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Chapter 1

Abstract

Current Li-ion batteries suffer from problems caused by the chemical instability of their
organic electrolyte. Therefore, a lot of research focuses on replacing the organic elec-
trolyte by inorganic solid ion conductors. The cubic LizLasZrsO1 (LLZO) garnet and
its variants are among the most promising candidates for next generation all solid state
Li-ion batteries. This thesis presents a detailed study on effects of compositional varia-
tions and of common sintering techniques on the overall performance of LLZO, investi-
gated by electrochemical impedance spectroscopy (EIS). Roles of sintering temperature,
preparation procedure and sample dimension are considered and reasons behind severe
variations of effective Li-ion conductivities are discussed. Besides overall Li-ion conduc-
tivity, measurements on microelectrodes were performed to obtain information on local
Li-ion conductivities. Those were combined with ICP-OES (inductively coupled plasma
optical emission spectrometry) measurements to analyze how variations in lithium and

aluminium (dopant) content affect the Li-ion conductivity.



Chapter 2
Kurzfassung

Eines der grofiten Probleme moderner Li-Batterien ist die chemische Instabilitédt ihrer or-
ganischen Elektrolyte. Aus diesem Grund konzentriert sich ein Teil der Batterieforschung
darauf, organische Elektrolyte durch inorganische Festkorperelektrolyte zu ersetzen. Ak-
tuell ist der kubische Granat LiyLagZroO;2 (LLZO) einer der aussichtsreichsten Kandi-
daten mit denen die nachste Generation von Festkorperlithiumbatterien gebaut werden
konnte.

Diese Arbeit prasentiert eine detaillierte Studie iiber die Auswirkung von Zusammenset-
zungsvariationen, und die damit zusammenhéngende Probensinterung auf das Betrieb-
sverhalten von LLZO. Untersuchungen wurden mit Hilfe elektrochemischer Impedanzspek-
troskopie durchgefiihrt. Einfliisse wie Sintertemperatur, Herstellungsprozedur und Proben-
geometrie werden untersucht und Griinde fiir die starken Schwankungen der effektiven
Leitfahig-keit diskutiert. Neben Messungen der effektiven ionischen Leitfahigkeit von
Lithium wurden auch Messungen an mikrostrukturierten Elektroden durchgefiihrt, welche
es erlauben Informationen iiber lokale Leitfahigkeiten zu erhalten. Diese Resultate wur-
den kombiniert mit ICP-OES (induktiv gekoppeltes Plasma - optische Emissionsspek-
troskopie), um zu analysieren, welchen Einfluss Lithium oder Aluminium (Dotierele-

ment) auf die Li-lonenleitfahigkeit ausiibt.
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Chapter 3

Introduction

During the last decades, techonolgical advancements such as electrical cars, smartphones
or tablets and the need for large-scale energy storage has made research in the field
of batteries on the one side very attractive and on the other side very challenging.
Challenging, because the requirements in terms of safety, cycling behavior or lifetime
are constantly growing. The lithium ion battery (LIB) is the most frequently used type
of battery in portable devices as well as in vehicles due to its high energy density (energy
stored per mass or volume).

A LIB is a secondary cell, meaning that after discharge the cell can be recharged by
electric current. Lithium as mobile ion holds some advantages against other com-
petitors, since it is the third lightest element and it has the lowest reduction poten-
tial of any element (-3.04 eV against SHE) [1]. Therefore, LIBs excel in gravimetric
(150 — 190 W h kg~!) and volumetric energy density (250 — 380 W hL~!), making it the
best power supply for numerous applications [2]. Compared to the lead acid battery,
which was developed in the 19th century, LIBs are a relatively young battery type with
first concept development in the 1970s by Whittingham [3]. Twenty years later, Sony
presented the first commercially available lithium ion battery in 1991 [3, 4].

A LIB is composed of an anode (source for lithium), a cathode (sink for lithium) and

an electrolyte separating the electrodes. If the battery is discharged, the Li containing



carbon anode is oxidized
Li,C, — C, + xLi" + xe . (3.1)

LiT-ions then move through the electrolyte to the cathode and electrons are directed
through an external circuit. Carbon is used as anode material, because it is relatively
cheap, has a low delithiation potential vs Li, a high electrical conductivity and a low
volume change during lithiation/delithiation [5-8]. Other possible anode materials are
LisTi5O12 and alloying materials such as Si, Ge, Sn storing lithium ions [9-14]. Li*-ions
move through an electrolyte consisting of a lithium salt like LiBFy, LiPFg, LiCF3SO3
solved in an organic solvent such as ethylene carbonate or dimethyl carbonate [15-19].

On the cathode side, LiT-ions and e~ enter the oxide according to
Li; ,CoOy + xLiT 4 xe- — LiCoO, (3.2)

and thus formally neutral Li is intercalated. Typical cathode materials are LiFePO,4 and
LiMOy (M = Ni, Mn, Co) which is the most commonly used electrode [20-26]. Organic
electrolytes are highly flammable and thus are a safety risk in LIB. Reasons for catching
fire or even explosion are overcharging with oxygen evolution from the cathodes and
internal short-circuits, e.g. due to production faults or damage. Moreover, Li metal can
not be used as a high capacitance anode since it is prone to dendrite formation during
charging and thus leading to internal short circuits. Moreover, the reactivity of organic
electrolytes with Li will lead to a permanent loss of capacity. A possible way out is the
use of a solid state electrolyte, as it is non flammable and can be chemically inert against
lithium metal. In order to stay economically competitive to common LIBs, a few criteria

have to be met by solid electrolytes:
e high ionic conductivity (preferably ~ 1073 Scm™!).
e chemical stability against Li electrodes
e chemical stability against high voltages (> 5V vs Li)

e mechanical and thermal stability



e low interface resistance between electrolyte and electrodes
e low costs and the usage of environmental friendly elements
e accessible by thin film preparation techniques

Numerous types of Li-conducting solid electrolytes are known so far (perovskites -
Lag 3.« LizgxTiO3, oxides with the structure of NASICON - sodium super ionic conduc-
tors, Li-f-alumina) [27-30]. Each of them has drawbacks like a high grain boundary
resistance, instability against lithium metal or a poor electrochemical stability.

One promising candidate is the garnet based cubic LirLasZroO19 (LLZO) solid state
electrolyte [31-33]. Its basic crystal structure is written as A3Bo(COy4)3. The garnet
structure provides three different sites: tetrahedral, octahedral and dodecahedral sites.
Tetrahedral sites are energetically speaking, the most favorable sites for Li-ions and can
be occupied by a maximum of three lithium ions. For La on the A site and Zr on the B
site the adjustment to the total cation charge requires further incorporation of lithium
ions. Those will occupy octahedral sites. As a result, the garnet becomes a lithium ion
conductor. A garnet inheriting more than 3 Li-ions pfu is reffered to as Li-stuffed garnet.
The first study on Li-stuffed garnets was published by Thangadurai et al. 2003 in which
a cubic garnet specimen with the chemical formula of LisLasM20O12 (M = Nb, Ta) (Li-5
phases) was investigated [33]. The garnet showed an ionic conductivity of 107% Sem™!
and a chemical stability against molten lithium. In subsequent years, research activities
were focused on understanding the role of site occupation, conductivity mechanism,
sintering conditions and so on.

The occupation of tetrahedral (24d) and octahedral (48g, 96h) sites turned out to be a
pivotal point to enhance the ionic conductivity of the garnet. O’Callaghan et al. showed
for LigLn3gTesOq9, that the Li-ions on tetrahedral sites are less mobile and therefore not
responsible for the improved conductivity of Li-stuffed garnets [35]. Rather the creation
of vacancies on tetrahedral sites due to site occupation of octahedral sites lead to an
improved ionic conductivity. Figure 3.1 a) illustrates the effect how Li incorporation
increases the site occupation of octahedral sites and enhances ionic conductivity [33, 35—

39]. Theoretically, the upper limit of Li concentration is 7.5 pfu, and suggesting that
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Figure 3.1: a) The occupation of tetrahedral and octahedral sites for Li-stuffed garnets.
A high amount of lithium goes along with enhanced ionic conductivity [34].
b) Diffusion path of Li-ions between octahedral and tetrahedral sites.

the ionic conductivity can not continuously be improved by simply adding more lithium

ions into the garnet [39].

In 2007, Murugan proposed a garnet that hosts 7 lithium atoms pfu, however the garnet
transformed into a lower conductive tetragonal structure (I4;acd - see Figure 3.2 a)
[41, 42]. At temperatures above 750°C, Percival et al. observed the transition from
tetragonal to cubic structure and it seemed as if the cubic structure was only an entropy
driven high temperature modification of the garnet [43, 44].

In the tetragonal phase, there are three different sites Li™ can occupy:
e 8a - tetrahedral
e 16f - octahedral
e 32g - octahedral

For a total amount of 56 Li-atoms in a unit cell and 56 available sites, Li ions are ordered
and this reduces the electrostatic energy between tetrahedral and octahedral sites. Since
vacancies on tetrahedral sites are missing, the ionic conductivity drops by two orders of
magnitude, compared to cubic LLZO [45].

In the cubic structure (see Figure 3.2 b) the following sites are available:

10
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(a) Tetragonal phase - I4;acd (b) Cubic phase - 1a3d

Figure 3.2: Crystal structure of tetragonal und cubic LLZO. Green octahedra (16a) are
occupied by Zr**, blue dodecahedra by La3* (24c). a) Ordered distribution
of Li-ions occupying sites 8a, 16f and 32g. b) Li-ions partially occupy 24d
(red - spheres), 48g (orange) and 96h (yellow) sites [40].

e 24d - tetrahedral
e 48g - octahedral

e 96h - octahedral

The number of available sites in cubic structure is 120 and thus numerous unoccupied
sites exist and enable high conductivity. The distribution and occupation of Li-ions fol-
lows some rules but generally speaking they are disordered. Compared to the tetragonal
phase, the distance between sites in a cubic structure is shorter. Therefore coulomb
interaction between Li-ions becomes a determining factor in site occupation. For exam-
ple, if a tetrahedral site (24d) is occupied, the nearest site (from the shared octahedra)
48g can no longer be occupied due to coulomb repulsion. Instead the ion has to move
on to the next available site (96h) instead. The mechanism also works the other way
around, if the 48g position is occupied the 96h and the 24d position have to be empty.
Figure 3.1 b) illustrates the possible diffusion paths between tetrahedral and octahedral

sites. When taking account of the repulsive coulomb interaction, the number of available
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octahedral sites is reduced to 48 and the total number of available lithium sites drops
down to 72 [46].

Based on these 72 sites, the site occupation preference is also of great interest. Awaka et
al. proposed a 100 % occupation of tetrahedral sites for Liz-stuffed LLZO [47]. However,
recent nuclear magnetic resonance or neutron powder experiments measured the level of
tetrahedral occupation to be about 50 % and 90 % for octahedral positions [39, 48, 49].
Stabilizing the cubic phase at room temperature happened at first by accident. First
investigations revealed an inadvertent incorporation of aluminium from the Al crucible
the sample was placed in for annealing. Later on, different research groups confirmed
the role of Al in stabilizing the cubic phase at room temperature and the new chemical
composition of the garnet was Li7.yAlyLagZro0O1s, with aluminium substituting lithium
[50-52]. Subsequently, research groups tried to find other elements for the A, B and C
site of the garnet suitable to stabilize the cubic phase at room temperature. Table 3.1
shows the different elements, for which the cubic phase could be stabilized successfully
and the site they occupy. Regardless of the stabilizing ion the formation of Li vacancies
is essential to stabilize the cubic structure at RT. The level of aliovalent doping does
not have to be particularly high, 6.5 - 6.6 Li pfu should already be sufficient to gain the
cubic phase [53, 54].

The introduction of these elements raises new questions, like their preferred site occu-
pation. The occupation of aluminium has been investigated by Rettenwander et al.,
where he could show, using density functional theory (DFT) and nuclear magnetic res-
onance (NMR), that aluminum preferentially occupies 24d-tetrahedral sites as well as
96h-octahedral sites [55]. The same is true for gallium stabilized LLZO, but interestingly
the ionic conductivities obtained by gallium incorporation are by a factor of three higher
than by aluminium incorporation [56].

Another highly debated topic is the stability of LLZO in ambient air. At the surface,
reaction with moisture and carbon dioxide leads to the formation of lithiumhydroxide
(LiOH) and carbonate (LioCOg) [57-68]. COg and HpO are not only important for
normal operation mode, also the preparation may be affected by water and COs. Both of

them can trigger a low temperature cubic phase transformation through the substitution
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of Li™ by HT. Further heating reverses the Li* /H™ reaction and the original garnet is
reestablished [43, 59, 69, 70].

Up to now, much knowledge has been collected on different material properties of LLZO.
A lot of publications are related to aluminium stabilized LLZO, simply because it was
the first element found to stabilize the cubic structure. However, published data on bulk
conductivities vary significantly although preparation processes and aliovalent levels of
doping are comparable. For example, bulk conductivities reported for Al stabilized LLZO
between 0.17 and 0.35 pfu vary in the range of 107* Sem ™! to more than 1072 Scm™!.
Effective sample conductivities were lower, varying between 1.4 and 5.7 x 107* Scm™!
(see Table 3.2 for details). Some differences can be related to different preparation
routes such as hot isostatic pressing (HIP) or field assisted sintering technique (FAST)
resulting in very high densities (> 96%). Nevertheless, samples with a high density and
an exceedingly high bulk conductivity (1.35x 1073 Sem™! [71]) suffered from high grain
boundary resistances resulting in a lower effective conductivity.

These variations despite apparently identical sample compositions, and also the severe
dependence of the conductivity on the specific stabilizing (dopant) ion are still not
understood and require further studies.

In this thesis several factors affecting the Li-ion conductivity of LLZO are therefore
analyzed in detail. Among others, the conductivities of 44 LLZO samples with A3
contents of 0.20 Al pfu were investigated to clarify whether different conductivities are
largely a result of laboratory-specific processing or if they also occur for samples with
nominally identical preparation. The electrochemical homogeneity of numerous samples
was then further investigated by a combination of stepwise geometric size reduction and
impedance spectroscopy. These measurements revealed the existence of strong conduc-
tivity scattering within one and the same sample. Despite the same preparation route
is applied, distinct conductivity variations were found in many samples. The effects of
the substitutional element and its amount on the temperature dependent conductivity
is described in Chapter 5.1.

To further investigate the origin of conductivity fluctuations, microelectrodes are the

perfect tool. Impedance spectroscopic studies on circular microelectrodes with diame-
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Table 3.1: Substitutional elements stabilizing the cubic structure at room temperature.

Site Substitution element Ref.
Li Zn’t, APt Galt, Fe3t [50, 51, 55, 76-83]
La Cett [84]

Zr Ta%™, Nb5T, Bi®*, Sb5F MoS*, TeS*, WO+ [40, 81, 85-94]

ters of a few micrometers can reveal the bulk conductivity of a similarly sized region
beneath and are also very sensitive to high or low conductive zones near-surface [72-75].
For the first time this tool was applied to LLZO samples. Comparisons are made be-
tween the overall performance of Al stabilized samples and local Li-ion conductivities,
obtained by ionically blocking microelectrodes (& : 20 — 300 pm). A scattering of local
conductivities within one and the same sample was found. In addition, changes of the
spectra measured by microelectrodes before and after long-time exposure to ambient air
revealed the degradation of near-surface regions in such measurements (Chapter 5.5).

In order to investigate the effects of compositional gradients on the ionic conductivity,
a combination of microelectrode impedance spectroscopy and LA-ICP-OES was em-
ployed. Circular microelectrodes with diameters of 100 pm were used for microelectrode
impedance spectroscopic studies. Afterwards, the areas beneath the electrodes were
analyzed by laser ablation inductively coupled plasma optical emission spectrometry
(LA-ICP-OES) and revealed information on the correlation between Al or Li content
and the ionic conductivity (Chapter 5.6). Togehter with results of several other exper-
iments, all these data significantly improved the understanding of Li-ion conduction in

LLZO.
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Chapter 4

Experimental

4.1 Overview

Most experiments of this study were performend on LLZO samples of many different
compositions prepared at the University of Salzburg. Al, Ga, Mo, Nb, Ta, Fe and Bi
were used as substitutional elements, amounts were varied in a wide range, e.g. from
0.1 to 0.4 pfu for Al and 0.125 to 2 for Nb. Also different sintering temperatures and
sample thicknesses were employed. Details on the sample preparation can be found in
a publication of Wagner et al. [113] and more specific information is also given in the
corresponding parts of the Results and Discussion section. The effective sample con-
ductivities were determined by electrochemical impedance spectroscopic measurements.
Details on these measurements and on the impedance analysis are also given in the
specific Results and Discussion parts.

Electrode optimization took place prior to all these studies and the results are in de-
tail discussed below (Chapter 4.2.2). Moreover during the thesis the electrochemical
measurement set-up was optimized to allow impedance measurements at very high fre-
quencies; this is described in Chapter 4.3.2. Many studies were also performed by mi-
croelectrodes on the LLZO samples and details on the problems and optimization of

microelectrode measurements are shown in Chapter 4.4.
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Figure 4.1: Impedance spectra of three samples (measured at 23.7°C) for which pellets
were pressed under different pressures to improve sample densification. No
effect of the pressure on the final performance of the samples was found.

4.2 Macroelectrodes

4.2.1 Variations of pressure during sample preparation

With the intention to improve the density of samples, annealed LLZO powder was
pressed to pellets under different pressures. The colleagues at University of Salzburg had
an uniaxial press, but the maximum pressure they could apply was 1250 bar. Therefore,
calcinated powder was sent to TU Wien to isostatically press pellets under different
pressures to see whether this aids sample densification upon annealing. The geometry of
all samples was similar, so just based on the impedance spectra shown in Figure 4.1 the
absence of any significant effective conductivity differences can be concluded. Interest-
ingly a pronounced second arc is found in these samples. Most likely the extra shipment
between Salzburg and Vienna led to more pronounced degradation (LLZO powder is
strongly affected by moisture), since samples were not stored under inert atmosphere.

Based on the capacitance, the second semicircle might be attributed to grain boundaries,

17
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Figure 4.2: Impedance spectra of an aluminium stabilized sample (Lig.40Alp.20) measured
with different ionically ”blocking” electrodes. The silver paste was not suit-
able as it lead to a high impedance in the bulk relaxation frequency range,
compared to silver and gold.

which are rarely measurable if the whole sample preparation took place at the University
of Salzburg. Accordingly, all other polycrystalline LLZO samples used in this thesis were
completely prepared in Salzburg.

4.2.2 Optimization of electrode material

In search for an electrode material best suited for impedance measurements on polycrys-
talline LLZO samples, three options were tested: Au, Pt, Ag. Silver paste electrodes
were brushed and as shown in Figure 4.2 a) the impedance in the high frequency arc
is much larger compared to sputtered Au and Pt as electrodes. Probably residues from
the organic solvent reacted at the interface and this hinders charge transport.

Sputtered Ti/Pt and Au layers were flat and dense. Both are highly inert and do not show
indications of a highly resistive interlayer at the interface. Details on the interpretation
of impedance spectra are given in Chapter 5.1. The shapes of both impedance spectra

look rather similar, the key aspect is the separation between the high frequency bulk
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part and the electrode contribution. Ideally, the response from the electrode is solely in
the imaginary regime caused by a double layer capacitance of Li-ions and electrons at the
electrode/electrolyte interface. Although the slope of Au sputtered electrodes is steeper
than for Ti/Pt, neither electrode shows an ideal ion-blocking behavior. The Ti/Pt
sputtered impedance spectrum also yields a small shoulder in the mid frequency range.
The different slope and the additional shoulder might be attributed to the additional
Ti-layer. Ti-targets were stored in ambient air and are therefore covered by an oxide
layer. Before Ti is sputtered onto the sample, a preablation step is ushered to get rid of
the TiO9 layer. However, if this preablation step is not long enough TiO9 is sputtered,
which more likely intercalates Li-ions than a pure layer of gold. Moreover, some TiOq
may also form after Ti sputtering.

Au as well as Pt are good electronic conductors, so differences of the high frequency bulk
impedance are not expected for similar sample geometries. However, those measurements
were upon the first samples measured in this thesis and back then the surface was
polished mechanically by a diamond paste. The diamond paste partly contains water
and therefore enhances the formation of LiOH which could form a passivating layer
on top of the sample and thus increases the total impedance. Later on, samples were
polished by hand using dry sandpaper.

The pivotal point in deciding which electrode material is more suitable to work with
was the adhesion of Au and Ti/Pt. During lithography for microelectrode preparation,
it is necessary to put the sample into a liquid, at least for a few seconds. If the adhesion
of the electrode is bad, it detaches from the sample as soon as the sample is immersed
in a liquid. Pictures of this phenomenon are shown in Figure 4.9. Sputtered Pt and
Au without adhesion layer could be rubbed off by hand easily. Therefore, a thin layer
of TiOy was sputtered to improve the adhesion of Pt. Alternatively, the adhesion of
gold can be improved by chromium, however Ti/Pt yielded more stable results and was

therefore chosen as the electrode material to work with.
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4.3 Optimization of the macro-measurement set-up

4.3.1 Motivation for new set-up

Measuring LLZO at different temperatures allows to obtain the activation energy of
electrochemical processes, here of the bulk conduction process. Analysis of this bulk
conductivity requires separation of bulk and electrode impedance contributions. Infor-
mation on the bulk impedance is only available at high frequencies and the required
frequency range increases with increasing conductivity. In our case, samples are thus
cooled to low temperatures, because heating would increase the peak frequency and as
a result we lose information on the high frequency bulk semicircle. To maximize the
measurable frequency range of the bulk contribution, the sample has to be cooled down
as much as possible. The theoretical minimum of the used thermostat is —20°C. Due to
a large distance between thermostat and measurement stage, the lowest temperature in
our set-up was —7°C. Due to the condensation of water at lower temperatures, critical
parts such as electric contacts and sample stage were protected by a flow of dry nitrogen.
Typical bulk conductivities of Al stabilized LLZO are about 3 x 10~* Sem™!. This
conductivity can be well resolved within the used frequency range (3 x 10 - 10 Hz).
Further on, cooling to lower temperature helped to nearly fully resolve the high frequency
arc as can be seen in Figure 4.3 a). If the sample has a higher conductivity, however,
(e.g. 6 x 107 Sem™1), only a few points are left from the high frequency semicircle at
RT. An appropriate fit of the RT impedance spectrum shown in Figure 4.3 b) is hardly
possible.

Still the visible high-frequency range improves upon cooling and by using the activation
energy of the bulk process, the bulk conductivity (opuk) at RT can be extrapolated.

L even lower temperatures have to be

However, if opy is in the range of 1072 Scm™
reached in order to obtain enough information on the first semicircle.

To improve cooling, the measurement stage was placed into a polystyrene box. The
box could be closed and was equipped with an additional cooling system. The external

cooling was provided via a silicon oil which was cooled down by fluid nitrogen. The

improvements resulted in a new temperature minimum of —9.8 °C. However, these im-
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Figure 4.3: Temperature dependent impedance measurements on LLZO with a)
Lig.40Alp20 b) Lig40Gag20. The impedance of the high frequency semicir-
cle increases as the temperature drops. The conductivity of gallium stabi-
lized LLZO is too high to resolve the high frequency semicircle even at low
temperatures.

provements still weren’t sufficient to measure oy in the range of 1072 Sem™!. To
overcome these issues, a completely new measurement setup was therefore planned, still

using the thermostat as a source for cooling and heating.

4.3.2 Realization of improved macro-measurement set-up

Based on the experiences with the first measurement setup, the new setup should be
improved in terms of cooling/heating efficiency and expanding the frequency range at

which impedance data can accurately be measured.

Cooling efficiency

To reduce heat dissipation through pipes they were simply eliminated by placing the
whole sample holder in the oil bath. The sample holder is covered by a tube of borosil-
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icate glass. Based on these improvements, the new temperature minimum of the mea-

surement setup is —12°C.

[ Pt-wires

e !
|

Glas

Pt-wire Pt-wire

/ =~

Sample Pt-foil

Glas

-/ </
Figure 4.4: Sketch of the new samle holder.

Frequency range

In order to improve the precision for low impedance measurements, the measurement
method was changed from a two point measurement to a ”quasi” four point method.
The four point measurement method allows to get rid of cable induced inductances and
resistances. ”Quasi” means that directly at the sample Pt-wires were connected to a
Pt-foil as it is shown in Figure 4.4.

Besides influences from the measurement setup, also the Alpha-Analyzer has limits in
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Figure 4.5: Accuracy specification of the impedance measurement. The red rectangle
indicates region of interest when measuring LLZO.

measuring impedances. Novocontrol has defined different areas of accuracy based on pa-
rameters like capacitance, frequency and so on. Figure 4.5 is a sketch from the manual of
a Novocontrol Alpha-A impedance analyzer. The area of interest for bulk measurements
on LLZO is highlighted by a red rectangle. At 10” Hz the error of the total impedance
is largest with £10% and phase angle deviations of 6°.

Before impedance measurements can be started, the whole system has to be calibrated.

Novocontrol provides three possibilities:

Reference calibration

This calibrates the current to voltage converter of a test interface and is used for sample
impedances above 1 k(). For LLZO samples, the impedance is mostly larger than 1
k) therefore this calibration is highly recommended to be done regularly and especially
before low impedance and low capacitance calibrations. Measurements can be also per-
formed without using the reference, however then the accuracy is limited to 0.2 % and

decreases especially at higher frequencies.
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Low impedance calibration

This is necessary to calibrate the current to voltage converter to a sample impedance
below 1 k€. In this calibration, properties of the measurement stage like wires and con-
tacts are included. Before the calibration, the frequency range of interest has to be set.
Then a 100 2 resistor is attached into the measurement stage. A SMD (surface mounted
device) resistor with an error of £1% was used. Small silver plates were attached on both
sides to ease contact between resistor and metal contacts from the measurement stage.
For the last step of the calibration procedure, contact electrodes are short circuited.
Afterwards, the calibration data can be used for further measurements. To determine
the quality of calibration, the 100 €2 resistor can be measured in the desired frequency

range and compared to a reference measurement from Novocontrol.

Low capacitance open calibration

This allows to eliminate stray capacities in the range of 30 fF, mostly caused by electrical
parts. The capacitance of macro-samples, however, is about 3 orders of magnitude higher

than the stray capacity, therefore the influence is negligible.

Calibration software

It is highly recommended to perform calibrations in WinDeta or any other software pro-

gram provided by Novocontrol.

Figure 4.6 a) shows two impedance spectra of Ga 0.20 stabilized LLZO samples. Inter-
estingly, although they are nearly equally conductive the resolution in the high frequency
range is different. Impedance data from the red curve seem to be a bit shifted compared
to the blue curve where the semicircle looks more ideal. The difference between these
two samples is the thickness and as a result the bulk capacitance. The accuracy of
impedance measurements significantly improves, if the capacitance of an investigated
sample is larger than 20 pF. Therefore the sample geometry was optimized to surpass 20
pF by increasing the surface area and decreasing thickness. The change in capacitance is

only 2 pF, therefore I suspect the improved accuracy is related to a change of a reference
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Figure 4.6: Impedance measurements on Ga 0.20 pfu stabilized LLZO samples at RT. a)
Similar conductivities are found but the thick sample (red) can not be mea-
sured as accurate as the thin (blue) sample. b) Impedance spectra for opti-
mized sample geometry by reducing thickness and extending the diameter.

capacitor. WinDeta allows to select reference capacitors manually, however switching
between different reference capacitors did not have an effect.

After calibrations and geometry optimizations were done, Ga 0.20 pfu stabilized LLZO
samples could be measured and analyzed properly for the first time. Figure 4.6 b) shows
the impedance spectra of two samples at RT, yielding typical conductivity values for
this type of dopant. The first two points in the impedance spectrum of the higher
conductive sample (1.02 x 1072 Sem™!) are not accurately measured, however the rest
of the spectrum seems to be fine and allows an accurate fit.

Figure 4.7 visualizes the improvements made by changing the measurement method and

redesigning the measurement setup.

4.4 Microelectrodes

Local conductivities were measured by means of microelectrodes. Using photolitho-

graphic techniques in combination with ion beam etching, circular electrodes with di-
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Figure 4.7: Impedance spectra of Ga 0.20 pfu stabilized LLZO at different temperatures
measured in the a) old measurement setup and b) new measurement setup.

ameters of 20 — 300 pm were prepared from the macroscopic Pt/Ti thin films on top of

the samples. In the following, some details on the preparation procedure are given.

Sputtering

Before sputtering, samples were polished and cleaned by a flow of nitrogen to keep the
surface as clean as possible. To avoid contaminations from sputter targets, a preablation
step was performed. 10nm of Ti and 200 nm of Pt were then sputtered. If the surface
were ideally flat, also thinner layers might be sufficient. However, intraparticle porosity
and the inability to use mechanical grinding machines (to avoid water) resulted in a
"hilly” surface. The idea behind sputtering 200 nm was to fill up potential craters and
establish a dense and connected Pt thin film.

The adhesion quality of sputtered layers can be easily determined by trying to rub off
the electrode. If the electrode is well attached nothing will happen.
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(a) Interparticle porosity (b) Intraparticle porosity

Figure 4.8: a) Interparticle porosity - large gaps between the grains. b) Intraparticle
porosity - excavations on top indicated by dark spots.

Lithography

When it comes to prepare microelectrodes on LLZO samples, four major steps can be

distinguished:
1. Application of the photoresist on a spin coater (100 ml, 50 rps for 25 s)
2. Hardening the photoresist on a heating plate (100°C - 2 min)
3. Shadow mask and sample are placed under an UV-lamp (40 sec)
4. Developer removes photoresist of non illuminated areas (=~ 30 s)

The first step is to apply a layer of photoresist onto a sample, therefore an acceptable
sample density is required. At the beginning of the project, intergranular porosity was a
major concern (Figure 4.8 a). Dense layers could not be sputtered on top and therefore
photoresist could flow into the gaps. Under these circumstances, microstructuring the
electrode is nearly impossible. However, as the density could be increased within the
corresponding project the problem was more or less solved.

Besides the intergranular porosity, there is also the intraparticle porosity. Gas filled
inclusions within a grain are formed during sintering and are responsible for the crater-

rich surface (Figure 4.8 b). These inclusions show up upon grinding and are a major
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(a) Sample immersed in water (b) Veins filled with water

Figure 4.9: a) As soon as a sample is immersed in water, intermediate spaces are filled
with it. b) The enlarged picture reveals vein like structures, preferably
formed at grain boundaries, lifting the Ti/Pt layer.

issue when it comes to the preparation of microelectrodes. In Figure 4.8 b) a lot of
microelectrodes have black dots. These spots are small holes caused by small holes on
the surface interrupting the sputtered metal layer. As long as size and number of these
black dots remain small within a microelectrode, impedance measurements still yield
reasonable results.

Hardening the photoresist and applying UV-light is rather straightforward. The last
step is to develop the photoresist. Therefore, the sample is immersed in a developer
solution, which solves the parts of the photoresist not affected by the UV-light. To stop
the developer from working, the sample is immersed in water for a short period of time
(1-2s). As water likes to react with LLZO it is advisable not to remove the thin Ti/Pt
layer at the side of the sample as it acts like a protection layer against water and can be
used later on to contact the counter electrode.

When the sample is immersed in water or the developer solution, one can immediately
observe whether the Ti/Pt layer is well attached to the surface. If not, vein like structures
will start to form, as shown in Figure 4.9. Most likely empty intermediate spaces between
sample and electrode are filled up with a liquid and lift off the Ti/Pt layer. The structural
integrity of the layer is therefore compromised and won’t sustain the next process steps.

The best solution here is to start all over again.
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An exact reason behind this phenomenon can not be given. From my experience the
rate of success is higher if the time between polishing, sputtering and lithography is
minimized as much as possible. However, if the interparticle porosity is too high, those
vein like features will always occur and undermine the metal layer on top. Basically the
time the Ti/Pt layer can sustain the developing process is limited. After one minute
immersed, the metal layer will most likely detach from the sample.

Another method to prepare microstructures is called ”lift-off”. In this case, microstruc-
turing is done before electrodes are sputtered on top. However, due to the rough surface
and adsorbates like LIOH and LisCOs, this kind of microstructuring was not possible

for our LLZO samples.

lon beam etching

The last step in preparing microelectrodes was the ion beam etching. Ti/Pt layers
uncovered by photoresist should be removed after 20 minutes (Beam 3kV, Extractor
3kV, Inuiti & 2.4mA). The remaining photoresist can be removed by acetone. In some
cases the photoresist sticks rather strong to the microelectrodes. If so, one can try to
simply apply more force when cleaning or looking if the contact needle can penetrate
the layer of the photoresist anyway. It is not recommended to use the ultrasonic bath,

as the sample is going to be degradated by Li™ /HT exchange reactions.
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Chapter 5

Results and Discussion

5.1 The origin of conductivity variations in Al-substituted

LizLa3Zr,012 ceramics

5.1.1 Experimental

Large parts of this chapter are submitted to Solid State Ionics, 2017 [114].

Sample preparation

44 samples with nominal composition Lig 49Alg2gLasgZroO12 were investigated. The syn-
thesis route is based on the procedure described by Wagner et al. [115]. LiaCOg3 (99%,
Merck), AloO3 (99.5%, Aldrich), LasO3 (99.99%, Roth), and ZrOy (99.0%, Roth) were
weighed to reach the intended stoichiometry. To compensate Li-loss during heat treat-
ment, an excess of 10 wt % LioCO3 was added with respect to the stoichiometrically
required amount of LioCOs. The reagents were ground and mixed in an agate mortar
under addition of isopropyl alcohol and subsequently pressed into pellets. The pellets
were heated to 850 °C with a rate of 5°Cmin~! and calcinated for 4 h. The resulting
pellets were again ground in an agate mortar and ball-milled for 1 h under isopropyl
alcohol (FRITSCH Pulverisette 7, 800 rpm, 2 mm ZrO balls). After drying, the pow-
der was pressed again into pellets and put into an alumina crucible. To avoid undesired

incorporation of AI3T from the crucible and to suppress evaporation of lithium from
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Figure 5.1: Schematic picture showing the diameter reduction by grinding. The thickness
of the sample remains unchanged.

the sample, the actual pellets were always placed between two pellets of stoichiometric
LirLasZroO12. The final sintering step was performed under different conditions. Sam-
ples were heated with a rate of 5°Cmin~! and either sintered at 1150 °C for 12 h (10
samples) or at 1230 °C for 6 h (34 samples). The resulting 44 samples had a diameter of
4.9 — 9.1 mm and a thickness between 0.9 — 2.0 mm. The density of the samples was
measured by a He-pycnometer from Brand GmbH. Samples sintered at 1230 °C showed
a density of about 92 % and 1150°C lead to a density of 87 %. Phase analysis was
performed by XRD experiments on a Panalytical X’Pert MPD with Cu K, radiation
[116]. The pattern was analysed with HighScore, a program provided by Panalytical.
The 260 scan range was between 5° and 120° with a step size of 0.026°.

Electrochemical impedance spectroscopy

The ionic conductivity of each sample was measured by electrochemical impedance spec-
troscopy (EIS). Samples were polished by SiC grinding paper (#4000) before thin films
of Ti (10 nm) and Pt (200 nm) were deposited on top and bottom as ionically blocking
electrodes, whereby Ti acts as adhesion layer for Pt. For the EIS measurements, a Novo-
control Alpha Analyzer was used in the frequency range of 3 x 10 — 10 Hz with a rms
amplitude of 100 mV. The temperature was controlled by a Julabo F-25 HE thermostat.
A set temperature of 25°C lead to Teg = 25.2 °C measured by a thermocouple located

near the sample. In order to investigate the conductivity of different sample areas, the

31



diameter of 10 samples was mechanically reduced step by step, using a SiC grinding
paper (#500). The thickness was kept constant during the whole process, see Figure
5.1. After each diameter reduction step the conductivity was measured by EIS.

For laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) a com-
mercially available laser ablation system (New Wave 213, ESI, Fremont, CA) with a fre-
quency quintupled 213 nm Nd:YAG laser and a fast-washout ablation cell was used. The
laser ablation device was coupled to a quadrupole ICP-MS instrument (Thermo iCAP
Qc, ThermoFisher Scientific, Bremen, Germany) using PTFE tubing. Data acquisition
was performed using Qtegra software provided by the manufacturer of the instrument.
For cell washout helium was used as carrier gas, which was mixed with argon make-up gas
upon introduction into the plasma. Before each experiment, the measurement parame-
ters concerning the MS instrumentation were optimized using NIST 612 trace metals in
glass standard (National Institute of Standards and Technologies, Gaithersburg, MD)
for maximum *°In signal.

Sample ablation was carried out using line scan patterns with adjoining lines to scan the
sample surface. A laser beam diameter of 60 pm and a scan speed of 180 pms~! were
used for all documented imaging experiments in this study. In order to get the infor-
mation of bulk regions, i.e. to avoid analysis of surface effects such as contamination
or segregation of phases, a pre-ablation step consisting of a similar line scan pattern
with a laser beam diameter of 250 pm was carried out prior to the distribution mea-
surements. Elemental distribution images were created from the recorded time resolved
intensities for the measured isotopes using the software ImageLab (v.1.90, Epina GmbH,
Pressbaum, Austria). To compensate instrumental drifts during measurement time and
differences in material ablation, all recorded signals were normalized to the intensity of

the isotope 0Zr.

5.1.2 Results and Discussion

Conductivity measurements

Examples for impedance spectra of pristine LLZO samples, sintered at different temper-

atures and measured at 25.2 °C, are shown in Figure 5.2. Both impedance spectra show
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Figure 5.2: Impedance spectra of two Al-substituted LLZO samples prepared at differ-
ent sintering temperatures, measured at 25°C. The dashed spectra were
simulated based on the equivalent circuit shown in the inset.

parts of a high frequency semicircle followed by a low frequency contribution coming
from the ionically blocking electrodes (Ti/Pt). There is no indication of an additional
arc due to grain boundaries or interface related effects. In agreement with earlier stud-
ies we attribute the high frequency feature to the ion conduction in the bulk [40]. To
quantify the impedance spectra properly, a resistor in parallel to a constant phase ele-
ment (R1||CPE;) is used for the bulk contribution, followed by a CPEs element in series
representing the blocking electrodes. Furthermore, an inductive element (L;) has to be
taken into account due to wiring. The equivalent circuit illustrated in Figure 5.2 leads
to a reliable fit of the impedance spectra (dashed lines).

It has to be pointed out that the real axis intercept at high frequencies does not indicate
an additional semicircle close to the origin but is simply caused by the inductance L;.

Accordingly, the bulk conductivity (opyx) was determined from Ry by

33



Table 5.1: Calculated bulk conductivities, capacitances and permittivities, based on the
fit data obtained by using the equivalent circuit shown in Figure 5.2.

Tsint [OC] Ry [Q} Ohulk [S cm_l] CPE1 [pF Sn_l} n; Cl [pF] €r

1230 1352 3.6 x 1074 43.3 092 1.23 68
1150 1385 2.2 x 1074 95.3 0.89 136 47
h
[Sem™!] (5.1)

T = A Ry
1

with A as the sample area and h representing the sample thickness. Table 5.1 shows
the fit data for the two spectra in Figure 5.2, including the conductivity and also the

relative permittivity €, which was calculated from the sample capacitance [117]

3=

c1 = (R oPE) (5.2)

The ¢, value is within the expected range for the LLZO bulk, which supports our inter-
pretation of the high frequency arc in terms of a bulk property [118].

Effective conductivities of 34 samples sintered at 1230 °C

34 nominally identical LLZO samples with an Al content of 0.20 pfu sintered at 1230 °C
were investigated by EIS. In Figure 5.3 the measured bulk conductivities of the samples in
their pristine state (before diameter reduction) are shown. The variation in conductivity
of pristine samples covers almost two orders of magnitude. A trend, whether bulk
conductivity increases or decreases with ongoing sample production is not observable.
Clearly some changes can be attributed to specific batches (samples sintered at the
same time in the oven) which resulted in very high or very low conductivities. However,
even if we consider conductivities lower than 5 x 107® Scm™! as an exception rather
than the rule, the variations are still very pronounced. These variations may be related
to the poorly controllable loss of lithium during sintering and its effect on the other

cations and the anions. Laser induced breakdown spectroscopy (LIBS) has already shown
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Figure 5.3: The ionic bulk conductivities of samples prepared by nominally identical
preparation route, measured at 25°C, vary over two orders of magnitude.
(Experiment 1)

the existence of an inhomogeneous elemental distribution near the surface [119]. Here
however, larger sample parts have to be affected, because effective sample conductivities

vary distinctly.

Effect of sintering temperature

To investigate the effect of the sintering conditions on the overall performance, 10 sam-
ples were manufactured and sintered at 1150°C in parallel to the last batches of 14
samples sintered at 1230°C. Conductivity measurements showed the same picture as
in Figure 5.2, a large scatter in conductivity was observed, regardless of sintering con-
ditions (Figure 5.4). Even though the highest conductivities were reached for samples
sintered at 1230°C, the conductivity of samples sintered at 1150 °C is also partly far
above average (> 5 x 107* Sem™!), despite their lower density. Hence, we conclude
that the substantial scatter is not caused by more Li evaporation at higher sintering

temperatures (except possibly for the samples with very low ionic conductivities).
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Figure 5.4: Bulk conductivities of samples sintered at 1150 °C (red) and 1230 °C (green).
For both sintering temperatures, the conductivity values scatter strongly.
(Experiment 2)

Influence of sample size reduction on the ionic conductivity

Ten randomly selected samples from experiment 2 were used to continue the investigation
about the influence of inhomogeneities on the ionic conductivity. The sample diameter
was gradually reduced by grinding, as sketched in Figure 5.1. As expected, the reduction
leads to an increase in the overall impedance. In most cases, however, also the effective
ionic conductivity changed significantly. For example, the effective conductivity of one
sample (sintered at 1150 °C) drops from ogar; = 2.2 X 107% t0 oeng = 8.8 x 107° Sem ™1,
indicating inhomogeneous conduction within a single sample. In this case it means
that the remaining central part is less conductive than the whole sample average of
2.2 x 107* Sem™!. The trends of the conductivity changes upon diameter reduction by
grinding for all 10 samples are summarized in Table 5.2.

Detailed parameters of four exemplary samples are displayed in Figure 5.5. Samples

sintered at 1150 °C (red) show lower conductivities after each geometric reduction step,

indicating that the peripheral parts of the sample show a higher conductivity than the
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central parts. For the seven samples sintered at 1230 °C the situation was less clear, as
in one case the conductivity even increased with size reduction and reached exceptional

high values of 7.55 x 107* Sem ™! for Al-stabilized LLZO (Figure 5.5).
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Figure 5.5: Development of conductivity upon systematic diameter reduction of the sam-
ples by grinding. In all displayed cases the conductivity changes.

From the measured resistances before R; and after Ro size reduction, the conductivity

of the removed part can be approximated by

1 1

d
Oremoved — E - Rig

For some removed regions, the calculated conductivities resulted in more than 1072 Scm ™,

indicating that sample conductivities of 7.55 x 10~% Sem™! are still not the limit for Al
stabilized LLZO samples.

The existence of highly conductive sample parts raises the question of the origin of high
and lower conducting regions within one and the same LLZO sample.

Four Lig 49AlgoglasgZroO15 samples named as A, B, C, D in Figure 5.4 were therefore

investigated in terms of inconsistencies in present phases, phase composition, and struc-
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Figure 5.6: XRPD patterns of samples, sintered at 1150°C (A, B) and 1230°C (C,
D). Dashed lines indicate the position of impurity phases such as LisCOsg,
LayZroO7 and Pt (from electrode). Letters (A, B, C, D) refer to the samples
in the conductivity plot in Figure 5.4.

Table 5.2: Trends in conductivity upon diameter reduction by grinding. Green — in-
crease, grey — constant, red — decrease in conductivity.

Sinter temperature 1150°C 1230°C
Conductivity trend Uy YW/ /4

ture as possible reasons (see Figure 5.6). All samples show reflexes indicating cubic
garnet structure and small contents of LioCOg and LagZroO7, which are common ex-
tra phases of LLZO. In addition, reflexes of platinum coming from the electrode are
observed. Significant differences between XRPD patterns of high and low conductive
samples, however, are not found, suggesting that unintended compositional differences
rather than second phases may play an important role.

It is beyond the scope of this study to finally resolve this, however, preliminary results on
the elemental distribution of an Al-substituted LLZO sample, measured by LA-ICP-MS,

indicate a possible correlation.
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Morphological, chemical, and compositional analysis

After size reduction, the remaining part of a sample (C) was investigated by spatially re-
solved LA-ICP-MS. As presented in Figure 5.5, the sample showed an increased conduc-
tivity in the central region. Figure 5.7 illustrates the cross section of the pristine sample
as well as the elemental distribution of Li, La, and Al. To compensate differences in
material ablation and instrumental drifts during measurement time, all intensities were
normalized to the Zr signal. It can be assumed that Zr is evenly distributed within the
samples since in contrast to Li changes of the Zr content during the sintering caused

by evaporation is very unlikely to occur.

LLZO — Sample C

a) Pristine b) Lithium

1
0.15 0.25 0.35
Int. "Li / Int. *°Zr

¢) Lanthanum d) Aluminivm

0.005 © 0007 0,009 u.ﬁzo 0.024 0.028 0.032

Int. 15La / Int. %°Zr Int. “7Al / Int. *°Zr

Figure 5.7: LA-ICP-MS measurements on an Al stabilized LLZO sample sintered at 1230
C. Letter C references to the same sample as marked in Figure 5.4, Figure
5.5 and Figure 5.6. After size reduction, the sample was cut into two pieces
and the distribution of b) lithium, ¢) lanthanum and d) aluminium is shown
normalized on the zirconium signal.

Although exact quantification is not possible without suitable reference materials, this
method enables the determination of local variations of the chemical composition. Li,
and La have a rather homogenous distribution, whereby the outer rims and the bottom
of the remaining sample seems to contain about 25 % less Al (darker colour) compared

to the centre part. Since Al occupies Li-sites, the varying Al content should be linked
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to variations of the Li content. No such correlation is observable, but this might be
due to the relative differences being below the precision of the method. These measure-
ments indicate that local variations of the Al content may play an important role in
understanding the large scatter of conductivity data. A proceeding study will further
investigate the effect of these elemental variations on the ionic conductivity analyzed by

microelectrode impedance spectroscopy [120].

5.1.3 Influence of sample’s height

In the beginning of this project, the geometry of the samples was not considered to be
a relevant parameter in order to optimize their overall performance. So the height of
LLZO samples varied between 1 and 5mm. In Figure 5.8 the pristine bulk conductivity
of 50 samples is plotted over their height. Samples are divided into thick (> 2.75 mm)
and thin (< 2.75 mm). Although the amount of thick samples (17) is smaller than for
thin samples (37), it can still be concluded that much less samples show a very low

conductivity.
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Figure 5.8: The effective ionic conductivity at room temperature of different samples,
correlated with their height. Samples were divided into two groups: thin
and thick (> 2.75 mm) samples.

To further investigate this phenomenon, thick samples (0.36 - 0.41 mm) were prepared

40



under different conditions regarding temperature and duration. Detailed values on sin-

tering conditions and density are listed in Table 5.3.

Table 5.3: Sinter conditions and density of newly prepared thick samples.

Temperature [°C] Duration [h] Density Conductivity trend

1100 17 - W
1150 12 81 % N3
1230 6 87 % W/

In their pristine state, samples looked optically dense and without second phases. There
were no signs of large voids or cracks, the only difference was the color of the samples
sintered at 1150 °C, which was bright yellow. Impedance measurements were performed
at 25.1°C, see Fig. 5.9 a). The high frequency contribution, attributed to the bulk, is
followed by a response from the electrodes. One impedance spectrum yielded a small
shoulder after the first semicircle (1150 °C - red) which is possibly due to grain bound-
aries. Impedance spectra were fitted, based on the equivalent circuit shown in Figure
5.2 a). The bulk conductivity of each sample was rather low, ranging between 3.0 x 10~°
and 1.6 x 107% Sem™1.

In order to analyze the samples in terms of their spatially homogeneous conductivity, the
diameter was reduced systematically by grinding, similar to the measurements described
above. The systematic removal of peripheral parts led to pronounced losses in effective
ion conductivity. Figure 5.9 b) shows the development of oy, upon size reduction.
After each geometric reduction the measured effective ionic conductivity became lower,
indicating that the peripheral parts were better conducting than the central parts.

The final state of the samples partly revealed the reason behind these variations. Figure
5.10 shows the remaining parts of samples sintered at a) 1100, b) 1150 and c) 1230 °C.
Panel a) shows canyon like structures in the core of the sample, so the ionic conductivity
had to become worse upon the size reduction. Also the sample sintered at 1230 °C shows
a brown stain and an undefined phase. Interestingly the samples sintered at 1150°C
did not show any kind of structural flaws, despite their slightly different color. After

the grinding experiments, electrodes were removed and the sample was investigated by

41



T T T W e
T T :1100°C) = thick sample - T__: 1100 °C
Jo AT 21150 °C] e thick sample - T 1150 °C]
- o A sl 14
Haas | T :1230°C| —— thick sample - T : 1230 °C
sifit | L i s o 0 1
- ol ._
§ Loaol ] 5 e .
e A E o i
N_ o b-ﬂ . .’/_/
» # 10° F — s
a
-5.0x10° F . /
'
= e
- —
0. L8 g ; g 0 — 02 03 0.4
0.0 5.0x10" 1.0x10° 1.5x10° ' - ; .
. surface / cm?
Z,. /Qcm
(a) Nyquist-plot (b) Geometric reduction

Figure 5.9: a) Nyquist plot of thick samples, prepared by different sintering tempera-
tures, measured at 25.1°C. b) Development of conductivity upon systematic
diameter reduction of the samples by grinding. In all displayed cases the
conductivity dropped.

XRD to test if those non-idealities could have been seen right from the beginning. Each
of the investigated samples showed reflexes indicating a cubic LLZO structure and some
secondary phases (LiOH, Lag 18Z1¢.8201.91, Pt - electrode material). However, it was not
possible to detect these inhomogeneities within the pristine sample by XRD probably
because the X-ray source is too weak and so the penetration depth too short (Cu - K,
A~ 5pum).

It can be concluded that the preparation of thick samples did not improve the over-
all performance due to the formation of holes, porosity, etc. Reasons, behind these
phenomena are unknown yet. Possibly areas near the core are partly exposed to differ-
ent temperatures or chemical potentials than peripheral parts. These differences lead
to compositional gradients, forming irregular structures inside and the intended cubic
structure on the outside. Although these deviations can not be detected by Cu - K,

radiation, they should be detectable by density measurements.
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(a) Tene: 1100°C (b) Teime: 1150°C (¢) Taine: 1230°C

Figure 5.10: Morphological effects found within thick samples upon systematic removal
of peripheral parts, explaining their low overall performance and their sig-
nificant conductivity loss upon size reduction.

5.1.4 Conclusion

Numerous Al-substituted LLZO samples with identical Al contents were prepared by a
nominally identical solid state route and sintered at 1150°C and 1230 °C, respectively.

1

In the best case, effective sample conductivities near 8 x 10™% Scm™! were obtained,

which is among the highest values ever reported for Al stabilized LLZO. In other cases,

L were found. XRPD measurements could not

effective values with less than 10™* Scm™
resolve reasons for these variations.

The diameter of several samples was changed by grinding and the samples were re-
peatedly analysed using EIS, which revealed pronounced spatial inhomogeneities in the
ionic conductivity. In most cases the peripheral parts showed higher conductivities and
we suspect a gradient in the distribution of elements to be responsible for the inhomo-
geneities in ionic conductivity. This assumption is supported by elemental distribution
images, obtained by LA-ICP-MS, which revealed an Al gradient. Unintended changes

of the composition during preparation may thus also be the reason for large variations

of the effective ionic conductivity of nominally identical LLZO samples.
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5.2 The temperature dependent conductivity of LLZO with

different composition

In addition to the detailed investigation of sample conductivities for LLZO stabilized by

Al (0.20 pfu), many other LLZO compositions with numerous different stabilizing ions

were measured, mostly at different different temperatures. Spectra looked very similar

to those presented in chapter 5.1 and impedance analysis was done in the same manner.

In this chapter, all results are summarized.

Table 5.4: An overview of bulk conductivity (opyyx), relative permittivity (e;) and ac-

tivation energy (E,) of LLZO samples with different compositions.The given
conductivity value (opyy) refers to measurements at Tger: 25°C. Elements

with a reference number are further discussed in a publication.

Aluminium Gallium
[pfu]  opuk [Sem™] &  E, [eV] [pfu]  opux [Sem™] & E, [eV]
0.10 3.78 x107° 43 - 0.15 649 x107* - 0.14
0.15 208x107* 66  0.42 0.20 1.02x107% 57  0.34
020 1.58x107* 37 043 0.30  9.04x107* 73  0.31
0.30  250x107%* 58  0.37 040 4.34x107* 61  0.28
040 1.14x107* 47  0.41
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Aluminium & Gallium [98]

Molybdenum - pristine [40]

[pfu] opuk [Scm™1] & E, [eV] [pfu]  opuk [Sem™Y] & B, [eV]
0.05& 0.15 1.06x1073 - 0.26 010 7.78 x107° 44  0.46
0.10 & 0.10  6.30 x 10~ - 0.28 020 2.81x107* 59 048
0.15& 0.05 3.80x107* -  0.28 025 220x107* 46 0.44

0.30 294x107* 68  0.52
040 330x107%* 52 043
Niobium Tantalum
[pfu]  opuk [Sem™Y & E, [eV] [pfu]  opuk [Sem™] & E, [eV]
0.125 1.06 x 1074 80  1.08 0.25 4.63x107* 40 049
0250 256 x 107* 45  0.49 0.50 4.31x107% - 0.38
0.375 467 x107* 39  0.50 0.75 - - -
0.500 6.72x107* 82  0.53 1.00  214x107%* 70 045
0.625 1.36 x10™* 116  0.53 1.25  1.23x107* 31  0.52
0.750  4.87 x 107° 72 0.62 1.50  9.36x107° 46  0.52
1.000  2.05 x 1074 45 047 .75  6.18x107° 44  0.69
1.250 1.35x 1074 69  0.66 2.00 527x107° 53  0.78
1.500  6.48 x 107° 46 0.61
1.750 3.14 x 1074 46 0.50
2.000 2.81x107° 49 0.63
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Tetragonal LLZO (Chapter 5.3) Single crystal - Tantalum (Chapter 5.4)

‘ [pfu]  opuk [Sem™] & E, [eV] ‘ ‘ [pfu]  opux [Sem™] e E, [eV]
‘ - 7.54 x 1077 49 - ‘ ‘ 1.00  1.69x107* 48 0.53
Iron [121] Bismut [113]
[pfu]  opuk [Sem™] & E, [eV] [pfu]  opuk [Sem™] & E, [eV]
0.18 9.35 x 104 55 0.31 0.25 3.35 x 104 60 0.50
0.20 2.65 x 1074 - 0.45 0.50 3.31 x 1074 64 0.50
0.25 1.38 x 1073 80 0.30 0.75 4.19 x 1074 69 0.47
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Figure 5.11: Arrhenius graph of a) Nb and b) Ta stabilized LLZO samples with different
compositions. SC denotes the single crystal.

46



Table 5.4 lists numerous LLZO ceramics with different compositions, their bulk conduc-
tivity, relative permittivity and activation energy. Some compositions are marked with
references to a certain chapter of this thesis or a publication for further information. The
listed values do not necessarily represent the best conductivity, since in many cases only
one sample was investigated at different temperatures. The relative permittivity was al-
ways calculated based on the impedance spectrum measured at the lowest temperature,
since more information on the first semicircle was available.

Nb and Ta are two elements for which conductivities around 1073 Scm™! have already
been published in literature [90, 122]. These values could not be achieved in this study.
The highest bulk conductivity was found for Nb 0.50 pfu with 6.72 x 10~* Sem™!. For
Ta stabilized LLZO, from literature the highest conductivities were expected for Ta 0.6
pfu, unfortunately a successful preparation of such a sample was not possible. Figure
5.11 shows the Arrhenius graph for different compositions of a) Nb and b) Ta stabi-
lized LLZO samples. Temperature cycles between 25 and —6 °C were usually measured
three times. For a better overview, only the last measurement cycle and a few com-
positions are displayed. Also data for the Ta stabilized single crystal are included and
the conductivities are very similar to those of the polycrystalline sample with the same
composition.

Measurements on Bi stabilized LLZO samples have to be considered critically. The
listed bulk conductivities are obtained from impedance measurements on newly prepared
samples. However, the overall performance started to decrease due to storage in ambient
air. As it turned out, Bi stabilized LLZO is highly reactive against moisture and therefore
not suitable for further battery related applications. Further information can be found

in the publication of Wagner et al. [113].

5.2.1 Mid-frequency contributions

Some samples yielded a second semicircle in the mid-frequency range, for example some
Mo or Al stabilized LLZO. Fig. 5.12 shows two impedance spectra measured at a)
23.4°C and at b) —6.6 °C. Near room temperature a second semicircle becomes visible,

but as both semicircles overlap an accurate fit is rather difficult. Cooling down to lower
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Figure 5.12: Impedance measurements on Mo stabilized LLZO at a) 23.4°C and b)
—6.6 °C. The second semicircle can only be separated at low temperature.

temperatures better reveals the first arc and separates these two semicircles and as a
result the fit quality improves. An additional R2||CPEg element has to be added (Figure
5.12 a) to the equivalent circuit used for other spectra.

In order to investigate the origin of this semicircle, parts of the sample are removed by
sand paper and the electrodes are renewed on both sides. Measuring the impedance lead
to changes in the second semicircle, the peak frequency however didn’t shift, indicating
the resistive region is not exclusively located near the interface. A calculation of the
corresponding thickness (dg), using the capacitance Co and the bulk permittivities, lead
to values between 10 and 20 pm. Such effects could be more accurately analyzed when
using reversible electrodes, as ionically blocking electrodes tend to overlap with the
intermediate frequency arc.

If Ry is the grain boundary resistance, the grain boundary thickness d4}, can be calculated

by
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with Lg as the grain size length and d the sample thickness. The resulting thickness of a
grain boundary is approximately 1pm. This is significantly larger than typically found
for oxides (in the range of nm) and grain boundary effects are considered as not very

probable. An explanation could be the formation of second phases over time, due to

water incorporation from ambient air.
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Figure 5.13: Impedance spectra of Al stabilized LLZO were measured before and after
heat treatment at room temperature. a) Annealing reduces the size of
the second semicircle, for b) Al 0.40 pfu the second arc appears after the

annealing step.

One idea to get rid of unwanted phases or water exchanged regions, was to heat the
sample for one hour at 700 °C and thus to remove residuals of HoO and LioCOs3. Figure
5.13 displays the Nyquist plot of an a) Al 0.30 and b) Al 0.40 pfu sample at RT. For
Al 0.30 pfu the impedance spectrum shows a high frequency semicircle followed by a
narrow shoulder. After annealing, the shoulder became very pronounced and had to be
fitted using an additional R||CPE element. The behavior of Al 0.40 pfu is inverted, as

it showed two semicircles in it’s pristine state (Figure 5.13 b). Annealing, however, led
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to the disappearance of the mid frequency contribution.

A calculation of the grain boundary thickness, using equation 5.4 yielded 0.5 pm. As for
the Mo stabilized sample, this would be unusually large for a typical grain boundary.
Based on these inconsistent impedance measurements, I would only recommend anneal-
ing for samples with a pronounced second semicircle like in Figure 5.13 b) for the pristine
sample. In any other situation I would dissuade from annealing because up until now it
has not been fully understood how the sample is changed. A more detailed analysis on

the effects of annealing is shown in chapter 5.7.
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Table 5.5: Calculated value of the ideal capacitances and the thickness, based on the

impedance spectra shown in Figure 5.13.

Lig 10Alp 30 pristine annealed
Ripulk Q] 3980 7986

Ro Q] - 22233

CPE; |n; [Fs™!]|-]142x1071° 0.82 | 1.39 x 10~'* 0.94
Chulk [F] 6.18 x 10712 5.13 x 10712

di [cm] 0.40 0.40

CPEy | ng [F s | - - | 410x 1078  0.64
Co [F] - 7.57 x 10710

do [pm] - 20.1

Lis g0Alp.40 pristine annealed
Rpulk Q] 7977 3381

Ro Q] 9170 -

CPE; |n; [Fs™!]|-]228x107" 0091 | 597 x10710 0.73
Chulk [F] 458 x 10712 - | 524 x 10712

d; [cm] 0.40 0.40

CPEy |ng [Fs™!]|-]281x107% 0.70 - -
Co [F] 8.09 x 10710 - - -
do [nm] 10.8
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Figure 5.14: Impedance spectrum of a tetragonal LLZO sample, measured at a) 23.3°C
and b) 119.2°C. The spectrum is fitted using the equivalent shown in plot
a). The CPE3 element becomes necessary at higher temperatures.

5.3 Electrochemical investigation of a tetragonal LLZO sample

A tetragonal LLZO (LizLasZr2012) sample was prepared in the group of Prof. Sakamoto
(University of Michigan, USA) by hot isostatic pressing (HIP). The sample was sintered
at 1100 °C for one hour with 6 kN leading to a density of 90.3 %. Subsequently, it was
attempted to investigate the phase transition from tetragonal to cubic phase. So far,
there have been some publications investigating when and how effects of the phase tran-
sition occur [38, 51, 61, 123]. Larraz et al. investigated a tetragonal sample stored in
ambient air, for which she could show, by the usage of XRD, a coexistence of cubic and
tetragonal phases at 150 °C [59]. Upon further heating the cubic phase disappeared tem-
porarily before it was reestablished at 700 °C. When cooling down to room temperature
the phase of the sample became tetragonal again. Reasons behind the formation of this
low temperature cubic phase are probably related to moisture from ambient air. Larraz
has performed the same experiment with a sample protected from ambient air, for which

she could not observe a low temperature phase transition.
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Table 5.6: Fit parameters, obtained from the equivalent circuit shown in Figure 5.14 a)
to simulate the impedance spectra.

Ry [Q] og [Sem™!]  CPE; [Fs™!] 1y Cy [F] €r

1.40 x 106 538 x 1077 1.19x 1071 095 4.90x 10712 74

Ro [] ogp [Scm™!]  CPEj [F s™1]  n Cy [F]

6.07x 105 191 x1077 242x1072 0.70 3.82x 10710

Table 5.7: Data on conductivity and activation energy obtained from literature for
tetragonal LLZO. * Current work, ** total conductivity

Temp. [°C] o4 [Sem™!] og, [Sem™!]  Egotar [eV] Density Reference

27 1.63 x 107 5.59 x 1077 0.55 60% [42]
25 2.00 x 1076 ™ 0.44 - [50]
25 4.40 x 1077 2.80 x 1077 0.35 - [124]
25 ~ 1076 ~ 1077 0.56 - [125]
20 2.09 x 1075 3.32x 1076 0.53 73% [126]
RT 2.30 x 107> ™ 0.43 98% [127]
RT ~1x1077™ 0.54 93% 61]
23 538 x 1077 1.91 x 1077 - 90% *
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Ongoing to the lack of access to proper equipment for protecting the sample from ambient
air, the phase transition was investigated with the premise that water may affect the
sample. Impedance spectra were measured in the temperature range where the phase
transition was expected.

Impedance measurements were performed by using Ti/Pt as ionically ”blocking” elec-
trodes. The sample was investigated between 23.3°C and 171.2°C. The highest temper-
ature was determined by the limit of the thermostat. Figure 5.14 shows an impedance
spectrum measured at 23.3 °C. Two distinctly separated semicircles can be fitted, based
on the denoted equivalent circuit. The evaluation of the high frequency semicircle re-
sults in a capacitance value that gives an e, value of 74. This indicates that this part
of the impedance spectra can be attributed to ionic transport within the bulk. The
capacitance CPEs of the second semicircle, which is three orders of magnitude larger
than CPE; is attributed to grain boundaries within the polycrystal. At temperatures
above 90°C, the equivalent circuit requires an additional CPE3 element, due to the
appearance of the capacitive response coming from the electrodes as shown in Figure
5.14 b). Using equation 5.1, a bulk conductivity of 5.38 x 10~7 Scm™! and a o1, value
of 1.91 x 1077 Scm ™! were obtained: The effective og, was calculated from the total
sample thickness rather than from the unknown grain boundary thickness. Published
data on tetragonal LLZO present a variety of bulk and total conductivities ranging
2.30 x 107° Scm™! to 4.40 x 1077 Sem™!. With 5.38 x 10~7 Scm™! the investigated
sample yielded one of the lowest bulk conductivities published so far. Two other publi-
cations prepared a tetragonal LLZO by HIP, reaching relative densities of 93 % and 98%
[61, 127]. Interestingly the difference in total conductivity between those samples was
two orders of magnitude, suggesting density is not the main parameter for higher total

ionic conductivity.

Phase transformation

In order to investigate the phase transition, a temperature cycle with steps of 5°C
was measured. To assure thermal equilibrium, the sample was kept at the respective

temperature for 30 minutes. After this equilibration time, a set of three impedance
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Table 5.8: Activation energies for grain and grain boundary and their changes upon heat
treatment, subdivided in three sections.

E. ¢ [eV] E.gb [€V]
I 11 111 1 11 111

1st cycle heating 0.40 0.62 0.42 0.02 1.02 0.43
2nd cycle heating 0.55 0.50 0.46 0.64 0.63 0.63
cooling 0.48 0.92 0.44 0.58 0.99 0.68

spectra was measured. The results are plotted in an Arrhenius graph in Figure 5.15,
distinguishing between a) grain and b) grain boundary contributions. Temperature
dependent measurements revealed three different activation energies for both processes.
The obtained activation energies for grain (E,g) and grain boundary (E,.g,) are listed
in Table 5.8. They are indicated as ”1st cycle” and the different sections are numbered

by the letters I, II and III. Upon heating, E,, changed from 0.40 eV to 0.62 eV and
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Figure 5.15: Arrhenius graphs showing the different conductivities of a) grain and b)
grain boundary. Three different activation energies were found, the tem-
perature at which they change, however, is different for grain and grain
boundary.
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back to 0.44 eV. The activation energy of section I and III are rather similar and a
significant increase could only be measured in section II. Therefore we assume the phase
transformation happened in section II between 63 — 108 °C. Other studies did observe
the phase transition only at higher temperatures [38, 51, 61, 123].

Wang et al. as well investigated tetragonal LLZO and a phase transition using impedance
spectroscopy. Because they could not separate grain and grain boundary, they obtained
activation energies based on the total conductivity (0.69 eV, 1.29 eV, 0.58 eV). Like
Larraz, they observed the phase transition between 150 and 210°C. However, Larraz
has shown that the phase transition is connected to moisture from ambient air, so maybe
after a long storage time the effect of the exchange reaction accumulates, destabilizing
the tetragonal garnet structure and allowing to rearrange a cubic structure at even lower
temperatures.

In this first cycle, impedance measurements were only done during heating, but not
during cooling. In a subsequent cycle, impedance measurements were performed during
the heating and cooling process. The second experiment is referred to as ”2nd” cycle
in Table 5.8. When comparing the obtained activation energies of the ”1st” and ”2nd”
cycle, one can observe an overall change.

In the ”2nd” cycle, a separation into three sections was more difficult since transitions
were less pronounced. This can be seen in the obtained activation energies for grain and
grain boundary as differences between them have become much smaller upon heating.
Upon cooling, the section II exhibited higher activation energies for grain (0.92 eV) and
grain boundary (0.99 eV). It looks as if the heat treatment had triggered some sort of
transformation process for both of them and so the ”1st” cycle can be considered as
a transition state. Maybe duration and temperature of the impedance measurements
have induced microstructural changes, leading to a different modification of lithium ion
diffusion paths.

Another interesting effect is the variation in ionic conductivity depending on the pre-
treatment of the sample. For example, upon cooling down, the ionic conductivity of
grain and grain boundary was partly slightly higher than upon heating. This is shown
for the temperature range marked by a dotted rectangular in Figure 5.16. The effect
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Figure 5.16: The Arrhenius graph shows the behavior of grain and grain boundary (GB)
conductivities upon heating (full symbols) and cooling (open symbols). In
the highlighted area the conductivities are different indicating a small hys-
teresis effect.

occurs at approximately 80 °C, that is also the temperature at which the phase transition
was observed in the ”1st” cycle.

The impedance measurements still reveal a possible phase transition between 63 °C and
108 °C for the grains. If we assume the garnet phase transformed from a tetragonal to
a cubic phase, the question remains what happens above 108 °C when the activation
energy changes again. Could the cubic phase be established or did it disappear again?
Based on these considerations the hysteresis effect, observed upon cooling could be ex-
plained by a slow phase change. However, XRD measurements are required to further

analyze these impedance spectroscopic observations.

5.4 Properties of a Ta-stabilized LLZO single crystal

Sample preparation

At the Leibniz Institute for Crystal Growth, a single crystal with a nominal composition

of LigLagZriTa;O12 was grown by the Czochralski technique [128]. LiyCOs (+10 %
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Table 5.9: Conductivity and capacitance of a pristine LLZO single crystal and a poly-
crystalline LLZO sample.

Obulk [S Cmfl] CPE; [F Sn_l] nq Cq [F] €r

single crystal ~ 1.69 x 107%  1.26 x 107! 0.90 2.14 x 10711 48
polycrystal 2.14x107*% 9.82x107' 071 5.39x107'2 70

excess), LagOs, ZrOg, TasO5 as starting materials were uniaxial pressed (2800 kbar)
and sintered at 1100 °C for 16 hours in air. As usual, the pellet was covered with mother
powder to contain the loss of lithium as far as possible. The sintered LLZO pellet was
melted by radio frequency induction heating, using a 25 kW microwave generator. To
initialize the growing process, an iridium seed in a dinitrogen atmosphere was used.
The stoichiometry of the single crystal was confirmed by ICP-OES. Further information
about structural characterization and Li diffusion can be found in the work of Stanjesc

et al. [129].

Impedance measurements

A single crystal, as well as a polycrystal of the same composition, were investigated by
macroelectrode measurements. Figure 5.17 a) shows an impedance measurement of a
pristine single crystal (green) and a polycrystal (blue). Both samples were investigated
by using Ti/Pt electrodes. Only one high frequency semicircle is visible, followed by
a capacitive increase caused by the ionically blocking electrodes. In both cases the
first semicircle is attributed to ionic bulk conductivity. For the single crystal this high
frequency feature is very well separated from the electrode. Both spectra could be
simulated based on the equivalent circuit shown in Figure 5.17 a). Bulk conductivity of
the single crystal was 1.69x10™* Scem ™! and for the polycrystal it was 2.14x10™% Scm ™!,
Further data like capacitances and relative permittivities are listed in Table 5.9.

Temperature dependent changes of oy are displayed in an Arrhenius graph in Figure
5.17 b). The single crystal lead to an activation energy of 0.51 eV and the polycrystal to
0.45eV. Temperature dependent measurements did not reveal an additional semicircle

for the polycrystalline sample. Hence, we can conclude that there are no blocking grain

58



5x10° . T -2 T T T

> Zr Ta, - single crystal * Single crystal E:0.51 eV
+ ZrTa, - polycrystal ¢ Polyerystal  E: 045 eV
4x10°F | Simulation h N - - - - Linear approximation
: Simulation VRt o0 Linear approximation | |
. ﬁ "= T
c -3x10°F CPE, i 4 ..
w -
b o — . -
'q_E ; = 4 i
2x10° Fy o’ b
. = *
|
-1x10° F g & A
8 o & SE ‘A
-] L s I
. . . . < = = E
0 X100 2x10°  3x10°  4x10°  5x10° 3.3x10 3.4x10 3.6x10 3.7x10
I gl
z/Q TR
(a) Nyquist plot (b) Arrhenius plot

Figure 5.17: a) Nyquist plot of a single crystal and a polycrystal sample with nominal
identical composition (LigLaszZriTa;O12). Impedance spectra were simu-
lated using the equivalent circuit shown inside. b) The Arrhenius graph for
both samples with the linear approximation.

boundaries within the sample. Similar results for conductivity and activation energy
were obtained by Buschmann et al. for a polycrystal of the same composition [89].
In a subsequent experiment, the single crystals were tested in terms of stability against

different solutions and different atmospheres by means of impedance spectroscopy.

Degradation in liquids

Four different single crystals were immersed in distilled water (HoO - dest), 0.1 M HCI,
LiCl and 1M LiOH for 30 days. The solutions were heated to 50 °C to enhance reaction
kinetics. Samples were investigated by impedance spectroscopy in their pristine state,
after 7 days and after 30 days. The conductivity of the samples was investigated by
impedance measurements at 25 °C (Tt ) using Pt-paste as electrode material. Electrodes
were removed after impedance measurements. Figure 5.18 a-d) shows the impedance
spectra of each single crystal in its pristine state. Some samples yielded an additional

semicircle in the mid-frequency range b, c¢). Since these contributions could only be
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Table 5.10: Ionic conductivity of single crystals before and after degradation in different

atmospheres (CO2, wet Ny) and liquids (HCI, LiOH, ...).

Degradation in

atmospheres were additionally performed on samples without an electrode
(EI*). The ionic conductivities listed represent bulk conductivities [S cm™1].

Fluid Gas

Degradation Pristine 7d 30d 9d
H0 - dest 1.71 x 1074 1.32 x107*  1.50 x 1074 -
HCI 1.69 x 1074 1.16 x 107%  1.83 x 1074 -
LiCl 2.44 x 1074 1.89 x 107*  0.77 x 1074 -
LiOH 1.68 x 1074 1.43 x 107*  1.67 x 1074 -
wet No

with EI* 2.44 x 1074 - - 2.40 x 1074

without EI* 2.11 x 10~* - - 2.01 x 10~*
COq

with EI* 2.74 x 1074 - - 2.30 x 1074

without EI*  2.30 x 10~* - - 2.89 x 10~*

found in two measurements, it is very likely that they are caused by the Pt-paste.

The bulk conductivity of these four samples ranged from 1.68x107% t0 2.44x10™4 Scm™!.
(Although 2.44 x 10~* Scm ™! seems to be an outlier, the difference to the others is not
very large.)

After seven days immersed in different liquids, impedance measurements were repeated
to record the actual state of the samples regarding their overall performance. Measured
bulk conductivities are listed in Table 5.10 and each of them became slightly smaller.
After 30 days, the experiment ended and bulk conductivities were measured again. In
comparison to the values obtained from the pristine state, the changes are not very
large, except for the sample which was immersed in the LiCl solution. For this sample,
a drop from the highest value 2.44 x 1074 to 0.77 x 10~* Scm™! was observed. Only the
sample immersed in HCI achieved a slightly higher ionic conductivity by the treatment.
Measurements after seven days apparently represented an intermediate state of samples,

but are not necessarily representative for further changes.
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Figure 5.18: Impedance spectra of single crystals measured at 23.7°C in their pristine
state and in their final state after 30 days immersed at 50 °C in a) LiOH, b)

destilled H2O, c) LiCl, d) HCI, and after 9 days in e) CO4 and f) humidified

Ny at room temperature.
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The exchange reaction of Li™/HT is an issue for each sample immersed in aqueous
solutions. The extent of this reaction should be represented by the conductivity changes
upon immersion in distilled water. A comparison of bulk conductivities between the
beginning, 7 days and 30 days shows a decrease after 7 days, but after 30 days, it
was nearly as high as in its pristine state. Under the premise the single crystal is not
chemically inert against the incorporation of protons, a lower ionic conductivity could
be explained by the formation of a protonated shell. Over time, protons will equally
distribute in the grain and establish a HT and Li* conduction mechanism. Since the
ionic conductivity does not have to decrease upon garnet protonation it is difficult to
estimate the extent of Lit exchange based on impedance measurements. At least ion
exchange would explain why each immersed sample obtained lower bulk conductivities
after 7 days, than in its pristine state.

Similar to the effect of pure water, HCI solution should also protonate the garnet struc-

ture as follows:
LiGLa3Zr1Ta1012 + HCI - Li67XHXL33ZI'1T31012 + LlCl (55)

Protons are incorporated and released Li leads to a solution of LiCl. We expect, given
enough time, LiCl also forms a passivating layer on the sample’s surface. Just like for
pure H50O, the extent of the incorporation can not be determined by impedance spec-
troscopy. The fact that the bulk conductivity increased should not be overinterpreted,
since changes are in the range of 3%.

Some publications claimed the protonation of a garnet can be reversed, by immersing a
sample in LiOH solution [65, 130-132]. Based on the impedance measurements, it can
at least be said that the sample is stable in LiOH and does not undergo severe changes
in bulk conductivity.

The most significant changes in bulk conductivity were observed upon immersion in LiCl.
Beside effects due to protonation, LiCl should not react with the garnet. Adsorbents on
the surface are not an issue since the sample is polished before electrodes were applied

for impedance measurements. To explain this behavior, further analytical methods are
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necessary.

Degradation in different atmospheres

Single crystals were investigated in two different atmospheres for several days, namely in
humidified Ny and COs. The electrode material of choice was Pt-paste, since it’s porosity
still allows the surface to be in contact with the atmosphere. In addition to a sample
which was continuously investigated by impedance spectroscopy, another sample was
placed within the measurement chamber. This additional sample was without electrodes,
to assure each side is equally affected. All degradation measurements were done at room
temperature.

Nitrogen was used as a carrier gas, because nitrogen itself should not affect the sam-
ples performance in any given way. Instead moisture can affect Li-ion diffusion. Af-

L to

ter more than 8 days in wet atmosphere oy changed from 2.44 x 107% Scem™
2.40 x 107* Scm™!, which is negligible. Impedance spectra are shown in Figure 5.18
e) and the only observed effect upon moisture exposure was the formation of an addi-
tional mid-frequency contribution, most likely caused by a reaction between Pt-paste,
water and LLZO. The reference sample confirmed the trend: After the exposue, elec-
trodes were added and showed that the bulk conductivity hardly changed (from 2.11 to
2.01 x 1074 Sem™! - see Table 5.10).

Figure 5.19 a) illustrates the development of opyy over eight days. There are fluctua-
tions reaching a minimum at 2.24 x 107* Sem ™! and a maximum at 2.79 x 107* Scm ™!,
However, those fluctuations were rather small and might partly come from slight tem-
perature variations. They confirmed the single crystal’s chemical stability against water,
just like shown for solution based degradation measurements. Only the very first sharp
drop might be a true conductivity decrease due to unknown reasons.

In addition to degradation in wet Na, the effect of CO2 on the ionic performance of single
crystals was investigated over time. Again, one sample was continuously investigated by
means of impedance spectroscopy, the other one was placed beside it without electrodes.

After 180 h in COs, opuk dropped from 2.74x107* Sem ™! t0 2.30 x 10~% Sem™!. Again

rather small changes are found, possibly induced by small temperature variations. The
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Figure 5.19: Development of oy during degradation in a) wet No and b) CO4 at room
temperature.

reference sample showed a reverse trend where the ionic conductivity slightly improved
from 2.30 x 107* Scm™! to 2.89 x 107* Scm™!. With regard to the duration of the
experiment, those were only slight changes. Impedance measurements showed no addi-
tional intermediate frequency features, only bulk and electrode were not well separated
(Figure 5.18 e). Between 150 and 175 hours, data points are missing due to an error in
the measurement software, however degradation went on.

Changes in ionic conductivity might be the result of the exchange reactions between the
garnet and water/carbon dioxide, see below. Water can have a positive or a negative
influence on ionic conductivity, as it is shown in chapter 5.8 for LLZO samples. In a
COy atmosphere, LioCO3 can form on the surface of the sample. If the sample is free

from water LioCOs may be formed according to:
Li6La3Zr1Ta1012 + C02 - Li672XL3,3ZI'1Ta10127X + L12C03 (56)

Then Li can only be extracted from the garnet in form as LisO, due to the unavailability

of electrons. So the extraction of Li goes along with oxygen, which would lead to the
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formation of oxygen vacancies. This phenomena was recently investigated by Kubicek et
al. [133], but the consequences of oxygen vacancies on ionic conductivities are unknown

so far.
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5.5 Microelectrodes for local conductivity and degradation

measurements on Al stabilized Li;La3Zr,0;>

5.5.1 Experimental

Large parts of this chapter are published in Jounal of Electroceramics, 2016 [134].

Sample preparation

Figure 5.20: SEM image of an aluminium stabilized LLZO (Al = 0.20) garnet after
sintering at 1230 °C for 6 hours. Dark spots indicate the existence of some
pores.

Samples with a nominal composition of Lig49AlgoglagZroOqs were investigated. The
synthesis route is based on the procedure described by Wagner et al. [115]. LioCOs
(99%, Merck), AloO3 (99.5%, Aldrich), LagOs (99.99%, Roth), and ZrOy (99.0%, Roth)
were weighed to reach the intended stoichiometry with an excess of 10 wt % LioCOg, with
respect to the stoichiometric amount of LioCOgs. The reagents were ground and mixed
in an agate mortar under addition of isopropyl alcohol and then pressed into pellets.
The pellets were heated to 850 °C with a rate of 5°C min~! and calcinated for 4 h. After
cooling down, the pellets were again ground in an agate mortar and ball-milled for 1 h
under isopropyl alcohol (FRITSCH Pulverisette 7, 800 rpm, 2 mm ZrOy balls). After
drying, the powder was pressed into pellets and put into an alumina crucible. To avoid
undesired incorporation of Al** from the crucible and to suppress evaporation of LisO

from the material, the sample pellets were placed between two additional pellets of pure
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LiyLagZroO12. The final sintering step was performed at 1230 °C for 6 h in ambient air.
This results in a polycrystalline pellet with a diameter of about 7 mm, 4.6 mm thickness

and typical LLZO-grain sizes of about 100 — 200 pm (Figure 5.20). The density of the

sample, measured by a pycnometer (Brand GmbH), is 91 %.

A Microscope

- Tip (W)

Impedance Analyzer

(a) Measurement setup (b) Microelectrodes

Figure 5.21: a) A scheme of the microelectrode measurement setup. b) The optical
microscope image shows a part of the microelectrode array on top of a
sample.

Electrical measurement

The ionic conductivity was measured by electrochemical impedance spectroscopy (EIS).
For measurements of the effective conductivity of macroscopic samples (macroelectrode
measurements), samples were polished by grinding paper (#4000), and thin films of
Pt (200 nm) and Ti (10 nm) were deposited on top and bottom as ionically blocking
electrodes. A thin film of titanium is required in order to improve the adhesion of
platinum. For the EIS measurements, a Novocontrol Alpha Analyzer was used in the
frequency range of 3 x 10 — 10 Hz. For such macroelectrode measurements the tempera-
ture was controlled by a Julabo F-25 HE thermostat, the exact temperature was 25.3 °C,

determined by a thermocouple at the sample. Local conductivities were measured by
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means of microelectrodes. Using photolithographic techniques in combination with ion
beam etching, circular electrodes with diameters of 20 — 300 pm were prepared from
the macroscopic Pt/Ti thin films on top of the samples. Microelectrode measurements
were performed at ambient temperature (T = 23.5°C). Tungsten needles were used to
contact the microelectrodes under an optical microscope. The position of the needles
was adjusted by mechanically controlled micromanipulators. Figure 5.21 a) illustrates
the measurement setup and b) shows a part of the microelectrode array on top of the
sample. Impedance measurements (Novocontrol Alpha Analyzer) were performed be-
tween a microelectrode and the counter electrode on the bottom side (Pt thin film with

Pt paste at the sample edges for contact reasons).

5.5.2 Results and Discussion

Macroelectrode measurements
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Figure 5.22: The impedance spectra of an aluminium stabilized LLZO sample at 25.3 °C
with measurement data (diamonds) and the simulation based on the fit to
the equivalent circuit shown in the graph.
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Before microelectrodes were prepared from the Pt thin film the samples overall perfor-
mance was measured with the two macroscopic electrodes. The impedance spectrum of
the Al stabilized LLZO garnet determined at 25.3°C is plotted in Figure 5.22. It shows
a part of a semicircle at high frequencies, followed by a well separated low frequency con-
tribution which represents the impedance of the ionically blocking electrodes (Ti/Pt). In
agreement with earlier studies we attribute the resistance of the high frequency feature
to ion conduction in the bulk [40, 121].

In order to quantify the impedance spectrum properly, a resistor in parallel to a con-
stant phase element (R1||CPE;) is used for the bulk contribution, in series to a constant
phase element CPEy describing the blocking electrodes. Additionally, an inductive el-
ement (L) is required due to wiring; this is responsible for the strong distortion of the
bulk semicircle and the real axis intercept at finite Zge, rather than at Zr. = 0. Hence,
the intercept at 2000 €2 in Figure 5.22 is not an ohmic offset but the result of the serial
inductance. The equivalent circuit shown in Figure 5.22 leads to a reliable fit (dashed
line) of the impedance spectrum and relative permittivities €, calculated from CPE; are
in the range of 70, which confirms the bulk character of this part of the spectrum. The

fit parameters of the spectrum in Figure 5.22 are given in Table 5.11.

Table 5.11: Calculated value of the ideal bulk capacity [117] and the relative permittivity.

R1 [Q] | omacro [Sem ™) | CPE; [F s™Y | ng Cy [F] €
4082 3.26 x 104 1.19 x 107 | 0.95 | 4.90 x 10712 | 74

From the resistance R, the effective bulk conductivity omacro can be calculated by

h

_ -1
Omacro — A X Ry [SCHI ] (57)

with h being the sample thickness and A the surface area. In this specific case a bulk
conductivity of 3.3 x 107% Sem™! results. This is within the range typically found for
such LLZO samples stabilized with aluminium [49, 77, 99, 102, 104, 106, 111]. However,

literature data reveal a large scattering of bulk or total conductivities, and in a separate
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paper we will show that a substantial variation also exists between numerous nominally
identical samples prepared in our labs [114]. Compared to all data of our extensive study,

the sample shown here has a rather good effective ionic bulk conductivity, even though

also two times higher values were measured [134].

Microelectrode measurements
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Figure 5.23: Impedance spectra of two Ti/Pt microelectrodes with different diameter
d, and the corresponding fits (dashed line) based on the equivalent circuit

shown above.

While macroscopic electrodes only yield mean sample conductivities, microelectrodes
provide the possibility to measure spatially resolved conductivities. Based on the princi-
ple that most of the voltage between a microelectrode and an extended counter electrode
drops very close to the microelectrode, the diameter of the electrode (d) determines the
investigated volume beneath. The measured resistances are largely determined by the
conductivity of a hemisphere with a radius of 2d [73]. An array of microelectrodes

with different diameters (20 - 300 pm) was measured at room temperature. Figure 5.23
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displays typical impedance spectra found in such microelectrodes measurements on the
LLZO sample.

The high frequency arc corresponds to charge transport in the probed sample volume
and is described by a resistive element (Rgpread) in the equivalent circuit. The low fre-
quency capacitive increase is caused by the ionically blocking microelectrode and can be
modelled by a constant phase element (CPEy), in agreement with the macroscopic elec-
trodes. In many cases, the electrode response of microelectrodes was even steeper than
for macroelectrodes and thus the exponent of the CPE closer to 1. Since macro- and
microelectrodes consist of the same material, this suggests the existence of some regions
with very non-ideal ion blocking, distributed across the sample. The latter probably
cause the less steep electrode response in the macroelectrode measurements. In paral-
lel to Rgpread and CPEy, a stray capacitance (CPE;) has to be introduced due to the
measurement setup with a value in the range of 200 fF. This value is larger than what
was expected for the bulk capacitance of most microelectrodes. Only for d > 200 pm
a geometrical bulk capacitance (C' = 2 €, €y d, ¢¢g = vacuum permittivity) in the 200
pF range results from ¢, ~ 60. However, adding the bulk capacitance to the equivalent
circuit leads to an over parameterization and was therefore avoided here.

A fit of the impedance spectra to the equivalent circuit shown in Figure 5.23 (dashed
line) reveals Rgpread values. If this spreading resistance Rgpread is only due to the charge
transport in the bulk, it can be used to calculate the local conductivity, see below. In
principle, grain boundary resistances or other interfacial resistances with parallel ca-
pacitances being smaller than the stray capacitance cannot be separated from the high
frequency arc and may thus also contribute to Rgpread [135]. Grain boundary related
effects could not be observed in macroscopic impedance spectra and we do not expect
an effect in the microelectrode measurements either. However, additional interfacial re-

sistances cannot be excluded, cf Sec. 5.5.2.
Figure 5.24 shows the resulting spreading resistances Rgpreaqa Of microelectrodes with a

diameter of 100 pm (blue) and 200 pm (red). Variations are very moderate with standard

deviations in the range of 9.5 %. From the spreading resistance Rgpread and the micro-
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Figure 5.24: Statistical distribution of the spreading resistance for 100 and 200 pm sized
electrodes.

electrode diameter d, a nominal bulk conductivity ome can be calculated [136] according

to

1

—1
_— . 5.8
2d RSpread [S o ] ( )

Ome =

Provided the sample is homogeneous in the region beneath a microelectrode, this value
reflects the true local Li-ion conductivity. Figure 5.25 displays nominal o, values for
microelectrodes with different diameters. The solid line opacro represents the effective
conductivity of the sample, measured with macroelectrodes before microelectrodes were
prepared from the macroelectrode on top.

Within a factor of about two, macroscopic and microscopic conductivities agree. This
indicates that local conductivity measurements using microelectrodes are meaningful
and that microelectrode measurements are indeed possible on LLZO. However, the ionic

conductivity from microelectrodes seems to depend on their diameter. The averaged local
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Figure 5.25: Local conductivities found for differently sized microelectrodes compared to

the overall effective performance of the sample (0 pacro). The dotted lines
represent the mean values of the microelectrodes.

conductivities found for 100 and 300 pm are 4.1 x 107* Sem™! and 4.9 x 107% Sem™!
(Figure 5.26), respectively and thus somewhat larger than the mean conductivity of
the sample (3.3 x 1074 Sem™!). The highest value found for a 300 pm microelectrode
(6.3 x 107* Sem™1) is even significantly higher than the values typically reported for
LLZO stabilized with Aly 2o (0macro : 2.4 — 3.4 x 107% Sem™1) [49, 99, 100]. Plotting
the averaged conductivity for every microelectrode diameter shows a clear trend (Figure
5.26): For the smallest microelectrodes the measured conductivities are smallest and
even slightly below opyacro-

As small microelectrodes are most sensitive to near-surface effects, this suggests that near
to the surface less conductive regions exist. Possibly, local stoichiometric deviations near
to the surface or the formation of impurity phases or secondary phases (e.g. LagZryO7,
LaAlOgs, LayO3, La(OH)s3, LiaCO3, LiOH), are responsible for the lower nominal con-
ductivities ope [64, 68, 110, 137], since preparation as well as measurements include

exposure to air. Hou et. al. investigated Al stabilized LLZO, sintered at 1100 °C, by
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Figure 5.26: The averaged local conductivities of differently sized microelectrodes. The
conductivity increases with the diameter of the electrode.

means of laser induced breakdown spectroscopy (LIBS) as a surface sensitive measure-
ment method [119]. The maximum depth reached in that contribution was about 35 pm,
which is comparable to the range covered by microelectrodes with a diameter of 20 pm.
LIBS measurements detected aluminium and lithium rich phases in the first microme-
tres before the elemental distribution returns to a more or less equilibrated state. In
addition, also misorientation angles may affect the ionic conductivity [110]. This could
also contribute to the lower local conductivities found here.

The higher conductivity found for larger microelectrodes however, has to have a different
reason. Most probably, the samples exhibit spatially inhomogeneous cation compositions
and thus the effective conductivities from macroscopic measurements also include sample
regions with smaller conductivity while the microelectrodes used in this study seem to
be located on regions with higher conductivity. Indeed, in a related study on the scatter
of effective sample conductivities of nominally identical samples we could identify sig-
nificant conductivity variations not only from sample to sample but also within a given

sample [114].
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Figure 5.27: Impedance spectra of different microelectrodes measured in the pristine
state (cycle 1) and after three weeks exposed to ambient air (cycle 2). A
change in the impedance spectra indicates conductivity degradation.

Near-surface degradation

Owing to their near-surface sensitivity, microelectrodes can also be used to investigate
degradation phenomena originating close to the surface. Here, the same microelectrodes
were measured again after three weeks of storage in ambient air. The impedance spectra
in Figure 5.27 display three different microelectrodes in their pristine state (cycle 1 -
open symbols) and after long-time exposure to air (cycle 2 - filled symbols). Independent
of the electrode diameter all impedance spectra indicate an increase in the resistance
Rspread compared to the pristine state.

These changes are probably related to near-surface degradation effects such as the for-
mation of LiIOH and Li»COgs caused by a reaction with moisture and COq from ambient
air and the exchange of Li™ by H' [60, 132, 137, 138]. Figure 5.28 summarizes the mea-

surements and illustrates the resistive changes between the pristine and the degraded
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Figure 5.28: The relative change in resistance Rgpread for differently sized electrodes mea-
sured after 3 weeks exposure to ambient air.

state in dependence of the microelectrode diameter. Microelectrodes with a diameter of
20 - 50 pm show the largest changes with a maximum of 80 % resistance increase. With
increasing diameter, the variations become smaller. This supports the assumption of
near-surface degradation, which becomes less important as the probed volume beneath
the electrode increases, i.e. as microelectrode diameters increase. Possibly a similar
near-surface degradation already before the very first microelectrode measurements was
also responsible for the low conductivities found for 20 pm microelectrodes on pristine

samples (see Sec. 5.5.2 - Microelectrode measurements).

5.5.3 Conclusion

It was shown that microelectrodes (& : 20 — 300 pm) can be successfully applied to a
polycrystalline LLZO garnet sample and allowed microelectrode impedance spectroscopy
studies. Those resulted in local information on bulk ionic conductivities. A comparison
between the effective conductivity of the overall sample and conductivities of local areas

of the sample revealed differences. Locally, conductivities were up to twice the effective
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bulk conductivity with a maximum local value of 6.3 x 107* Scm™!.

Reasons behind
these conductivity differences are most probably compositional variations in the sample.
Moreover, smaller microelectrodes lead to smaller nominal conductivities which indicates
that near to the surface less conductive regions exist. The sensitivity of microelectrodes
towards near-surface resistive changes was also used to investigate how exposure to

ambient air affects the properties of LLZO samples. A substantial degradation of the

local conductivity was found, particularly for small microelectrodes.

5.6 Li-ion conductivity fluctuations within Li;LasZr,0,, solid
electrolytes and their relation to local stoichiometric

changes

5.6.1 Experimental

Large parts of this chapter are submitted to Journal of The Royal Society , 2017 [120].

Sample preparation

Three nominally identical samples (A, B, C) with an intended composition of Lig 490Alp.20
LagZro019 were investigated. The synthesis route is based on the procedure described
by Wagner et al. [115]. LioCO3 (99%, Merck), AloOs (99.5%, Aldrich), LagOs (99.99%,
Roth), and ZrO2 (99.0%, Roth) were weighed to reach the intended stoichiometry with
an excess of 10 wt % LisCOs3, with respect to the stoichiometric amount of LioCO3. The
reagents were grounded and mixed in an agate mortar under addition of isopropyl alcohol
and then pressed into pellets. The pellets were heated to 850 °C with a rate of 5°C min~"
and calcinated for 4 h. After cooling down, the pellets were again grounded in an agate
mortar and ball-milled for 1 h under isopropyl alcohol (FRITSCH Pulverisette 7, 800
rpm, 2 mm ZrOy balls). After drying, the powder was pressed into pellets and put into
an alumina crucible. To avoid undesired incorporation of A3t from the crucible and to
suppress evaporation of LioO from the material, the sample pellets were placed between
two additional pellets of pure LizLasgZroOi5. The final sintering step was performed at

1230°C for 6 h in ambient air.

7



X-ray diffraction (XRD)

Phase analysis was performed by XRD experiments on a Panalytical X’Pert MPD with
Cu K, radiation [116]. The pattern was analyzed with HighScore, a program provided
by Panalytical. The 20 scan range was between 5° and 120° with a step size of 0.026°.

Electrochemical impedance spectroscopy

The ionic conductivity was measured by electrochemical impedance spectroscopy (EIS).
To measure the effective conductivity of macroscopic specimens (macroelectrode mea-
surements), samples were polished by grinding paper (# 4000) to remove near surface
reaction layers, and thin films of Pt (200 nm) and Ti (10 nm) were deposited on top
and bottom as ionically blocking electrodes. A thin film of titanium is required in order
to improve the adhesion of platinum. For the EIS measurements, a Novocontrol Alpha
Analyzer was used in the frequency range of 3 x 10° — 10 Hz. In such macroelectrode
measurements the temperature was controlled by a Julabo F-25 HE thermostat, the
exact temperature was 25.4 °C, determined by a thermocouple at the sample.

Local conductivities were measured by means of microelectrodes. Using photolitho-
graphic techniques in combination with ion beam etching, circular electrodes with di-
ameters of 100 pm were prepared from the macroscopic Pt/Ti thin films on top of the
samples. Microelectrode measurements were performed at ambient temperature (T =
23.5°C). Tungsten needles were used to contact the microelectrodes under an optical
microscope. The position of the needles was adjusted by mechanically controlled micro-
manipulators. Figure 5.29 a) illustrates the measurement setup and b) shows a part of
the microelectrode array on top of the sample. Impedance measurements (Novocontrol
Alpha Analyzer) were performed between a microelectrode and a counter electrode on

the bottom side (Pt thin film with Pt paste at the sample edges for contact reasons).

LA-ICP-OES

All LA-ICP-OES experiments were performed using a NWR213 laser ablation system
(ESI, USA) equipped with a frequency quintupled 213 nm Nd:YAG laser and a fast-
washout ablation cell. The laser ablation device was coupled to an iCAP 6500 RAD
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Figure 5.29: a) A scheme of the microelectrode measurement setup. b) The optical
microscope image shows a part of the microelectrode array on top of a
sample.

ICP-OES instrument (Thermo Fisher Scientific, USA) using PTFE tubing with an inner
diameter of 0.4 mm. A plasma torch with a corrosion-resistant ceramic injector tube
of 1.5 mm inner diameter was utilized for all experiments. Cell washout was performed
using He as carrier gas, which was mixed with Ar make-up gas upon introduction into the
plasma. For data acquisition iTEVA software (v.2.8.0.96) provided by the manufacturer
of the instrument was used. The two most sensitive and non-interfered emission lines of
Al La, Li, and Zr were measured. For each element, only one emission line was used for
signal quantification, the other one was used for quality control of the analysis.

Two-dimensional elemental distribution images of whole LLZO pellets were created us-
ing line scan abla-tion patterns with adjoining lines. For all documented experiments a

1 was used, which results

laser beam diameter of 100 pm and a scan speed of 100 pm s~
in a lateral resolution of 100 pm. In order to remove surface contaminations as well as
near-surface segregation phases (e.g., LiaCOgs due to air exposure) a pre-ablation step

consisting of a similar line scan pattern with a laser beam diameter of 250 pm was in-

stalled prior to the measurements. Using the obtained time-resolved signal intensities,
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image processing was performed by the software ImageLab (v.2.41, Epina GmbH, Aus-
tria). Detailed information about the parameters used for the LA-ICP-OES experiments
are given in the supplementary information.

For signal quantification, matrix-matched standards were prepared by isostatically press-
ing LLZO powders with different Al content into pellets. To obtain these powders,
sintered LLZO pellets with various Al concentration were crushed, ground, and homog-
enized using an agate mortar. To determine their chemical composition, a part of each
powder was digested using a borax fusion, dissolved in a HF /HCI/HNOg mixture, and
analysed by conventional liquid ICP-OES.

Measurement of the pressed LLZO standards was performed directly before sample anal-
ysis, using the same instrumental parameters and laser settings. To ensure that the
ablated material is representative for the whole pellet, multiple line scan patterns with
adjoining lines were used for each standard. Per standard, four-line scan pattern with
an area of about 0.4 mm? were applied on different positions of the pellet. Each pattern
was ablated three times.

For the correction of variations in sample ablation and transport, as well as instrumental
drifts, an internal standard-independent normalization technique presented by Liu et al.
was adapted for LLZO samples [139]. Based on the consideration that the sum of all
metal oxides in LLZO adds up to 100 wt%, this approach uses the intensities of all
measured elements expressed as the corresponding oxides (AlyO3, LisO, LagOs, ZrO2)
for signal normalization.

The accuracy of the LA-ICP-OES analysis was estimated using the prepared LLZO
standards for external validation. For the Al/La, Li/La, and Zr/La atomic ratio average
relative deviations of 9.1%, 1.2%, and 0.8% were obtained, respectively. The comparably
high deviation of the Al/La ratio is attributable to relatively low Al concentration.
Further information concerning the quantification of the described LA-ICP-OES mea-

surements can be found in an upcoming publication [140].
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Table 5.12: Thickness and surface of the investigated LLZO samples (A, B, C)

Thickness [cm] Area [cm?]
A 0.41 0.34
B 0.46 0.35
C 0.10 0.45
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Figure 5.30: SEM image of an aluminium stabilized LLZO (Al = 0.20) garnet after
sintering at 1230 °C for 6 hours. Dark spots indicate the existence of some
pores.

5.6.2 Results
Sample quality

The geometry of the resulted polycrystalline pellets are listed in Table 5.12. The typical
LLZO-grain size is about 100 — 200 pm (Figure 5.30). The density of the samples,
measured by a pycnometer (Brand GmbH), is about 91 %. The XRD analysis confirmed
the cubic structure of the investigated samples (Figure 5.31). As a second phase, only

lithium oxide was found on sample A.
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Figure 5.31: XRPD patterns of samples A, B and C as well as the cubic reference pattern.
No secondary phases could be found, except for LiOy (*) in sample A.

Macroelectrode measurements

Before microelectrodes were prepared from the Pt thin film the effective conductivity of
each sample was measured with two macroscopic electrodes. The normalized impedance
spectra of the Al stabilized LLZO garnets determined at 25.3 °C, are plotted in Figure
5.32. It shows a part of a semicircle at high frequencies, followed by a well separated
low frequency contribution which represents the impedance of the ionically blocking
electrodes (Ti/Pt). In agreement with earlier studies we attribute the resistance of the
high frequency feature to ion conduction in the bulk [40, 121].

To quantify the impedance spectrum properly, a resistor in parallel to a constant phase
element (R;||CPE;) is used for the bulk contribution, in series to a constant phase
element CPEs, describing the blocking electrodes. Additionally, an inductive element
(L) is required due to wiring; this is responsible for the partly strong distortion of the
bulk semicircle at higher frequencies; for samples with smaller resistivities this even

causes a real axis intercept at finite Zye, rather than at Zg, = 0. Hence, the intercept

82



X T T
¢ Sample A
4 Salnp]c 0 ﬁ CPE, o
Gopop{ 4 semplel | HE i
---- Simulation Ll
---- Simulation ’,'
G i
— O(t
E 4
N 3000} o
- o” ¢
et Ty 3 Q’Q
) , N ¢
&ﬂp 4}9
oL ' \ '
0 2500 5000 7500
Z 1°CY

Figure 5.32: The impedance spectra of the aluminium stabilized LLZO samples at
25.3°C with macroelectrode measurement data (diamonds) and the sim-
ulation based on the fit to the equivalent circuit shown in the graph.

at ca. 2000 Q for sample A and B in Figure 5.32 is not an ohmic offset but the result
of the serial inductance. The equivalent circuit shown in Figure 5.32 leads to a reliable
fit (dashed line) of the impedance spectrum and relative permittivities (e;), calculated
from CPE; are in the range of 45 — 75 [117]. This confirms the bulk character of this
part of the spectrum. The fit parameters of the spectra in Figure 5.32 are given in Table
5.13.

From the resistance R, the effective bulk conductivity omacro can be calculated by

h

_ —1
Omacro = Ax Ry [S cm ] (59)

with h being the sample thickness and A the surface area. In this case the bulk conduc-

tivity lies between 1.65 and 3.26 x 10* Scm™!, which is within the range typically found
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Table 5.13: Fit parameters, calculated bulk capacitance and relative permittivity values
as well as conductivities of the macroscopic LLZO samples (A, B, C).

Ri[Q] Omacro [MSem™!] CPE; [10°M Fs™!] n;  Cp [10712F] e

A 5600 0.213 3.31 0.88 4.14 56
B 4082 0.326 1.19 0.95 4.90 74
C 1370 0.165 39.6 0.82 18.1 46

for LLZO samples stabilized with aluminium [77, 99, 102, 104, 106, 111, 122].

Microelectrode measurement

With macroscopic electrodes only mean bulk conductivities can be obtained. Microelec-
trodes, on the other hand, provide a tool to measure spatially resolved conductivities.
This becomes possible since most of the volt-age between the microelectrode and the
counter electrode drops near to the microelectrode. When changing the diameter d of
the microelectrode, the investigated volume beneath changes. The measured resistances
are largely determined by the conductivity of a hemisphere with a radius of about 2d
(35]. From the measured bulk-related resistance Rgpread the local ionic conductivity can

be calculated via

1

~1
me — 1
o 2 d Roprend [Scm™] (5.10)

provided the distance of the microelectrode to the counter electrode is much larger than
the microelectrode diameter [99]. On each of the three investigated samples, an array
of circular electrodes with a diameter of 100 pm was applied. Thus, our measurements
are able to resolve local conductivity variations on the length scale of a few 100 pm.
However, these microelectrode measurements still average over a certain volume.

Figure 5.33 displays typical impedance spectra obtained when measuring with micro-
electrodes. The impedance spectra are analyzed by the simple equivalent circuit shown
inside Figure 5.33. The resistive element Rgpreaq describes the charge transport in the

probed volume. The serial constant phase element (CPEy) is attributed to the ionically
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blocking electrode material just like for the macroelectrode measurement in Figure 5.32.

Parallel to these two elements is a stray capacitance (CPE;) with a value in the range
of 200fF. This is caused by the measurement setup, particularly by the capacitance
between contacting needle and the counter electrode. Adding a very small LLZO bulk

capacitance (about 100fF) to the equivalent circuit leads to an overparameterization

and was therefore avoided.
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Figure 5.33: Impedance spectra obtained on Ti/Pt microelectrodes with a diameter d
of 100 pm, on three different samples. Also included, the corresponding fits

(dashed line) based on the equivalent circuit shown above.

Local conductivities
Figure 5.34 a) illustrates the location of the microelectrodes and the related conduc-

tivities beneath the investigated microelectrodes on sample A, using a colour map.
Light colours (yellow, green) determine areas with a good ionic conductivity (above
2.0 x 107* Sem™1) and cold colours (blue) represent low conductive areas (below 8.0 x

1075 Sem™!). In Figure 5.34 b), measurements of one row of microelectrodes from the
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Figure 5.34: a) Local conductivities obtained from microelectrode measurements (sample
A). Coloured areas mark the investigated areas of the sample and indicate
the measured conductivity. b) The middle row of microelectrodes in the
area, highlighted by a white rectangle, displays the change in conductivity
from the left side of the sample to the right side.

left to the right side of the sample, show a gradient in conductivity. Values vary between
4.2 x 107° Scm™! on the right side to 2.8 x 107 Scm™! on the left hand side. Similar
results were obtained for the rows above and beneath the highlighted row.

This demonstrates that parts of the sample exhibit higher conductivities than the ef-
fective omacro (2.1 x 107% Sem™!) while others are less conductive. The existence of a
gradient is in agreement with a previous study, where reducing the size of LLZO samples
and repeatedly measuring omicro also revealed conductivity variations [114]. Measure-
ments from top to the bottom of the sample (vertical coloured bar in Figure 5.34) did
not reveal a clear trend as found for the horizontal measurements. The conductivity
variations in this area are rather small and values are comparable to the value obtained
from the macroelectrode measurement.

Similar local conductivity measurements were done on sample B (Figure 5.35). This sam-
ple was covered with differently sized microelectrodes (300 - 10 pm), but for the sake of
comparability only electrodes with the diameter (100 pm), used on samples A and C, were
investigated. The obtained conductivities are higher than for o acro (3.26x107* Sem 1),

but overall in good agreement with the macro measurement. Local conductivity mea-
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Figure 5.35: Local conductivity measurements obtained from sample B using 100 pm
electrodes.  The local conductivity does not show very pronounced
variations.

surements did not yield strong inhomogeneities, as variations are minor. This rather
good agreement of microelectrode and macroelectrode measurements is a strong argu-
ment in favor of microelectrode measurements, representing bulk related properties and
therefore measured gradients (sample A) reflect real bulk inhomogeneities.

The macroelectrode measurement of sample C showed lower conductivity compared to
sample A and B (1.65 x 10™* Sem™!). Microelectrode measurements were performed on
both sides of this sample. On side one (Figure 5.36 diamond) measured conductivities
are largely similar or smaller than opyacro but did not show any spatial trend. Compared
to sample B much more scattering is present. Possible reasons are imperfect micro-
electrode geometries or adhesion or some degradation effects, for example induced by
moisture or spots with higher porosity below some microelectrodes. The measurements
on side two (Figure 5.36 circles) resulted in very similar conductivities, again some spots
were less conductive, the majority, however, was close to the obtained macroelectrode
value. Thus the lower overall conductivity is not caused by a very low conductive layer

in series with sample parts of higher conductivity. Rather, the entire sample seems to
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Figure 5.36: Microelectrode measurements on sample C from side one (diamonds) and
side two (circles) of the sample.

be less conductive than A and B.

LA-ICP-OES

In order to find a reason behind the conductivity gradient in sample A, a local chemical
analysis was performed using LA-ICP-OES. Figure 5.37 displays the results showing the
content of a) Li, b) Zr and c) Al of sample A. Also sample B and C were analyzed, the
measurements are shown in the supplementary information. The measurement data are
not smoothed, each pixel represents the stoichiometry, calculated based on the measured
atomic ratios (choosing 3 pfu La as the fixed-point).

The Zr signal shows very little variation and a homogeneous distribution across the
sample, as well as a good agreement with the theoretical Zr content of 2.0 pfu. Li on the
other hand shows enriched areas on the left side of the sample (6.40 - 6.60 pfu). For the
rest of the sample the content of Li is in the range of 6.10 - 6.40 pfu. The experiments
also show a correlation between the amount of Al and Li. Areas with a high amount
of lithium exhibit less aluminium and vice versa in accordance with the idea of charge
balancing. The sample seems to be more or less divided into a side with more (= 0.30

pfu) and less (= 0.15 pfu) Al and also the edges follow this trend. A clear reason for
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Figure 5.37: LA-ICP-OES measurements on sample A, illustrating the amount of a) Li,
b) Zr and c) Al pfu in the sample.

these variations cannot be given yet, but possibly one edge of the sample exhibited a
lower local lithium oxide activity in the gas phase. Thus stronger Li loss took place
during sintering and created a driving force for Al diffusion. Having measured these
elemental variations, it is now highly interesting to correlate it with the effects on ionic
conduction.

In Figure 5.38 the content of a) Al and b) Li is plotted against the ionic conductivity.
The dotted lines represent the expected amount of Al (0.20 pfu) and Li (6.40 pfu). On
average, the measured Al content was higher and the measured Li content was lower than
expected. A lower amount of lithium is not too surprising, due to its volatility during
sintering. The behaviour of aluminium, however, is less straight forward to interpret. In
other samples we found a correct overall Al content and thus we suspect that the local Al
enrichment might be due to an inhomogeneous depth distribution of Al (Please note that
our LA-ICP-OES method only probes the bulk composition near to the surface). When
only considering sample A one might suspect a trend, i.e. a certain correlation between
Al content and ionic conductivity with a maximum conductivity between 0.20 and 0.25
Al pfu. However, not only does this trend strongly scatter, it is also not reproduced by
the other samples. The absence of a simple correlation between ionic conductivity and

Al content is also supported by the fact that even for same Al content the conductivity
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Figure 5.38: The conductivity of each measured microelectrode and the corresponding
amount of a) Al and b) Li. The dotted line represents the intended compo-
sition, in the case of Al it was 0.20 pfu resulting in Li 6.40 pfu.

Table 5.14: Four different spots with two pairs of comparable stoichiometry but different
ionic conductivities. The value for the oxygen is calculated based on charge
balance considerations.

Spots oMe [Scm™] Composition

Li enriched 1 1.87 x 107*  Lig43Algo0LazZri g96011.97
Li enriched 2 0.57 x 107*  Liga3Alg17LagZri 0sO11.93
Li poor 1 2.48 x 10™*  Lig.12Alg 17LasZr1 93011 69
Li poor 2 0.41 x 107*  Lig.osAlp.18LagZr1 98011 76

can vary by almost an order of magnitude. Moreover, a high amount of lithium (> 6.40
pfu) does not lead to a higher conduction, as it was suggested in literature for a similar
garnet composition [141].

This non-trivial composition conductivity relation is also obvious when comparing the
conductivity and the stoichiometry of four different spots on sample A (Table 5.14).
Two of them exhibited a rather high amount of 6.43 Li pfu, but achieved a low (0.57 x
10~* Sem 1) and an average ionic conductivity (1.87x10~* Sem™!). On the other hand,
if the amount of lithium is too low (Li 6.06 - 6.12 pfu) the ionic conductivity can still be

either moderate or five times lower. Overall, we thus conclude that there is yet no clear

90



trend observable how important the amount of Al and Li is for the ionic conductivity.
Possibly details of the local crystallographic structure are much more important for the
ionic conductivity than exact Al or Li contents. It is also worth mentioning that based
on the measured cation concentration, the stoichiometric value of oxygen is calculated
and is mostly below 12 pfu. This is in agreement with measurements using oxygen tracer
exchange and secondary ion mass spectrometry (SIMS) which revealed the existence of

oxygen vacancies [133]. Those may also affect the Li ionic conductivity.

5.6.3 Conclusion

Three different LLZO samples, stabilized with Al, were chemically and electrochemically
characterized. Microelectrode measurements revealed the existence of distinct local con-
ductivity variation within individual samples, but also differences between nominally
identical samples. LA-ICP-OES was used to investigate the local chemical composition.
Samples showed gradients in the Al and Li content and also deviations from the nominal
values in near-surface regions (too much Al too little Li). However, there is no clear
trend visible how the elemental variation relates to the electrical performance. A high
amount of Li does not lead to higher ionic conductivities than low amounts. It is very
likely that another yet unknown parameter (e.g. local lattice or oxygen vacancies), has

a higher impact on the ionic performance of LLZO than the local stoichiometry.
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5.6.4 Supplementary

6.00 6.50 7.00 7.50 8.00 1.60 1.80 2.00 2.20 0.15 0.20 0.25 0.30
Li/ pfu Zr/ pfu Al/pfu

Figure 5.39: LA-ICP-OES measurements on sample B, illustrating the amount of a)
lithium, b) zirconium and ¢) aluminium per formula unit in the sample.
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Li/pfu Zr/ pfu Al/ pfu

Figure 5.40: LA-ICP-OES measurements on sample C, illustrating the amount of a)
lithium, b) zirconium and ¢) aluminium per formula unit in the sample.
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Table 5.15: Parameters for the LA-ICP-OES measurement.

Laser ablation system EST NWR213
Average fluence

Pre-Ablation 2.50 J cm ™2
Imaging 4.25Jcm™2
Laser diameter

Pre-Ablation 250 pm
Imaging 100 pm
Scan speed

Pre-Ablation 250 pm st
Imaging 100 pms~!
Repetition rate 20 Hz
Carrier gas flow (He) 0.61min~1
Make-up gas flow (Ar) 0.81min~*

ICP-OES instrumentation

Thermo iCAP 6500 RAD

RF power

Radial observation height
Plasma gas flow
Auxiliary gas flow
Integration time
Analytical wavelengths
Al

La

Li

Zr

1200 W
12 mm
121min—!
0.51min—!

1s

309.271 nm
261.034 nm
610.362 nm
257.139 nm

396.152 nm
419.655 nm
670.784 nm
274.256 nm
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Table 5.16: Effective conductivities, obtained from macroelectrode measurements before
and after heat treatment.

Atmosphere ‘ Name ‘ oot [Scm ™Y

AA A 227 x107% — 5.92 x 107>
H, B 1.55 x107% — 1.31 x 10~*
Ny C 220x 1074 — 227 x 1074
Ny wet D 1.66 x 107% — 2.31 x 10*

5.7 Effects of annealing

Macroelectrode measurements

In order to investigate the effects of annealing, Al (0.20 pfu) stabilized samples with
sputtered Ti/Pt electrodes were heated for 1 hour at 700 °C in atmospheres like ambient
air (AA), hydrogen (Hz) and nitrogen (N2). In the text, samples will be referred to as
A, B, C, D. To avoid any relation between LLZO and Ti/Pt, electrodes were removed
before the annealing process.

Figure 5.41 a-~d) illustrates the Nyquist plots of macroelectrode measurements for sample
A, B, C and D in their pristine state (open circles) and after annealing in various atmo-
spheres (open diamonds). Each sample shows a high frequency semicircle and a small
shoulder in the mid frequency range followed by a low frequency contribution which
represents the ionically blocking electrodes (Ti/Pt). For a proper quantification of the
impedance spectra, the equivalent circuit as shown in Figure 5.12 was used.

The changes induced by the annealing step were rather small for three of four samples
and the second semicircle only disappeared after annealing in wet nitrogen. As listed
in Table 5.16, the effective conductivity of samples sintered in nitrogen or hydrogen
hardly changed. The most pronounced changes were observed upon annealing in ambient
air. Although the high frequency semicircle remained unchanged, the impedance of the
second semicircle increased significantly, resulting in a drop of oeg from 2.27 x 1074 to
5.92 x 1075 Sem™1,

The reason behind the increased impedance in the mid frequency range can have numer-
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ous reasons. One possibility is the formation of a low conductive surface layer, but since
the electrodes were removed before annealing and the sample polished before sputtering,
we do not expect any contribution coming from a near surface layer. Another possibility
is a grain boundary related phenomena. Based on calculations using the capacitance of
the second semicircle, the total thickness of all grain boundaries would be around 30 pm
which is not very realistic for grain boundaries. The most probable explanation is a
temperature induced change of inhomogeneous phases within the sample. The extent
of these inhomogeneities however, can not be estimated by macroelectrode impedance

spectroscopy.

Microelectrode measurements

After macroelectrode measurements, the electrodes were used to prepare microelectrodes
on top in order to investigate near surface effects caused by atmospheric and temperature
treatment. Microelectrodes with a diameter between 10 and 300 pm were fabricated
on top and measured at room temperature. Impedance spectra were analyzed by the
equivalent circuit shown in 5.23. Figure 5.42 shows exemplary the impedance spectra
of differently sized microelectrodes on samples annealed in a) ambient air, b) hydrogen,
c¢) nitrogen and d) wet nitrogen. The high frequency feature is attributed to the ionic
charge transport in the bulk followed by a capacitive response caused by the ionically
blocking electrodes, just as explained in chapter 5.1.

The separation of bulk transport and blocking electrodes is less obvious in a) ambient
air since the first semicircle is hardly visible; this is at least partly a consequence of the
small bulk resistance. Figure 5.43 displays nominal o, values for different diameters,
calculated by equation 5.7. Solid lines represent the effective conductivity, obtained from
macroelectrode measurements before (black) and after the sintering step. The number
of measured microelectrodes with a diameter smaller than 100 pm was limited, due to
issues with interparticle and intraparticle porosity.

Some microelectrode measurements showed a relation between ionic conductivity and
diameter of the microelectrode. This is not the case for the sample annealed in ambient

air, simply due to the large scattering of o.. However, when comparing the conduc-
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Figure 5.41: Nyquist plots of macroelectrode measurements before (blue) and after (red)
annealing at 700 °C in a) ambient air, b) hydrogen, ¢) nitrogen and d) wet
nitrogen. The impedance measurements were done at RT in ambient air.
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Figure 5.42: Microelectrode impedance measurements, investigating the effect of anneal-

ing in different atmospheres (a - d) near the surface. To probe depth varia-
tions in conductivity, microelectrodes with a diameter between 100 and 300
pm were applied on top and measured at room temperature.
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Figure 5.43: Tonic conductivity obtained by microelectrode measurements on different
diameters after annealing in a) AA, b) Hy, ¢) Ny and d) wet No. Solid lines
represent the effective conductivity obtained from macroelectrode measure-
ments (Figure 5.41).
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Figure 5.44: a) Impedance spectrum of a 300 pm electrode yielding an additional semi-
circle, with the corresponding simulation (dashed line) based on the equiv-
alent circuit shown above. b)The second semicircle disappears for smaller
microelectrodes.

tivities of macro- and microelectrode measurements, the annealing in nitrogen seems
to lower the ionic conductivity near the surface since macroelectrodes obtained higher
conductivities than microelectrodes. On the other hand, samples which were sintered
in hydrogen or ambient air, microelectrode measurements yielded similar or even better
results as macroelectrode measurements. Macroelectrode measurements showed a sig-
nificant drop in effective conductivity upon annealing in AA, which is not reflected by
microelectrode measurements. Accordingly, the low conductive regions are not located
near the surface of the sample. Instead they are probably located in the core of the
sample, supporting the assumption of inhomogeneities responsible for the lower overall

performance.

Inhomogeneities found by microelectrodes

In some areas, microelectrode measurements after annealing in ambient air, yielded an

additional semicircle in the mid-frequency region. Figure 5.44 a) shows the impedance

99



Table 5.17: Calculated peak frequencies from the impedance spectra shown in Figure

5.44.
300 pm 200 pm 75 1m Macroelectrode
R[Q] |252x10° | 291 x10° 2.35 x 10° 9.74 x 10°
C[F] |944x1071 | 820 x 107 | 1.69 x 1071 | 1.38 x 10~?

w[Hz [ 421 10* | 419x10* | 252x10° | 7.46 x 10*

measurement of a 300 pm electrode with two semicircles. For properly simulating the
impedance data, the equivalent circuit had then to be adapted by adding an additional
R||CPE element. With decreasing electrode diameter, the contribution of this additional
arc diminishes (Figure 5.44 b). In order to investigate if there is a correlation between
the mid-frequency semicircle from macro- and microelectrode measurements, the peak

frequency for both is calculated using
w=—. (5.11)

The resistive (R) and capacitive (C) values for micro- and macroelectrode measurements,
as well as their calculated peak frequencies are listed in Table 5.17. The peak frequen-
cies of the 300 um electrode (4.21 x 10* Hz) and the macroelectrode (7.46 x 10* Hz) are
very similar, supporting the assumption that those two semicircles share the same origin

namely a low conductive inhomogeneity inside the sample.

5.8 Degradation of LLZO garnet material

Degradation in LLZO includes several different topics such as second phase formation
in the garnet, interface formation or ion exchange reactions. To describe each kind of
degradation and its effects would be out of the scope of this work. Therefore only some
aspects of water induced degradation, including ionic performance, structural changes
and chemical inertness will be discussed in this section.

Earlier studies claimed that LLZO is chemically stable against moisture [41]. This
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misinterpretation was partly due to the fact that protonation can help to stabilize the
cubic garnet structure and it does not necessarily slow down the ion conduction. Since
then a lot of research has been done describing the exchange reaction between LLZO
and HyO and the consequences coming along with it [48, 57-60, 62, 63, 65-67, 124, 130—
132, 138, 142-146].

5.8.1 Proton exchange

In case a LLZO sample is stored in ambient air, moisture starts the following chemical

reaction: The initial reaction with LLZO and water from ambient air is

Li7La3Zr2012 + XHQO - Li7,XHXLa3Zr2012 =+ XLIOH (512)

LiOH reacts with carbon dioxide

forming a lithiumcarbonate layer on the surface. The velocity at which such a layer
forms depends on factors like storage, surface roughness, pretreatment, etc. A few days
stored in ambient air are usually sufficient to see contributions from it in XRD patterns.
As a consequence of the incorporation of protons into the garnet, the lattice constant
starts to increase. Yow et al. investigated the lattice constant of LLZTO (Ta: 0.4
pfu) powder and pellets when immersed in water over 7 days by XRD (Table 5.18) [132].
The lattice constant of the powder became larger than for pellets, because a larger active
surface area lead to faster protonation. The increased lattice constants are due to the

replacement of Li-O bonds through weaker O-H bonds [57, 58, 65].

5.8.2 Site occupation

A reason why the effect of moisture has been missed in earlier studies was that protons
have a beneficial effect on the ionic conductivity in the beginning. Generally speaking the
incorporation of H ions results in a disordering of lithium which is a critical factor for

fast lithium diffusion. The disordering usually implicates the distribution of Li-ions on
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Table 5.18: Development of the lattice constant for LiggLagZri ¢Tag 4012 powder and

pellet immersed in water [132].

days powder pellet
0  12.9378(3)A 12.9403(3) A
1 12.9924(7) A 12.9473(3) A
3 13.0274(7) A 12.9493(3) A
5 13.0377(6) A 12.9551(3) A
7 13.0530(8) A 12.9606(4) A

tetrahedral (24d) and preferably octahedral sites (48g, 96h), since we consider a cubic
phase garnet. Different studies tried to analyze the level of occupation and the site
preference of protons [57, 66, 67, 130, 131, 138, 146, 147]. Cheng Ma et al. investigated
hot pressed LLZO immersed in water and proposed that tetrahedral sites are not affected
by the Li™ /H" exchange reaction at all. Some Li-ions are exchanged on 48g sites but
the majority is exchanged on 96h sites. This is in contrast to observations from other
garnets, like LisLagTag/NboO19 where octahedral as well as tetrahedral sites participate

in the Li* /H" exchange reaction [130]. Based on the work of Li et al. for Al stabilized
LLZO (Al 0.19 pfu) levels of site occupation are [49]:

o 24d - 36.0 %
e 485 -25.0 %
¢ 96h - 31.7 %

Only a few publications quantified the amount of Li and H within the garnet. Larraz
et al. found 3.8 Li pfu (54 %) and Galven et al. 2.25 (32 %) Li pfu after degradation
[57, 66]. Furthermore there are differences between Li-5 and Li-7 stuffed garnets. Truong
et al. performed similar experiments, using LisLagM3O12 (M = Nb, Ta) as sample
material. First they could show that a Li-5 stuffed garnet can be protonated even
further than Li-7 stuffed garnets, leaving only 0.6 Li pfu (11 %) after the exchange
reaction of LizLagNboO15. Furthermore, they showed that the exchange reaction can be

enhanced or slowed by B-site elemental variations. Instead of Nb, Ta was used on the
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B-site and after the proton exchange reaction the remaining amount of Li pfu was 1.8 (36
%). The extent to which a garnet can sustain the Lit /HT reaction is unknown. Long
term impedance measurements on Mo stabilized LLZO (0.25 pfu) in wet oxygen ended
with the decomposition of the garnet after 7 days in wet atmosphere. Two explanations

are possible why the structural integrity was altered:
1. The extracted amount of Li passed the threshold of the garnet structure
2. Growing residuals between grains modified the sample until it decomposed

If all the Li could be extracted, then the garnet would be no longer a Li-stuffed garnet

instead it would be a hydrogarnet.

5.8.3 Preparation

Lithium is a highly reactive element and as soon as a fresh source of Li (LioCO3) is used,
for example to weight educts for sample preparation, reaction with moisture will start
immediately. Therefore, degradation will always be present, unless sample preparation
and storage of educts is not entirely done in a sealed atmosphere. Sample preparation
also included thermal treatment, meaning powder/samples are calcinated at 850°C /
annealed at 1230 °C for several hours. Thermo-gravimetric analysis (TGA) showed the

following three steps during thermal treatment [132]:
I T: ~ 250°C - evaporation of adsorbed surface water
II T: ~ 400 — 450 °C - release of HyO from the garnet and of some CO4

IIT T: ~ 500 — 700 °C - release of CO9y

Similar steps were found for a calcinated powder in slightly shifted temperature regimes
(IT: &~ 340 — 550 °C and III: ~ 550 — 900 °C). A comparison between pellet and powder
showed that step II starts earlier for a pellet, so there might be an additional reaction

producing COs. Larraz and Yow proposed the existence of quasi-amorphous hydrocar-
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Figure 5.45: Conductivity development in wet atmosphere using a) porous silver elec-
trodes and b) sputtered Ti/Pt electrodes.

bonates which decompose at these temperatures and release COa.

Lay05(s) + HyO + COy(g) —= Lay(OH)o(CO3)4(s) (5.14)
Lay(OH)5(CO3)a(s) —= Lay0,C03(s) + HyO(aq) + COy(g) (5.15)

Thus after some hours at 850 °C the powder or sample should be free of carbonates and
protons. However, upon cooling Larraz et al. could show the uptake of COs around
500°C [59]. Below 200°C there is another noticeable weight gain, this time attributed
to the uptake of HoO or CO4 [63].

Therefore sintering in ambient air always leads to reactions with water and carbon
dioxide and the easiest way to avoid these contaminations is to use synthetic gases like

No, He, Ar, etc.

5.8.4 Results

lonic conductivity and reversibility

Impedance measurements on Mo (0.25 pfu) stabilized LLZO were done to investigate
the effect of moisture on the ionic performance of the sample. Measurements were

made at RT in a wet oxygen atmosphere. In order to maximize the active surface
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area for exchange reactions, porous silver electrodes were applied on both sides. Figure
5.45 a) displays the development of oy, over 30 hours in wet oxygen. During the
first hours the ionic conductivity dropped slightly, before oy started to increase from
1.97x107* Sem ™! t0 3.26 x107* Sem ™!, After 24 hours the ionic conductivity decreased
again. Reasons behind these conductivity variations remain unknown so far.

To make sure that the investigated effects are not a result of reactions between the
electrode material and water, another sample was investigated using sputtered Ti/Pt
layers as electrode material. The tightness of a sputtered layer should provide some
protection against water driven reactions at the sites of the electrodes. Therefore, proton
exchange reactions should mainly occur at the sample’s sides.

Despite a different electrode material, similar conductivity fluctuations were observed.
A first minor drop is followed by an improved ion conduction (Figure 5.45 b). In order
to investigate the reversibility of the proton exchange reaction during 40 h, electrodes
were removed and the sample was annealed at 700 °C for 1 hour in ambient atmosphere
before impedance measurements were continued. The new bulk conductivity was similar
to the pristine value, which supports the assumption that protonation can be reversed.
Continuing the impedance measurement in wet oxygen yielded again increased conduc-
tivities, but this time changes were more pronounced. The ionic conductivity started
from 2.05 x 107* Sem ™! and reached a maximum of 5.93 x 10~* Scm™!, before the
measurement was stopped. An equilibration state had not been reached, so the ion
conduction probably might have increased even further in a longer experiment.

One has to keep in mind that an ongoing exchange reaction reduces the contribution of
charge transportation from Li-ions. Protonation transforms a Li-stuffed garnet into a
hydrogarnet and a systematic study to understand the effects on partial conductivities
has not been done yet.

At the beginning of Lit /H™ exchange reactions, only an outer shell of a grain is affected
by this reaction. The rest is still Li-stuffed LLZO. Over time the protonated shell expands
and lithium carbonate is likely deposited between grains or on the surface. In order to
test, how far protonation has proceeded for the investigated sample in Figure 5.45 b),

parts of the sample were removed by sandpaper. As a result the bulk conductivity
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dropped from 5.93 x 10™* to 1.16 x 107* Secm™! (green point - Figure 5.45 b) which is
the lowest bulk conductivity measured for this sample.

The loss in ion conduction can be attributed to the diameter reduction, a similar phe-
nomenon has been shown in Chapter 5.1. There, conductivity fluctuations were at-
tributed to inhomogeneous elemental distributions and not to degradational effects since
samples were quickly measured after their preparation. However, a connection between
both experiments can not be ruled out since protonation starts immeadiately when the
sample is cooled after the annealing step. Therefore, the condition of the sample in
terms of protonation progression is not known and can as well play a larger role than

expected.
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Chapter 6
Summary

The ionic conductivity of many LLZO samples of different composition and preparation
procedure or pretreatment could be characterized in detail by impedance spectroscopy
It was shown that microelectrodes (& : 20 — 300 pm) can be successfully applied to a
polycrystalline LLZO garnet sample and allowed microelectrode impedance spectroscopy
studies. Those resulted in local information on bulk ionic conductivities. A comparison
between the effective conductivity of the overall sample and conductivities of local areas
of the sample revealed differences. Locally, conductivities were up to twice the effective
bulk conductivity with a maximum local value of 6.3 x 10~* Sem™!. Moreover, smaller
microelectrodes lead to smaller nominal conductivities which indicates that near to the
surface less conductive regions exist. The sensitivity of microelectrodes towards near-
surface resistive changes was also used to investigate how exposure to ambient air affects
the properties of LLZO samples. A substantial degradation of the local conductivity was
found, particularly for small microelectrodes.

In order to further investigate the extent of degradation, samples were sintered in differ-
ent atmospheres (Ng, wet No, Hy, ambient air) and investigated by measurements using
macro- and microelectrodes. While the overall sample performance hardly changed
(except for one sample most likely due to an inhomogenous phase), local conductivity
measurements again confirmed the existence of a low conductive area near surface.
Reasons behind local conductivity variations were further investigated by a combination

of impedance spectroscopy and LA-ICP-OES. Three different LLZO samples, stabilized
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with Al, were therefore chemically and electrochemically characterized. Microelectrode
measurements revealed the existence of distinct local conductivity variation within in-
dividual samples, but also differences between the samples. LA-ICP-OES was used to
investigate the local chemical composition. Samples showed gradients in the Al and Li
content and also deviations from the nominal values in near-surface regions (too much
Al, too little Li). However, there is no clear trend visible how the elemental variation
relates to the electrical performance. A high amount of Li does not lead to higher ionic
conductivities than low amounts. It is very likely that another yet unknown parameter
(e.g. local lattice or oxygen vacancies) has a higher impact on the ionic performance of
LLZO than the local stoichiometry.

In order to investigate the reproducibility of the sintering method and the homogeneity
of the ionic conductivity on a large scale, numerous Al-stabilized LLZO samples with
identical Al contents were prepared by a nominally identical solid state route and sintered
at 1150 °C and 1230 °C, respectively. In the best case, effective sample conductivities of
about 8 x 1074 Scm™! were obtained, which is among the highest values ever reported
for Al stabilized LLZO. In other cases, effective values with less than 10™% Scm™! were
found. XRPD measurements could not resolve reasons for these variations. The diameter
of several samples was changed by grinding and the samples were repeatedly analyzed
using EIS, which revealed pronounced spatial inhomogeneities in the ionic conductivity.
In most cases the peripheral parts showed higher conductivities than the central sample
parts. For thicker samples (> 2.5 mm) additional non-idealities come into play: grinding
experiments revealed the existence of unwanted side phases near the sample’s core which
were not observed by XRD of the pristine sample, since the penetration depth of the

X-rays was too small.
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