples #1 and #2, as the heat-treating temperature
and heat-treating time increased, the number of the pores decreased but the size of the pores increased.
Considering the ionic conductivity of these samples, it is shown that the decreased number of pores had
a positive effect on the ionic conductivity. On the other hand, a larger amount of minor phases was
observed in the sample heat-treated up to 900°C, which reduced the conductivity.

As shown on the SEM images, the AIPO4 minor phase was formed when the samples were heat-treated at
over 800°C (Figure 2-41, Figure 2-43 and Figure 2-47). Unlike the samples of high lithium LAGP batch 1
prepared via sintering route, the GeO, phase was not observed in the samples prepared via heat-treating
route. The amount of the AIPO, in the heat-treated samples was smaller at the same time. It indicates that
the minor phase formation is enhanced in the sintering route: By grinding the LAGP bulk glass into powder,
a larger surface area is created, which is favorable for precipitation of minor phases.

2.3.1.6  Density

The densities of the samples were measured with the Archimedes method without Zapon lacquer (see
2.1.5). The theoretical density of the LAGP crystal is calculated from lattice parameters measured by XRD
(Table 2-15).The density and the relative density (density/theoretical density) of the samples are shown in
Table 2-16. The uncertainty of the density was estimated to be around 0.4%.

The LAGP glass samples had a relative density of around 88%. After crystallization, the density reached
more than 90%. The density increased further as the heat-treatment temperature was increased to 800°C
and as the heat-treating time increased. However, when the heat-treating temperature was increased to
900°C, the density of the sample decreased again. That was due to the formation of larger pores in the
LAGP samples (Figure 2-47-a), which might be related to the decomposition of minor phases and the gas
release inside the samples (see 2.2.2 and).

Compared to the sample fabricated through the sintering route, the samples prepared through heat-
treatment are significantly denser.

Table 2-15: Theoretical density of the LAGP crystal of different composition calculated from lattice
parameters measured by the XRD.

Low Li LAGP batch 2 Medium Li LAGP batch 3 | High Li LAGP batch 4
(x=0.3) (x=0.5) (x=0.7)
theoretical density 3.472 g/cm? 3.470 g/cm3 3.360 g/cm3
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Table 2-16: Density and relative density of the LAGP samples from different batches of LAGP with x = 0.3,
0.5 and 0.7 in the general formula of Li1nAlkGe,.«xP3015.

Sample ‘ Density p (g/cm?) ‘ Relative density p/piheo
Low lithium LAGP x = 0.3

#5. Glass 3.09 88.8%
#2. 660°C 3h heat-treated 3.14 90.5%
#3. 800°C 3h heat-treated 3.32 95.6%
#3. 800°C 3h+6h heat-treated 3.36 96.7%
#4. 800°C 6h heat-treated 3.31 95.3%
Medium lithium LAGP x = 0.5

#1. 800°C 6h heat-treated ‘ 3.23 93.0%
High lithium LAGP x = 0.7

Glass 2.96 88.1%
#1. 800°C 6h heat-treated 3.15 93.7%
#2. 550°C-630°C-800°C 1h each | 3.14 93.4%
heat-treated

#4. 900°C 6h heat-treated 3.14 93.4%
#5. 800°C 12h heat-treated 3.16 94.2%
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2. Characterization of ceramic solid-state electrolytes

2.3.2 Optimized ionic conductivity

In the work of Fu, the ionic conductivity of the Lii.xAlGes-x(POa)s glass-ceramics was obtained as a function
of x 8. The ionic conductivity had a jump from x = 0.2 — 0.3. At x = 0.3 — 0.7, the conductivity stayed on a
plateau at a high level. Therefore, the composition of the LAGP were chosen to be within this range in this
work.

The overall chemical formula of all the LAGP batches are shown in Table 2-17 (with batch 2 — 4 for heat-
treating route and also batch 1 for sintering route). The most significant difference between the different
batches is the lithium content (x = 0.3, 0.5 and 0.7 in Li1+xAlxGe«P301,).
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Figure 2-49: lonic conductivity and activation energy vs x in the LiznAlLGe,—x(PO4)s (the work of Fu®®).

Table 2-17: The overall chemical formula of LAGP batch 1 — 4.

batch overall chemical formula

1 sintering Li1 6sAlo.61Ge132P3011.90 High lithium, x = 0.7

2 heat—treating Li127Alg.41Ge1.48P3011.70 Low lithium, x= 0.3

3 heat—treating Li1.50Al0.52Ge136P3011.76 Medium lithium, x = 0.5
4 heat-treating Li1.72Al0.54Ge1.37P3011.89 High lithium, x = 0.7

The ionic conductivities of the samples of LAGP with different compositions (x = 0.3 — 0.7) prepared via
heat-treating route with different process parameters are shown in Figure 2-50 (at room temperature)
and Figure 2-51 (at 150°C). The experimental results can be summarized as follows:

By each composition, the sample, which was heat-treated at 800°C, showed higher ionic conductivity. The
ionic conductivity increased as the heat-treatment duration at 800°C increased. However, as the heat-
treating temperature increased to 900°C, the ionic conductivity decreased again, which is attributed to the
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growth of minor phases in the sample (Figure 2-47). The samples heat-treated at lower temperature
showed significant lower ionic conductivity, which is due to the porosity between the LAGP grains.
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Figure 2-50: lonic conductivity of the samples of low Li, medium Li and high Li LAGP (x = 0.3 — 0.7) at room
temperature prepared via heat-treating route with different process parameters (with one exception of the
sample with x = 0.5, which was sintered at 800°C). The conductivity is plotted vs the x value in the general
formula LiiAlkGe,«(PO4)s. The heat-treating temperature and time period is labeled left of each data point.
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Figure 2-51: lonic conductivity of the samples of low Li, medium Li and high Li LAGP (x = 0.3 —0.7) at 150°C
temperature prepared via heat-treating route with different process parameters (with one exception of the
sample with x = 0.5, sintered at 800°C).

Among the samples with different composition, the samples of high lithium LAGP (x = 0.7) showed higher
ionic conductivity. Figure 2-52 shows the ionic conductivity of the samples of low lithium, medium lithium
and high lithium LAGP, which were heat-treated at the same condition (800°C for 6 hours).

The conductivity difference can be attributed to the different lithium content. In the LAGP crystal, the
charge carriers are the mobile Li* ions in the A2 position. The concentration of the charge carriers increases
as the x value in the general formula increases (see 1.4). The low lithium LAGP has lower charge carrier
concentration and hence lower ionic conductivity. On the other hand, the medium lithium and the high
lithium LAGP have smaller difference in ionic conductivity, which might be due to that part of the Li*ions
in the high lithium LAGP are located on the immobile position (the position of Ge**) instead of the mobile
position A2. The immobile Li* ions do not contribute to the ionic conductivity and the higher Li content has
limited effect enhancing the ionic conductivity. In addition, the minor phases in the matrix can
accommodate the extra Li*ions and hence increase the overall Li content.
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Figure 2-52: lonic conductivity of the samples of low Li, medium Li and high Li LAGP (x = 0.3 — 0.7), which
were heat-treated at 800°C for 6 hours.

The samples of the high lithium LAGP (batch 4, x = 0.7) prepared through heat-treating route showed
higher ionic conductivity (sample #1, 800°C 6h heat-treated, 2.1-10* S/cm at room temperature) than the
high lithium samples (batch 1, x = 0.7) prepared through sintering route (sample #5, 800°C 6h sintered,
1.5-10* S/cm at room temperature). The density of these samples has less than 2% difference. However,
the heat-treated samples had increasing ionic conductivity with increasing heat-treating time at 800°C,
while the conductivity of sintered samples decreased by longer sintering time (> 6h). That can be attributed
to the formation of minor phases: the AIPO, are formed more easily in the sample pressed from powder
than in the bulk sample. Larger amount of AIPOs was formed rather via sintering route than via heat-
treating route (both at the same sintering/heat-treating temperature).

Most of the ionic conductivity values measured in the literature are around 10* S/cm. Xu et. al has
investigated the Lii s Alos Ges (PO4)s —xLi.O with x = 0 — 0.2. A highest conductivity value was found to be
7.25 -10* S/cm at x= 0.05 ®2. The optimum ionic conductivity of 4 - 10* S/cm has been reported by Fu,
which is similar to the results in this work (3.2 - 10 S/cm)8*. Lower ionic conductivities were reported by
Leo et. al*3, Katoh et al.8! and Kubanska et al. (c < 10* S/cm)?2. The ionic conductivity achieved in this work
is not the highest value among the literature data. However, this work provides a systematic investigation
of the influence of different factors on the ionic conductivity (such as the composition, heat-treating
temperature and time-period and the formation of minor phases), which were not fully (i.e. adequate)
revealed in previous investigations.
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2.3.3 Phase transitions in LAGP

Figure 2-53 shows the DSC curves of the low Li, medium Li and high Li LAGP (x = 0.3 — 0.7 in the general
formula Li1+xAlxGe,—«(POa)s.). The glass transition onset and the crystallization onset temperature are listed
in Table 2-18. Both decreased as the lithium content increased. The same trend was also reported by He
et al.’% and Fu®. However, the exact temperature reported in literature varies from the values measured

in this work. The differences are due to minor differences in the composition and the different heating
rate.
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Figure 2-53: DSC curves of the glass samples with different composition.

Additional peaks were observed on the DSC curves when the crystallized samples of the medium Li LAGP
(batch 3) and high Li LAGP (batch 4) were further analyzed. On the DSC curves of the high lithium LAGP
sample #8 (x=0.7, Figure 2-26), small peaks appeared at 600°C — 800°C on the first cooling curve and the
repeated heating and cooling cycles. These peaks indicate phase transitions in the crystallized LAGP
samples. The peaks appeared repeatedly in each DSC measurement, showing that these phase transitions
are reversible processes. The medium lithium LAGP (x = 0.5) showed no significant peak on the first cooling
curve (Figure 2-24) and small peaks appeared on the following measurements (Figure 2-25). Unlike
samples from the high lithium and medium lithium LAGP, no peak was observed on the DSC curve of the
low lithium LAGP (x = 0.3) except the crystallization peak (Figure 2-22 and Figure 2-23).

88



Table 2-18: Glass transition and crystallization temperatures of LAGP with different compositions measured
with a 15K/min heating rate.

LAGP Glass transition onset Crystallization onset
Batch 1: high lithium, 504°C 596°C

x=0.7

Batch 2: low lithium, 535°C 649°C

x=0.3

Batch 3: medium 530°C 640°C

lithium, x=0.5

Batch 4: high lithium, 510°C 625°C

x=0.7

The heat capacity (Cp) curves of the crystallized samples of LAGP (x = 0.3 — 0.7) are shown in Figure 2-54.
For all the samples, the heat capacity increased with increasing temperature. Different peaks were
observed on the different curves. While the sample of the low lithium LAGP showed no peak on the heat
capacity curve, a series of minor peaks appeared at 552°C — 750°C on the curve of the medium lithium
LAGP. On the curve of the high lithium LAGP, two peaks were observed at 644°C and 757°C. The peak at
757°C was significantly higher than other peaks. These peaks appeared in repeated measurements,
showing that these are reversible phase transitions.

The peak at 644°C might be attributed to the phase transition of Li;P,0,'%. It has been reported in the
work of Tien et al. that the Li,P,0; has a reversible polymorphic inversion at 630°C and the melting point
at 885°C'Y7, Li4P,07 phase might be formed in the high lithium (x = 0.7) and medium lithium (x = 0.5) LAGP
because of the higher lithium content. However, the LisP,O; phase was not identified by XRD, which could
be due to that the volume fraction of the LisP,0is too small for the XRD detection. On the other hand, the
minor phases observed in LAGP samples are rich in aluminum, which did not confirm the existence of the
LisP,07 phase.

It was also reported that the compound LiPO3 shows a melting temperature of around 688°C — 665°C’.
The small peaks at 600°C — 750°C on the medium lithium LAGP sample can be attributed to different kinds
of phosphate compounds.
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2. Characterization of ceramic solid-state electrolytes
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Figure 2-54: Heat capacity curves of samples of LAGP with different composition between 100°C and 900°C.

The high lithium sample (x = 0.7) showed a much larger peak at 757°C. This peak was much higher than
other peaks, which indicates that it was related with a phase transition of the main LAGP phase instead of
other minor phases. The slope of the heat capacity curve of the high lithium LAGP had an increase at the
temperature higher than 757°C.

There is a smaller peak at the same temperature on the medium lithium sample (x = 0.5), showing that the
same phase transition took place also in the medium lithium LAGP sample. The slope of the heat capacity
curve above 757°C s also higher than that of the low lithium LAGP (Figure 2-54).

The phase transitions in LAGP samples were also observed on the hot stage XRD-diagrams measured
between 25°C and 900°C. On the XRD-diagrams of the low lithium LAGP sample (x = 0.3), only the
diffraction of LAGP phase could be identified (Figure 2-31). The diffractogram had no remarkable change
except the peak shift due to thermal expansion. The samples of medium lithium LAGP (x = 0.5) and the
high lithium LAGP (x = 0.7) showed new diffraction peaks between 650°C and 750°C (Figure 2-55, Figure
2-33, Figure 2-35). The DSC measurements showed also a minor phase transition at 644°C, which could be
related to the new diffraction peaks (Figure 2-54). At higher temperatures, the new diffraction peaks
disappeared again in the hot stage XRD-diagrams.

90



hexagonal
AIPO,

—— 25°C End
—900°C 6h
850°C 6h
—— 800°C 6h
750°C 6h
700°C 6h
650°C 6h
—— 630°C 5.5h
“~T—— 25°C Begin

Intensity

20

Figure 2-55: Hot stage X-ray diffractogram of the sample of high lithium LAGP (x = 0.7) at different
temperatures.

The lattice parameters calculated from hot stage XRD data showed clues of phase transitions in the high
lithium LAGP sample. A comparison of the lattice parameters a, b of the medium and high lithium LAGP is
shown in Figure 2-56. While the a, b parameters of the medium Li LAGP were linearly decreasing between
600°C —900°C, the a, b parameters of the high Li LAGP sample showed a deviation from linearity between
750°C and 900°C. The abrupt change of the lattice parameter a & b between 750°C and 800°C shows that
the high Li LAGP exhibited a phase transition in the main phase, which was also shown by the DSC

measurements.
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Figure 2-56: Lattice parameters a & b of the samples of high and medium lithium LAGP measured by hot
stage XRD.

The thermal analysis and hot stage XRD measurements showed agreement with regard to phase transition
in the high Li LAGP ceramic. The DSC measurements showed the same phase transition also in the medium
Li LAGP (x = 0.5). However, the effect was much weaker. In the low Li LAGP, no phase transition was
observed via thermal analysis and hot stage XRD.

This phase transition in the high lithium LAGP was not reported in other publications before. However,
similar phase transitions were reported in analogous NaSICON materials. In the Zirconium based NaSICON
(LiZr,(PO4)3) materials, a monoclinic-rhombohedral phase transition takes place at around 40°C0% 109,
However, this did not explain the composition dependence of the phase transition.

In the work of Pet’kov et. al, the phosphates NaMe;(PO4); and NasMe(PQa4)s (Me=Ti, Zr, Hf) were
investigated!!™ 1!, These compounds have the NaSICON structure. For the Na-rich NasZr(PO4)s and
NasHf(PO.)s, endothermic reversible phase transitions take place at 389 K — 424 K and 476 K — 572 K,
respectively. While Na-poor NaMe;(PO,)s (Me=Ti, Zr, Hf) does not show such phase transition. The phase
transition of NasZr(PO,)s corresponds to a centering of off-centered zirconium atoms in octahedral sites
and Na* occupation transfer between sodium sites.

The NasZr(P0O,)s was also investigated by Boilot et. al**? and the NasTi(PO,)s; was investigated by Krimi et.
al®®. These compounds have the NaSICON-structure. In these compounds, the excess Na* ions take their
place on interstitial sites and on half of the Zr-site (or Ti respectively). These compounds have a different
lattice symmetry and belong to the space group R32 (instead of R-3c for NaZr,(PQa)s).
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In another work of Boilot'!* 114, both the structure and the phase transition of NassZrSiosP2501, were
investigated. The occupation factors of different sites were calculated. The Nas sZrSiosP2.5012 exhibits two
phase transitions: The first phase transition is at 120°C and is related to the off-centering of Zr atoms from
the theoretical position. The second is at 200°C and involves the centering of Zr atoms and a Na occupation
transfer.

The information from the literature mentioned above indicates that there exists a Li-rich LisGe(POa)s phase
in the samples of high lithium LAGP (x = 0.7). Analog to the compound with analogous structure mentioned
above, the LisGe(PO4); phase has a similar phase transition at 750°C — 800°C, which was detected by DSC
and XRD measurements. The medium lithium LAGP (x = 0.5) might have a small amount of the Li-rich
LisGe(P0O4); phase in its matrix, which results in a smaller peak detected by DSC measurement. In the low
Li LAGP (x = 0.3), there is no Li-rich LisGe(PQ4)s phase and no phase transition, too.
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2. Characterization of ceramic solid-state electrolytes

2.3.4 Thermal conductivity

For the solid-state electrolytes, which are supposed to be used at elevated temperature, the thermal
conductivity needs to be known. Moreover, both thermal conductivity and ionic conductivity can reflect
other material properties such as lattice defects and imperfections. Revealing of the correlation between
the thermal and ionic conductivity would give deeper understanding about the material.

In the metallic materials with free electrons, the thermal and electronic conductivity are related. The
investigation of Gustav Wiedemann and Rudolph Franz in 1853 has shown that the ratio of the thermal
conductivity and the electrical conductivity has approximately the same value for different metals at the
same temperature, because the heat is transported by the free electrons in the metallic materials!'®. The
heat and electrical transport both involve the free electrons in the metal.

The Wiedemann—Franz law describes this correlation:

A 2-
Z=L-T 9
o

with A: the thermal conductivity, c: the electrical conductivity, L: the Lorentz number. The Lorenz number

is not a constant but varies with the temperature!®®.

In the non-electrical conducting material such as the solid electrolyte, there are no free electrons in the
lattice. Thermal energy is mainly conducted via the lattice vibration (lattice wave). The lattice vibration in
crystalline material can be characterized by the standing waves. The quanta of the standing wave is

referred as “phonons”. The thermal conductivity equals 7

1 -
/1=§Cvl 2-10

where C is the heat capacity, v is the average velocity of the phonons and / is the mean free path of the
phonons before they are scattered.

The scattering of phonons has great influence on the thermal conductivity, which is largely influenced by
the grain boundaries and the impurities in the grain?’.

In the ionic conductor material, the mobile ions provide the ionic conductivity. It is therefore interesting
to investigate, whether the mobile ions can also carry thermal energy and if there exists a correlation
between the thermal conductivity and the ionic conductivity in the LAGP material. In that case, the total
thermal conductivity A4, Would consist of the contribution of phonons 4,0, and the contribution of

ions A;pn:

Atotal = Aphonon + Adion 2-11

The thermal conductivity is related to the thermal diffusivity via the equation:
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A= Cy(T) - a(T) - p(T) 2-12

with a(T): the thermal diffusivity, Co(T): the heat capacity at constant pressure and p(T): the density of the
material, which are changing at different temperatures.

The thermal diffusivity of LAGP samples with different compositions, which were prepared via heat-
treating route, was measured with a laser flash device. Five measurements were carried out for each
temperature. The average values were taken as the thermal diffusivity results. The uncertainties were
calculated from the deviation of the measured values. The thermal conductivity was calculated from the
thermal diffusivity, the heat capacity and the density of the LAGP. The uncertainty of the thermal
conductivity was calculated from the uncertainties of the thermal diffusivity, the heat capacity and the
density.

The thermal diffusivity of the samples of low lithium LAGP (batch 2, x = 0.3) is shown in Figure 2-57. The
thermal diffusivity increased as the heat-treating temperature and time increased. The sample #3, which
was heat-treated at 800°C for 3+6h, exhibited the highest thermal diffusivity. The same sample had
exhibited also higher density and ionic conductivity than other samples (Figure 2-37 and Table 2-16). The
glass sample #5 had lowest thermal diffusivity.

It could be noticed that the thermal diffusivity of the crystallized samples decreased with increasing
temperature. That is expected since the thermal energy is mainly conducted via phonons in the crystalized
samples. The phonons are more strongly scattered at higher temperature, which reduces the mean free
path of the phonons and the thermal diffusivity. On the other hand, the thermal diffusivity of the glass
sample increased with increasing temperature. The difference might be attributed to the contribution of
radiative heat flux in the glass sample!'® 119, The radiative heat flux increases with increasing temperature
and changes the temperature dependence of the thermal diffusivity.

The thermal conductivity is calculated using equation 2-12 and shown in Figure 2-58. The heat conductivity
of all the samples increase with increasing temperature, which is because the heat capacity increase with
increasing temperature (2.3.1.1, Figure 2-23) and this increase overwhelmed the change of the thermal
diffusivity (Figure 2-57) and the density. The sample #3 heat-treated at 800°C for 3+6 hours showed the
highest thermal conductivity (Figure 2-42, Figure 2-41 and Table 2-16).

The sample #4, which was initially heat-treated at 800°C for 6h, was measured for 3 times in laser flash
device (Figure 2-59 and Figure 2-60). The thermal diffusivity and thermal conductivity showed small
changes in the second and third measurements.
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Figure 2-57: Thermal diffusivity of the glass sample of low lithium LAGP (batch 2 with x = 0.3 in Li.AlGes.
«P3012) and crystalline samples, which were heat-treated at 660°C — 800°C. The numerical values of the
thermal diffusivity are listed in the appendix Table A- 28 — Table A- 31.
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Figure 2-58: Thermal conductivity of the glass sample of low lithium LAGP (batch2, x = 0.3) and different
crystalline samples heat-treated at 660°C — 800°C. The numerical values of the thermal conductivity are
listed in the appendix Table A- 28 — Table A- 31.
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Figure 2-59: Thermal diffusivity of the sample #4 of low lithium LAGP (batch 2, x = 0.3), which was initially
heat-treated at 800°C for 6h, in three measurements. The numerical values are listed in the appendix Table
A- 30.
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Figure 2-60: Thermal conductivity of three measurements of the sample #4 of low lithium LAGP (x = 0.3),
which was initially heat-treated at 800°C for 6h. The numerical values are listed in the appendix Table A-
30.
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2. Characterization of ceramic solid-state electrolytes

The thermal diffusivity and thermal conductivity of the medium lithium LAGP (batch 3, x = 0.5) are shown
in Figure 2-61 and Figure 2-62, respectively. The sample #1 was heat-treated at 800°C for 6h before its
thermal diffusivity was measured three times in the laser flash device. Same as for the low lithium LAGP
samples, the thermal diffusivity of the medium lithium LAGP decreased with increasing temperature. The
thermal conductivity showed a weak dependence on the temperature.

0.008
o(T), x=0.5

0.007 —a— 1st measurement
_ ] —e— 2nd measurement
0 { 3rd measuremnet
CE) 0.006 7 %\\i\
B a4
£ 0.005 4 \%\} }
2 -
a

0.004 -

0.003 : . - . - T -

0 200 400 600 800

Temperature (°C)

Figure 2-61: Thermal diffusivity of the sample #1 of medium lithium LAGP (batch 3, x = 0.5), which was
initially heat-treated at 800°C for 6h. The numerical values are shown in the appendix Table A- 32.
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Figure 2-62: Thermal conductivity of the sample #1 of medium lithium LAGP (x = 0.5) which was initially
heat-treated at 800°C for 6h. The numerical values are shown in the appendix Table A- 32.

Figure 2-63 and Figure 2-64 show the thermal diffusivity and the thermal conductivity of the sample of the
high lithium LAGP (batch 4, x = 0.7) measured with laser flash for three times. In contrast to the samples
of the low lithium and medium lithium LAGP, the thermal diffusivity and thermal conductivity of the high
lithium sample decreased with each measurement. Since the measuring temperature was up to 750°C and
the measurements at each temperature took around 1.5 hour, there was a heat-treating effect during the
laser flash measurement at over 700°C. The heat-treating induced change (formation of minor phases) in
the sample and reduced the thermal conductivity.
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Figure 2-63: Thermal diffusivity of the sample #7 of the high lithium LAGP (batch 4, x = 0.7) which was heat-
treated at 800°C for 6h. The numerical values are shown in the appendix Table A- 33.
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at 800°C for 6h. The numerical values are shown in the appendix Table A- 33.
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lonic conductivity of the samples of the low lithium LAGP batch 2 is plotted against their thermal
conductivity at different temperatures and shown in Figure 2-65. Among the samples of the low Li LAGP
(x = 0.3), the one with higher ionic conductivity shows higher thermal conductivity. It indicates that there
might be a positive correlation between the ionic conductivity and thermal conductivity.

However, the ratio between the thermal conductivity and the ionic conductivity varies much by different
samples. A correlation analog to the Wiedemann—Franz law (Equation 2-9) could not be established.

The positive correlation was not valid among samples of different LAGP batches. As the dashed lines on
Figure 2-66 show, the high lithium LAGP sample had higher ionic conductivity as the medium lithium LAGP
but had a lower thermal conductivity as the medium lithium LAGP. The medium LAGP sample had again
higher ionic conductivity as the low lithium LAGP but had a lower thermal conductivity as the low lithium
LAGP.
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Figure 2-65: lonic conductivity of samples #2, #3 and #4 of the low Li LAGP (batch 2, x = 0.3) plotted vs their
thermal conductivity at different temperatures (labeled right of the data points). The samples were heat-
treated at 660°C — 800°C.
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Figure 2-66: lonic conductivity of samples of LAGP with different composition (batch 2 sample #4, batch 3
sample #1 and batch 4 sample #1 and #7) plotted vs their thermal conductivity at different temperatures
(labeled right of the data points). The samples were heat-treated at 800°C for 6 hours.

As shown on Figure 2-67 and Table 2-19, as the x value in Li1.xAlxGe2«P3012 increased, the ionic conductivity
increased and the thermal conductivity decreased. The increase of ionic conductivity by increasing x could
be attributed to the increase of mobile Li* ions, which is the charge carrier in the LAGP lattice (see 2.3.2).
The decrease of thermal conductivity with increasing x value is attributed to the decrease of the mean free
path of the phonons in the LAGP matrix. The x value in the general formula Li1.AlxGe,«P301; increases
when more aluminum and lithium are doped in LAGP. The doping introduces more defects into the LAGP
lattice, which scatter the phonons stronger and hence reduce the mean free path. Furthermore, minor
phases are formed with higher doping level, which also scatter the phonon and reduce the thermal
conductivity.
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Figure 2-67: lonic conductivity and thermal conductivity of LAGP samples with different compositions
(batch 2 sample #4, batch 3 sample #1 and batch 4 sample #1 and #7) at room temperature and 100°C
plotted vs x value in the general formula of Li;«AlxGezxP301,.

Table 2-19: lonic conductivity and thermal conductivity of LAGP samples with different compositions (x =
0.3-0.7 in LizwAlkGe,xP301,) at room temperature and 100°C shown on Figure 2-67.

X lonic conductivity (S/cm) Thermal conductivity (W/cmK)

Room temperature 100°C Room temperature 100°C
0.3 6.3+0.8-10° 10+1.5-10* 0.016 + 0.0014 0.0165 £ 0.0009
0.5 1.7+0.1-10* 24+04-10° 0.013 £ 0.0011 0.0154 £ 0.0009
0.7 2.1+0.3-10" 3+1.3-10° 0.012 £ 0.0009 0.014 £ 0.0010

The sample #4 of low Li LAGP has a higher relative density than the sample #1 of medium Li LAGP and the
sample #1 of high Li LAGP (Table 2-16). The larger porosity has negative influence on the thermal
conductivity. The difference of the thermal conductivity between LAGP samples from different batches
can be also attributed to the porosity of the samples.
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Figure 2-68: Thermal diffusivity of the samples (batch 2 sample #4, batch 3 sample #1 and batch 4 sample
#7) by the 3rd measurement. The temperature dependence of the thermal diffusivity is fitted with the y oc
x°, where y represents the thermal diffusivity and x represents the temperature.
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Figure 2-69: Thermal conductivity of the samples of low Li, medium Li and high Li LAGP (batch 2 sample #4,
batch 3 sample #1 and batch 4 sample #7) by the 3rd measurement.
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Figure 2-68 shows the temperature dependence of the thermal diffusivity of the LAGP samples with
different composition. The thermal diffusivities scales approximately with a oc T* where 0.086 < x < 0.059.
On the other hand, the thermal conductivity of those samples had not shown clear dependence on
temperature (Figure 2-69).

According to the theory of thermal conductivity via phonons, at not too low temperatures, the thermal
conductivity is proportional to the inverse of temperature( A oc T°)117 120, |n the material with strong
phonon-defect interaction, the dependence can change to A oc T°%° 121122 The thermal conductivity
decreases with increasing temperature because atoms have a stronger vibration at higher temperature,
the phonons would be stronger scattered, the mean free path of the phonons becomes smaller. In the
material with strong phonon-defect interaction, the phonons are already strongly scattered and the
decrease of the mean free path is not such significant as in the material with less defects. The temperature
dependence is therefore less strong.

In conclusion, the thermal conductivity measurements on the different LAGP batch showed that the lattice
vibration (lattice wave) was the dominating conducting mechanism. On the other hand, there was not
enough evidence to prove that the mobile ions have a contribution to the total thermal conductivity.
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2.4 LATP solid-state electrolyte through sintering route

The Li,CO;5 (Fluka, 99.0%), Al,O5 (Sigma-Aldrich, 98.5%), P,Os (Analar Normapur, 99.1%) and TiO; (Alfa
Aesar, 99.5%) was used as starting material for the lithium aluminum titanium phosphate (LATP) solid-

state electrolyte. The samples were fabricated through the sintering route described in 2.1.1.

2.4.1 Sample characterization

The composition of the LATP glass was measured using ICP-OES and Carrier Gas Hot Extraction (for oxygen)
(see Table 2-20). The overall chemical formula of the LATP powder is Li120Alo67Ti1.4aP3012.40. The
composition was similar to that reported in the work of Fu”.

Table 2-20: The chemical composition of the LATP glass powder batch 1.

LATP Li ) Al P Ti
weight-% 2.18% 51.90% 4.73% 24.30% 18.00%
atom-% 6.41% 66.29% 3.58% 16.03% 7.68%

Overall chemical formula

Li120Alo.67Ti1.44P3012.40

Table 2-21: List of the samples of LATP batch 1 fabricated with different process parameters and
characterized with Dilatometry (DIL), XRD, scanning electron microscopy (SEM) and impedance

spectroscopy (IS).
Sample No Fabrication process parameters Characterization methods
#1 Sintered at 1200°C for 6h DIL, IS
#2 Sintered at 1100°C for 6h DIL, IS, SEM
#3 Sintered at 1000°C for 6h DIL, SEM, XRD
H4 Sintered at 900°C for 6h DIL,IS
#5 Sintered at 950°C for 6h DIL, IS
#6 Sintered at 1000°C for 3h IS, SEM
#H7 Sintered at 1000°C for 6h + 900°C 6h IS
#8 Sintered at 900°C for 12h IS, SEM
#9 Glass DSC
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2.4.1.1 DSC measurements

A sample pressed from the LATP powder was heated in a differential scanning calorimeter from 25°C up
to 1200°C (sample #9, Figure 2-70). The glass transition onset temperature T of this sample was 588°C.
The sample crystallized at 657°C. Another endothermic peak appeared at 1091°C. Two small peaks
appeared at 842°C and 891°C on the cooling curve.
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Figure 2-70: DSC curves of the LATP sample #9 pressed from the glass powder.

2.4.1.2 Dilatometry

Figure 2-71 shows the dilatometer curves of the samples, which were sintered between 900°C and 1200°C
for 6 hours. The samples had the largest shrinking rate at the temperature 850° — 1000°C. The sample #4
sintered at 900°C had a shrinkage of 4% at the end of the sintering process. The shrinkage increased with
increasing sintering temperature until 1000°C and decreased as the sintering temperature increased
further to 1100°C and 1200°C. The sample #3 sintered at 1000°C showed the largest shrinkage of 20%.
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2. Characterization of ceramic solid-state electrolytes
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Figure 2-71: Dilatometer curves of LATP samples #1—#5 during sinter process. The solid lines and the axis

on the left show the shrinkage. The dash lines and the axis on the right show the temperature.

2.4.1.3 XRD measurement

XRD measurement was carried out on the sample #3, which was sintered at 1000°C for 6 hours. The
diffractogram shows that the main phase has a structure of LiTi,(PO)s; (PDF 35-754). The diffraction peaks

of AIPO,4 phase are also observed (PDF 45-478).

The LATP phase has a hexagonal crystal system and the space group R3¢ (space group number 167). The

lattice parameters were calculated using a least squares refinement and are shown in Table 2-22.
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Figure 2-72: XRD diagram of the LATP sample #3 sintered at 1000°C for 6 hours. The lattice planes of
LiTi»(PO4)s are indicated on the corresponding peaks. The arrows indicate the diffractions of AIPO.,.

Table 2-22: Lattice parameters of the LATP phase.

a 8.477 +0.003 A
b 8.477 +0.003 A
c 20.789 + 0.004 A
a 90°

B 90°
Y

Vv

120°
olume 1293.6 A3

2.4.1.4  lonic conductivity

The ionic conductivities of the samples #1-#5, which were sintered for 6 hours at different temperatures,
are shown in Figure 2-73. The numerical values of the ionic conductivity are shown in the appendix. The
sample, which was sintered at 1000°C, showed the highest ionic conductivity (6.2-10* S/cm at room
temperature and 1.2-10%2 S/cm at 150°C). The ionic conductivity increased with increasing sintering
temperature until 1000°C. However, the samples sintered at 1100°C and 1200°C had lower conductivity
than the samples, which were sintered at 900°C and 950°C.
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2. Characterization of ceramic solid-state electrolytes

Figure 2-74 shows the conductivity of the samples #3 and #6—#8. The sample #3 that was sintered at
1000°C for 6 hours showed a higher conductivity than the samples which were sintered for shorter and

longer time.
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Figure 2-73: lonic conductivity of LATP samples, which were sintered for 6 hours at different temperatures.
The numerical values of the ionic conductivity are shown in the appendix Table A- 20 — Table A- 24.
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Figure 2-74: lonic conductivity of LATP samples which were sintered for 3 — 12 h at 900°C and 1000°C. The
numerical values of the ionic conductivity are shown in the appendix Table A- 22, Table A- 25 — Table A- 27.
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2.4.1.5 Scanning electron microscopy

Samples sintered at different temperatures were observed in SEM. The sample #8 sintered at 900°C for
12h showed large porosity (Figure 2-75-a). The pores are not isolated from each other. Porosity was also
observed in the other samples. However, here these pores are not connected to each other (Figure 2-76-
a, Figure 2-77 and Figure 2-78-a).

The size of ten well visible and randomly selected grains was measured on the SEM images of the fracture
surfaces (Figure 2-75-b and Figure 2-76-b). The grains had the size of 0.6 — 1.1 um in the sample #8, which
was sintered at 900°C for 12h (Figure 2-75-b), and increased to 1.1 — 2.1 um in the sample #6, which was
sintered at 1000°C for 3h (Figure 2-76-b). The grain size enlarged further to over 5 um in the sample #2,
which was sintered at 1100°C (Figure 2-78-b).

The secondary phase AIPQ, is visible in the matrix in the samples, which were sintered at 1000°C (#3 and#6)
and 1100°C (#2). The secondary phase accumulated at the grain boundaries. The size of secondary phase
is significantly larger in the sample #2, which was sintered at 1100°C. (Figure 2-76-a, Figure 2-77 and Figure
2-78-a).
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Figure 2-75: Sample #8, which was sintered at 900°C for 12 hours. a: Polished surface with 5000x
magnification; b: Fracture surface with 5000x magnification.
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2. Characterization of ceramic solid-state electrolytes
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Figure 2-76: Sample #6, which was sintered at 1000°C for 3 hours. a: Polished surface with 2000x
magnification; b: Fracture surface with 5000x magnification.
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Figure 2-77: Polished surface of the sample #3, which was sintered at 1000°C for 6 hours. a: 2000x
magnification; b: 5000x magnification.
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Figure 2-78: Sample #2, which was sintered at 1100°C for 6 hours. a: Polished surface with 1000x
magnification; b: Fracture surface with 5000x magnification.

2.4.1.6  Density

The theoretical density of the LATP crystal was calculated from the lattice parameters measured by the
XRD. The theoretical density of the LATP crystal is 2.977 g/cm3. The densities of the samples were
measured with the Archimedes method without Zapon lacquer (see 2.1.5). Table 2-23 shows the density
and the relative density of these samples. The uncertainty of the density was estimated to be around 0.4%.

Table 2-23: Density and relative density of the LATP samples.

Sample Density (g/cm3) Relative density
1. 1200°C 6h sintered 2.66 89.3%
2.1100°C 6h sintered 2.75 92.5%
3. 1000°C 6h sintered 2.82 94.7%
4. 950°C 6h sintered 2.79 94.0%
5. 900°C 6h sintered 2.76 92.7%

2.4.2 Discussion

Summarizing the experimental results: The sample, which was sintered at 1000°C for 6 hours, had the
highest ionic conductivity among all the samples (Figure 2-73, Figure 2-74). This sample showed also the
largest shrinkage in dilatometer measurement (Figure 2-71) and the highest density (Table 2-23).

On the X-ray diffractograms, the diffractions of the main phase LiTi>(PO4)s (PDF 35-754) and the minor
phase AIPO, (PDF 45-478) could be identified. The LATP phase has the same crystal structure as the
LiTi,(PO4)3 phase.
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2. Characterization of ceramic solid-state electrolytes

As shown on the SEM images (Figure 2-75 - Figure 2-78), the sample sintered at 900°C showed large
porosity, which had negative effect on the ionic conductivity. The samples sintered at 1000°C had lower
porosity and the contact between the grains was largely improved. In the sample sintered at 1100°C, the
size of the grains increased by several times. The larger grain size is beneficial for the ionic conductivity,
since the grains have better ionic conductivity as the grain boundary. However, the ionic conductivity of
the sample, which was sintered at 1100°C, was lower than the sample sintered at 1000°C and 900°C. On
the other hand, the AIPO, secondary phase was observed in the matrix. The size of the secondary phase
increased significantly as the sample was sintered at 1100°C. The decreased ionic conductivity of the
sample sintered at 1100°C could be attributed to the increased size of the AIPO, secondary phase. The
larger AIPO, phase at the grain boundaries blocked the ion transport and the sample had therefore a
lower ionic conductivity despite the larger grains.

In the work of Fu, a highest conductivity value of 1.3 x 1073 Scm™ at room temperature was reported on
the LATP sample, which was heat-treated at 950°C for 12 hours. This conductivity value is higher as the
conductivity obtained in this work (6.2 x 10™* Scm™). The conductivity values reported in other literature
are mostly significantly lower than reported by Fu and comparable with the value measured in this work
(1.5x10™*S/cm'%, 6.5 x 107 S/cm*, 7 x 107 S/cm'%). However, the influence of the minor phase was

not revealed in the work of Fu and in the other works.
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3 Test of lithium ion cells with solid-state electrolyte

The LAGP and LATP solid-state electrolytes have an ionic conductivity in the order of 10* S/cm at room
temperature and 102 S/cm at 150°C. The ionic conductivity of the LAGP/LATP solid-state electrolyte at
elevated temperature is comparable with that of liquid electrolyte (=102 S/cm) and higher than polymer
electrolytes (lower than 102 S/cm) and ionic liquids (lower than 102 S/cm) at room temperature3® 126-128,
It is therefore possible to apply the LAGP/LATP as solid-state electrolyte and test the electrochemical
behavior in lithium ion cells, which is also one of the objectives of this work.

Lithium ion cells were assembled to test the functionality of LAGP and LATP as solid-state electrolyte.
LiCoO3 (LCO) and LisTisO12 (LTO) were used as cathode materials in different cells. Li metal, graphite and
LisTisO12 (LTO) were used as anode materials (Table 3-1). Liquid electrolyte was used in some cells to assist
the ion transport at the interface between the electrodes and the solid-state electrolyte.

Table 3-1: Test cells with different configurations and electrode materials.

name anode electrolyte cathode
Li-LAGP+LP30-LCO Li metal LAGP pellet wetted LiCoO;,
with LP30 liquid
electrolyte (1M LiPFgin
1:1 EC/DMC solvent)
Li-LAGP+LP30+sep-LCO | Li metal LAGP pellet and glass LiCoO;,
fiber separator soaked
with LP30 liquid
electrolyte
C-LAGP+LP30-LCO graphite LAGP pellet wetted LiCoO;,
with LP30 liquid
electrolyte
LTO-LAGP+LP30-LCO LisTisO1 LAGP pellet wetted LiCoO;,
with LP30 liquid
electrolyte
LTO-LATP+LP30-LCO LisTisO1 LATP pellet wetted LiCoO;,
with LP30 liquid
electrolyte
Li-LAGP-LTO Li metal LAGP pellet (all solid LisTisO12
state)
Li-LAGP-LCO Li metal LAGP pellet (all solid LiCoO; thin layer
state)
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3. Test of lithium ion cells with solid-state electrolyte

3.1 Lithium ion battery cell assembly and test

The lithium ion test cells are integrated in a tube connector produced by the Swagelok® Company. Cells
with this construction are usually called “Swagelok cell” in the literature. The tube connector is designed
to connect two tubes watertight together. For the application as cell package, the tubes are replaced with
two electrode bolts made of steel. The connector and the bolts enclose a space where the electrochemical
active materials can be placed. The structure of the Swagelok cell is shown in Figure 3-1. Anode, electrode,
cathode, current collector and a spring are all mounted in the cell. One of the electrode bolts and the inner
surface is isolated with a PTFE (Teflon) foil to avoid short circuits. The assembling work was carried out in
a glove box filled with argon.

Cathode baolt sSpring Cathode collecior Anode bolt
H"\. '\"‘\.\ f"r .Ir-"-
“\.‘\ ™ ¥ .-"'#:-' -I_.I'
AN i
"
Cathode Anode
electrolyte

Figure 3-1: Schematic presentation of a Swagelok lithium ion cell.

3.1.1 Hybrid cell with liquid and solid-state electrolyte

Since the LAGP and LATP samples are rigid pellets and the cathode materials are also solid, it is difficult to
get sufficient contact at the interface for the ion migration. One solution is to use a liquid electrolyte at
the interface between the electrolyte and electrodes. A commercial liquid electrolyte LP-30 electrolyte
(1M LiPFs in 1:1 EC/DMC solvent) was used.

The LAGP and LATP solid-state electrolyte was fabricated using the optimized sintering or heat-treating
procedure found in this work (800°C 6h for LAGP and 1000°C 6h for LATP). The pellet samples had a
diameter of about 9 mm and were ground as thin as 0.3 mm — 0.4 mm.

The cathode material is a mixture of LiCoO, (LCO, active material), carbon black (electrical conducting
agent) and polyvinylidene difluoride (PVDF, binder). The LCO (90 wt.%), carbon black (5 wt.%) and PVDF (5
wt.%) was weighted, mixed and suspended in isopropanol (2-Propanol) by stirring with a magnetic stirrer.
The suspension was heated to 80°C and the suspension became increasingly viscose as the isopropanol
evaporated. The mixture was further dried at 100°C in a drying chamber and the cathode mixture was
obtained as powder. Pellets with the thickness of 0.4 mm and the diameter of 10 mm were pressed. The
cathode pellets were weighted and their theoretical capacity was calculated from the weight of the LCO
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and the specific capacity of LCO (140mhA/g). A gold current collector was sputtered on one side of the
pressed pellets.

The lithium anode was prepared in the glovebox before the cell assembly. The anode was cut out of a
lithium metal foil with a 9 mm diameter punching tool. A round Li foil with 1 mm thickness and 9 mm
diameter was obtained. The lithium metal was brushed to remove the oxide and nitride from the surface
and assembled in the cell.

Alternatively to the Li metal anode, LisTisO1; (LTO) was used in several cells. It has a potential of 1.5 V vs.
Li*/Li and can serve as anode vs. LiCoO, cathode. LTO pellets were prepared using the same procedure as
the LCO pellets mentioned above.

The Swagelok cell was assembled in the glovebox. The anode bolt was isolated with a PTFE (Teflon) foil
and mounted on the Swagelok connector. The lithium anode was pressed on the solid-state electrolyte
pellet. One droplet of liquid electrolyte was dropped on the solid-state electrolyte pellet. The cathode
pellet was then placed on the wetted solid-state electrolyte pellet. The anode-electrolyte-cathode pellet
was mounted with an aluminum spacer/current collector, a spring and the cathode bolt in the Swagelok
connector. The screws of the Swagelok connector were tightened to ensure the gas-tightness of the cell.
The voltage of the cell was checked with a portable multimeter to make sure that the cell is properly
assembled. In some cells, the lithium metal anode and the solid-state electrolyte were separated with a
glass fiber separator. The separator was soaked with liquid electrolyte LP30 in order to keep the ionic
conductivity.

3.1.2 All solid state cell with LAGP solid-state electrolyte

Three different methods were used to fabricate all solid-state test cells:

The slurry deposition method was carried out first to produce the cathode-electrolyte pellet. The cathode
mixture suspension was prepared with the same procedure as mentioned in 3.1.1. A slurry was made from
the suspension by controlled evaporation of the isopropanol solvent. Several droplets of the suspension
slurry were dripped on the top side of a solid-state electrolyte pellet. The pellet was then dried on a heating
plate and a cathode layer was formed. This cathode-electrolyte pellet was assembled with the lithium
metal anode in a Swagelok cell.

The sintering method was applied to produce the cathode-electrolyte pellet. LisTisO12 (LTO) (47 wt.%) was
mixed with carbon black (3 wt.%) and LAGP glass powder (50 wt.%) and thoroughly mixed. A cathode-
electrolyte 2-layer pellet was pressed using the LTO-LAGP powder and LAGP powder. The pellet was then
sintered in vacuum. However, this method does not work with LiCoO, (LCO). The LCO+LAGP+carbon black
mixture has a different shrinkage as the LAGP during sintering. The pellet delaminates during sintering and
breaks. After sintering, the cathode layer and the electrolyte layer of the tablet were ground to 0.5 mm
each. A gold current collector was sputtered on the cathode. The pellet was dried in a temperature
chamber at 100°C to expel the moisture and assembled in Swagelok cells with the lithium metal anode.

Radio frequency (RF) magnetron sputtering was also used to fabricate the cathode-electrolyte two-layer
pellet. LAGP pellets were coated with a LiCoO; layer on the top side: The pellets were ground to a thickness
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3. Test of lithium ion cells with solid-state electrolyte

of about 4 mm, polished and positioned in the RF-magnetron sputtering chamber. A cover with an 8 mm
diameter hole over the pellet ensured that only the top side of the pellet was coated. The LiCoO; (LCO)
target was positioned on the opposite side of the chamber. A pre-sputtering treatment was performed to
clean the target surface for 12 min using argon plasma (0.5 Pa). After that, the argon atmosphere in the
chamber was set to 10 Pa. The LCO target was sputtered and a LCO-film was deposited on the LAGP pellet
with a deposition rate of 20nm/min and a deposition time of 230 min. The cathode-electrolyte pellets with
lithium metal anode were assembled in Swagelok cells as mentioned before. The RF-magnetron sputtering
were carried out by Dr. Julian Fischer at the “Abteilung Stoffverbunde und Diinnschichten” of the IAM-
AWP.

3.1.3 Galvanostatic cycling with potential limitation

The assembled cells were tested using galvanostatic cycling, i.e. the cells are charged and discharged with
constant current (CC). The battery tester regulates the charge voltage to keep the preset current constant.
The voltage is recorded vs time. After the voltage reaches the preset high potential limit, the current is cut
off and switched to discharging mode. The discharge current is held constant while the discharge voltage
is recorded. When the discharge voltage drops below the lower preset limit, the current is cut off and
switched back to charging mode.

In this study, an Arbin BT2000 battery tester and a BioLogic BCS-815 battery cycling system were used for
the galvanostatic cycling test. Cycling parameters can be set in the controlling program, including the
charge and discharge current, the high and low voltage limit and the cycle number. In addition, the
measurement range and data recording frequency could be set.

All solid state cells were tested at elevated temperatures up to 150°C. The tests were carried out in a
temperature chamber with an air fan for homogenous temperature distribution. A heatproof cell holder
was placed in the furnace and connected with the cell tester outside with heatproof cables.

3.1.4 Cyclic voltammetry

The cyclic voltammetry (CV) measurement was carried out to investigate the stability of the LAGP solid-
state electrolyte. The cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement. A
sweeping potential is applied to the material to be tested (working electrode, LAGP) vs the reference
electrode. The potential is scanned with a constant rate. After the preset maximum or minimum potential
is reached, the potential ramps in the inverse direction to the other potential limit.

The cyclic voltammogram presents the current through the working electrode plotted vs the voltage
applied between the working and the reference electrode. The voltammogram contains information of
the chemical reaction, which takes place during the cyclic voltammetry. It can be used to study the redox
processes, the electron transfer kinetics, the reversibility of a reaction and the reduction potential?® 1%,

In this work, test cells for cyclic voltammetry were built in form of a Swagelok cell. Due to the geometry of
the Swagelok cells, a two-electrode electrolysis system was applied for the cyclic voltammetry (working
electrode + reference/counter electrode). A LAGP pellet was connected with the positive pole as working
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electrode. Li metal was connected to the negative pole and worked both as a reference and a counter
electrode. In hybrid cells, the LP30 was used as electrolyte. In all solid-state cells, the LAGP itself worked
as the electrolyte.

The CV measurements were carried out using the cyclic voltammetry function of the BiolLogic BCS-815
battery cycling system. The scanning rate, the scanning potential window and the cycle number were set
in the control program for the CV measurement.

3.1.5 Impedance spectroscopy on cell

In order to evaluate the internal resistance, the impedance spectroscopy was carried out on the assembled
test cells. The resistance of the cell can be evaluated with help of the Nyquist-diagram.

The measurements were carried out using the impedance spectroscopy function of the BioLogic BCS-815
battery cycling system. The cells were connected with the tester in the same way as for the cycling test.
The measurements were carried out at room temperature as well as at elevated temperatures up to 150°C.
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3. Test of lithium ion cells with solid-state electrolyte

3.2 Cell tests and post mortem investigation

3.2.1 Cells with hybrid solid + liquid electrolyte

In a conventional lithium ion battery, graphite is used as anode material. LiCoO,, LiNixMn,Co,0; or LiFePO,,
etc. are used as cathode material. These anode and cathode materials have the form of small particles,
which are deposited on the current collector together with binder and electron conducting agent (as
shown in Figure 3-2-a). The liquid electrolyte is filled between anode and cathode. A separator prevents
the direct electron-conducting path between the anode and cathode. Since the electrolyte is liquid, it could
wet the entire electrode surface regardless of its roughness. The electrodes have therefore perfect contact
with the electrolyte.

If the liquid electrolyte and the separator are replaced with solid-state electrolyte without any adaption,
the cell structure would be like Figure 3-2-a. The particles cannot form a perfect surface. In addition, the
LAGP/LATP solid-state electrolyte cannot deform to match the rough surface of the electrodes. Only a
small part of the electrode surface gets into contact with the solid-state electrolyte, which would result in
a high resistance at the interface. Therefore, the first test cells were assembled using LAGP solid-state
electrolyte + liquid electrolyte (LAGP + LP30). The liquid electrolyte can wet the interface and assist the
ion transport at the interface between the electrodes and the solid-state electrolyte (Figure 3-2-b).

The LAGP samples sintered from the high Li LAGP (batch 1, 800°C 6h sintered) and LATP samples sintered
from the LATP powder (batch 1, 1000°C 6h sintered) were applied as solid electrolyte.

a Solid electrolyte b Solid electrolyte

— Cathode

Anode —| — Cathode Anode —

Liquid electrolyte

Figure 3-2: Schematic presentation of lithium ion cells with rigid solid-state electrolyte. a: without adaption
of liquid electrolyte; b: with liquid electrolyte at the electrode-electrolyte interface.
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3.2.1.1 Li-LAGP+LP30-LCO cells

The LAGP solid electrolyte pellets have a diameter of 9 mm. They were ground to a thickness of 0.4 mm
and polished to get a mirror surface. After the preparation, the LAGP pellets were assembled with other
components (LiCoO; (LCO) cathode, lithium (Li) metal anode, LP30 liquid electrolyte and current collector)
in Swagelok cells. The structure of the cells is shown in Figure 3-3. The interface between the cathode, the
LAGP solid-state electrolyte and the Li metal anode was wetted with LP30 liquid electrolyte. The cells are
designated as the Li-LAGP+LP30-LCO cells.

Cathode baolt Spring Cathode collactor Anode bolt LP30 liquid electrolyte
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Figure 3-3: Schematic presentation of a Li-LAGP+LP30-LCO cell.

The assembled cells were tested with an Arbin BT2000 tester at room temperature. The cells were charged
with a current of 0.4 mA. The current of 0.4 mA corresponds to a charging rate of 0.1 C, since the LiCoO,
cathodes have a theoretical capacity of 4 mAh.

The test result of the Li-LAGP+LP30-LCO cell-1 is shown in Figure 3-4. The voltage and current are plotted
vs the test time. The LiCoO; cathode (LCO) was initially in the lithium rich state, i.e. the cells were in
discharged state as assembled. The cell had a voltage of 3.2 V at the beginning of the test, which matched
the voltage of the LiCoO, vs Li in discharged state!3% 132, |t shows that the cell was properly assembled and
the electrical circuit was closed.

The voltage of the cell increases as the Li ions are extracted from the LiCoO,. The voltage of the cell Li-
LAGP+LP30-LCO cell-1 increased to a plateau at 3.97 V — 3.98 V in short time (13 min). The voltage of the
plateau is higher than that of a lithium ion cell using liquid electrolyte®* 13 The difference can be
attributed of the higher resistance of the LAGP solid-state electrolyte; the cell using LAGP solid-state
electrolyte has a high internal resistance. A higher charging voltage is therefore required to overcome this
resistance and achieve the required charging current.

After 40 min at the voltage plateau of 3.97 V- 3.98 V, The voltage had an unexpected drop from 3.98 V to
3.93 V. The cell voltage became unstable and did not increase further as in normal Li ion cells for the next
23 hours. The 23 hours of charging at 0.4 mA exceeded twice the cathode capacity (The LiCoO, cathode
had a theoretical capacity of 4 mAh). The cell voltage should increase when Li* ions are extracted from the
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3. Test of lithium ion cells with solid-state electrolyte

LiCoO; cathode, which did not occur in this cell. It shows that the cell was not properly charged since the
initial electrochemical reaction was interrupted.

After the tester was manually switched to discharge mode, the voltage had a drop from 3.93 Vto0 3.81 V.
The cell had discharged for only 2 hours before the voltage dropped to 3.0 V. In the second cycle, the cell
showed the same behavior as in the first cycle.
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Figure 3-4: Charge and discharge test of the Li-LAGP+LP30-LCO cell-1.

An internal short circuit could explain the abnormal behavior by charging of the Li-LAGP+LP30-LCO cell:
The cell showed a normal behavior when Li* ions were extracted from the LCO cathode and transported
to Li anode at the beginning of the test. As the cell was further charged, an electron-conducting route was
formed in the cell between the cathode and anode (a bypass for electric current). As the result, the
electrochemical cell became an ohmic resistor. As the bypass was formed, the current flowed through it
and the cell voltage had a drop. Assuming that all the current (0.4 mA) flowed through the bypass and the
full voltage (3.93 V) was applied on the bypass, the resistance of the bypass can be estimated to 9.8 kQ.
The unstable voltage indicates that the electronic conducting bypass was unstable.

The cell could provide current in the discharging periods, showing that the electronic conducting bypass
was broken in the discharging period. The cell had a voltage of 3.81 V at the beginning of discharge. The
lower voltage shows that the cell was not fully charged, which also confirms that charging current had
flown through the bypass. The cell was discharged for 121 min until the voltage decreased to 3.0 V, which
is much shorter than the charging time. Different as by charging, the voltage had no fluctuation, showing
that the electronic circuit was stable.
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A second cell was assembled with the same material. The test result of the Li-LAGP+LP30-LCO cell-2 is
shown in Figure 3-5. The cell showed the same behavior as the first cell. The voltage had a sudden drop
after the cell was charged for 1 hour and became unstable. After the test was switched to discharge mode,
the cell could be discharged normally but for a shorter time.
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Figure 3-5: Charge and discharge test of the Li-LAGP+LP30-LCO cell-2.

The electronic conducting bypass could be formed by lithium dendrites. It is well known that lithium
dendrites are formed on the Li anode while the lithium ion cell is charged®. It is likely that cracks were
formed on the LAGP electrolyte and Li dendrites grew into the cracks. Since the interface was wetted with
liquid electrolyte, the liquid electrolyte could fill the cracks. Since the cracked area had the smaller
thickness of the solid-state electrolyte pellet, current concentrated on the cracked area. The Li dendrites
grew faster in that area and penetrated the solid electrolyte.

After the cycling tests, the cells were disassembled and checked in a glove box with Argon protecting
atmosphere. On the cathode side of the LAGP solid-state electrolyte, which was in contact with the LiCoO»
cathode in the test cell, no remarkable change was observed. Cracks were observed on the solid-state
electrolyte pellet and the pellet was broken in several pieces. On the other side of the pellet, a black
substance was formed at the interface between the Li anode and LAGP solid-state electrolyte.

The disassembled LAGP solid-state electrolyte and the Li anode was further inspected in the SEM. Figure
3-6 shows the SEM images of the anode side of the LAGP solid-state electrolyte, which was in contact with
the Li anode during the test. The surface was initially polished. After the test, it became uneven in certain
areas. An unidentified substance was formed at the interface between the Li anode and the LAGP solid-
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3. Test of lithium ion cells with solid-state electrolyte

state electrolyte. Figure 3-7 shows the SEM image of the Li anode after the test. Lithium dendrites were
observed on the Li anode. An unidentified substance was also observed.

The substance formed at the LAGP-Lithium interface is different as the Li dendrites (see Figure 3-6 and
Figure 3-7-a), showing that there was a reaction on the LAGP solid-state electrolyte. In addition, the LAGP
sample with this substance was exposed in air after the SEM inspection. The black substance remained on

the sample and did not change its color. On the other hand, when elemental lithium is exposed in air, it
will react with the O3, H,0, N; and CO; and finally form the Li,COs, which has a white color.

e > r — X < N B - F ’
— 900 um — 15KV WD 8mm “— 50 um —

Figure 3-6: SEM images of the LAGP solid-state electrolyte after test. a: The LAGP solid-state electrolyte
with the interface neighboring the Li anode in the test cell (28x magnification); b: the reaction area on the
LAGP solid electrolyte (500x magnification).

&

10kV WD 17mm  500x F— 50 um —i 10kvV WD 16mm 1000x — 30 ym —

Figure 3-7: The Li metal anode after test. a: the lithium dendrites (bright on the right) and the unidentified
reaction product (dark on the left) on the Li anode (back ground) (500x magnification); b: the reaction
product in higher magnification.
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3.2.1.2 Li-LAGP+LP30+sep-LCO cells

Due to the reaction at the interface between the Li anode and the LAGP, a glass fiber separator was applied
at the interface between the LAGP solid-state electrolyte and the Li anode. The structure of the cell is
presented in Figure 3-8. The glass fiber separator was soaked with the LP30 liquid electrolyte and placed
between Li anode and LAGP solid-state electrolyte. Disregarding this exception, the cell structure was
identical as the previous built cells. These cells are designated as Li-LAGP+LP30+sep-LCO cell.

The cells were tested in the same procedure as the previous cells. The test results of the Li-
LAGP+LP30+sep-LCO cell-1 are shown in Figure 3-9. The cell was charged and discharged with 0.1 mA
current in the first 2 cycles and with the current of 0.5 mA in the following cycles. Unlike the previous cells,
this cell could be properly charged and discharged. The cell had a charge capacity of 3.88 mAh and a
discharge capacity of 3.46 mAh at 0.1 mA charge/discharge current in the 2" cycle. When the current
increased to 0.5 mA, the charge capacity decreased to 1.72 mAh and the discharge capacity to 1.55 mAh
in the 3™ cycle (see Figure 3-10).

After the test, this cell was also disassembled in argon atmosphere. The LAGP pellet was stable and not
broken. Li dendrites had grown from the Li anode into the separator but not penetrated the separator. It
shows that the cell could operate properly when the LAGP pellet was not in contact with lithium.

Glass fiber separator with
LP30 liquid electrolyte

Li metal
LiCoO2

cathode

L
)

GP solid electrolyte
LP30 liquid electrolyte

Figure 3-8: Schematic presentation of the Li-LAGP+LP30+sep-LCO cells with glass fiber separator between
Li anode and LAGP solid-state electrolyte.
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3. Test of lithium ion cells with solid-state electrolyte
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Figure 3-10: charge and discharge capacity of the Li-LAGP+LP30+sep-LCO cell-1.

Another cell (Li-LAGP+LP30+sep-LCO cell-2) with the same structure was tested and the result is shown in
Figure 3-11. However, this cell showed different charge/discharge behavior as the first cell. The charge

voltage had an abrupt drop and became extremely unstable.
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Black spots could be observed on the LAGP pellet (Figure 3-12-a) after the cell was disassembled. As shown
in Figure 3-12-b, large numbers of Li dendrites were formed in the separator on the side neighboring the
Li anode. A part of the dendrites penetrated the separator and reached the LAGP solid-state electrolyte as
shown in Figure 3-12-c. These Li dendrites reacted with the LAGP solid-state electrolyte and formed the
black spots. The LAGP pellet was broken along those spots, showing that cracks were formed in the LAGP
pellet.
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Figure 3-11: Charge and discharge test of the Li-LAGP+LP30+sep-LCO cell-2 with glass fiber separator
between Li anode and LAGP solid-state electrolyte.

Figure 3-12: The LiCoO; cathode, LAGP solid-state electrolyte and both sides of the separator after tested
in the Li-LAGP+LP30+sep-LCO cell-2. a: The LCO cathode and the LAGP solid-state electrolyte, b: the
separator with the side neighboring the Li metal, c: the separator with the side neighboring the LAGP pellet.
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3. Test of lithium ion cells with solid-state electrolyte

3.2.1.3 C-LAGP+LP30-LCO cell

Due to the stability problems observed in LAGP in contact with Li metal, a graphite anode was applied to
replace the Li metal anode. Figure 3-13 shows the structure of the C-LAGP+LP30-LCO cell using a graphite
anode, a LiCoO; cathode and a hybrid solid + liquid electrolyte.

The test result of the C-LAGP+LP30-LCO cell is shown in Figure 3-14. The cell was charged with a current
of 0.1 mA. The voltage increased to 2.73 V after 2 hours of charging and showed a long plateau. The voltage
plateau is significantly lower as a cell using LiCoO; cathode, liquid electrolyte and graphite anode (higher
than 3.5 V) 133134136 ynp|ike in the cells using lithium anode, the voltage rose up to 4.2 V without the
abnormal behavior shown in the previous cells. The voltage increased continuously during charge, showing
that the Li* ions were extracted from the LiCoO, cathode.

However, the cell could be discharged for a much shorter time before the voltage dropped to the low limit
of 3.0 V. The cell could hardly be charged or discharged after the first cycle, indicating that the Li* ions
became immobile in the cell. The Li* ions were trapped in the electrolyte. Otherwise, when the Li* ions
were inserted into the graphite anode, they should be able to be extracted from that as well.

The post-mortem investigation showed that a large area was black colored on the anode side of the LAGP
pellet (Figure 3-15). As shown on the light microscope image of the cross section of the pellet (Figure 3-16-
a), the black colored area reached the middle of the pellet. These coloring could therefore not be
attributed to the graphite, since the graphite could not penetrate the LAGP pellet. This sample was
exposed in air during the preparation and after the observation. The black coloring did not change,
showing that it was not lithium dendrite.

On the SEM image however (Figure 3-16-b), the colored area is not visible.

LP30 liquid electrolyte

LiCoO2 Graphit
cathode anode

-
LAGP solid electrolyte

Figure 3-13: Schematic presentation of the C-LAGP+LP30-LCO cell.
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Figure 3-14: Charge and discharge test of the C-LAGP+LP30-LCO cell. The cell could not operate further
after the first charging.

Figure 3-15: The anode side of the LAGP solid-state electrolyte pellet after the test in the C-LAGP+LP30-LCO
cell. Large area on the anode side is black colored.
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3. Test of lithium ion cells with solid-state electrolyte
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Figure 3-16: Cross section of the LAGP solid-state electrolyte after the test in the C-LAGP+LP30-LCO cell
(100x magnification). a: the optical microscope photo, b: the Scanning electron microscope photo.

The behavior of the cell can be explained as follows: Since the anode of the lithium ion cell is a strong
reducing agent, the Ge* ions in the LAGP lattice are reduced to an intermediate oxidation state (probably
Ge?"). For the charge neutrality, extra Li* ions are incorporated in the LAGP lattice:

LAGP + xLi* + xe™ —» [LAGP* xLi" | 3-1

This electrochemical reaction takes place when the cell is charged. The Li* ions are from the LiCoO; cathode
and the electrons are from the anode. The Li* ions from the anode are trapped in the LAGP solid-state
electrolyte instead of being inserted in the graphite anode. The cell cannot further operate since there are
no free Li* ions in the cathode and anode.

In this case, the LAGP becomes the actual anode of the cell. This reaction on LAGP explains also, why the
charging voltage plateau was lower as in normal cells with graphite anode (Figure 3-16): The voltage
measured during the test was actually the voltage between LiCoO;, and LAGP. The electrical potential
difference between LiCoO; and LAGP solid-state electrolyte is smaller as that between LiCoO; and the
graphite anode.

Unlike the cells using Li metal anode, the cell using the graphite anode could hardly discharge. That is
because the graphite anode had initially no lithium content and the LiCoO; was the only lithium source.
The cell could not operate when all the Li* ions were bound with LAGP. In the cells using Li metal anode
however, the Li metal had overcapacity of Li* ions. It could always supply Li* ions to compensate the loss
of free Li* ions and the cell could further discharge.

The voltage drop during charging had not appeared in the cell using graphite anode, showing that no
electronic conducting bypass was built as in the cells using Li anode. That is because of the absent of Li
dendrite. The graphite has a slightly higher potential as Li metal. The Li* ion will be inserted into the
graphite. The dendrite formation is only possible at high current or lower temperature. The Li dendrite
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would not form in this cell. Therefore, even there was also crack on the LAGP pellet, the internal short
circuit had not occurred in the cell using graphite anode.

3.2.1.4 LTO-LAGP+LP30-LCO cell

Since the LAGP could be reduced by the Li anode, an anode material with higher redox potential was used.
The lithium titanate LisTisO12 (LTO) has a potential of 1.5 V vs Li/Li*, which is significantly higher than other
anode materials'®. LTO can work as anode vs LiCoO, (LCO) cathode. A LTO-LAGP+LP30-LCO cell was
assembled with a LTO-anode, a LCO-cathode and a LAGP solid-state electrolyte between them. The
interface between them was also wetted with the LP30 liquid electrolyte (Figure 3-17). The voltage of the
LTO-LAGP+LP30-LCO cell is 1.5 V lower than the cell using Li anode and it was therefore cycled between
1.7Vand 2.7 V.

Figure 3-18 shows the result of the galvanostatic-cycling test. The current was set to 0.05 mA in the first 2
cycles and 0.1 mA for the 3™ - 6 cycle. The voltage showed a plateau at around 2.39 V and reached the
high limit of 2.70 V after 130 hours of charging. The voltage jumped directly to 2.50 V when the cell began
to discharge. The cell had discharged for 103 hours. In the 2™ cycle, the cell behaved almost the same. In
the 3™ cycle, since the current was doubled (0.1 mA), the voltage plateau increased to around 2.59 V. The
cell was charged for 32.3 hours. The voltage jumped directly to 2.22 V when the cell was switched to
discharge mode. The cell could discharge for 29.9 hours before the voltage decreased to 1.70 V.

After 4 cycles with 0.1 mA current, the current was set to 0.2 mA. However, the cell could not be charged
with this current. The voltage jumped directly to 2.7 V when it was charged and jumped back immediately
to 1.7 V when it was switched to discharge.

LP30 liquid electrolyte

LCO LTO
cathode anode

T

LAGP solid electrolyte

Figure 3-17: Schematic presentation of the LTO-LAGP+LP30-LCO cell.

131



3. Test of lithium ion cells with solid-state electrolyte
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Figure 3-18: Charge and discharge test of the LTO-LAGP+LP30-LCO cell.
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Figure 3-19: The LAGP solid-state electrolyte pellet, which was tested in the LTO-LAGP+LP30-LCO cell. a:
the LAGP pellet with the side neighboring LTO anode; b: SEM image of the anode side of the LAGP pellet.

The images of the LAGP solid-state electrolyte after the cycling test are shown in Figure 3-19. Unlike the
damaged electrolyte pellets in the previous cells, this LAGP pellet was still intact. No reaction products are
formed on the LAGP pellet, showing that the LAGP is stable vs LTO and the LP30 liquid electrolyte.

The charge and discharge capacity are shown in Figure 3-20. The cell showed irreversible capacity in the
first cycle. The cell capacity decreased as the charge and discharge current increased.
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Figure 3-20: charge and discharge capacity of the LTO-LAGP+LP30-LCO cell.

3.2.1.5 Li-LATP+LP30-LCO cell

The lithium aluminum titanium phosphate (LATP) was also tested as solid-state electrolyte in lithium ion
cells. The LATP pellets were prepared using the optimized sintering process (1000°C 6 hours). The LATP
pellets were ground to 0.4 mm thickness and polished.

The test cell was assembled using a Li metal anode, a LiCoO; (LCO) cathode and a LATP + liquid hybrid
electrolyte with the structure shown in Figure 3-3. The cell was designated as Li-LATP+LP30-LCO cell and
tested at the same condition as the cells mentioned above. Figure 3-21 shows the Galvanostatic cycling
test results. The cell showed a similar behavior as the cells using LAGP solid-state electrolyte (see 3.2.1.1).
The charge voltage showed a sudden drop and became unstable. The discharge periods were much smaller
as the charge periods.

Figure 3-22 shows the images of the LATP solid-state electrolyte and the Li metal anode after the test. The
LATP pellet showed a blue coloring and was broken apart. The blue coloring on the LATP pellet is attributed
to the Ti*" ions. The Ti** can be reduced to Ti**, which has a blue color¥”- 124, The reduction reaction:

Ti** + e - Ti3* 3-2

takes place on LATP at a voltage of 2.4 V vs. Li/Li* 138140,

133



3. Test of lithium ion cells with solid-state electrolyte
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Figure 3-21: Voltage and current curves of the Li-LATP+LP30-LCO cell by charging and discharging.

Figure 3-22: The LATP solid-state electrolyte after the test. The LATP pellet was blue colored and broken
apart.

3.2.1.6 LTO-LATP+LP30-LCO cell

A cell using LisTisO12 (LTO) as anode, LATP+LP30 as electrolyte and LiCoO;, (LCO) as cathode was also
assembled and tested. The structure of the LTO-LATP+LP30-LCO cell is the same as shown in Figure 3-17
with LATP instead of LAGP. Figure 3-23 shows the results of the galvanostatic-cycling test of the LTO-
LATP+LP30-LCO cell.

The cell can be cycled. However, the capacity decayed in each cycle (Figure 3-24). The capacity in the 9"
cycle dropped to one third of the capacity of the 2" cycle. The capacity loss is attributed to the loss of Li*
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ions in the cell: The Ti* ions in LATP were reduced into Ti**. In order to keep the charge neutrality in LATP,
extra Li*ions were incorporated in the LATP lattice. The amount of mobile Li* ions in the cell was reduced
and hence the cell capacity decreased in each cycle.

Figure 3-25 shows the image of the LATP pellet with the side, which was neighboring the LTO anode. The
blue coloring is visible on the pellet, which confirms that the Ti** was reduced to Ti**.
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Figure 3-23: Voltage and current curves of the LTO-LATP+LP30-LCO cell during cycling.
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Figure 3-24: Charge and discharge capacity of the LTO-LATP+LP30-LCO cell.
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3. Test of lithium ion cells with solid-state electrolyte

Figure 3-25: The anode side of the LATP solid-state electrolyte pellet (the side, which was in contact with
the LTO anode) after test.

The test results of the Li-LATP+LP30-LCO and LTO-LATP+LP30-LCO cells show that the LATP solid-state
electrolyte is not suitable for application in lithium ion batteries. The LATP is instable vs Li metal and
LisTisO12 (LTO) as anode.

+ 138-140

The reaction Ti** + e <> Ti** takes place at a potential of 2.4 V vs. Li/Li , which means that the Ti** is

reduced spontaneously when the LATP solid-state electrolyte is in contact with lithium metal.

The LTO has a redox potential of 1.5 V vs Li/Li*, which is lower than that of Ti**/Ti**. The Ti** ions in LATP
are easier to be reduced than the LTO anode. The Li* ions are trapped in LATP and the cell capacity shows
a significant decay. The LATP solid-state electrolyte is also not stable in the cell using LisTisO1; (LTO) as
anode.

3.2.2 All-solid-state cells with LAGP solid-state electrolyte

In the previous investigation, the LAGP solid-state electrolyte showed instability vs the Li metal anode and
the graphite anode in the presence of the liquid electrolyte. For the investigation of solid-state electrolyte
however, the liquid electrolyte in the cell is always a disturbing factor. There was always the uncertainty,
whether the liquid electrolyte took part in the reaction. Therefore, it is important to investigate the
all-solid-state lithium ion cells without liquid electrolyte.

The contact between the electrolyte and electrodes needs to be improved for the all solid-state lithium
ion cells. The Li metal is easy to deform and to get a good contact with LAGP solid-state electrolyte. On the
cathode side however, it is more difficult to achieve sufficient contact between the solid cathode material
and the LAGP solid-state electrolyte. Slurry deposition techniques (see 3.1.2), which are used in cells with
liquid electrolyte, could not provide a sufficient contact.

On the other hand, since there was no liquid electrolyte in the cell, the cell can be tested at elevated
temperatures (100°C — 150°C). The ionic conductivity of the LAGP solid-state electrolyte at this
temperature is much higher than at room temperature and comparable with a conventional liquid
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electrolyte. The electrode materials LiCoO, and LisTisO1, are also stable at this temperature®. Lithium
metal has the melting point of 180.5 °C *2 and is in solid form at 150°C.

3.2.2.1 Li-LAGP-LTO cell

The attempt of using sintering method to fabricate cathode-electrolyte-anode multilayer pellet was not
successful (see 2.8.2). The cathode mixture LiCoO, + LAGP + carbon black showed different sintering
behavior as the LAGP powder. The multilayer pellet delaminated after sintering.

On the other hand, this procedure worked with the LisTisO12 + LAGP + carbon black mixture. A LAGP-LTO
two-layer pellet was successfully sintered. LisTisO1> (LTO) has a potential of 1.5 V vs Li/Li*, which can be
used as cathode material vs lithium metal anode.

The LAGP side of the LAGP-LTO pellet was polished and pressed together with a Li metal foil. The Li-LAGP-
LTO three-layer pellet was mounted in a Swagelok cell and tested in the temperature chamber at 150°C in
the voltage range of 2.5 V — 1.0 V. The LisTisO1, was initially in its Li poor state and the cell was therefore
in a discharged state at the beginning of the cycling test.

The result of the galvanostatic-cycling test is shown in Figure 3-27. The first discharge took 8.7 hours. It
could be noticed that the voltage decreased continuously with the same rate to 1.0 V. No voltage plateau
was observed in the first discharge period. However, the lithium titanate (LTO) has a very flat voltage

143,144 and the cell voltage should have little change until the whole

plateau by charging and discharging
capacity is exhausted. However, the discharging voltage decreases continuously, indicating that the
internal resistance of the cell was increasing. As shown on Figure 3-28, according the Voltage divider rule,
the discharging voltage is a fraction of the cell potential, when the cell internal resistance is larger than

zero. As the cell internal resistance increases, the discharging voltage decreases.

Figure 3-29 shows the charge and discharge capacity of the Li-LAGP-LTO cell. The cell had a discharge
capacity of 0.17 mAh in the first cycle, which was one order of magnitude smaller compared to the cells
using liquid electrolyte. The capacity of the Li-LAGP-LTO cell has a 90% decay in the second cycle.

LAGP

LTO+C Li metal
+LAGP

Figure 3-26: Schematic presentation of the Li-LAGP-LTO cell.
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Figure 3-27: Voltage and current curves of the Li-LAGP-LTO cell during cycling.
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Figure 3-28: Reduced discharging voltage due to the cell internal resistance. U: the cell potential; Ri: the
cell internal resistance; R,: the external resistance; U,: discharging voltage.
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Figure 3-29: Charge and discharge capacity of the Li-LAGP-LTO cell.

The cell was disassembled after the test. The reaction product was formed at the interface between Li
anode and LAGP solid-state electrolyte (Figure 3-30-a and -b).

Figure 3-30-c and —d show the cross section of one LAGP pellet and the reaction product, which swelled
out from the surface of LAGP pellet. Half of the porous reaction product is below the surface level of the
LAGP pellet. The original flat LAGP surface could not be recognized. Since this area was only in contact
with the Li metal anode and the LAGP electrolyte, this porous product was formed by a reaction between
LAGP and Li metal and the original LAGP surface was consumed by this reaction.

The reaction zone showed a volume expansion, which can be attributed to the lithium insertion in LAGP.
The volume increase induced stress in the pellet and cracks were formed. This also explains why almost all
the LAGP pellets in the previous testes were fractured in the cells when a Li anode was used.

The reaction at the Li-LAGP interface resulted in the increase of internal resistance. The reaction damaged
the LAGP surface and formed a new phase at the interface. The contact at the Li-LAGP interface was
weakened and the ion transport in the cell was hindered, which increased the internal resistance of the
test cell and hindered the charge and discharge.
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Figure 3-30: Images of the LAGP solid-state electrolyte pellet after tested in the Li-LAGP-LTO cell. a: Photo
of the LAGP pellet with the side, which was neighboring Li anode. The pellet broke apart and black
reaction product was formed on the pellet; b: the SEM image of the LAGP pellet; c and d: the cross section
of the reacted area on the anode side of the LAGP solid-state electrolyte (200x and 500x magnification).

3.2.2.2 Li-LAGP-LCO cell

Radio frequency magnetron sputtering was applied to deposit a LiCoO; (LCO) layer on LAGP substrate. The
procedure is described in 3.1.2. A 4-um LiCoO; layer was deposited on a 0.4 mm LAGP substrate. Lithium
metal was applied as anode. The LAGP-LCO pellet was pressed together with a Li foil and assembled in the
cell (Figure 3-31).

The cell was tested at 100°C. The galvanostatic cycling results are shown in Figure 3-32 and Figure 3-33.
The capacity decreased in every cycle, which is similar to the Li-LAGP-LTO cell.

The post mortem examination showed that the LAGP pellet was fractured. On the anode side of the LAGP
pellet, a black reaction product was observed and the surface of the LAGP became uneven (Figure 3-34).
The cross section of the LAGP is shown on Figure 3-35. A LiCoO; (LCO) layer with the thickness of 4 um was
visible on the LAGP substrate. No damage on the cathode (LCO) side of the pellet was observed. On the
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anode (Li) side, the reaction zone was also observed, which expanded from the LAGP surface (Figure 3-35-
b). A crack was formed between the reaction area and the LAGP substrate, which separated the reaction
zone from the LAGP substrate. The internal resistance of the cell increased therefore drastically and the
cell could operate only for a short time.

Because of the large internal resistance, the all solid-state cells could not operate at relatively higher
current (e.g. 0.1 mA). The current through the all-solid test cells were much smaller (one order of
magnitude lower) compared to the cells using liquid electrolyte. The charge voltage and the discharge
voltage showed significant difference, which is also attributed to the internal resistance of the cell.

In addition, the resistance at the LCO-LAGP interface has also a contribution to the resistance of the cell.
As shown on the SEM photo of the cross section, the LCO layer was dense and had a good contact with
the LAGP substrate. However, there could be still large resistance at the LAGP-LCO interface. The LAGP
and the LCO have different lattice structures and different lattice parameters. The lattice mismatch can
increase the interface resistance®: the region at the interface might be deformed and deviates from the
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original structure, which is unfavorable for the lithium transport'*®. Moreover, when the pellet was heated

up, the different thermal expansion of both materials would also induce mismatch. The space charge effect

can also affect the resistance at the interface’1%°,

LiCoO, \Li anode

cathode

LAGP

Figure 3-31: Schematic presentation of structure of the Li-LAGP-LCO cell.

141



3. Test of lithium ion cells with solid-state electrolyte

4.5

fffffffff Current
— Voltage
S
6]
o
8
S 3.54
>
3.0
T T T
0 20000 40000

Test time (s)

Figure 3-32: Voltage and current curves of the Li-LAGP-LCO cell during cycling.
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Figure 3-33: Charge and discharge capacity of the Li-LAGP-LCO cell in first 20 cycles.
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Figure 3-34: Reaction area on the LAGP-LCO pellet, which was tested in the Li-LAGP-LCO cell. a: 200x
magnification; b: 1000x magnification.
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Figure 3-35: SEM image of the cross section of the LAGP-LCO pellet, which was tested in the Li-LAGP-LCO
cell. a: the LAGP substrate with LiCoO; (LCO) cathode layer; b: the anode side of the LAGP pellet with the
reaction zone between LAGP and Li metal (the Li anode foil was removed).
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3. Test of lithium ion cells with solid-state electrolyte

3.3 Stability of LAGP solid-state electrolyte

The LAGP solid-state electrolyte shows instabilities in the cell tests. Therefore, cyclic voltammetry,
impedance spectroscopy and LIBS were carried out to investigate the reaction on LAGP. Samples from the
high lithium LAGP batch 4 fabricated through heat-treating method (800°C 6h heat-treated) were used for
these tests.

3.3.1 Cyclic voltammetry

Cyclic voltammetry was applied to investigate the electrochemical reaction on LAGP vs Li/Li*. The cyclic
voltammetry test cells have the LAGP as working electrode and the Li metal as reference and counter
electrode. A sweeping voltage is applied to the test cell. Whenever a reaction occurred in the cell, a current
through the cell was registered.

3.3.1.1 Li-LP30-LAGP CV-cell

The structure of the first cyclic voltammetry test cell is shown in Figure 3-36. Liquid electrolyte was applied
between Li and LAGP in order to achieve a lower interface resistance. The cell was designated as Li-LP30-
LAGP CV-cell. The cell can be represented schematically:

+ Al foil |Au current collector | LAGP | liquid electrolyte + separator | Li metal | Cu foil —
or simplified:
+ LAGP | liquid electrolyte + separator | Li metal —

The LAGP pellet was polished on both sides and sputtered with gold on one side, which was connected
with the positive pole. A Li foil was connected to the negative pole. A separator soaked with LP30 liquid
electrolyte (containing 1 M Li*) is placed between the Li foil and the LAGP pellet. The voltage of the cell is
equivalent to the potential of LAGP vs. the standard potential of Li*/Li.

Al foil Li foil
LTP

spring =Ml Fe bolt

positive p

Ll cufoi q
gold sputtered \

on LAGP separator + LP30

negative pole

-

Figure 3-36: Schematic presentation of the Li-LP30-LAGP CV-cell for the cyclic voltammetry measurement
of LAGP vs Li metal.
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The cyclic voltammogram of the Li-LP30-LAGP cell is shown in Figure 3-37. The voltage-sweeping window
was set to 0 V — 4 V. The positive current represents the current from the positive pole to the negative
pole through the LAGP, which means Li* ions are transported from positive pole to the negative pole and
the positive pole is oxidized. The negative current represents the Li* ion current from the negative pole to
the positive pole and a reduction reaction on the positive pole.

The cell had an open circuit voltage of 1.03 V, showing that the LAGP has a positive potential vs Li*/Li and
a higher electron affinity vs elemental Li. The voltage swept at the beginning in the positive direction with
the rate of 5 mV/s (Figure 3-37). The current was more than 1 mA at the beginning and then dropped
quickly to 0.013 mA. The relatively large current at the beginning of the test can be attributed to the charge
accumulated on the LAGP due to its higher electron affinity.

The voltage sweep was inversed to the negative direction (-5 mV/s) when the voltage reached 4 V. The
current became 0 mA at the voltage of 3.1V and stayed near zero. The current in the negative direction
began to increase as the voltage decreased below 1.0 V, showing that a reduction reaction was taking
place on LAGP. The current increased continuously until 0.42 V and showed a plateau at 0.0112 mA. The
current began to increase again at 0.25 V and reached 0.102 mA at 0 V.

The voltage sweep in the negative direction shows that the LAGP is reduced between 1.0 V and 0.25 V.
The plateau of the reduction current shows that the reaction reached a saturation state. The increase of
the current at 0.25 V shows that another reaction was taking place, namely the reduction of Li* ions to
elemental lithium.

The voltage sweep was inversed to the positive direction (5 mV/s) at 0 V. The current reached 0 mA at the
voltage of 0.33 V. The current showed a peak at 0.55 V, which can be attributed to the oxidation of
elemental lithium. A shoulder at 0.37 V is visible. The current has a local minimum at 0.84 V and a second
peak at 1.03 V. The peak at 1.03 V represents the reverse reaction of the LAGP reduction at 0.3 V- 1.0 V.

The voltage sweep was carried out for further 2 cycles. The cell showed the same current response. Since
lithium could alloy with gold®*®*>3, gold can be lithiated between 0 V — 0.25 V and delithiated between
0.15 V — 0.45 V***, The reaction at 0 V — 0.6 V can be partially attributed to the lithiation and delithiation
of the gold current collector. There could be multiple reactions taking place between 0 V — 0.6 V
considering the shoulder at 0.37 V on the cyclic voltammogram. It is possible that the lithium was not only
alloyed with gold, but also formed an elemental Li layer at this voltage range.

The negative current at 0.25 V — 1.0 V and the positive peak at 1.03 V can be attributed to the reduction
and oxidation reaction of LAGP. These redox reactions confirm the observation in the previous cell test
that the LAGP solid-state electrolyte was unstable vs Li/Li*.
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3. Test of lithium ion cells with solid-state electrolyte
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Figure 3-37: Cyclic voltammogram of the Li-LP30-LAGP cell measured with the sweeping rate of 5 mV/s.
the voltage sweep started at 1.03 V in positive direction, switched to negative direction at 4.0 V and
switched to positive direction at 0 V. Three sweeping cycles were carried out.

After 3 cycles with a sweeping rate of 5 mV/s, the cell was tested with the sweeping rate of 1 mV/s, 10
mV/s, 2 mV/s and 15 mV/s in succession. The results are shown in Figure 3-38. The same peaks and
plateaus appeared in all these cycles.

The peaks at 0.96 V— 1.06 V showed a dependence on the sweeping rate: as the sweeping rate increased,
the peak shifted to higher voltage from 0.96 V at 1 mV/s to 1.06 at 15 mV/s. In addition, the height of the
peaks increased with increasing sweeping rate. The current of the corresponding reverse reaction at 0.3
V- 1.0 V increased also with increasing sweeping rate: The current plateau increased from 0.0022 mA to
0.0112 mA and 0.0255 mA as the sweeping rate increased from 1 mV/s to 5 mV/s and 15 mA/s.
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Figure 3-38: Cyclic voltammogram of the Li-LP30-LAGP cell measured with different sweeping rate from 1
mV/s up to 15 mV/s. a: the whole diagram; b: the diagram zoomed into0V—1.5 V.
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3. Test of lithium ion cells with solid-state electrolyte

Shifted peaks of the reaction at 0.3 V — 1.3 V indicate that the reaction has slower kinetics: The reaction
needs higher over-potential to be accelerated. With a higher sweeping rate, the cell gets a larger over
potential and hence a higher reaction rate. The highest reaction rate (the current peak) shifts to higher
voltage®™ 1%, The reaction at 0.3 V — 1.3 V shows asymmetric behavior: The positive (oxidation) current
had a peak while the negative (reduction) current showed a plateau, which also indicates an irreversible
character of the reaction.

On the other hand, the peaks at around 0.53 V and the reverse reaction at 0 V — 0.3 V did not show a
dependence on the sweeping rate. The sweeping with 2 mV/s rate had the highest peak at 0.52 V while
the sweeping with 5 mV/s rate had the highest currentat 0 V.

The Li-LP30-LAGP cell was disassembled after the test. Figure 3-39-a shows the LAGP pellet after the test.
The black area on the pellet was initially sputtered with gold. After the test, this area was black colored,

showing that the reaction took place at the positive pole. The other side of the LAGP pellet stayed
unchanged.

Figure 3-39: Images of LAGP pellet sputtered with gold electrode. a: the LAGP pellet, which was tested in
the Li-LP30-LAGP cell; b: the as prepared LAGP pellet for comparison.

3.3.1.2 Li-LAGP CV cell

The all-solid-state Li-LAGP CV cell without liquid electrolyte was assembled (see Figure 3-40). Since no
liquid electrolyte was used in the cell, a reaction related to the liquid electrolyte could be excluded in this
all solid cell. Due to the concern that aluminum might alloy with lithium, the Al foil used in the previous
cell was replaced with a copper foil**’. The cell can be symbolically shown as:

+ Cu foil | Au current collector |LAGP | Li metal |Cu foil —
or simplified:

+ LAGP | Li metal -
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In the Li-LAGP cell, the LAGP works at the same time as electrolyte and electrode material. The reaction
between LAGP and lithium metal can take place on both sides of the LAGP pellet. On the Li-LAGP interface,
they react directly. On the other side of the LAGP pellet, the LAGP reacts with Li via an electrochemical
reaction: The Li* ions migrate through the LAGP electrolyte and the electrons flow through the external
circuit to the Au current collector on the LAGP pellet.

Cu foil Li foil
LAGP

spring | Fe bolt

+

negative pole

gold sputtered
on LAGP

Figure 3-40: Setup of the Li-LAGP cell for cyclic voltammetry. Gold was sputtered on one side of the LAGP
pellet as positive current collector. Li foil was pressed on the other side of LAGP as negative electrode.

Cyclic voltammetry was carried out on this Li-LAGP cell. Figure 3-41 — Figure 3-43 show the cyclic
voltammograms, which were taken (i) directly after, (ii) 8 hours after and (iii) two days after the cell was
assembled, respectively. Two sweeping ranges were applied on the cell. One sweeping range was 0V — 4
V, which is the same as the previous Li-LP30-LAGP cell. The other sweeping range was 0.3V -4V, in which
the reduction reaction of Li* ions would not take place.

The current in the all-solid-state cell is one order of magnitude lower as in the cell with liquid electrolyte,
showing that the resistance in the all-solid-state cell is much larger. That can be attributed to a higher
resistance at the interface: The liquid electrolyte can wet the whole interface. The interface between two
solids(LAGP and lithium metal) is not well connected at each point, which reduces the interface area and
increases the resistance. In addition, the reaction between Li and LAGP can damage the interface and
hinder the ion transport.

The measurements carried out at different times showed change over time (Figure 3-41 - Figure 3-43): The
current corresponding to the reaction at 0 V - 0.6 V decays over time, while the current of the reaction at
0.3V -1.3Vdid not change.
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3. Test of lithium ion cells with solid-state electrolyte
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Figure 3-41: Cyclic voltammogram of the Li-LAGP cell measured with the sweeping rate from 5 mV/s directly
after the cell was assembled (i).
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Figure 3-42: Cyclic voltammogram of the Li-LAGP cell measured with the sweeping rate from 5 mV/s 8
hours after the cell was assembled (ii).
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Figure 3-43: Cyclic voltammogram of the Li-LAGP cell measured with the sweeping rate from 5 mV/s 2 days
after the cell was assembled (iii).

By the sweeping range of 0 — 4V, the cells with and without liquid electrolyte showed the same peaks and
plateaus on the CV-diagrams (Figure 3-37 and Figure 3-43), showing that the liquid electrolyte had not
affected the reaction between Li and LAGP. The aluminum and copper foil used in the two electrolysis cells
did not cause any difference. The redox reaction on LAGP at 0.3 V — 1.3 V took place in both cells with and
without liquid electrolyte.

3.3.1.3 Discussion
The cyclic voltammetry showed that redox reactions took place on the LAGP. The LAGP was reduced at the
voltage below 1 V vs Li/Li* and oxidized at the voltage above 1 V vs Li/Li*.

The Ge* in GeO; can be reduced by elemental Li. According to the thermodynamic calculation, the reaction

Ge0, + 4Li - Ge + 2Li,0 3-3
A/G = -150 kJ/mol(Li)
and

GeO, + 2Li - GeO + Li,0 3-4
AG = -112 kJ/mol(Li)

have negative free reaction enthalpy, which means these reactions take place spontaneously*,
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3. Test of lithium ion cells with solid-state electrolyte

In the work of Pefia et. al, Yoon et.al and Hwang et. al, The CV diagram of GeO, was measured vs Li/Li* >

181 The GeO, showed several reduction peaks at the voltage lower than 1V, which were attributed to the
reduction of Ge* ions and the reduction of Li* ions: the GeO, was reduced to Ge and lithium alloyed with
germanium. On the sweeping in positive direction, an oxidation peak appeared at 0.4 V - 0.5 V, which was
due to the oxidation of Li (delithiation of germanium). An oxidation peak also appeared at 1.2 V, which
was attributed to the oxidation of the germanium, which was formed in the reduction reaction at the
voltage lower than 1 V.

The CV-diagram of LAGP showed similarity to the CV-diagrams of GeO; in the literature®>® 162 161 Those
CV-diagrams showed peaks at similar positions, showing that the Ge* in LAGP was reduced. The minor
difference between those CV-diagrams could be attributed to the different potential of Ge* in LAGP and
in GeO,. Other parameters such as the sweeping rate and the kind of electrolyte solvent could also
influence the position of the peaks in the CV-diagram.

In the work of Hartmann et. al, the reaction of LAGP (Li1cAlosGe1sP3012) and LATGP (Ohara-glass, a
commercial solid-state electrolyte containing Li, Al, Ge, Ti, Si and P) vs lithium has been investigated®®.
Metallic lithium was deposited on the sample surface using Ar ion sputtering. The lithium diffused into the
LAGP before it could form a metallic lithium layer. XPS measurement was carried out on the lithiated
samples. On the LATGP sample, the binding energy of titanium and germanium shifted partially to lower
value, showing that the Ti* and Ge* were reduced. Moreover, the peak for the binding energy split into
two, indicating that the germanium has multiple oxidation states. On the LAGP sample, the Ge(4+) was
reduced to Ge(0) on the top layer. Peaks of germanium with intermediate oxidation state (between Ge(4+)
and Ge(0)) emerged when the top layer was sputtered away.

In the work of Feng et. al, LiGe(PO4)s was used as a cathode material'®3. The cell using a lithium metal
anode and a LiGe,(POs); cathode could operate with a reaction between the LiGe,(PO4); and metallic
lithium:

LiGe,(P0,)s + 8Li* + 8e~ > 2Ge + 3Li;PO0, 3-5

The reduced germanium could further alloy with lithium

Ge + xLi* + xe™ — GeLi, (x < 4.4) 3-6

The LAGP had a similar reaction with metallic lithium. The reaction product might be LisPO,4, AIPO, and
elemental germanium. In this work, the reaction product was analyzed with X-ray diffraction (XRD).
However, metallic germanium was not identified. That can be attributed to a too small amount of the
product or the amorphous state of the germanium. In addition, as shown in the work of Hartmann et. al,
there are intermediate oxidation states of germanium in LAGP8, The germanium was not fully reduced
to elemental Ge. The Ge* in the LAGP crystal could be reduced to an intermediate oxidation state without
destroying the lattice structure of the LAGP. The reduction reaction caused a charge deficit in the LAGP
lattice and extra Li* ions could be incorporated in the LAGP lattice.
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The reduction reaction on LAGP can take place as follows: The Ge* ions are reduced as the LAGP is brought
into contact with a reducing agent, which has a potential lower as 1 V vs Li/Li*. The Ge** ions are reduced
to an intermediate oxidation state between Ge(4+) and Ge(0) and extra Li* ions are incorporated in the
LAGP lattice for the charge neutrality. When only a small fraction of Ge ions is reduced, the LAGP lattice
retains its structure, which was observed in the test cell using graphite anode (the C-LAGP+LP30-LCO cell,
3.2.1.3). However, the LAGP decomposes when a large amount of germanium is reduced. The volume of
the reaction area on the LAGP expands and breaks the LAGP pellet, which was observed in the cells using
Li metal anode.

3.3.2 Impedance spectroscopy

Impedance spectroscopy measurement was carried out on the Li-LAGP cell tested in 3.3.1.2 (Figure 3-40)
at room temperature 8 hours, 24 hours and 32 hours after the cell was assembled. Figure 3-44 shows the
Nyquist-diagram of the measurements. The curves can be roughly considered as a semicircle in the high
frequency area plus a spike in the low frequency area. The diameter of the semicircle represents the
resistance. The sample showed a resistance of 17 kQ 8 hours after it was assembled. The resistance
increased to 34 kQ in the measurement of 24 hours. The 32h curve showed a similar resistance.

After the tests at room temperature, the cell was further tested at 150°C (Figure 3-45). The IS curve of the
measurement 1 hour and 5 hours at 150°C did not show any semicircle. That is because the tester has a
maximum frequency of 10 kHz, which does not cover the frequency range of the semicircle. In this case,
the resistance of the cell is smaller than the intersection of the spike on the x-axis (428 Q). When the cell
was heated up to 150°C, its internal resistance reduced was from 34 kQ to less than 428 Q. That is due to
the decreasing resistance of LAGP electrolyte at higher temperatures. In addition, an improved contact
between lithium metal and LAGP pellet also reduces the interface resistance.

As shown in Figure 3-45, the resistance was smaller than 428 Q at 1 h and 1776 Q at 5 h. The resistance
increased to 16 kQ after 24 hours at 150°C and to 29 kQ after 4 days at 150°C. The resistance of the cell
increased with the time.

The internal resistance of the cell consists of the resistance at the interface between the gold current
collector and the LAGP pellet, the resistance of the LAGP pellet and the resistance at the interface between
lithium metal and LAGP pellet. The resistances of the electron conducting materials such as the gold
current collector, lithium metal and copper foil can be considered as negligible. As the reaction between
Li and LAGP occurred, the LAGP pellet and the Li-LAGP interfaces were damaged, which resulted in an
increasing resistance of the cell.
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Figure 3-44: Nyquist diagram of the Li-LAGP cell at room temperature for different time after the cell was
assembled.
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Figure 3-45: Nyquist diagram of the Li-LAGP cell at 150°C for different time.
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Figure 3-46: Images of LAGP pellet, which was tested in the Li-LAGP cell. a: the side which was in contact
with Li metal; b: the side which was sputtered with gold.

The cell was disassembled after the test. As shown in Figure 3-46, a reaction product was formed on both
side of the LAGP pellet. The product on the Li side was formed by a direct reaction between Li and LAGP.
On the other side of the LAGP pellet, the reaction product was formed by the electrochemical reaction,
which was measured in the cyclic voltammogram.

3.3.3 Laser-induced breakdown spectroscopy

Laser-induced breakdown spectroscopy (LIBS) was carried out to analyze the reaction product of LAGP
with Li. Laser pulses ablate the sample surface layer by layer. The material below the surface is exposed
and measured. The diagram represents a depth profile of each element. However, the ablation rate is
different for different materials.

A LAGP pellet was pressed together with a lithium foil and stored in argon atmosphere for two weeks. A
reaction layer was formed on the LAGP pellet. Figure 3-47 shows the LIBS result of the reacted area on the
LAGP pellet. For comparison, the intact unreacted surface area of the LAGP pellet was also analyzed and
shown in Figure 3-48.

The LIBS analysis has confirmed the reaction between lithium and LAGP. The diagrams show that the
reaction area had a similar elementary composition as the not reacted area with a higher content of lithium
than the pristine area. The lithium content in the reaction layer was 60% higher compared that in
unreacted LAGP. The lithium content stayed constant in the reaction layer, showing that only a limited
amount of lithium can be incorporated into the LAGP lattice.

The Li signal had a clear drop at the 76th scan and the Li content jumped to the level of the pristine area,
indicating that the reacted layer ended at this position.
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Figure 3-47: LIBS analysis of the reaction area on LAGP pellet. The normalized intensities of each element
were plotted vs. the number of the laser pulse, which represents the depth into the sample.
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Figure 3-48: LIBS analysis of the pristine surface of the LAGP pellet. The normalized intensities of each
element were plotted vs. the number of the laser pulse, which represents the depth into the sample.
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4 Summary and conclusion

4.1 Material developments

For the search of optimized ionic conductivity, lithium aluminum germanium phosphates (LAGP) with
different compositions (x = 0.3 — 0.7 in the general formula of Li.xAlkGe2«P3012) were fabricated and
ceramic LAGP samples were prepared via different processing routes with different parameters.

Samples of a high lithium LAGP batch were prepared via the sintering route. The samples showed an
expansion at the temperature higher than 670°C, which resulted from a gas release of the samples. This
gas release might be attributed to the decomposition of the Al(POs); minor secondary phase and the
formation of gaseous P,0s. The LAGP powder was therefore calcined. The optimized sintering temperature
and sintering time were found at 800°C for 6 hours. The samples had insufficient densification at lower
sintering temperature and an expansion at higher temperature. AIPO, and GeO, minor phases were
observed in the samples and their size increased with increasing sintering temperature.

Multiple batches of LAGP glasses were fabricated via the heat-treating route. The optimized heat-treating
temperature was found to be 800°C. The ionic conductivity increased as the heat-treating time increased
at 800°C. By a lower heat-treating temperature, there was relatively larger porosity in the sample. By a
higher heat-treating temperature, larger amount of the AIPO, minor phase was formed at the grain
boundary, which blocked the ion transport in the LAGP matrix. Different as in the sintering route, the GeO,
phase was not formed in the heat-treated samples.

Among the LAGP samples of different compositions, which were heat-treated with the same process, the
lithium rich LAGP exhibited higher ionic conductivity than the medium lithium LAGP. The sample of the
low lithium LAGP exhibited a significant lower ionic conductivity than the medium Li LAGP, showing that a
higher Li content is profitable for improving the Li* ionic conductivity.

The ionic conductivity achieved in this work is not the highest among the literature values. However, this
work provides a systematic investigation of the influence of different factors on the ionic conductivity,
such as the composition, the formation of minor phases and the porosity, which were not completely
revealed in former investigations.

The glass transition temperature of the LAGP with different compositions varied between 504°C — 535°C
and the crystallization temperature varied between 596°C — 649°C. The glass transition and crystallization
temperature increased with decreasing lithium content in LAGP samples. The DSC measurements showed
a reversible phase transition in the Li rich LAGP at 757°C, which was not reported in other publications
before. The hot stage XRD measurements showed that the lattice parameter a & b exhibit an abrupt
change at 750°C - 800°C, which also indicates a phase transition of the LAGP phase.
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4. Summary and conclusion

The relation between the thermal conductivity and ionic conductivity was investigated. The sample with
higher ionic conductivity showed higher thermal conductivity among the samples of the same composition.
However, between the samples of different composition, the sample with highest thermal conductivity
(sample of low Li LAGP) showed lower ionic conductivity, which can be attributed to the stronger scattering
of the phonons (which carry the thermal energy) by increasing doping level. The relation between the
thermal conductivity and the ionic conductivity of LAGP was investigated for the first time and it was
revealed that these materials do not obey the Wiedemann-Franz law, which indicates that there is no
significant contribution of the mobile ions to the thermal conductivity.

The ionic conductivity of LATP ceramic was also investigated. Samples were prepared using sintering
method. The optimized sinter process parameter was found to be “1000°C for 6 hours”, which was
resulting from a combined effect of the sintering property and the formation of a minor secondary phase.
Similar as for LAGP, the sintering process was too slow and the densification was insufficient at lower
temperature. At higher temperature, larger amount of the secondary phase was formed, which blocked
the ion transport in the LATP matrix.

4.2 Cell tests

The LAGP and LATP solid-state electrolyte were tested in lithium ion cells. Cells with different electrodes
combinations and different structures were assembled and tested.

The liquid electrolyte was used in the first cells to improve the ion transport through the solid-solid
interface. In the cell using Li metal anode, a reaction took place at the LAGP-Li interface. Cracks were
formed on the LAGP solid-state electrolyte pellet due to the reaction between LAGP and lithium anode. In
the cell using graphite anode, a reaction on the LAGP pellet was also observed.

On the other hand, the cells with lithium titanate (LisTisO1,) anode could operate properly. No sign of
reaction between LTO and LAGP was observed. LAGP solid-state electrolyte is stable vs lithium titanate,
which is because the lithium titanate is less reductive than the lithium metal anode.

The LATP solid-state electrolyte showed also instability. The Ti* in LATP was reduced to Ti3* both in the
cell using lithium metal anode and in the cell using lithium titanate (LTO) anode.

All solid-state cells using LAGP solid-state electrolyte without liquid electrolyte were tested. However,
since lithium metal was used as anode, a reaction between lithium and LAGP had taken place. The reaction
damaged the LAGP-Li interface and inhibited the ion transport in the cells. The resistance of the LAGP-Li
interface increased significantly as the reaction took place.

Cyclic voltammetry measurements showed that the Ge*" in LAGP was reduced at the voltage of lower than
1 V vs. Li/Li*, which means that the LAGP would be reduced first before Li* ions start to be reduced. The
LAGP pellets used for this test showed black coloring.
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Summarizing the results of the cell tests, the Ge** are reduced as the LAGP is brought in contact with a
reducing agent, which has a potential lower than 1 V vs Li/Li*. The Ge* ions are reduced at first to an
intermediate oxidation state between Ge(4+) and Ge(0). Extra Li* ions are incorporated in the LAGP lattice
for the charge neutrality. The LAGP decomposes as large amount of germanium is reduced. The volume of
the reaction area on the LAGP expands and breaks the LAGP pellet. On the other hand, the lithium titanate
(LTO) has a potential of 1.5 V vs Li/Li*, which is higher than the redox potential of LAGP. The LAGP is
therefore stable in the cell using LTO anode.

However, the attempt to identify the reaction product was not successful. The product could hardly be
separated from the LAGP substrate. The amount was also too small. The XRD measurement, the XPS
measurement and chemical analysis did not deliver useful results about the kind of the substance in the
reaction product.

For the application as solid-state electrolyte in lithium ion cells, the LAGP and LATP solid-state electrolyte
need improvements and modifications. The solid-state electrolytes need to be protected against the
anode with lower redox potential or their composition needs to be modified to improve the chemical
stability. An anode with higher redox potential (such as LTO) can also be a solution.
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4. Summary and conclusion
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Appendix

Ionic conductivity of the LAGP and LATP samples

Table A- 1

LAGP batch 1 Sample #2: 900°C 6h sintered using not calcined powder

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 7.0E-05 1.0E-05
55 3.05 2.2E-04 4.0E-05
102 2.67 1.0E-03 6.0E-05
151 2.36 3.2E-03 1.5E-04
200 2.11 7.7E-03 6.0E-04
250 191 1.5E-02 1.5E-03

Table A- 2

LAGP batch 1 Sample #4: 750°C 6h sintered using calcined powder

Temperature (°C)

1000/T(1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 3.2E-05 3.8E-06
50 3.10 9.2E-05 1.8E-05
100 2.68 5.0E-04 1.2E-04
150 2.36 1.8E-03 5.8E-04
200 2.11 4.9E-03 1.6E-03
253 1.90 1.0E-02 1.8E-03

Table A- 3

LAGP batch 1 Sample #5: 800°C 6h sintered using calcined powder

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 1.5E-04 1.4E-5
51 3.09 5.1E-04 6.0E-5
101 2.67 3.0E-03 3.0E-4
151 2.36 9.8E-03 1.0E-3
200 2.11 2.2E-02 1.0E-3
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Table A- 4

LAGP batch 1 Sample #6: 900°C 6h sintered using calcined powder

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 8.4E-05 7.0E-06
50 3.10 2.2E-04 2.1E-05
100 2.68 1.2E-03 1.4E-04
150 2.36 2.9E-03 3.7E-04
200 2.11 8.3E-03 9.9E-04
250 1.91 1.5E-02 1.9E-03

Table A- 5

LAGP batch 1 Sample #7: 850°C 6h sintered using calcined powder

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

28 3.32 7.7E-05 8.0E-06
50 3.10 2.5E-04 2.6E-05
103 2.66 1.6E-03 2.1E-04
150 2.36 6.0E-03 4.5E-04
202 2.11 1.1E-02 9.0E-04
250 1.91 2.6E-02 2.0E-03

Table A- 6

LAGP batch 1 Sample #8: 800°C 3h sintered using calcined powder

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 1.3E-04 2.4E-05
50 3.10 4.3E-04 7.0E-05
100 2.68 2.3E-03 2.9E-04
150 2.36 6.6E-03 1.2E-03
200 2.11 1.5E-02 2.4E-03
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Table A- 7

LAGP batch 1 Sample #9: 800°C 9h sintered using calcined powder

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 8.6E-05 9.0E-06
50 3.10 2.8E-04 2.9E-05
100 2.68 1.9E-03 1.9E-04
153 2.35 7.2E-03 4.7E-04
200 2.11 1.7E-02 1.1E-03

Table A- 8

LAGP batch 2 Sample #2: 660°C 3h heat-treated

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

24 3.37 4.6E-06 2.0E-06
48 3.12 1.6E-05 6.0E-06
97 2.70 1.4E-04 4.0E-05
140 2.42 6.3E-04 6.0E-05
232 1.98 4.1E-03 6.0E-04

Table A- 9

LAGP batch 2 Sample #3: 800°C 3h heat-treated

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

24 3.37 4.1E-05 1.0E-05
48 3.12 1.3E-04 7.0E-05
130 2.48 1.5E-03 2.9E-04
184 2.19 3.7E-03 1.2E-03
230 1.99 7.0E-03 2.4E-03

Table A- 10

LAGP batch 2 Sample #3: 800°C 3h + 6h heat-treated

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

27 3.33 1.2E-04 8.5E-06
48 3.12 2.6E-04 3.5E-05
95 2.72 1.1E-03 3.5E-04
116 2.57 2.4E-03 5.2E-04
150 2.36 4.9E-03 1.1E-03
203 2.10 1.1E-02 2.4E-03
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Table A- 11

LAGP batch 2 Sample #4: 800°C 6h heat-treated

Temperature (°C) 1000/T (1/K) lonic conductivity Error of ionic
(S/cm) conductivity (S/cm)
24 3.37 6.3E-05 7.8E-06
49 3.11 1.9E-04 2.6E-05
95 2.72 1.0E-03 1.5E-04
148 2.38 4.1E-03 6.1E-04
192 2.15 9.7E-03 1.1E-03

Table A- 12
LAGP batch 3 Sample #1: 800°C 6h heat-treated
Temperature (°C) 1000/T (1/K) lonic conductivity Error of ionic
(S/cm) conductivity (S/cm)
22 3.39 1.7E-04 8.0E-06
48 3.12 5.2E-04 1.8E-05
93 2.73 2.4E-03 4.2E-04
140 2.42 7.4E-03 1.8E-03
196 2.13 1.9E-02 3.6E-03
221 2.02 2.6E-02 3.8E-03

Table A- 13

LAGP batch 3 Sample #2: 550°C 10min + 650°C 2h heat-treated

Temperature (°C) 1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 2.6E-05 4.7E-06
45 3.14 7.0E-05 1.6E-05
92 2.74 4.4E-04 1.1E-04
140 2.42 1.2E-03 2.9E-04

Table A- 14

LAGP batch 3 Sample #3: 800°C 6h sintered from

glass powder

Temperature (°C) 1000/T (1/K) lonic conductivity Error of ionic
(S/cm) conductivity (S/cm)
24 3.37 2.8E-05 2.6E-06
47 3.13 9.4E-05 9.8E-06
93 2.73 6.5E-04 7.3E-05
142 2.41 2.8E-03 3.4E-04
193 2.15 4.3E-03 3.7E-04
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Table A- 15

LAGP batch 4 Sample #1: 800°C 6h heat-treated

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

26 3.34 2.1E-04 3.1E-05
60 3.00 1.3E-03 3.0E-04
119 2.55 5.3E-03 1.3E-03
149 2.37 9.0E-03 1.3E-03
254 1.90 6.2E-02 7.0E-03

Table A- 16

LAGP batch 4 Sample #2: 550°C-630°C-800°C each 1h heat-treated

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

23 3.38 7.5E-05 3.8E-06
53 3.07 2.4E-04 6.8E-06
99 2.69 1.1E-03 1.2E-04
152 2.35 4.1E-03 5.8E-04
205 2.09 9.4E-03 1.6E-03

Table A- 17

LAGP batch 4 Sample #3: 600°C 2h + 800°C 6h heat-treated

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

24 3.37 2.3E-04 2.0E-05
48 3.12 6.9E-04 6.7E-05
120 2.54 7.7E-03 8.0E-04
144 2.40 1.4E-02 1.3E-03
210 2.07 4.3E-02 8.0E-03
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Table A- 18

LAGP batch 4 Sample #4: 900°C 6h heat-treated

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

22 3.39 1.5E-04 2.5E-05
72 2.90 1.1E-03 2.8E-04
106 2.64 3.7E-03 1.1E-03
168 2.27 1.0E-02 7.0E-04
211 2.07 2.6E-02 7.0E-03
256 1.89 5.3E-02 9.0E-03
Table A- 19
LAGP batch 4 Sample #5: 800°C 12h heat-treated
Temperature (°C) 1000/T (1/K) lonic conductivity Error of ionic
(S/cm) conductivity (S/cm)
25 3.36 3.3E-04 4.7E-05
47 3.13 9.5E-04 1.5E-04
99 2.69 5.2E-03 1.2E-03
149 2.37 9.8E-03 2.8E-03
182 2.20 2.6E-02 7.0E-03
221 2.02 4.4E-02 1.0E-02

Table A- 20

LATP Sample #1: 1200°C 6h sintered

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 1.7E-04 1.0E-05
50 3.10 3.4E-04 1.0E-05
100 2.68 1.1E-03 7.0E-05
150 2.36 2.7E-03 1.6E-04
200 2.11 5.1E-03 3.1E-04
250 1.91 8.8E-03 4.4E-04
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Table A- 21

LATP Sample #2: 1100°C 6h sintered

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 1.4E-04 2.5E-05
50 3.10 2.4E-04 4.8E-05
100 2.68 9.1E-04 1.8E-04
150 2.36 2.4E-03 4.0E-04
200 2.11 4.2E-03 8.2E-04
250 191 6.7E-03 7.5E-04

Table A- 22

LATP Sample #3: 1000°C 6h sintered

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 6.2E-04 2.5E-05
50 3.10 1.3E-03 7.0E-05
100 2.68 4.9E-03 3.5E-04
150 2.36 1.2E-02 8.0E-04
200 2.11 2.2E-02 1.4E-03
250 1.91 3.5E-02 1.2E-03

Table A- 23

LATP Sample #4: 900°C 6h sintered

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 3.4E-04 1.6E-05
50 3.10 8.2E-04 4.0E-05
100 2.68 3.2E-03 2.1E-04
150 2.36 8.7E-03 5.7E-04
200 2.11 1.7E-02 6.0E-04
250 1.91 2.5E-02 2.4E-03
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Table A- 24

LATP Sample #5: 950°C 6h sintered

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 4.2E-04 7.0E-06
50 3.10 7.8E-04 2.1E-05
100 2.68 2.8E-03 8.0E-05
150 2.36 7.0E-03 2.7E-04
200 2.11 1.3E-02 5.2E-04
250 1.91 2.2E-02 8.0E-04

Table A- 25

LATP Sample #6: 1000°C 3h sintered

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 2.9E-04 1.4E-05
50 3.10 6.7E-04 4.5E-05
100 2.68 2.3E-03 1.5E-04
150 2.36 5.7E-03 5.6E-04
200 2.11 1.0E-02 9.4E-04
250 1.91 1.7E-02 1.2E-03

Table A- 26

LATP Sample #7: 1000°C 6h + 900°C 6h sintered

Temperature (°C)

1000/T (1/K)

lonic conductivity
(S/cm)

Error of ionic
conductivity (S/cm)

25 3.36 2.4E-04 4.1E-05
50 3.10 5.0E-04 9.0E-05
104 2.65 1.8E-03 2.6E-04
150 2.36 3.3E-03 8.2E-04
200 2.11 6.1E-03 1.8E-03
250 1.91 1.4E-02 9.5E-04
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Table A- 27

LATP Sample #8: 900°C 12h sintered

Temperature (°C)

1000/T (1/K)

lonic conductivity

Error of ionic

(S/cm) conductivity (S/cm)
25 3.36 2.5E-04 2.1E-05
50 3.10 5.2E-04 4.9E-05
100 2.68 1.6E-03 1.4E-04
150 2.36 3.1E-03 2.5E-04
200 2.11 4.3E-03 5.3E-04
250 1.91 7.7E-03 6.9E-04
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Thermal diffusivity and thermal conductivity of the LAGP samples

Table A- 28

LAGP batch 2 sample #2: 660°C 3h heat-treated

T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
27 5.67E-03 1.8E-04 1.22E-02 6.4E-04
100 5.45E-03 1.7E-04 1.33E-02 6.9E-04
200 5.16E-03 7.0E-05 1.40E-02 4.8E-04
300 4.91E-03 9.7E-05 1.41E-02 5.7E-04
400 4.91E-03 4.7E-05 1.47E-02 4.5E-04
500 4.78E-03 9.6E-05 1.46E-02 6.0E-04
Table A- 29
LAGP batch 2 sample #3: 800°C 3h + 6h heat-treated
T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
27 7.07E-03 3.5E-04 1.63E-02 1.1E-03
100 6.88E-03 1.9E-04 1.80E-02 8.8E-04
200 6.38E-03 2.0E-04 1.85E-02 9.6E-04
300 6.27E-03 9.8E-05 1.92E-02 7.0E-04
400 6.26E-03 1.1E-04 2.00E-02 7.7E-04
500 6.15E-03 3.0E-04 2.01E-02 1.4E-03
Table A- 30
LAGP batch 2 sample #4: 800°C 6h heat-treated, first measurement
T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
27 6.87E-03 4.6E-04 1.56E-02 1.4E-03
100 6.43E-03 2.5E-04 1.66E-02 1.0E-03
201 6.03E-03 9.3E-05 1.73E-02 6.3E-04
299 5.82E-03 5.5E-05 1.76E-02 5.3E-04
400 5.66E-03 3.5E-04 1.79E-02 1.5E-03
500 5.65E-03 1.2E-04 1.82E-02 7.8E-04
Second measurement
T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
25 7.38E-03 7.0E-05 1.68E-02 5.1E-04
100 6.62E-03 7.0E-05 1.71E-02 5.4E-04
200 6.17E-03 4.0E-05 1.77E-02 4.8E-04
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300 5.98E-03 3.7E-04 1.80E-02 1.5E-03
400 5.60E-03 2.6E-04 1.77E-02 1.8E-03
500 5.36E-03 1.8E-04 1.73E-02 1.1E-03
600 5.49E-03 3.1E-04 1.79E-02 1.3E-03
700 5.41E-03 2.6E-04 1.78E-02 1.2E-03
Third measurement
T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
25 7.00E-03 1.7E-04 1.59E-02 7.1E-04
50 6.50E-03 2.3E-04 1.55E-02 8.8E-04
100 6.43E-03 6.7E-05 1.66E-02 5.2E-04
150 6.14E-03 6.2E-05 1.71E-02 5.3E-04
200 5.96E-03 8.9E-06 1.70E-02 3.8E-04
250 5.90E-03 5.9E-05 1.74E-02 5.4E-04
300 5.81E-03 4.9E-05 1.75E-02 5.1E-04
350 5.70E-03 8.2E-05 1.78E-02 6.3E-04
400 5.66E-03 4.4E-05 1.79E-02 5.1E-04
450 5.55E-03 5.8E-06 1.77E-02 3.9E-04
500 5.49E-03 4.6E-05 1.77E-02 5.2E-04
550 5.45E-03 1.1E-04 1.77E-02 7.2E-04
600 5.48E-03 9.6E-05 1.79E-02 6.9E-04
650 5.60E-03 1.5E-04 1.84E-02 8.7E-04
700 5.38E-03 1.5E-04 1.77E-02 8.6E-04
750 5.44E-03 1.1E-04 1.80E-02 7.2E-04
Table A- 31
LAGP batch 2 sample #5: glass
T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
27 3.43E-03 9.1E-04 6.45E-03 1.9E-03
100 3.90E-03 4.1E-04 8.76E-03 1.1E-03
200 4.15E-03 1.5E-04 1.04E-02 6.0E-04
299 4.23E-03 1.7E-04 1.12E-02 6.8E-04
400 4.32E-03 2.0E-04 1.22E-02 8.2E-04
500 4.62E-03 2.1E-04 1.31E-02 8.7E-04
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Table A- 32

LAGP batch 3 sample #1: 800°C 6h heat-treated, first measurement

T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (ecm?/s) (W/cm K)
26 5.75E-03 3.5E-04 1.33E-02 1.1E-03
100 5.88E-03 1.7E-04 1.54E-02 7.7E-04
200 5.41E-03 1.9E-04 1.42E-02 8.0E-04
300 5.24E-03 1.6E-04 1.42E-02 7.3E-04
400 5.12E-03 8.0E-05 1.41E-02 5.1E-04
500 4.93E-03 3.4E-04 1.37E-02 1.2E-03
600 4.83E-03 3.7E-04 1.35E-02 1.3E-03
700 4.87E-03 3.2E-04 1.48E-02 1.3E-03
Second measurement
T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
24 6.17E-03 3.1E-04 1.42E-02 1.0E-03
100 5.94E-03 1.9E-04 1.55E-02 8.1E-04
200 5.51E-03 3.6E-05 1.45E-02 4.0E-04
300 5.42E-03 7.7E-05 1.47E-02 5.2E-04
Third measurement
T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
24 6.25E-03 1.8E-04 1.44E-02 7.2E-04
50 5.90E-03 2.1E-04 1.42E-02 8.2E-04
100 5.67E-03 1.2E-04 1.48E-02 6.1E-04
150 5.51E-03 3.8E-05 1.43E-02 4.0E-04
200 5.35E-03 4.0E-05 1.41E-02 4.0E-04
250 5.31E-03 2.5E-05 1.42E-02 3.7E-04
300 5.20E-03 3.0E-05 1.41E-02 3.8E-04
350 5.24E-03 7.0E-05 1.43E-02 4.9E-04
400 5.24E-03 4.7E-05 1.44E-02 4.3E-04
450 5.14E-03 1.2E-04 1.42E-02 6.4E-04
500 5.04E-03 9.5E-05 1.40E-02 5.6E-04
550 5.09E-03 2.5E-05 1.44E-02 3.7E-04
600 5.01E-03 5.9E-05 1.40E-02 4.6E-04
650 5.16E-03 1.4E-04 1.48E-02 7.2E-04
700 5.02E-03 2.5E-04 1.52E-02 1.1E-03
750 4.99E-03 2.5E-04 1.50E-02 1.1E-03
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Table A- 33

LAGP batch 4 sample #7: 800°C 6h heat-treated, first measurement

T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
26 5.52E-03 3.0E-04 1.25E-02 9.4E-04
100 5.57E-03 2.9E-04 1.42E-02 1.0E-03
200 5.30E-03 1.9E-04 1.43E-02 8.1E-04
300 4.99E-03 2.1E-04 1.39E-02 8.8E-04
400 5.17E-03 2.7E-04 1.47E-02 1.1E-03
500 4.85E-03 1.9E-04 1.41E-02 8.5E-04
600 4.87E-03 1.4E-04 1.47E-02 7.3E-04
700 5.02E-03 3.3E-04 1.57E-02 1.4E-03
Second measurement
T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
25 6.01E-03 1.7E-04 1.36E-02 8.9E-04
100 5.54E-03 7.0E-05 1.41E-02 4.7E-04
200 5.05E-03 1.4E-04 1.36E-02 6.6E-04
300 5.22E-03 3.1E-04 1.46E-02 1.4E-03
400 4.80E-03 4.0E-04 1.36E-02 1.6E-03
500 4.55E-03 2.0E-04 1.32E-02 1.7E-03
600 4.92E-03 3.2E-04 1.49E-02 1.3E-03
700 4.67E-03 3.5E-04 1.46E-02 1.4E-03
Third measurement
T(°C) Thermal diffusivity | Error Thermal  conductivity | Error (W/cm K)
(cm?/s) (cm?/s) (W/cm K)
25 5.70E-03 3.0E-04 1.29E-02 9.4E-04
50 5.43E-03 2.1E-04 1.28E-02 7.6E-04
100 5.19E-03 4.7E-05 1.32E-02 4.0E-04
150 4.95E-03 4.1E-05 1.31E-02 3.9E-04
200 4.84E-03 5.1E-05 1.31E-02 4.1E-04
250 4.69E-03 4.8E-05 1.29E-02 4.0E-04
300 4.72E-03 3.8E-05 1.32E-02 3.8E-04
350 4.68E-03 7.3E-05 1.32E-02 4.8E-04
375 4.67E-03 3.1E-05 1.32E-02 3.6E-04
400 4.66E-03 1.1E-04 1.32E-02 5.8E-04
425 4.59E-03 3.8E-05 1.31E-02 3.8E-04
450 4.59E-03 5.1E-05 1.31E-02 4.2E-04
475 4.68E-03 8.9E-05 1.35E-02 5.4E-04
500 4.56E-03 6.3E-05 1.33E-02 4.6E-04
525 4.59E-03 5.3E-05 1.35E-02 4.4E-04
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550 4.58E-03 2.0E-04 1.35E-02 8.9E-04
575 4.54E-03 6.4E-05 1.35E-02 4.7E-04
600 4.51E-03 1.1E-04 1.36E-02 6.3E-04
625 4.47E-03 2.3E-05 1.38E-02 3.6E-04
650 4.54E-03 3.1E-05 1.41E-02 3.9E-04
700 4.41E-03 3.1E-05 1.38E-02 3.9E-04
750 4.42E-03 1.7E-04 1.38E-02 8.3E-04

185




