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Abstract

Lithium aluminium titanium phosphate (Li1+xAlxTi2x(PO4)s LATP) is one of the
materials under consideration as a solid electrolyte in future all solid-state lithium-
ion batteries. In this work, | study the evolution of the microstructure of LATP
ceramic samples, sintered between 900 and 1100 °C from Li13Alo3Ti1.7(POa)3
powders prepared via a sol-gel route, by scanning electron microscopy (SEM) and
confocal laser scanning microscopy (CLSM). LATP ceramics are highly brittle and
they degrade under water; therefore, an all-oil-based grinding and polishing route
was developed that does not alter the microstructure during sample preparation

that allows differentiation of different microstructural components.

Sintering temperature dependent evolution of grain size, morphology, and
connectedness as well as secondary phase content are tracked by CLSM and SEM.
In addition to that, transmission electron microscopy (TEM) was used for the
determination of grain boundary width and to identify the amorphous structure of
the secondary phase. Goal of the work is to correlate the microstructure with total,
grain and grain boundary resistance as extracted from electrochemical impedance
spectroscopy via means of distribution of relaxation times (DRT). The latter showed
a grain conductivity almost three order of magnitude larger than that of the grain
boundaries. An increase of total conductivity with grain size is observed, which
correlates with the grain size. However, at 1100 °C, total resistance increases with

excess amount of secondary phase and crack formation comes into account.

In ceramic processing and for final macroscopic conductivity, the presence of
secondary phases and porosity play an important role. In presence of more than
one secondary phase and pores, image analysis must tackle the difficulties about
distinguishing between these microstructural features. Therefore, | come up with a

novel image segmentation and reconstruction method. In this work, we also study



the phase evolution of LATP ceramic samples by the image segmentation method
based on elemental maps acquired in the scanning electron microscope combined
with quantitative analysis of LATP grains. We find aluminium phosphate (AIPO4) and
another phosphate phase containing an only little amount of aluminium. It may
contain lithium, which is not detectable by energy dispersive X-ray spectroscopy
(EDS). The amount of these phases changes with sintering temperature which may
influence the ionic conductivity of the whole material. First: As the grains act as an
aluminium source for AIPOs formation, the aluminium content decreases
decreasing also the intragranular conductivity. Second: Also, the amount of
secondary phase changes from more (Lix)P,0;at 950°C to mainly AIPO4 at 1100°C
sintering temperature, which in addition may influence the grain boundary

conductivity.



Kurzfassung

Lithium-Aluminium-Titan-Phosphat = Li1+xAlTi2-x(POa)s, kurz LATP, ist ein
aussichtreicher Kandidat als Festkorperelektrolyt in Li-lonen Batterien. In dieser
Arbeit wird die Entwicklung der Mikrostruktur von gesinterten LATP-Keramiken,
hergestellt aus Uber die sol-gel Methode gewonnen Pulver, in Abhangigkeit der
Sintertemperatur von 900°C bis 1100°C mittels Rasterelektronen- (SEM) und
Konfokaler Lasermikroskopie (CLSM) untersucht. Dabei wurden die KorngrofRRe, -
form, deren Konnektivitat, sowie der Gehalt an Sekundarphasen und die Porositat

genauer analysiert.

Dartiber hinausgehend wurde auch die Transmissionselektronenmikroskopie
(TEM) verwendet, um die Chemie und Struktur der Sekundarphasen und der

Korngrenzen genauer zu beleuchten.

Ziel der Arbeit ist es, diese Ergebnisse mit dem Gesamtwiderstand der
keramischen Pellets, gemessen mit makroskopischer elektrochemischer Impedanz
Spektroskopie (EIS) zu korrelieren. Hier standen auch noch Uber die
temperaturabhangige Verteilung von Relaxationszeiten (DRT) abgeleiteten Korn-
und Korngrenzwiderstande zur Verfligung. Diese zeigten, dass der Haupteinfluss auf
den Gesamtwiderstand die Korngrenzleitfahigkeit ist. Die Gesamtleitfahigkeit der
Keramik wird dadurch hauptsachlich durch die KorngroRe bestimmt und steigt mit
der KorngrofRe. Bei 1100 °C steigt der Gesamtwiderstand aufgrund anderer

EinflUsse.

Bei technischen Keramiken allgemein und in diesem Fall bei dem Einfluss auf
die Gesamtleitfahigkeit spielt die Anwesenheit von Sekundarphasen und von
Porositdt eine entscheidende Rolle. Da sich durch das Vorliegen von zwei
Sekundarphasen und Porositat die die quantitative Bildanalyse schwierig gestaltete,
wurde diese zusatzlich an Elementverteilungskarten durchgefiihrt und das
Gesamtgeflige aus diesen verschiedenen Bildern rekonstruiert. Als Sekundarphase

wurden Aluminiumphosphat (AIPOs) sowie ein weiteres Phosphat ohne



nennenswerten Aluminiumgehalt beobachtet. Da Lithium nicht mit Energie-
dispersiver Rontgenanalyse (EDX) detektiert werden kann, kdnnen wir die Prasenz
von Lithium in dieser Phase nicht ausschlieRen. Mit der Sintertemperatur nimmt
der Gehalt an dieser Phase ab, wahrend der Anteil an AIPO4 steigt. Dies kann zum
einen den Korngrenzwiderstand erhohen, wenn diese mit AIPOs anstelle von
Lithiumphosphaten benetzt werden. Zum anderen fiihrt die Bildung von AIPO4 zu
einer Abnahme des Al-Gehalts in den Kornern und damit zu einem Anstieg des
Widerstandes innerhalb der Korner. Beides sind negative Einflisse auf den

Gesamtwiderstand.
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Chapter 1 : Introduction

1.1. Sustainable energy

Revolutionary changes have been taking place in science and technology since
the start of the modern era. New inventions easily take their place in daily life of
people. Cell phones and tablet computers are visible at-a-glance, televisions are
considered even classical nowadays. These changes also bring forth a tremendous
energy demand alongside. Moreover, developing countries require more and more
energy year in and year out in correlation with their economic developments. It is
expected that the total energy consumption of the developing world predominate
over the rest of the world within the next thirty years [1]. Also considering the
growth in human population, this enormous energy demand will increasingly
continue in the future. The increase in global primary energy consumption was 1%,

0.9% and 1% in 2016, 2015 and 2014, respectively [2].

Despite the increasing world energy demand, there are some drawbacks of
the currently dominating energy resources. Most of the energy is produced via
fossil fuel consumptions nowadays [3]. However, fossil fuels are not sustainable
sources of energy because of the simple fact that there are limited sources of fossil
fuels. This lack of sustainable sources is a possible reason for political problems.
Their extensive use also started deteriorating the climate. There are concerns that
the earth might get warmer by 1-5 °C through the next century [4]. Rising sea levels

are also associated with the extensive use of fossil fuels [5].

Considering the negative sides associated with the use of fossil fuels, a new
approach is required in the area of energy consumption. The best alternative to
currently dominating energy consumption habits is to switch to sustainable energy

usage. It requires a great wealth of due-diligence. On the other hand, there are
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various sustainable energy alternatives such as wind farms, geothermal power
plants, photovoltaic cell farms and hydropower dams. Several examples of power

plants employing suitable energy resources are depicted in Figure 1.1.

Solar thermal farm

Figure 1.1: Exemplary power plants: a hydropower plant from Turkey [6], a solar thermal

farm from USA [7], an offshore wind farm [8] and a solar farm from Germany [9].

Fossil fuels are both energy sources and storing the fossil fuels means storing
energy at the same time. However, this is not the case for sustainable energy
sources since they are usually used to generate electricity. Hence, there might be
ups and downs in the energy production in this manner, for example photovoltaic
panels only generate electricity through the day time but not through overnight.
Similarly, there might be fluctuations depending on weather and seasons. The

efficiency of hydropower plants is affected by rains as well as seasons. Therefore,
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Chapter 1: Introduction

for an effective use of sustainable energy sources, compatible energy storage

technologies are essential.
1.2. Batteries

With the change to renewable energies, the demand for energy storage
systems increases. One quite established technology to store energy for mobile and
stationary applications are batteries. A Battery is an electrochemical cell that
transforms chemical into electricity. During the course of operation, the positive
side of a battery is called cathode while the negative side is called anode. For
energy storage only rechargeable batteries are applicable. Types of batteries range
from lead-acid batteries to lithium-ion batteries. While in the first one chemical
reactions take place at the electrodes, in lithium-ion batteries, which are

abbreviated as LIBs, lithium ions are intercalated in the electrode materials.

LIBs are important in daily life since they are used in home electronics as well
as portable electronics. Moreover, the use of LIBs is getting more and more space in
military,  battery electric vehicle (BEV), entertainment, computing,
telecommunication and aerospace applications in a society that puts an
unprecedented value on information [10]. The costs of LIBs™ application in battery
packs for electric vehicles are rapidly falling [11]. The main reason why lithium
among the other metals is preferred lies under the fact that lithium is the most
electropositive metal, which exhibits -3.04 V versus standard hydrogen electrode.
Furthermore, it is also the lightest metal, its equivalent weight M is equal to 6.94 g
mol? and its specific gravity is equal to 0.53 g cm™3. This allows the systems
providing high energy and high power densities [10]. In addition to this, LIBs exhibit
only a tiny memory effect [12]. Due to all these positive sides of LIBs, they are not
only a part of current world, but they are also promising for the future and research

is on-going to improve the quality of them.
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The middle part of batteries is called electrolyte. This needs to be conductive
for lons move through electrolytes but not for electrons, so that electrochemical

reactions can take place and energy can be transferred to an external circuit.

The lithium-ion batteries available on the market nowadays work with organic
liquid or gel electrolytes. However, liquid electrolytes have the drawbacks of being
inflammable and requiring a leak tight battery case, which reduces the specific and
volumetric energy density and adds additional costs. There were some recalls from
some companies due to issues related to batteries; this includes the “Samsung
Galaxy Note 7” recall because of the battery fires. Another drawback observed in
the current lithium-ion batteries is their electrochemical instability because of the
unstable lithium growth in the course of battery recharging [13][14]. Dendrites of
lithium might be formed at the electrolyte-electrode interfaces of the batteries that
employ organic liquid electrolytes. This can lead to short circuits or a decrease in
battery capacity [10]. There is also the risk of freezing for the case of liquid or gel
electrolytes [15]. Also, liquid electrolytes are hazardous to humans and the
environment. All these properties are associated with the structure and/or the
chemistry of components in use and the quest for better battery components is and

must be going on.
1.3. Solid state batteries/electrolytes

Inorganic solid-state lithium-conducting electrolytes are being considered as
potential candidates for next-generation lithium-ion batteries due to the
aforementioned drawbacks of the organic liquid or gel electrolytes. The integration
of inorganic solid-state lithium-conducting electrolytes into a lithium-ion battery
with solid-state electrodes, instead of the liquid or polymer electrolytes are called
all-solid-state lithium-ion batteries (ASSLIB). This technology is being considered as
a real alternative to current lithium-ion battery technology employing liquid
electrolytes, and it is expected to reach its full potential in the near future. The

electrification of cars and even trucks is being considered as an important step in
4
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transportation technology and it is also expected that they will be powered by

ASSLIBs in the near future.

Ogava et al. showed that ASSLIBs can perform very well under a wide range of
different operating temperatures [15]. The use of inorganic solid-state lithium-
conducting electrolytes allows to overcome the key limitations of current
technology associated with the use of the organic liquid or gel electrolytes, such as
flammability and electrochemical instability [16]. Moreover, they can block finger
like lithium-dendrite growth and therefore provide a safer battery design. They do
not require a leak tight packaging which means less inactive material. Their
tolerance to high temperatures is their most important advantages and also the

long-term stability is considered to be higher.
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Figure 1.2: Schematic diagram on the electrochemical window and the lithium chemical

potential profile in an all-solid-state lithium-ion battery [17].

Despite all its advantages, developing inorganic solid-state lithium-conducting
electrolytes of lithium-ion conductivity comparable to state-of-the-art liquid
electrolytes with conductivities = 1 mS cm, however, is a multi-scale challenge [18].

Criteria to tailor charge-transport properties in solids extend from atomic-scale
5
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properties [13][19] over microstructural features related to intergranular contact
[20] and secondary-phase formation [21] to interface issues in the full battery cell
[22][23]. It is also expected that these electrolytes should be non-toxic, and they

should not be expensive.
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Figure 1.3: Electrochemical window of solid-state electrolytes and other materials [17].

Considering the overall advantages of inorganic solid-state lithium-conducting
electrolytes over the liquid and gel electrolytes, a lot of effort have been devoted to
develop various types of lithium ion conducting solid-state electrolytes, so far [24].
Promising ionic conductivities have been reported for LisN [25], perovskite type
Lay/3-«LixTiO3 [26], garnet type LizLasZr,O12 [27], thio LISICON-type LiioGeP2S12 [28],
B»S3—Li,S—Lil glass [29], and NASICON-type Li1xMyTiz2x(POa4)3 [30][31].

Zhu et al. carried out first-principles calculations to study the electrochemical
stability of lithium conducting solid-state electrolytes in all-solid-state lithium-ion
batteries [17]. A schematic diagram on their studies is provided in Figure 1.2. They

found out that great stability of the solid-state electrolytes is not

6
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thermodynamically intrinsic; however, it arises due to kinetic stabilizations.
Decomposition reactions have a cumbersome nature and they result in a high
overpotential that leads to nominally wide electrochemical window. Their results
suggest that the design of the interfaces and the decomposition interphases of the
solid-state electrolyte are very important for the battery performance. Interphases
exhibiting good electronic insulation and high lithium ion conductivity should
employed so as to achieve an interface having a good stability and low resistance.
They found that for Sulfide-based solid-state electrolytes the electrochemical
window is significantly narrower than the of oxide-based solid-state electrolytes
[17]. Despite the importance of interfaces, the current knowledge on the kinetics at
the interfaces is poor. Wenzel et al. developed an in situ method to investigate
interfacial reactions by photoelectron spectroscopy where they employ internal
argon ion sputtering in a photoelectron spectrometer to deposit lithium on the
specimen surface and to study the reaction between metal and solid-state
electrolyte via photoelectron spectroscopy after lithium deposition [32].
Electrochemical window of solid-state electrolytes and other materials are shown in
Figure 1.3 for a comparison. Focusing on solid-state electrolytes that can be
processed under dry-room conditions, NASICON-type (Na Super-lonic Conductor)
Liz+xMxTi2x(POa)3 lithium-conducting solid electrolytes are the materials of choice,
as they combine high lithium-ion conductivity with stability under air [33][34] and
electrochemical stability window from 2.17 V to 4.21 V [17]. This allows the
fabrication and operation of an all phosphate all solid state battery with LixV2(POa)3

as cathode and LixTi2(POa)3 as anode materials over many cycles [35].






Chapter 2 : Fundamentals

2.1. NASICON structure

The advantages of NASICON-type (Na Super-lonic Conductor) Liz«xMxTiz-
x(POa)s3 lithium-conducting solid-state electrolytes among the other solid-state
electrolytes are discussed in the previous chapter. The ionic conductivity of the
pure compound LiTi2(POa4)s is too low to be employed in an all-solid-state cell. Aono
et al. demonstrated that partially substituting titanium with trivalent metal ions,
Liz+xMxTi2x(POa)3 (M = aluminium, scandium, yttrium, lanthanum, gallium, iron,
indium, lutetium, or chromium) enhances the lithium-ion conductivity for x around

0.3 for all M3* ions except for chromium [30][31].

The main difference between substituting titanium with different elements is
that each element has a different ionic radius. As an example, the ionic radius of
aluminium cation is equal to 0.535 A, while titanium has a radius of 0.605 A.
Therefore, the ionic radius of aluminium cation is smaller than the radius of
titanium. On the other hand, chromium cation, iron cation, indium cation, gallium
cation, and scandium cation have the radiuses of equal to 0.615, 0.645, 0.80, 0.62,
0.745 A, respectively. Therefore, all of them have a higher radius than titanium [36]
and a direct relation to the ionic radii was not found by Aono et al. [30][31]. More
influence on the conductivity was observed in the relation to porosity which is

reduced upon substitution.

NASICON-type material LiTi2(PO4)s has a rhombohedral structure (with space
group R3c). It has a three-dimensional framework with alternating vertex-sharing
MOe¢ octahedra and POastetrahedra. MOg octahedra are positioned on the threefold
axes of the unit cell, and lithium ions occupy the octahedral voids in the polyanionic
[Ti2P3012]" framework. The phosphate backbone of the structure of L(A)TP with low

packing density paves a way for channels where enough number of compensating

9
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cations can find a place. In the NASICON framework, two different positions for the
mobile lithium ions can be separated from each other. This position M1 in an
octahedral void with threefold symmetry is on Wyckoff position 6b (0 0 0) in the
space group R3c [37]. The M1 site is connected in a hexagonal plane to two other
M1 sites and four M2 sites, and out of plane to four M1 sites and four M2 sites. The
other void M2 is located M2 is located at 0.667, 0, 1/4 (or at 0, 0.333, 1/12), in
Wyckoff position 18e with site symmetry 2 [37]. The M2 site has 6 nearest
neighbour oxygens and is larger than M1 site. As the multiplicity is three times
higher than that of the M1 site, the M2 site is partially filled with lithium ions. The
M3 and M3’ sites [38] are distorted (slight shift) M2 sites.

M1(3b)( )
M’3 site

Figure 2.1: M3 and M’3 positions are shown in LisTiz(PQa)s structure [38].

The structural effects of the partial substitution of tetravalent titanium in
LiTi2(POa4)s via trivalent aluminium was reported by Dashjav et al [39]. During the

substitution, lithium atoms maintain charge neutrality. Apart for the fully occupied

10
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lithium position 6b site (Lil), excess lithium ions are refined at 6a site (Li2). As
conduction path the cavities around the 6a site are proposed. With a thermal
treatment at 1050 °C, they observed small amounts of LiTiOPO4 phase; however,
this does not change the crystal structure and the ion conduction of the main
NASICON phase. Arbi et al. [40] report that lithium migration in LATP takes place

between Lil (6b) and Li3 in general position.

In addition to rhombohedral NASICON-type materials, a triclinic phase was
also observed once the size of the tetravalent cation increases. In this triclinic phase,
lithium ions locate between M1 and M2 sites in four-fold oxygen coordination
[41][42]. In another report by the same research group, Lio.sMnosTi1.sCros (PO4)s3
samples are studied [43]. It is found that manganese and lithium ions occupy M1

sites and electrochemically intercalated lithium ions are localized at M2 site.

Vibrational spectra studies show that phosphate bending modes are distorted
more with the insertion of lithium ions compared to the stretching modes of
phosphate which is supported by infrared measurement for v4 mode and Raman
measurements for v, mode. Phosphate bending modes are more localized
compared to its stretching counterparts; therefore, even small changes in a unit cell
can easily affect bending modes. The lithium ion concentration does not have any
effect on the frequencies of vibrational modes. LisTi2(POa)3 bands are only observed
in infrared measurement while they are not observed in Raman measurements
despite the fact that lithium ion cage modes are Raman active modes. This is
because such vibrations usually bear small polarizability. Therefore, lithium ion cage
modes do not generate enough Raman intensity [44], which would make it really

difficult to study the lithium ion conduction pathways via Raman spectrometry.

11



Chapter 2: Fundamentals

2.2. Lithium aluminium titanium phosphate (LATP)

The NASICON-type lithium aluminium titanium phosphate (LATP) is obtained
via partial substitution of titanium in LiTiz(POa)s by aluminium cation, with the
chemical formula of Li13Alo3Ti1.7(PO4)s. Since the discovery of LATP [45], several
different synthesis techniques of LATP has been reported and the resulting samples
exhibit some different ionic conductivity values: cold press and sintering route [46];
sol-gel synthesis route [47][48][49][50][51][52], Sol-gel and colloidal crystals [53],
solid state reaction method [51][54] , glass-ceramic route [55][56], rapid quenching
method (explosion method) [57], mechanical milling method [58][59], spray

granulation method [60] and tape casting method [61].

All different synthesis methods of LATP have their advantages and
disadvantages. For example, solid-state synthesis route is more appropriate for
mass production. On the other hand, that method suffers from the contamination
and/or formation of excessive amount of secondary phases. Sol-gel synthesis route
may solve the aforementioned problems of the solid-state synthesis route;
however, it has the drawbacks of using toxic and flammable solvents like ethanal,
acetylacetone and methanol. Use of such chemicals may pose a risk for the

environmental safety and also complicates the mass production.

In the case of partial substation of M trivalent metal ions in NASICON-type
Li1+xMxTi2x(POa4)3 lithium-conducting solid electrolytes, researchers Aono et. al. [30]
did not see an influence of the ionic radius; however, attributed a lot of
contribution to the increased conductivity to the increased density of the pellets
and also the increase in the amount of lithium ion concentration. During the partial
substitution of titanium in LiTi2(PO4)s3 by aluminium, anisotropic linear decrease in
lattice constants was observed with an accompanying increase in aluminium
content until x = 0.4 since the ionic radius of aluminium cation is smaller than
titanium radius. The hexagonal R3c structure has highly anisotropic thermal

expansion and also on lithiation [38]. The observed stoichiometric limit in Aono’s
12
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report for a single-phase formation was x = 0.3. Until that point, an increasing
conductivity was observed with an increase in x. However, a secondary phase was
formed for x > 0.4, where conductivity commenced decreasing. Furthermore,
substitution limit of T** by AI** was found to be around x = 0.4 [30]. Moreover, no
correlation was observed at all between conductivity and variation of cell constants
via aluminium substitution. In general, three different types of systems were
examined: LiTi2(POa)s, LiTi2(PO4)s + LisM2(POa)s mixed phase system and Li1+xMxTi2-
x(POa)s single phase system [30], conductivity is increasing in the given order. For
the case of mixed phase system, the main conductive part is LiTiz(PO4)s and
secondary phase LisM2(POa4)s; has a relatively low conductivity [30][45]. Lithium ion
transport properties of NASICON-type solid-state electrolytes Li1+xCrxTi2-x(PO4)3 and
its aluminium substituted analogue Li1.4AlxCro.axTi2-«x(POa4)s were studied by Zhang et
al [47]. They observed an enhancement in the lithium ion conductivity of samples
after partial substitution of chromium by aluminium and they attribute this

enhancement mainly to the decrease of the grain boundary resistance.

Within the crystal structure, the lithium ion diffusion along the pathways is
affected by size of bottlenecks. Therefore, the increase in lithium-ion conductivity
in the substituted systems was also attributed to the modification of the
bottlenecks of lithium ion conduction and an elevation in the mobile lithium ion
concentration in some studies [62][63][64]. Juarez et. al. [65] also studied the effect
of partial substitution. They found that the activation energy of lithium ion
conduction depends strongly on the bottleneck size between M1 and M2 sites as

well as to the interactions of lithium—lattice and/or lithium—lithium.

On the other hand, Nuspl et al. [66] carried out molecular dynamics (MD)
simulations that shows substituting titanium via aluminium can only slightly
influence the activation energy of lithium ion transport. Hong et al. [67] shows
that the diameter of the narrowest bottleneck calculated from the discrete oxygen

positions must be bigger than twice the sum of radii of mobile ion and oxygen ion

13
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for high ionic conductivity. Nairn et. al. [68] and Forsyth et. al. [69] revealed via
Nuclear magnetic resonance spectroscopy (NMR) studies that some of the
substituted aluminium ions take their position in the tetrahedral sites rather than
locating at Ti** site 12c. This can result in the formation of a glassier phase and
elevated sinterability. Takada et al. [70] and Forsyth et al. [69] compared LTP and
LATP in their NMR reports, and they found that the partial substitution of titanium
by aluminium only paves way to some small changes in the line widths, that shows
that only a small effect of aluminium content on the lithium ion conductivity of

LATP samples.
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Figure 2.2: Effect of aluminium content x on lithium-ion conductivity studied by starting

material chemistry [30] and also by atomic emission spectroscopy [71].

Recently, the increase in conductivity on substituting titanium by aluminium
in Li1+xAlTiz«(PO4)3 was shown independently on microstructural effects on single

crystals by using micro-contacting reaching a maximum at x = 0.4 [57]. They
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measured the chemistry of the system via atomic emission spectroscopy shown in

Figure 2.2.

The lithium ion diffusion pathways within the Lii3Alo3Ti17(POa)s crystal
structure was also recently revealed by high-resolution synchrotron and neutron
powder diffraction to be along paths connecting Lil (6b) and Li3 (36f) sites [72][40].
Lithium-ion diffusion pathways within LATP proposed by Monchak et. al. is given in
Figure 2.3. This structure [72] differs from another one proposed for
Li1.2Alo2Ti1.8(PO4)3 only in the positions of the excess lithium which in this case
should occupy the 6a site instead of 36 f [39]. Redhammer et al. reports that in
LATP titanium replacement scales very well with aluminium and lithium
incorporation. Additional lithiums position at the M3 cavity and these partially
occupied sites are considered as responsible for increased lithium ion conductivity

in LATP compared to LTP.
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Figure 2.3: Lithium-ion diffusion pathways within LATP [72].
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Generally, the total conductivity in polycrystalline ceramics is determined by
both, the ‘bulk’ (intragrain) conductivity o, and the grain-boundary conductivity og.s.
Depending on the ratio of those conductivities, conduction paths are either through
grains and across grain boundaries for o, >> 04, or along grain boundaries for the
opposite case 04 << 0g.p. For the system studied in our case already Aono et al. [6]
reported high grain conductivity. Exploiting impedance analytical data, the impact
of grain boundaries on the total ionic conductivity can be estimated in terms of a
‘brick-layer’ model (BLM) [73][74]. In its most basic form, however, the BLM
assumes a rather idealized microstructure with uniform cubic shaped grains
separated by thin grain boundaries and main required inputs are grain size and
grain boundary thickness. For highly resistive grain boundaries Fleig tried to adapt
the BLM to non-ideal microstructures by introducing insulating secondary phases in
part of the grain boundary which is then included by the contact ratio, which
describes the ratio of direct grain to grain contacts and the area of contacts blocked
by insulating secondary phases [75][76]. In a later work, he also incorporated the

non-cubic shaped grains with non-monodisperse grain size [77].

For the present material, impedance measurements give a grain conductivity
that exceeds the grain-boundary conductivity by almost three orders of magnitude
[78]. Hence, conduction pathways are expected through grains and across grain
boundaries. Other groups studied the correlation between microstructure and ionic
conductivity in dependence of sintering time for LATP, and best ionic conductivity
was observed for short sintering times and small grain sizes [79]. For the poorer
conductivity for long sintering times, cracks in larger grains were claimed to be a
possible reason by Hupfer et al. [79]. Cracks were found to originate at the
interface of LATP grains and AIPO4 secondary phase by Waetzig et al. [80]. They
identified two different mechanisms leading to crack formation. Firstly, at the
sintering temperature of about 950 °C, Li,O vaporization results in the partly phase
transition of LATP into AIPO4 secondary phase and oxides. AIPO4 secondary phase

was observed to show microcracks due to the lattice shrinkage. On the other hand,
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at this temperature, the change in microstructure is not dramatic; therefore,
lithium ion conductivity is still high. Secondly, at the sintering temperatures of
above 1000 °C, grain coarsening and thermal expansion anisotropy lead to
microcracking. These extreme alterations in microstructure result in a decrease of

lithium ion conductivity of samples [80].

High conductivity for small grain sizes was observed in Nai3Alo3Ti1.7(PO4)s
sintered at different temperatures, but the grain/bulk conductivity is smaller for
sodium ion compared to lithium ion [81]. Thokchom et al. also reported for LATP
ceramic samples that smaller grain size and their narrow distribution increases the
ionic conductivity. They also observed that most of the AIPO4 secondary phase

locates at the grain boundaries [82].

In a more recent work on LATP ceramic samples, Hupfer et al. [50] studied the
influence of the addition of small amounts of LiTiOPO4 to LATP and LTP (Li1Ti2(POa)3)
on the microstructure and ionic conductivity. They found 5% addition of LiTiOPO4 as
an optimum to limit the amount of AIPO4 non-lithium-conductive secondary phase
during sintering, but not fully suppressing its formation to still benefit from the fact
that it inhibits abnormal grain growth [50]. A sintering temperature of more than
1100 °C is required for densification of a pure LTP phase. They found that the
addition of LiTiOPO4to LTP decreases the sintering temperature of pellets, but still a
minimum sintering temperature of 1050 °C is needed for the densification of pellets.
Also, the addition of LiTiOPO4 to LTP produce more homogenous samples. On the
other hand, the addition of LiTiOPO4 to LATP increases the sintering temperature of
pellets from around 850 °C to 900 °C and leads to inhomogeneity. An improvement
of lithium ion conductivity was observed for 5% addition of LiTiOPOsto LATP. On
the other hand, they could not provide any quantitative information about the
grain size distributions due to the fact that secondary phase and grains exhibit very
similar colour and an automatic separation of these microstructural components

were not possible [50]. Aono et al. [83][84] reported the increased densification by
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adding lithium salts (Li3POas, Li;O, Li,P407) to LisTi2(PO4) and LATP which could also
assist in increasing grain boundary conductivity. A similar behaviour was observed

for LAGP with excess lithium by Chun et al [85].

Duluard et al. [86] prepared LATP ceramic pellets via spark plasma sintering
and observed the lowest lithium ion conductivity at the sintering temperature of
1000 °C. They interpret the decrease in lithium ion conductivity in terms of the lack
of cohesion between the large grains. Interestingly, at the other sintering
temperatures (850, 900 and 950 °C), such a drop in lithium ion conductivity was not
observed despite the regions with large grains. Therefore, they conclude that large
grains are not deteriorating lithium ion conductivity when small grains are present
together with large ones, because small grains provide a better cohesion. They
mention that investigations are going on to determine the origin of this
phenomenon. On the other hand, a statistical grain size distribution is not available
in this study. Another report from the same research group attributes the high
lithium ion conductivity of samples to the high purity level of LATP samples, low
amount of AIPO4 secondary phase, optimum grain sizes and optimized calcination

steps [87].

The effect of powder calcination temperature on the lithium ion conductivity
of LATP ceramic pellets was studied by Schell et al. Calcined samples are sintered
and the highest lithium ion conductivity was observed for the samples calcined at
the temperature of 900 °C. In addition to that, quite homogeneous microstructure

is observed for these samples.

Kotobuki et al. studied the effect of phosphate source on the lithium ion
conductivity of samples. They prepared LATP solid electrolytes by means of
coprecipitation using various phosphate sources such as H3POs, NHiH;POs or
(NH4)2HPO4. They found that the type of phosphate source has an effect on the
sintering behaviour and secondary phase formation in LATP. Therefore, lithium-ion

conductivity is also influenced by the starting phosphate source. The LATP ceramic
18



Chapter 2: Fundamentals

samples prepared using NH4H;POs as a phosphate source showed the highest
lithium-ion conductivity because these samples did not show impurities and had
less grain boundaries, which result in a higher grain to grain boundary volume ratio

and decreases the length of lithium ion conduction pathways [88].

One of the problems faced during microstructural studies is the degradation
of LATP in the course of water based metallographic sample preparation processes.
Therefore, it was aimed to develop a non-water based metallographic sample
preparation route so as to make the microstructural characterization of LATP

samples possible.

For the LATP ceramic samples sintered at different temperatures, both the
grain and overall conductivity changes with increasing sintering temperature, and in
order to understand the reason for this behaviour, it is of importance to study the
microstructure of LATP ceramic pellets. Therefore, it is aimed to provide a better
understanding on the sintering temperature dependent evolution of
microstructural properties such as grain size, grain morphology, connectivity of
grains, the amount and type of secondary phases and their connection with LATP
bulk chemistry and eventually the relation between all these properties and lithium
ion transport characteristics of LATP samples. It is aimed to provide an improved
microstructural characterization of LATP ceramic pellets via a combined confocal
laser scanning and scanning electron microscopy investigation of LATP. Use of a
correlative microscopy in the investigation of LATP ceramics was reported by us
before via a correlative SEM-AFM approach [89]. However, a combined SEM-CLSM
approach allows a statistical study of LATP ceramics and their sintering temperature

dependent evolution.

In the presence of more than one secondary phase and pores, image analysis
must tackle the difficulties about distinguishing between these microstructural
features. So as to overcome such difficulties, it is aimed to develop novel image

segmentation and phase map reconstruction recipe for quantitative phase map
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analyses which utilizes high quality Energy-dispersive X-ray spectroscopy (EDS)
maps. These microscopic techniques are employed to provide a better
understanding on the sintering temperature dependent evolution of different
phases, their relationship with the LATP bulk chemistry and their overall correlation
with the lithium ion conductivity of LATP samples retrieved from impedance

analyses.
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The aim of this chapter is to describe the methods used in the synthesis,
metallographic sample preparation and characterization of LATP ceramic pellets.
The main focus is on the combined microscopy techniques. Descriptions of all these

methods can be found below.
3.1. Pellet fabrication

LATP-powders were synthesized by an oxalic acid supported conventional sol-
gel method. In the synthesis route, 25mL of Ti(OCsHs)a (> 97.0%) was mixed with
50mL NH4OH (Sigma-Aldrich, 28-30% solution), which then produced a white
gelatinous precipitate. The precipitate was cleaned with a large amount of
deionized water to get rid of the excess base and put into 100 mL of deionized
water (> 99.9%). 200mL of 1M oxalic acid (Sigma-Aldrich, 99.9%) was added into
this solution, which produced a clear solution of H3[TiO(C204):]. Stoichiometric
AI(NO3)3 - 9H,0 (> 98.0%)(Sigma-Aldrich), (NH4)2HPO4 (> 98.0%)(Sigma-Aldrich) and
5% excess LICOOCHs; - 2H,0 (> 98.0%)(Sigma-Aldrich) were dissolved in water
added into the H»[TiO(C204);2]-solution in a slow manner so as to clear it under
stirring. The final solution was then heated on a hot plate at 60 °C overnight under
very strong stirring. Finally, the temperature was elevated to 140 °C until the
evaporation of water takes place giving a white precipitate of well mixed precursors
for annealing. Afterwards, precursors were ground. The mixture was then pre-
annealed in the air for 5 hours at 850 °C with the heating rate of 100 °C per an hour.
Holding time and heating rate was optimized according to phase purity and lithium

ion loss.

The pre-annealed Li13Alo3Ti1.7(PO4)s powder was first ground, filled into dies
and uniaxially pressed to cylindrical pellets of 10 mm diameter with 20 kN.
Subsequently, the pellets were densified by cold isostatic pressing for 10 s at 1425

kN. These pellets were sintered in the air atmosphere for 8 hours at different
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temperatures from 900 °C to 1100 °C in 50 °C steps. Ceramic pellets were covered
with a parent powder in order to avoid from lithium-ion loss as well as

contamination from the crucibles.
3.2. Grinding and polishing procedure

3.2.1. Grinding

For microscopic investigations, LATP ceramic pellets were firstly glued on the
top of the moving part of the sample holder with crystal bond. Grinding is the first

step to be taken during the course of mechanical material removal.

When carried out in a proper manner, with grinding, it is aimed to remove
deformed/damaged surface material at the same time hedging the possible extra
surface deformation. The purpose is to reach well-defined plane surface. Fixed
abrasive particles that can produce chips of the samples are employed. Using sharp
abrasive grains provide the highest removal rate. During the course of grinding,
firstly, the grains of the abrasive material, which are glued to sandpaper surface,
get in contact with the sample surface. Formation of chips starts when abrasive
grains enter the sample. As the grinding procedure continues, the chip removed
from the sample surface grows. Finally, abrasive grains leave the sample surface the

resulting in some scratches in the sample surface.

Due to the fact that LATP ceramics are water sensitive, water is not used in
any of the grinding steps. Rather, grinding routes based on oil are developed and
optimised which would allow differentiating the microstructural components
clearly. Initially, samples are ground with 15 um (FEPA-Norm 1200), 10 um (FEPA-
Norm 2400) and 5 um (FEPA-Norm 4000) silicon carbide (SiC) sandpapers, in the
respective order with a commercially available oil-based lubricant solution (Cloeren
Technologies). In order to get rid of the deformed/damaged part of the sample

surface, at least three times of the size of the respective sandpaper was removed
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from the sample surface. The amount of the removed sample surface can easily be

checked via the reading of the micrometre screw of the sample holder.

Sample holder

3 pm MetaDi
oil-based diamond suspension

Grinding

Grinding machine

Polishing

1 pm MetaDi
oil-based diamond suspension

Sandpaper grinding
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Figure 3.1: The sample preparation route in the respective order from top to bottom and

left to the right.

3.2.1. Polishing

Similar to grinding, polishing is also used to remove the damage/deformation
staying from the previous steps of grinding/polishing. Polishing is the last finishing

processes for smoothing a sample surface. The use of water is avoided during the
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course of polishing likewise the grinding steps. For polishing, a smaller chip sizes are
considered so as to get a sample surface without scratches and
damage/deformation or at least with a minimum amount of them. Therefore,
unlike grinding procedure, more resilient polishing clothes were employed. To start
with, polishing was applied with oil-based diamond suspensions with particles sizes
of 3 um and 1 um (Buehler, MetaDi, oil based) in order to approach the chip size of

near zero.

In the last polishing step, a water-free suspension of a blend of high-purity
alumina and colloidal silica with a particle size of 0.05 um (Buehler, MasterPolish)
was used. It is important to keep the force applied on the sample holder as low as

possible to keep the chip sizes approaching to almost zero.

After polishing procedure is completed, the samples were cleaned under pure
isopropyl alcohol in an ultrasonic bath for 10 minutes, and then they were wiped
with cotton swabs thoroughly and meticulously. This sample preparation route is
schematized in Figure 3.1 with a respective order from left to right and top to

bottom.
3.3. Impedance spectroscopy

Both sides of LATP samples were coated with a gold layer of 450 nm
thicknesses using a sputter coater (BAL-TEC SCD 050, Balzers, Germany). Impedance
measurements were carried out using a potentiostat (VSP-300 potentiostat, Bio-
logic Science Instruments, Claix, France) at an excitation amplitude of 5 x 103 A

from f=3x10° Hz to f = 1 x 102 Hz.
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3.4. Microscopy

3.4.1. Optical microscopy

Optical microscope, which is also usually called as the light microscope, is a
type of microscope which employs visible light and also a set of lenses in order to
enlarge small objects via angular magnification, providing the user a
magnified virtual image. In this study, optical microscope feature of Olympus LEXT

(OLS4100, Japan) was used to retrieve initial information on the polished samples.
3.4.2. Confocal laser scanning microscopy

The Confocal laser scanning microscopy (CLSM) is an optical imaging and
characterization technique. It is used to increase the optical resolution and contrast
of images via employing a spatial pinhole so as to block light which is out of focus

during the course of image formation.

It is quite similar to a conventional optical microscope. However, in a
conventional microscope the whole sample is illuminated. CLSM allows taking many
two-dimensional micrographs with different depths in specimens, and using them
to reconstruct three dimensional structures, this is called as optical sectioning.
Despite some of its similarities with light microscopes, there are some main
differences. In CLSM, laser light has a 405 nm wavelength while a conventional
optical microscope uses visible light with a wavelength of 550 nm. Therefore, CLSM

allows a highly controlled and limited depth of focus.

A 3D measuring confocal laser scanning digital microscope (CLSM) (Olympus
LEXT OLS4100, Japan) was employed to carry out microstructural investigations on
polished samples. High-resolution images were recorded with 50x and 100x
objective lenses, which both have a numerical aperture of 0.95. A suitable sample

holder was prepared in a metal lathe to put the samples that were previously glued
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on top of stubs. In this manner, the goal is the keep the samples during the course

of CLSM imaging.
3.4.3. Electron microscopy

Unlike the light microscopes which employ light to illuminate, the source of
illumination in electron microscopes is an accelerated particle beam of electrons.
Electron microscopes are capable of providing higher lateral resolving capability
than light microscopes because of the fact that the wavelength of an electron is up
to a hundred thousand times shorter compared to that of visible light photons. At
an acceleration voltage of 10 kV, electron wavelength is equal to 0.0122 nm. This
feature of electron microscopes allows the detection of smaller objects during the
course of imaging. In all types of electron microscopes, electromagnetic and/or
electrostatic lenses are employed in order to determine the path of electrons and
also to focus them to form an image because glass lenses, used in light microscopes,
would have no effect on the electron beam at all. Electromagnetic lenses are
designed as solenoids. This paves the way for the magnification up to two million

times.

When electrons move faster, their wavelengths are shorter. The resolution
capability of a microscope depends directly on the wavelength of the irradiation
employed to for the formation of images. Observing sub-wavelength structures
using microscopes is difficult due to the Abbe diffraction limit. Resolution in optical
microscopy is limited by wavelength. On the other hand, electrons have shorter
wavelength. For a typical SEM operating at 10 kV, electron wavelength is equal to
0.0173 nm while for a typical TEM operating at 200 kV, electron wavelength is
equal to 0.0027 nm. As the wavelength of the irradiation decreases, the resolution
of the images increases. Therefore, once the accelerating voltage of the electron
beam is increased, the resolution of the electron microscope is increased as well.
On the other hand, electron wavelength is much lower than the resolution limit,

which is determined by quality of the lenses, and also how much the beam can be
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focused which depends on the accelerating voltage and also the current, this effect

is named as Boersch effect.

There are two main types of electron microscopes, which are called as
Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM).

These two types of EMs are described below.
3.4.3.1. Scanning electron microscopy

Scanning electron microscopy (SEM) is a type of an electron microscope that
operates via rapidly scanning a focused electron beam over the sample. This
scanning takes place through a rectangular area of the samples, which is called as
raster scan. There are various mechanisms which can take place when the electron
beam interacts with the samples. This leads electrons to be scattered from surface

of samples.

The volume inside the sample going into interaction with electrons is called as
the interaction volume. This is naturally three dimensional and depends on several
factors such as beam energy, material parameters as well as specimen tilt. On the
other hand, the so-called electron range is used to describe interaction volume with
a single parameter, which is an estimate number [90]. Kanaya et. al. parametrizes
the electron range as the following equation [91]:

e o =20 3
where A is the atomic weight (g/mole), Z is the atomic number, p is the density
(g/cm3), Eo is the beam energy (keV), 0.0276 is a constant and Rko is the electron
range in microns. For the case of Li13Alo3Ti1.7(POa)s3, the molecular weight in g/mole

is calculated as following:

MW (LATP) = 1.3M(Li) + 0.3M (AL + 1.7M(T%) + 3M(P) + 12M (0)
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when the atomic weights, Li (6.941), Al (26.9815), Ti (47.867), P (30.9738) and O
(15.9994) are put into the equation 3.2, molecular weight of LATP is retrieved as:

MW(Lil_gAlolgTilj(PO4)3) == 3834058

Here the equation 3.1 deals with a compound rather than an element; therefore,

effective atomic number Ze;, which is a weighted average, is used:

1.3Z(Li) + 0.3Z(Al) + 1.7Z(Ti) + 3Z(P) + 12Z(0)
13+03+1.7+3+12

Zegs(LATP) =

When the related atomic numbers are put into the equation 3.4, it becomes:

1.3(3) + 0.3(13) + 1.7(22) + 3(15) + 12(8)

Z.c(LATP) =
eft( ) 13+03+17+3+12

Zosf(LATP) = 10.1749

For the LATP ceramic sample sintered at 1100 °C, the sample density was 2.77
g/cm3[92]. Therefore, for a measurement with the beam energy (Eo) of 10 kV, one

can now calculate the electron range (Rko) with the formula given in 3.1:

(0.0276)(383.4058)

Rgo (Liz3Alp 3Tl 7(PO4)3) (um) = (10.174998%9)(2.77)

(101.67)

Rio (Lip3Alg3Tiy 7(PO4)3)(um) = 22.6665

Strong Coulomb interaction of the electrons with the positive potential of the
atom core leads to the Backscattered-Electrons (BSE). There is a correlation
between the amount of the backscattered electrons hitting the detector and the
atomic number Z. Therefore, this correlation is useful to distinguish between
different phases of different density [90]. On the other hand, BSE imaging can also
provide information on the other properties of samples such as crystallography,

topography and magnetic field of the specimen.
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For the detection of backscattered-electrons, mainly solid-state detectors are
used; they mainly have p-n junctions. They operate based on the formation of
electron hole pairs by the backscattered-electrons that leave the sample and hit the
detector. The current correlates to both the energy and the number of
backscattered-electrons. The position of the BSE detectors is above the sample,
arranged in a "doughnut" type with separate part which are symmetric, in order to

maximize the solid angle of collection of the backscattered electrons.

The most common imaging mode is the detection of secondary electrons (SE).
Secondary electrons hit out of the electron cloud (mainly the k-shell) of the atom
and have energy < 50 eV. Therefore, they only arise from the surface and give
topographic contrast. For the detection of secondary electrons, the Everhart-
Thornley detector [93] is the most generally employed device. It is normally
positioned at one side of the chamber to increase their efficiency. The Everhart-
Thornley detector has a scintillator inside a Faraday shield. This is positively charged
and captures SE. This scintillator inside the Faraday shield is used to accelerate
electrons and when these accelerated electrons have enough energy, they lead

scintillator to emit light.

Energy-dispersive X-ray spectroscopy (EDS) is both a qualitative and
quantitative microanalytical method employed for the elemental analysis and/or
chemical characterization of specimens. Its working mechanism mainly depends on
the interaction of X-rays and specimens. Electrons from primary electron beam
penetrate the specimen and X-rays are produced because of that interaction. Since
each element has a different unique atomic structure, each element exhibits
different peaks on its electromagnetic emission spectrum. In this thesis study, EDS

is used at the accelerating voltages of 5 kV and 10 kV.

To gather correlative microstructural and chemical information from polished
LATP ceramic specimens, samples were analysed using Scanning electron

microscopy (SEM) (Quanta FEG 650; FEI part of Thermo Fischer, Hillsboro, Oregon,
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USA) equipped with field emission gun (FEG) and Energy-dispersive X-ray
spectroscopy (EDS) (Octane 60 mm?, EDAX Inc., Mahwah, NJ, USA).

3.4.3.2. Transmission electron microscopy

Transmission electron microscopy (TEM) is a microscopy technique where an
electron beam is transmitted through a sample to form an image. TEM has some
main components: First is the electron gun, where electron beam is produced; and
the condenser system which focuses the beam; second is the image producing
systems including objective lens, specimen stage; third is the image-recording
systems including fluorescent screen and digital camera. TEM samples are usually
ultrathin sections with a thickness less than a hundred nm or a suspension on a grid.
A micrograph is formed via the interaction of the sample with the electrons as the

electron beam is transmitted through the sample.

Scanning transmission electron microscope (STEM) is a type of TEM. In STEM,
the microscope lenses are adjusted in a manner to form a focused convergent
electron beam at the sample surface. This is a small spot of size 0.05 - 0.2 nm. It is
then scanned through the specimen in a similar way to SEM; however, the sample

is thin TEM section. Therefore, no underlying volume is probed unlike in SEM.

For the TEM experiment done by Roland Schierholz, a lamella was cut out of
an SEM sample using focused ion beam (Helios nanolab 460 F1, FEI part of Thermo
Fisher, Hillsboro, Oregon, USA) [94]. TEM experiments were conducted at 200 kV
with a Tecnai G2 F20 (FEI part of Thermo Fisher, Hillsboro, Oregon, USA) [95].
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Chapter4: Correlative confocal laser
scanning microscopy and scanning electron

microscopy of LATP

In this chapter, | report on a combined confocal laser scanning and scanning
electron microscopy investigation of polished LATP samples, sintered at
temperatures of between 950 and 1100 °C with 50 °C intervals to provide an
improved microstructural characterization and a better understanding on the
temperature dependent evolution of LATP. TEM imaging was done by Roland
Schierholz, and impedance results were provided by Shicheng Yu and Andreas

Mertens.
4.1. Microstructural components

4.1.1. CLSM

In order to distinguish all relevant microstructural components, a combined
confocal laser scanning (CLSM) and scanning electron microscopy (SEM) approach
was applied. SEM is the standard technique for the characterization of materials, as
it provides reasonably high lateral resolution and field of view and the capability of
chemical analysis. On the other hand, CLSM does not require high vacuum, does
not reduce the sample and is capable of easily identifying pores by its high
resolution in the z-direction. Therefore, relatively high-magnification studies and
chemical analysis have been carried out via means of SEM while both low and high

magnification micrographs were taken by CLSM.

The crystalline structure of the main phase was shown to be consistent with
the R-3c structure (ICSD No. 427619, [39]) proposed for LATP by X-ray diffraction on
the same material [90]. The CLSM micrograph in Figure 4.1 (a) of the LATP sample

sintered at the temperature of 1100°C displays LATP grains with a bright contrast,
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an intergranular phase with intermediate grey level contrast (light gray areas), and
black and dark gray pores. In some regions Newton's rings are also observed which
might arise due to the different path length light follows in the sample. This path
difference can be due to closed porosity and imperfections in the sample surface

flatness.

The two lines in Figure 4.1 (a) mark the position of the line profiles in Figure
4.1. These two profiles clearly reveal that the light gray areas and the grains are in
the same plane while the black and dark gray areas have significantly different
height than the polished surface. Therefore, both could be assigned to pores of
different height. However, also a second secondary phase might be present and the
height difference might arise due to preferential etching of another phase during
polishing [96]. Accordingly, although the CLSM data allows to determine height
maps as shown in Figure 4.1 (c), a confident determination of the amount of
porosity and the second secondary phase is difficult. On the other hand, in the
height map, the red line stays below 0.2 um even if it passes through the dark gray
region; therefore, if one sets the threshold to 0.2 um it should not count as
porosity. Via employing the image matrixes of the height maps, it is possible to
check which percentage of a matrix is composed of elements below certain
threshold. In this way, it is possible to provide quantitative values for the porosity
of LATP ceramic samples. For this, a MATLAB script was used, which uses an image
matrix as an input and returns the porosity in percentage. This script is provided in
the appendix. Quantitative values for the porosity are retrieved via image matrix

analysis of the regions given in the Figure 4.10. Results are tabulated in Table 4.1.

Formation of secondary phases manifests in contrast differences for regions
with similar height (e.g. top right corner and blue line profile) owing to different
reflectivity compared to LATP. With careful adjustment of the thresholds it is
possible to distinguish grains and the light grey secondary phase which | attribute to
AlIPO,.
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Figure 4.1: (a) CLSM micrograph of LATP pellet sintered at 1100 °C, (b) Depth profiles of the

red and blue lines in (a), (c) Height map of the respective LATP pellet sintered at 1100 °C.
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Table 4.1: Porosity of samples. To differentiate the pores from dark gray regions (a second

secondary phase), only regions below some certain threshold is considered as porosity.

0.1 um 0.2 um 0.3 um 0.4pum 0.5 um 0.6 um

2.8 1.1 0.5 0.2 0.1 0.1

6.8 2.4 1.0 0.6 0.4 0.3

16.9 6.7 3.5 2.0 14 1
6 4.7 4.0 3.4 3.0 2.6

4.1.2. Comparison of CLSM and SEM

In Figure 4.2, Correlative SEM (top) and CLSM (middle) micrographs as well as
a CLSM height map (bottom) of a polished LATP ceramic sample with the sintering
temperature of 1050°C is shown. In both CLSM and SEM micrographs, LATP grains
exhibit a bright contrast and secondary phase regions show a light gray colour that
we assigned to AIPO4. On the other hand, some areas which appear quite dark in
CLSM micrograph seem to contain material in SEM micrograph. A close up of such
an area is shown in Figure 4.3. In the blue circle in Figure 4.3, the ALPO4 seems well
connected to the surrounding grains, so it might aid on densification of the material
as discussed in literature [44]. Morphologically, the secondary phase appears
intergranular, which is rather an evidence for an amorphous structure in contrast to

the findings by XRD [43][37][80].

Cracks within LATP grains are also observed in grains not directly connected

to AIPO4. Waetzig et al. [80] stated that cracks in LATP originate from AIPQO4. At the

36



Chapter 4: Correlative confocal laser scanning microscopy and scanning electron
microscopy of LATP

sintering temperatures of above 1000 °C, they observed extreme changes in the
microstructure with large grains and cracks through the main and secondary phase
originating from the grain growth of main LATP phase and the thermal expansion
anisotropy. As result, the density and conductivity are reduced. In Duluard's report,
for the LATP ceramic pellets prepared by spark plasma sintering, large grains
together with small grains were observed at the sintering temperatures of 850, 900
and 950 °C [86]; however, only large grains remained at the sintering temperature
of 1000 °C. This is also the temperature where they observed a decrease in lithium
ion conductivity. Therefore, they conclude that large grains do not hinder lithium
ion conductivity as long as they exist together with small grains since small grains
provide a better cohesion among larger ones. On the other hand, they mention that
underlying reason of this phenomenon is not clear and under investigation [86].
They also attribute the high lithium ion conductivity of samples to low amount of
AIPO4 secondary phase, high purity level of LATP ceramic samples, optimum grain

sizes and optimized calcination steps [87].

In a report by Kotobuki et al. the influence of different phosphate source on
the lithium ion conductivity of LATP ceramic samples were investigated via a
coprecipitation method. HsPOs, NH4H.POs or (NH4);HPOs were employed as
phosphate source. When NH4H,PO4 used as phosphate source, highest lithium-ion
conductivity is observed since these LATP ceramic samples did not exhibit
impurities and had less grain boundaries. This increases the grain to grain boundary

volume and shortens the lithium ion conduction pathways [88].

Other secondary phases such as TiO2, which should appear with a bright
contrast, as reported in the literature [41][42][46][49][80] were not observed in our
case, neither by EDS nor by BSE or CLSM imaging, where they should appear with a
brighter contrast than the LATP grains.

37



Chapter 4: Correlative confocal laser scanning microscopy and scanning electron
microscopy of LATP

Figure 4.2: Correlative SEM (top), CLSM (middle) micrographs and a height map (bottom)

from the same positions of the LATP sample sintered at a temperature of 1050°C.
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Figure 4.3: A higher-magnification SEM-micrograph of the same sample showing dense
secondary phase in the blue circle and the accumulated polishing particles in the yellow

circle.

4.1.3. TEM

TEM investigations support the abovementioned results as amorphous
regions in triple points were observed frequently as shown for LATP sintered at the
temperature of 1000°C in Figure 4.4 (a). In addition to this, part of the grain
boundary shows a thin film with amorphous contrast in high-resolution TEM
micrographs as shown in Figure 4.4 (b) at the right side. Grain boundaries vary in
width and no significant difference could be observed between the different
samples. With the small sampling area of TEM, no grain boundary width
distribution can be extracted from the data. Especially for the higher sintering
temperatures with larger grain sizes only part of a single grain boundary can be
investigated per TEM sample. Also, the preferential etching of grain boundaries and
secondary phases during TEM sample preparation is a problem. Therefore,
guantitative values for the grain boundary width distributions cannot be given.

Wetted fraction of grain boundaries for a more detailed determination of the
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contact ratio cannot be given as well. As can be seen in Figure 4.4 (a) the film does
not occur along the full length of this grain boundary neither in the grain boundary
in the lower right part of Figure 4.4 (a). On the other hand, the grain boundary

above the triple point in the upper right part shows such a film.

Figure 4.4: (a) TEM-micrograph of LATP sintered at a temperature of 1000°C showing
crystalline LATP grains and an amorphous secondary phase. (b) HRTEM-micrograph of the

grain boundary in (a) revealing a thin amorphous region at the grain boundary.

4.1.4. Development of microstructure

In this section, it is aimed to discuss the microstructural development of LATP
ceramic samples sintered at temperatures of 900, 950, 1000, 1050 and 1100 °Cin a
qualitative manner. In Figure 4.5, an SEM micrograph of LATP ceramic sample
sintered at 900 °C is provided. Grains are not compactly connected to each other.
This can be because of the minimum sintering temperature threshold required to
complete the sintering of the ceramic samples. Before the sintering temperature of
950 °C, samples look more like a loose powder. Both the CLSM and SEM
micrographs of LATP ceramic samples indicate that a minimum sintering

temperature of 950 °C is required to produce fully sintered samples.
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Figure 4.5: An SEM-micrograph of the LATP sample sintered at 900 °C.

Figure 4.6 and 4.7 show the SEM and CLSM micrographs, respectively, of all
LATP ceramic samples for the sintering temperatures of between 950 and 1100 °C.
The low magnification micrographs were recorded at the same magnification in
order to reveal the microstructural changes with increasing sintering temperatures,
and drastic changes can be seen. The sample sintered at 950 °C mainly exhibits
small grains while some larger grains are present as well. Grains seem to be very
well compactly connected. At the sintering temperature of 1000 °C, the size of
grains seems to be doubling. It is possible to observe secondary phase regions (light
gray areas) with this sintering temperature. The size of the grains as well as the
amount and size of secondary phase regions increase at the sintering temperature
of 1050 °C while the grain connectedness seems to be decreasing. On the other
hand, lithium ion conduction pathways are still probable around secondary phase
regions. Both the size and amount of secondary phase seems to be increasing at the

sintering temperature of 1100 °C. In addition to this, bulky secondary phase regions
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are formed separating some of the grains apart. On the other hand, grains reach

the highest size at this sintering temperature.

Figure 4.6: BSE micrographs at the same magnification of all samples showing the

development of microstructure especially grain size.

It is also important to retrieve quantitative information on the microstructure
of the ceramic samples so as to provide a better understanding on the relation
between microstructure of the samples and their electrical properties. Duluard et al.
reported on the coexistence of large and small grains at the sintering temperatures
of 850, 900 and 950 °C [86], and only the existence of large grains at the sintering
temperature of 1000 °C. However, no quantitative information on the size
distribution of grains is provided. In addition to this, Hupfer et al. discusses on the
effect of LiTiPO4 content on the microstructure of LATP ceramic samples and they

provide estimate values for the grain sizes from the micrographs of the LATP
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samples; however, they do not go for the direction of micrographs analyses since
the low contrast between grains makes the quantitative grain analysis a tough
process. Therefore, a quantitative microstructural micrograph analyses of LATP

ceramics are missing in the literature.

Figure 4.7: CLSM micrographs at the same magnification of all samples showing the

development of microstructure.

4.2. Image analyses

The results described above mainly which different phases were identified by
various microscopic techniques including SEM, CLSM and TEM and how the

microstructure develops qualitatively with increasing sintering temperature. Now,
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this section aims to provide qualitative microstructural parameters that can be

extracted from image analyses of CLSM and SEM micrographs.
4.2.1. Method

Micrographs of the polished LATP ceramic samples were analyzed with a
commercial image processing program Avizo® 9 (FEI Visualization Sciences Group,
FEI, Hillsboro, Oregon, USA). Sintering temperatures of between 950 — 1100 °C are
covered in the micrograph analysis of LATP samples. The image analyses were
based on pixels of the gray scale images of the respective micrographs. In gray scale
images, each pixel is assigned to a value in a range of between 0 to 65535.
Binarization was carried out for three different regions corresponding to grains,
secondary phases and pores using the interactive thresholding module. Below the
bottom threshold, pores are covered; above the upper threshold, grains are
covered; and secondary phase regions are covered in the intermediate scale

between two threshold scales.

Employing the Segmentation Editor, manual corrections were carried out for
the regions, where binarized scale separation does not properly suit. Despite the
fact that different microstructural components were separated from each other,
some grain boundaries were still not clear; therefore, some grains were still
touching to each other. Separate Objects module is used to separate grains from
each other. While this module is not quite effective for the separation of concave
objects, it is a quite powerful tool for the separation of convex objects, which
makes it an ideal module for the analysis of LATP Grains. An exemplary procedure is
shown in Figure 4.8, binarization seems to be able to detect different LATP grains
for this region; however, these grains still touch each other. When separate objects
module is employed, LATP grains 1 and 2 are separated from each other, whereas
the grains 2 and 3 are still in contact. Eventually, they are separated from each

other with manual corrections.
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Figure 4.8: Binarization, the use of separate objects module and manual corrections are

shown on LATP grains from a small area.

Once grains, secondary phases and pores are fully separated from one
another, it became possible to analyse each of those components (grains, pores
and secondary phases) separately via assigning different objects to them, resulting

in three groups of objects.

Statistical and numerical information including area distributions and shape
analyses were obtained using the Label Analysis module. Depending on the results
of the Label Analysis module, the Analysis Filter module is used to exclude the areas
smaller than some area threshold to eliminate noise. The grains that are not fully
inside of the analysis area are excluded from the grain size and grain morphology

analysis.
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Figure 4.9: Left column shows BSE micrographs used for segmentation with adapted
magnifications. The segmented images are shown in the right column. Grains, grain
boundaries, secondary phase and pores are shown in red, green, yellow and black,

respectively.
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Figure 4.10: CLSM micrographs of LATP samples for the sintering temperatures of between

950 and 1100°C and their segmentation.

47




Chapter 4: Correlative confocal laser scanning microscopy and scanning electron
microscopy of LATP

320

Percentage of Grains (%

1 2 3 4 5 6
24
22 950 °C |22
§ SEM
18 - 18
16 X
14,
12 == 12
10 ]
8
6 -
4
2
0
1 2 3 4 5 6

Percentage of Grains (%)
B

16

14

12

10

Percentage of Grains (%)
@

3

Grain size (um)

2 3 4 5 6 7 8 9 10 11 12

n
=]

- a2 o o
S N B & ®

Percentage of Grains (%)
-~ o -]

e N & O ®

950 °C
CLSM

2 3 4 5 6

Grain size (um)

SEM

)
)

1000 °C |4g

Percentage of Grains (%)

S N &2 o ®

i

1000 °c
CLSM

2 3 4 5 6 7 8 9 10 11 12
Grain size (um)

3

4 5 6 7 8 9

-
=3

1 12
Grain size (um)

A

2 3 4 5 6 7 8 9 10 11 12 13 14 15
16

1050 °C
} SEM

0
2 3 4 5 6 7 8 9 10 11 12 13 14 15
Grain size (pm)

=]

Percentage of Grains (%)

4

2 3 4 5 6 7 8 9 10 11 12 13 14 15
16

R

1050 °C
CLSM

3

5 6 7 8 9 10 11 12 13 14 15

Grain size (um)

@

Percentage of Grains (%)
e ©

1100 °C
& SEM

—

Grain size (um)

Percentage of Grains (%)

3

\N
8 .
\ \Q@

1100 °C
CLSM

Lo
4 6 8 10 12 14 16 18 20

8 10 12 14 16 18 20
Grain size (um)

4 5 6 7 8 9 10 11 12

20
18

ey

4

12

10

Figure 4.11: Grain size distributions given with their percentages as retrieved from SEM

(left) and CLSM (right) micrographs.
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Table 4.2: Results of the grain size analysis from CLSM and SEM micrographs.

CLSM

Sintering Mean o [um] standard Number of Area
temperature grain size error [um] grains analysed

[um] analysed [um?]

950 °C 1.59 1.87 0.03 3799 32338

1000 °C 2.77 1.96 0.05 1230 32338
1050 °C 3.29 2.08 0.11 356 16169

1100 °C 4.88 2.10 0.081 672 65333

SEM
Sintering Mean o [um] standard Number of Area
temperature grain size error [um] grains analysed
[um] analysed [um?]
1.52 1.80 0.10 284 1962
2.56 2.09 0.13 257 7155
3.35 2.12 0.08 634 28649
5.01 2.10 0.11 329 28649
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Table 4.3: Results of the grain morphology and connectivity analysis from CLSM and SEM

micrographs.

CLSM

Sintering Grain Number of  Secondary o o Area

temperature symmetry grains phase [%] analysed

analysed [um?]

950 °C 0.75+0.11 3799 = 0.50 0.49 32338

1000 °C 0.79+0.09 1230 1.7 0.46 0.44 32338
1050 °C 0.78+0.10 356 3.9 0.20 0.18 16169

0.77+0.10 672 7.2 0.23 0.22 65333

SEM
Sintering Grain Number of  Secondary o o Area
temperature symmetry  grains phase [ %] analysed
analysed [um?]

950 °C 0.85+0.06 284 = 0.40 0.38 1962

1000 °C 0.82+0.07 257 1.9 0.42 0.40 7155
1050 °C 0.76%0.12 634 3.2 0.30 0.28 28649

1100 °C 0.81+0.08 329 6.4 0.30 0.28 28649
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Figure 4.9 shows CLSM and Figure 4.10 shows SEM images of polished LATP
ceramic samples in the column at the left side and their segmentation by Avizo© in
the column at the right side for the samples sintered at temperatures of between
950 and 1100 °C. For SEM studies, different magnifications were used for image
analysis to adapt the different grain size for each sample in such a way that few
hundred grains are included in each image. The segmented images show LATP
grains, secondary phase, grain boundaries and pores in red, yellow, green, and
black, respectively. Employing combined CLSM and SEM, quantitative information
on the evolution of grain sizes, morphology of grains and the contact fraction of
grains. Evolution of secondary phase is also quantitatively retrieved from the
micrograph analyses of both, CLSM and SEM. All the results from image analysis of
CLSM (top of the tables) and SEM (bottom of the tables) micrographs are given in
table 4.2 (mean grain size, standard deviation of grain size distribution and standard

error) and 4.3 (grain symmetry, secondary phase content, contact fraction of the

. - +
8rains Aconract aNd Acontact)-

4.2.2. Grain size distributions

Grain size distributions extracted from the SEM (on the left column) and CLSM
(on the right column) micrographs are depicted in the Figure 4.11. Data is shown in
red and fits are depicted with a blue colour. Grain size distributions exhibit
lognormal distributions with the mean grain sizes listed in table 4.2. By inspection
of the images, it can be seen for the sample sintered at the temperature of 950 °C
that much of the area is covered by small grains below 2 um size; whereas, some
larger grains are already present. The mean grain size is observed as 1.59 at this
sintering temperature. At the sintering temperature of 1000 °C, the distribution
becomes broader and extends to much larger grain sizes with a mean grain size of
2.77 um. For the sintering temperature of 1050 °C, the grain size increases further
but not much to a mean value of 3.29 um. A more drastic increase is observed at

the sintering temperature of 1100°C. The broadest grain size distribution is

51



Chapter 4: Correlative confocal laser scanning microscopy and scanning electron
microscopy of LATP

observed at this sintering temperature and the mean grain size jumps up to 4.88
um. Grain size distributions determined by SEM are similar to the ones determined
by CLSM. Grain size distributions both exhibit log-normal distribution characteristics
in CLSM and SEM analyses. In addition to that, like the trend observed by CLSM, a
strong increase in grain size observed for the increase of the sintering temperature
from 950 °C to 1000 °C and also for the last step from the sintering temperature of
1050 °C to the sintering temperature of 1100°C. With the increasing sintering
temperature, increasing mean grain sizes and broader grain distribution are

observed both by CLSM and SEM.
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Figure 4.12: The evolution of the mean grain size with increasing sintering temperature.

Duluard et al. qualitatively reported on the coexistence of small and large
grains at the sintering temperatures of 850, 900, 950 °C and only the existence of
large grains at the sintering temperature of 1000 °C. In this thesis study, due to
lognormal grain size distribution characteristics, large and small grains were
observed together in the same samples for the sintering temperatures of 950 —

1100 °C. In all samples, larger grains exhibit cracks as already stated by other
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researchers [37]. For the sample sintered at the temperature of 1100°C, these

cracks are observed more frequently.

Alteration in the mean grain areas obtained both from CLSM and SEM are
plotted versus sintering temperature of the samples in Figure 4.12. With the
increasing sintering temperature, grain sizes increase. The standard error of the

mean (SEM), Ag, can be written as the following:

o
do = —

Vn
where o is the standard deviation of the measurements and n is the size (humber of
measurements) of the data. On the other hand, as tabulated in Table 4.2, the
number of the analysed grains is much higher compared to the standard deviations.
Therefore, standard errors of the grain size measurements are low, and they are

not shown in the Figure 4.12 since error bars would stay in the circular data points.
4.2.3. Secondary phase

The secondary phase (light gray areas) can be resolved for the samples
sintered at the temperatures of 1000°C and higher and is found mainly
agglomerated in larger intergranular spaces. Table 4.3 also lists the area fractions of
secondary phase. The total amount but also the size of the secondary phase regions
increases with the increasing sintering temperature from about 2% for the sintering
temperature of 1000°C to 4 % and 7 % for the sintering temperatures of 1050 and
1100 °C, respectively for both CLSM and SEM. Secondary phase locates in
intergranular space and therefore has a complicated concave shape. Despite the
secondary phase formation, conduction paths around less conductive secondary
phase regions are still possible at least up to the sintering temperature of 1050 °C.
On the other hand, bulky secondary phase regions were observed at the sintering
temperature of 1100 °C. Some of these secondary phase regions can deteriorate

conduction paths via insulating some of the grains from the others.
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As discussed in section 4.1.1 the z-information can be used to distinguish the
secondary phase with dark contrast from porosity by introducing a z-threshold.
With a z-threshold of 0.2 um, this leads to the amounts for the secondary phase
and porosity given in table 4.3. This is the advantage of CLSM over SEM, as porosity

and the dark secondary phase do not always have a clearly distinct contrast.

Thin films at the grain boundary could be present but are not detectable
neither by CLSM and nor by SEM images. This would only have minor effect on the
total amount of secondary phase as the total area would not change in a significant
manner. It still could affect the total ionic conductivity because of the fact that such
a film of secondary phase wetting the grain boundaries would increase their

resistance.

The changes in the bulk chemistry during the course of secondary phase
formation might also be important for the lithium ion transport properties of
samples. Therefore, an overall chemical investigation of different phases worth
studying in order to provide a better understanding on the evolution and formation
mechanism of secondary phase and its effect on the electrical properties of samples.

On the other hand, such a further study requires the use of EDS.
4.2.4. Grain morphology

Grain morphology is one of the most critical factors influencing the properties
of ceramic materials in general. In addition to that, the classical BLM assumes cube-
shaped grains of identical size [73][74][75][76][77]. Some qualitative descriptions
on the morphologies of grains are available. Therefore, many of these analyses
depend on the subjective approach of the researcher. On the other hand, a
standardized general model accounting for the quantitative grain-shape analysis,
however, is still missing. For LATP, cuboidal grains are described in literature [52]

[98][99], but still no specific model has been reported so far.
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Figure 4.13: Values of the symmetry measurement function retrieved from the analyses of

(a) CLSM micrographs and (b)SEM micrographs.
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Exploiting the CLSM and SEM micrographs of polished LATP ceramic samples
in Figures 4.9 and 4.10, at first sight mainly cuboidal shaped grains are present.
Hence, it is required to quantify how much these cuboidal looking grains deviate
from the ideal cubes. In order to gain further insight about the shape of grains, the
symmetry measurement function, S, is employed. Related geometric parameters
are shown in Figure 4.14. C represents the centre of mass of the two-dimensional
homogenous grain; I,and [, are the two intersection points of a single line and
grain boundary. The symmetry measurement function can be written in terms of
the geometric parameters as following:

Amin
]

(G) = =[1 + Min,(

N =

Amax

where G stands for the single grain, A, = MIN(I,C,I,C) and A, . =
MAX(I,C, I,C) are the minimum, maximum length of intersections through the
centre of gravimetry of the grain C. It should be noted that A, and A, .« are
measured on the same line. Min,, represents the minimum value operator over the
angles 6, € [0, Tt]. In this manner, all possible lines are spanned. For the case of a
fully symmetric shape, a square for this case, symmetry measurement function will
be equal to one because on any continues line, Ay, and A,.x would be equal to
each other. On the other hand, it will decrease with an increase in asymmetry. For
all sintering temperatures, values around 0.8 are obtained for the symmetry
function. Hence, the grains are not close to cubic shape, and no temperature

dependence is observed.

In Figure 4.13, average grain symmetry values depending on the synthesis
temperature are provided for the polished LATP ceramic samples for the sintering
temperatures of between 900 — 1100 °C ((a) CLSM and (b) SEM). For all the
sintering temperatures, values around 0.8 are obtained for the symmetry function
both by CLSM and SEM despite small deviations. Hence, the grains are not ideally

cubic. On the other hand, no temperature dependence is observed.
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Likewise, all the results from grain morphology and connectedness analysis of
SEM micrographs are given in table 4.3 below the values obtained from CLSM for

comparison.

Figure 4.14: Working mechanism of symmetry measurement is shown for a single grain.

4.2.5. Contact ratio

For the case of imperfect contacts, Fleig and Maier [45] suggest that only a
fraction @ ontace OFf @ grain is in a perfect contact with the neighboring grains in
solid-state electrolytes. Therefore, for LATP ceramic samples, a fraction of acontact Of
a grain has a perfect contact with the neighbouring grains due to the blocking of
pores and secondary phase. The contact fraction of the grains & yntqct Can also be
retrieved from the image analyses via the ratio of the connected length of the
grains and the total length of boundaries present in a micrograph as the following

equation:

connected length of grain boundary

_ (4.3)
Fcontact total length of grain boundary
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The grain size analysis also gives perimeter p of grains and other objects, such
as pores and secondary phase regions, which is used for the calculation of the
contact fraction of the grains a.ontact- As for all quantitative image analysis, it is
assumed that the image is representative for the sample and the contact fraction of
the grains  ontact is Calculated assuming periodic boundary conditions, which is a
reasonable assumption for a sufficiently large field of view. Assuming that the cut
off produced by the image is a real perimeter, the contact fraction of the grains

Olcontact Can be described as follows:

1 '
5 Ziz1Pgi —X7'P'))

1 ,
5 Qiz1Pgi T 27 D')

+ _
Acontact =

where pg are the grain perimeters and p’ are the perimeters of other objects
including pores and secondary phase regions. Pores and secondary phase regions
are merged together before the contact fraction to eliminate the complications

which might arise due to the borders between secondary phase regions and pores.

Perimeters of the images are not real perimeters of objects. Therefore, if the
perimeters of the images are subtracted from the sum of perimeters, equation (4.4)

becomes:

1 /
2 (Z?:l Pgi — Z;np j = pimage)

Acontact =

%(2?:1 Pgi + X7'P'j — Pimage)

The sum of perimeters is counted half only in order not to count them twice.
Figure 4.15 provides a simple schematic representation of the calculation method
of the contact fraction of the grains acontact. | calculate both the contact fraction of
the grains a*contact and o contact in Order to estimate the error of these assumptions.
An additional error is always naturally introduced by the selected area for the
analysed micrograph. In Figure 4.15, there are three red large grains with a side

length of “a” is equal to 2, three small ones in the same colour with a side length “a”
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is equal to 1 and also a blue “other object”. Perimeters are shown in green.
According to the equation (4.4), the contact fraction of the grains ocontact is
calculated as 16/20 = 0.8 and according to the equation (4.5), the contact fraction

of the grains o contact as 8/12 = 0.67.

— — =— Perimeter of image

. Grains counted for analysis

- Perimeter of grain

Other objects (pores and secondary phase)

Figure 4.15: Visualization of the determination of the contact ratio a simplified with

square-shaped grains.

In an ideal case, perfect contacts between homogenous grains are assumed.
On the other hand, as both CLSM and SEM micrographs suggest, secondary phase
and pores deteriorate such ideal grain contacts. From the segmented CLSM and
SEM micrographs of LATP ceramic pellets, contact ratio of grains acontacr Was
deduced as described before. In addition to the error introduced by the cut off at

the edges of micrographs, an error is also introduced by the selected area in the
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micrograph. Both of these errors will reduce for a larger field of view with higher
numbers of grains and other objects within a single image. The contact fraction of
the grains o contact and o contacr Calculated in that way are listed in table 4.3 and their

difference is small with the sufficient field of view.

One trade-off in the image analyses of CLSM and SEM micrographs of LATP
ceramic samples is the limited spatial resolution > 125 nm for CLSM and even for
SEM it varies in the range between 36 and 130 nm. Thin films of secondary phase
partially wetting grain boundaries, as observed in TEM will be missed in both, CLSM
as well as SEM investigations. On the other hand, both CLSM and SEM micrographs
show a similar trend, with the contact ratio of the grains acontacr decreases from
about 0.4 — 0.5 for the LATP ceramic samples sintered at temperatures of 950°C and
1000°C sintered sample to about 0.2 to 0.3 for the samples sintered at
temperatures of 1050°C and 1100°C. This decrease of the contact fraction of the
grains acontact With increasing sintering temperature is valid under the assumption of

only non-lithium ion conducting secondary phase such as AIPO4 and porosity.
4.3. Impedance

Electrochemical Impedance Spectroscopy (EIS) was measured at a
temperature of 20 °C for the LATP ceramic samples with the sintering temperatures
of 950, 1000, 1050 and 1100 °C and Nyquist plots are shown in Figure 4.16. The
analysis of impedance data for all the samples showed the lowest total resistance
for the sample sintered at the temperature of 1050 °C. Assuming a dense pure
phase ceramic ionic conductor, the total conductivity will be according to the BLM
[73][74] defined by grain and grain boundary conductivity. In its most simple form,

all grains have the same size.
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Figure 4.16: Nyquist plots measured at 20 °C for the samples sintered at temperatures of

between 950 and 1100°C.

4.4. Correlation of impedance and microstructure

In this section, the electrical properties of the LATP ceramic samples, sintered
at temperatures between 950 and 1100 °C, in dependence of sintering temperature
and related microstructural properties such as grain size, morphology of grains,
contact fraction of grains and secondary phase content retrieved from correlative
SEM and CLSM studies are discussed in detail and main determining parameters are

found.

Because of the fact that the grain boundary resistance is three orders of
magnitude higher than the grain resistance, the main effect on conductivity is
expected to be the number of grain boundaries which are needed to be crossed on
the way through the pellet as sketched in Figure 4.17, where grains are shown in
red, grain boundaries are depicted in green and the contacts are shown in gray.
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With the assumption of straight lithium ion conduction pathways through the pellet,
the total resistance R: will be determined by a serial connection of the grain
resistance Rg and the grain boundary resistance Ry». Both of the grain resistance
and grain boundary resistance values are determined by the length of the
conduction path through each kind of material with its ionic conductivity og (grain)
and ogp (grain boundary) as described in the equations 4.6 to 4.8, where t is the
pellet thickness, A is the contact area of the pellet, D is the grain size and d is the
grain boundary width. Grain resistance, grain boundary resistance and the total

resistance can be written as the followings in terms of the described parameters:

Lt D
97 6, A(D+d)
R Lt d
9P " 6,, A(D + d)

R; =Ry + Ry,

With the approximation made for D >> d, which is reasonable for grain size in
the micrometre and grain boundary width in the nanometre range, equations (4.6),

(4.7) and (4.8) can be rewritten as the following equations:

1 td

95~ G5, AD
R = Ry + Ry

This would explain the fact why the samples sintered at temperatures of
1050°C and 1100°C show the highest overall conductivity since the contribution of

the grain boundary to the total resistance is low due to the large grain size.
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For the case of D >> d, which is reasonable for the grain sizes in the
micrometre and grain boundary width in the nanometre range as shown in Figure
4.4, a linear behaviour would be expected for the total and the grain boundary
resistance, assuming a constant grain boundary width for all samples, which is
reasonable by our TEM findings. The grain resistance should stay constant in a first

approximation.

BLATP grain BlGrain boundary Contact

Figure 4.17: A simple schematic description of the alteration in the grain sizes of LATP with
increasing sintering temperature. Grains, grain boundaries and contacts are coloured with

red, green and gray in a respective manner. t is the thickness of samples.
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By quantitative Image analysis grain size distribution were obtained for the
four sintering temperatures. In Figure 4.18 the total resistance, R, is plotted versus
the inverse grain size values retrieved from CLSM and SEM micrograph analysis. The
total resistance of the pellet decreases with increasing sintering temperature vs.
mean inverse grain size 1/D up to the sintering temperature of 1050°C. During the
course of the transition from the sintering temperature of 1050°C to 1100°C, it

increases.

Microstructural analyses showed that there are pores and secondary phase
regions. Finite-element method modelling was previously carried out by Fleig et al.
so as to reveal the effect of partially wetting insulating phase and porous imperfect
contacts on grain boundary resistance [75][76]. They describe how the ratio of grain
boundary and grain resistance is influenced by the contact fraction of the grains
OQcontact, the number of contact points n between two grains and g, is the
correction factor for geometrical current constriction (equation 4.12) and can be

assumed as georr = 0.5 fOr dcontact < 0.4 [75].

The values for contact fraction acontact retrieved from segmented micrographs
represent in approximation the ratio of the length of grain boundary in the image
to the sum of grain perimeters. The values determined vary between 0.2 and 0. 5.
In equation 4.12, Ryp and Ry are the grain boundary and grain resistances
respectively; n is the average number of contact points between two grains and
Jcorr is the correction factor for geometrical current constriction. As mentioned,
for the case of the contact fraction of the grains dcontact is smaller than 0.4, and this
can be approximated to gcorr = 0.5 leading to the approximation of equation 4.12
and only in such cases a low frequency semicircle is observable in impedance

spectroscopy [75].

Mariappan et al. used the following formula in order to retrieve the contact
ratio from grain boundary resistance and grain resistance measured by impedance

on a similar material Li1sAlo.sGe15(PO4)s (LAGP) NASICON Ceramic [100]:
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9.b 1 1
R ~ Ycorr
g \ Nl contact Y, 4nacontact

They retrieved a value of 0.25 in accordance with their TEM micrograph. On

~
~

the other hand, their impedance analysis led to comparable activation barriers (Eg =
0.43 + 0.02 eV, Egp = 0.42 £ 0.02 eV) for grain and grain boundary conduction if
LAGP in contrast to our LATP for which Eg = 0.147 eV and Egp = 0.403 eV were
determined. However, the area they study contains just a few grains due to the
limited field of view of TEM. Therefore, a more comprehensive approach is required.
Therefore, in this thesis study, | employed SEM and CLSM, which allows the study of

hundreds of grains.

0.2 0.3 0.4 0.5 0.6 0.7
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Figure 4.18: Total resistance retrieved from impedance plotted vs. the inverse mean grain

size for the sintering temperatures of at between 950 and 1100°C.

The contact fraction of the grains dcontact in this work was determined from
CLSM and SEM micrographs varies between 0.2 and 0.5, which seems reasonable.

On the other hand, the micrographs have limited resolution in the range of 22
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nm/px for the sintering temperature of 900°C and 130 nm/px for the sintering
temperature of 1100°C, depending on the necessary field of view for statistical
analysis. Hence, the secondary phase cannot be detected in these images, if
distributed in narrow films between grains due to limited lateral resolution. TEM
micrographs show the presence of few nm thin films in grain boundaries for all the
sintering temperatures. If these films would be assumed as blocking the contact
fraction of the grains dcontact Should be much smaller but this would not explain the
global ionic conductivity of the pellets. Therefore, | interpret the grain boundaries
with a thin film of secondary phase as conductive to lithium ion with a ionic
conductivity about three orders of magnitudes lower than the grain conductivity
[78], which is in agreement with literature in a manner that lithium-aluminium-
phosphates have been reported with a low lithium ion conductivity also in the
range of 10 S/cm [101,102]. Because of the fact that the contact fraction of the
grains Qcontact Stays almost constant within its error with sintering temperature, the
main contribution to the increasing conductivity with increasing sintering
temperatures must be attributed to other parameters. In addition to this, due to
the fact that the grain morphology does not change at all and the grain symmetry
measurement function gives values around 0.8 for all of the sintering temperatures,

only the grain size can play a determining role.

Up to 1050°C sintering temperature, the main effect on total conductivity
might be attributed to the increasing grain size and hence the reduced lithium ion
conduction path length across grain boundaries as sketched in Figure 4.17. Partial
wetting of the grain boundaries by the secondary phase as well as a significant
increase of the amount of secondary phase with increasing sintering temperature
were observed, especially from the sintering temperature of 1050 °C to 1100 °C.
Therefore, this is probably the reason why the resistance increases at 1100 °C.
Similar to Hupfer et al. [27], | also observe cracks in the large grains. Therefore,

both cracks as well as secondary phase wetting grain boundaries could be limiting
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factor for a further decrease of grain boundary resistance measured by impedance

spectroscopy for sintering temperature 1100 °C.

Taking all the microstructural information which were gathered from
correlative CLSM and SEM studies by us (grain morphology, contact fraction of the
grains Olcontact, grain size and the amount of aluminium phosphate secondary phase),
we can come to the conclusion that up to a sintering temperature of 1050 °C the
main microstructural parameter that affects the lithium ion conduction is the
increase of the grain size with increasing sintering temperature via reducing the
length of the lithium ion conduction pathways. Therefore, it is possible to tune the
ionic conductivity of LATP ceramic samples via increasing grain sizes. On the other
hand, the impacts of crack formation and elevated aluminium phosphate formation
at the sintering temperature of 1100 °C come into the account as well. During the
course of the transition from the sintering temperature of 1050 °C to 1100 °C,
resistance increases. Therefore, crack formation and elevated aluminium
phosphate formation also become the factors that should be taken into

consideration.
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phase evolution during sintering of
Li13Alo3Ti1.7(PO4)s superionic Li-conducting

ceramics

In this chapter, the phases present in the material are identified by EDS in
both SEM and STEM. This phase identification is used for image segmentation
based on elemental mapping in the SEM. The evolution of different phases is
tracked for the sintering temperatures of between 950 — 1100 °C. Moreover, both
the formation mechanism of AIPO4 secondary phase chemical changes in the LATP
bulk is revealed, and all these factors are correlated with the electrical properties of
LATP ceramic samples. STEM imaging was done by Roland Schierholz, and

impedance results were provided by Shicheng Yu and Andreas Mertens.
5.1. Phase identification and attribution by EDS

At first EDS measurements were performed on different points in the
microstructure. Figure 5.1 shows two BSE micrographs for LATP samples sintered at
temperatures of 1100°C (a) and 1050°C (b). In Figure 5.1 (a), three different grey
levels can be obtained and point spectra reveal three different phases, with the
guantification given in table 5.1. Spectra belonging to the marked regions of Figure
5.1 (b) are provided in Figure 5.2. For clarity, the colours of arrows and numbers in
Figure 5.1 (b) are provided with the same colour in the corresponding spectra in
Figure 5.2 for the corresponding regions. The associated elements of spectral peaks

are marked above the spectral peaks in Figure 5.2

The spectrum (1) in Figure 5.2 (a) from point (1) inside a grain in Figure 5.1

exhibits oxygen Ka emission line (Kal at 0.5249 keV), aluminium Ka emission line

69



Chapter 5: Quantitative study of secondary phase evolution during sintering of
Li1.3Alo.3Ti1.7(POa4)3 superionic Li-conducting ceramics

at 1.486 keV, phosphorus Ka emission line at 2.013 keV, titanium Ka (Kal at
4.51084 keV and Ka2 at 4.50486 keV) and titanium KB (KB1 4.93181 keV) emission
lines. On the other hand, titanium La (Lal at 0.4522 keV and La2 at 0.4522 keV),
titanium LB (LB1 at 0.4584 keV) emission lines partially overlap with oxygen Ka (Kal
at 0.5249 keV) emission line. The quantification of the spectra at point (1) in both
samples gives values of about 2 at.% aluminium, 12 at.% titanium, 21 at.%
phosphorus and 66 at.% oxygen. These values are quite close to the theoretical
ones for Li13Alo3Ti1.7(POa)s, which are also given in table 5.1. As lithium cannot be
detected and quantified by EDS, theoretical values excluding lithium are also
provided. The experimental values confirm that the grains consist of LATP. However,
still, the differences (absorption of Oxygen Ka) are significant and might be
explained by the different emission line energies, which result in different
excitation/escape volumes for the different elements. Within the experimental
error, the grains are attributed to crystalline Li13Alo3Ti17(PO4)swith R-3c crystal
structure (ICSD no. 427619) [39] according to previously reported X-ray powder

diffraction results of the same material [92].

The spectrum (2) in Figure 5.2 (b) from point (2) in the light gray secondary
phase in Figure 5.1 exhibits oxygen Ka emission line (Kal at 0.5249 keV), aluminium
Ka emission line at 1.486 keV, phosphorus Ka emission line at 2.013 keV, titanium
Ka (Kal at 4.51084 keV and Ka2 at 4.50486 keV) and titanium KB (KB1 4.93181 keV)
emission lines. The quantification of point (2) clearly exhibits a higher content of

aluminium and a reduced amount of titanium compared to the grains (Table 5.1).

Point (3) in dark gray secondary phase only shows oxygen Ka and phosphorus
Ka emission lines in the spectrum. As lithium is not detectable by EDS, no
conclusion can be drawn whether lithium is present in this secondary phase, but a
lithium phosphate is probable. The phosphorus:oxygen ratio ranges from close to
1:3 (point 3 in Figure 5.1 (a)) for LATP sintered at temperature of 1100°C to 2:5
(point 3 in Figure 5.1 (b)) for LATP1050°C.
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(2)1100°C (b)1050°C

3 1 2 21 3 4
Figure 5.1: SEM micrographs of LATP samples sintered at (a) 1100 and (b) 1050 °C

and point spectra from marked positions.

Table 5.1: Quantification of spectra from the points 1 to 3 in both images in Figure 5.1. For
comparison, theoretical values are given for (Li13Alo3Ti17(PO4)s (excluding lithium as it

cannot be detected by EDS) and AIPO,.

1.89 11.57 20.91 65.63
4.93 8.08 20.71 66.28
= = 23.9 76.1
Al Ti 0 P
2.05 11.93 21.32 64.71
4.29 8.55 21.99 65.17
= = 27.94 72.06

Al Ti P [o]
1.76 10.00 17.65 70.59
16.67 0.00 16.67 66.67

- - 20 80
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Figure 5.2: Point spectra from marked positions of the Figure 5.1 (b).
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The spectrum (4) in Figure 5.2 (b) from point (4) in dark gray contamination
region in Figure 5.1 exhibits oxygen Ka emission line (Kal at 0.5249 keV),
aluminium Ka emission line at 1.486 keV, phosphorus Ka emission line at 2.013 keV
and silicon Ka emission line at 1.740. The spectrum of point (4) in the 1050°C
sample shows only a weak phosphorus signal and instead aluminium, silicon and
oxygen signals, which can be attributed to residual Al,O polishing particles
accumulating in this area [96]. These residual Al,O polishing particles were found in
some areas by higher magnification SEM. This shows that thresholding the images
for segmentation of SEM micrographs is sensitive to errors and artefacts, as it is
especially difficult to separate the dark gray secondary phase, pores and pores

partially filled by the polishing material.

Table 5.2: Quantification of spectra from the three regions marked in Figure 5.3 and 5.4.
For comparison, theoretical values are given for (Li13Alo3Ti17(PO4)s (excluding lithium as it

cannot be detected by EDS) and AIPO..

_ 1.76 10.00 17.65 70.59
_ 16.67 0.00 16.67 66.67
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Figure 5.3: STEM image of LATP (950 °C) with simultaneously acquired EDS elemental

maps. The maps of aluminium, titanium, phosphorus, and oxygen are displayed.
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Figure 5.4: STEM image of LATP (1050 °C) with simultaneously acquired EDS elemental

maps. The maps of aluminium, titanium, phosphorus, and oxygen are displayed.
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Figure 5.5: Spectra extracted from three regions for different phases from Figures 5.3 and

5.4.
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In the recent literature, mainly AIPO4 and TiO; are mentioned as secondary
phases [79][80] based on XRD and SEM results. TiO, regions were not observed in
SEM studies. The secondary phase in point (2) can be attributed to aluminium
phosphate even though the quantification of SEM-EDS spectra gives deviating
results, with some titanium content and phosphorus:oxygen ratio differing from 1:4.
From the morphology, this phase appears rather amorphous in the SEM, which was

also found in TEM.

Aono et al. mention LisP207 and LiO; as decomposition products if lithium
salts are added as binders [30]. In our case, LiaP,07 is possible as well as any other
phosphates. LizPO4 and AIPO4 are not miscible; however, they have a eutectic point
at 933°C with 61 % LisPOs4 [103]. This eutectic point could also explain the
observation of the non-completed sintering of the sample sintered at the
temperature of 900°C. Some but rather poor ionic conductivity in crystalline lithium
monophosphates has been reported [104]. As stated by Aono et al. lithium
phosphate secondary phase could aid as binder increasing the lithium-ion

conductivity at the grain boundaries [30].

For the secondary phases, the influence of the excitation/escape volume
comes even more into account. Titanium with Ka emission line at = 4.5 keV will
have the largest volume and the amount of titanium will be rather overestimated,
as titanium Ka emission lines can be excited in and escape from neighbouring as
well as underlying LATP grains. For oxygen with Ka emission line at = 0.525 keV, this
is rather the opposite. Oxygen is only detectable close to the surface. Unfortunately,
titanium L emission lines overlap with the oxygen Ka emission lines impeding a

guantification based only on titanium La and oxygen Ka emission lines.

Because of the fact that SEM-EDS quantification suffers from the difference in
excitation/escape volume for the different elements impeding a
quantification/phase assignment, additional STEM-EDS was performed on a FIB cut

TEM-lamella of samples sintered at 950 and 1050 °C. Figure 5.3 and Figure 5.4 show
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the single elemental maps of aluminium, titanium, phosphorus and oxygen as well
as the overlay of the aluminium, titanium, phosphorus and oxygen maps to the
HAADF-micrographs. Oxygen, phosphorus, aluminium and titanium maps are
shown in blue, green, yellow and red respectively. In each of these mapping studies,
these areas were selected in a manner that each area shows a close-up view of a
secondary phase region. In addition to the EDS elemental mapping studies, EDS
spectra were extracted from the three different regions marked in Figures 6.3 and
6.4. These three different regions can be clearly distinguished in consistency with
SEM observations. These three regions have been picked for quantitative analysis

of the spectra.

Spectra belonging to the marked regions are provided in Figure 5.5 and the
associated elements of spectral peaks are marked above the spectral peaks. The
region (1) only contains oxygen, aluminium and, phosphorus, which is obvious from
the maps. Unlike the EDS studies carried out by SEM, titanium Ka (Kal at 4.51084
keV and Ka2 at 4.50486 keV) and titanium KB (KB1 4.93181 keV), titanium La (Lal at
0.4522 keV and La2 at 0.4522 keV), titanium LB (LB1 at 0.4584 keV) emission lines
were not observed for this phase. This is because of the thin TEM sample, so no
underlying volume is probed unlike in SEM. Region (2) in Figure 5.3 contains
oxygen, aluminium, phosphorus, titanium. In the spectrum of the region (3), only

phosphorous and oxygen emission lines are present.

Related quantifications of the above-mentioned spectra are given in table 5.2.
Theoretical values are also provided for comparison beneath the quantifications.
For the grain (region two), similar deviations from the nominal composition are
observed as in SEM confirming these results. Quantification of the aluminium-rich
area (region one) gives results matching very well with AIPO4 confirming that the
bright secondary phase is AIPO4. Quantification of the spectra belonging to the third
phase (region three) is containing mainly phosphorus and oxygen in a ratio of 1:4.

Therefore, for the third phase a (lithium) phosphate [105] is assumed which will be
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named as (Lix)PyO,. Lithium is possible, but in the limitations of EDS and beam
damage during electron energy-loss spectroscopy (EELS) investigations, it was not
detected. While looking at the Figure 5.4, beam damage in this secondary phase
can be recognized. During FIB preparation, this secondary phase is the most
sensitive. On the other hand, LATP is the most stable and AIPO4 secondary phase
shows beam damage but not as much/quickly as (Lix)P,O.. Also, some amount of
aluminium may be present in this approximately amorphous phase. lons of
potassium, magnesium as well as aluminium in phosphate glasses have been
reported [102][106]. From the close-up view of TEM studies, it can be seen that
AlIPO4 secondary phase regions exhibit cracks or defects. Waetzig et al. as well
reported that AIPOssecondary phase regions and AIPO4-LATP grain interfaces are
the sources of crack formation [80]. In addition to this, in (Lix)P,O;, holes are burned
by the beam which shows that secondary phases are not as stable as the primary

LATP phase.

The main phases which are considered by us are LATP, AIPO4 and (lithium)
phosphate, and pores. The residual Al,O3 polishing particles sometimes observed in
SEM, mainly on the sample sintered at 1050°C, are attributed to porosity as they
favourably accumulate in pores [96]. Other secondary phases as reported in the
literature, such as TiO, [50][79][80][92] were not observed in our EDS analyses both
by SEM and TEM.

5.2. Elemental/phase mapping

5.2.1. Parameter search for elemental/phase mapping

In a similar manner to the three different regions in the STEM-EDS elemental
maps, EDS elemental maps obtained in the SEM providing a larger field of view can
be used for quantitative phase analysis. Li1AlTizx(PO4)s (LATP), as the chemical
formula suggests, is composed of lithium, aluminium, titanium, phosphorus, and

oxygen. On the other hand, EDS is not capable of detecting lithium. Therefore,
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elemental maps for aluminium, titanium, phosphorus, and oxygen were recorded at
10 kV to enable titanium-mapping using titanium Ka (Kaj at 4.51084 kV and Ka; at
4.50486 kV) and titanium KB (KB1 4.93181 kV) emission lines, avoiding
deconvolution of titanium La (Lai at 0.4522 kV and Lay at 0.4522 kV), titanium LB

(LB1 at 0.4584 kV) emission lines and oxygen Ka (Ka; at 0.5249 kV) emission line

[107].

Titanium 5 kV Titanium 10 kV

20 um Tl ol uam TiK

Rich Poor Medium

Figure 5.6: Correlative titanium maps of LATP sintered at 1100 °C from the same positions

of the sample acquired at 5 kV and 10 kV.

A correlative comparison of 5 kV and 10 kV titanium maps of LATP sintered at
the temperature of 1100 °C are provided from the same position of the sample in
Figure 5.6. Elementally rich, poor and medium regions are shown for comparison.
Because of the fact that the titanium La (Lal at 0.4522 kV and La2 at 0.4522 kV),
titanium LB (LP1 at 0.4584 kV) emission lines and oxygen Ka (Kal at 0.5249 kV)
emission line partially overlaps, titanium map acquired at 5 kV is not as informative
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as the titanium map acquired at 10 kV. Despite the fact that the titanium map
acquired at 10 kV clearly shows the regions with different intensities such that
elementally rich, elementally medium and elementally poor regions, the titanium

map acquired at 5 kV does not differentiate these regions in a clear manner.

Despite the achievable higher resolution of micrographs via increasing the
accelerating voltage, LATP ceramic samples commence degrading under electron
beam at high accelerating voltages. Therefore, there is a trade-off between getting
micrographs with a high resolution and also avoiding the sample damage under

electron beam.

5.2.2. Image segmentation and phase map reconstruction recipe from

correlative EDS elemental maps

The idea is to make use of the correlative EDS elemental maps for oxygen,
phosphorus, aluminium, and titanium from the same position of the sample.
Therefore, all these elemental maps must be adjusted in a manner that they
overlay on top of each other. For this purpose, the edges of the micrographs are
cropped for all elemental maps, and these maps were adjusted overlaying on top of

each other after cropping as mentioned.

Segmentation is basically based on assigning labels to image pixels which is
responsible for identifying and separating objects in a micrograph. The four EDS
elemental maps for oxygen, phosphorus, aluminium and titanium (shown in the left
column of Figure 5.8) were segmented into low, medium and high-intensity regions
representing the low, medium and high elemental content as shown in the centre
column of Figure 5.8. Therefore, there are potentially three different regions

exhibiting different intensities.
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Manual Corrections and
integration into full image

Figure 5.7: Schematic diagram showing the functions employed during the course of image

segmentation: thresholding, smoothing and removing islands.
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Figure 5.8: SEM-EDS elemental maps of LATP sample sintered at 1000 °C (left column).
Segmentation of each elemental map into regions with poor (cyan), medium (magenta) and
rich (yellow) elemental content (centre column). Phase map generated from the image

analysis of single elemental maps (right column).
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In order to clearly differentiate the elementally rich, medium and poor
regions, the colours of CMYK colour model were used during the course of image
segmentation. CMYK refers to the four inks used in some of the colour printing:
cyan, magenta, yellow, and key (black). Black is called as key due to the fact that the
combination of the aforementioned colours produces black colour. Elementally rich
regions are depicted with yellow, medium regions are shown in magenta, and

elementally pour regions are depicted with cyan.

After different regions with different intensities are determined, “remove
islands” and/or “smooth” functions can be employed. Remove islands function
removes the points or areas smaller than a defined pixel number. Smooth function
smoothens the outline of all objects (by changing the assignment of pixels close to
the outline). Depending on the image and the effectiveness of the thresholding,
smoothing and removing islands, these methods were applied consecutively. The
order which of these functions should be used firstly depends on the image to be

analysed.

After the above-mentioned procedures are completed, different intensity
regions are almost clearly separated, and only little amount of manual corrections
is required. This procedure is shown in a schematic in Figure 5.7 One important
point which should be taken into consideration for the case of “elementally rich”
regions is the edge effect observed near the pores for the oxygen maps. This is the
case for the oxygen K-line (and titanium L lines) due to the low energy of the
oxygen Ka line. The map includes topographic effects, as edges pointing towards
the detector will exhibit higher counts. Such areas were removed during the course

of manual corrections.

By using these regions of high, low, and intermediate content for the four
different elements, it is now possible to attribute the regions to the four different
phases. The Avizo® software allows to cross check the assignment made on one

map with all other elemental maps as well as the SE and BSE micrographs. It turned
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out that the oxygen map is very well suited to retrieve the (Lix)PyO,-regions as well
as the pores. Therefore, mainly oxygen maps were used for the detection of pores.
(Lix)PyO.-regions are also well represented in Phosphorous maps. The phosphorus
map also aids in identifying polishing particles as they do not contain phosphorus.
The aluminium map highlights the aluminium phosphate regions. In this way, the
overall phase maps are retrieved. At the final state, there should be five different
regions: LATP main phase regions, AIPOs secondary phase regions, (Lix)PyO;
secondary phase regions, pores and residual Al;Os polishing particles. Because of
the fact that the polishing particles preferentially accumulate in pores and grains
boundaries, such regions are attributed to porosity. Grain boundaries were not

included as a separate phase in this study.
5.3. Quantitative analysis of phase contents

The novel image segmentation and phase map reconstruction recipe for
guantitative phase map analyses were used in order to retrieve information and
provide a better understanding on the temperature dependent phase evolution,
formation mechanism of different secondary phases and their connection with the
chemistry of grains as well as correlation between these factors and the electrical

properties of LATP ceramic samples.

Exemplary final phase maps are shown in Figure 5.9 for the four sintering
temperatures 950 °C, 1000 °C, 1050 °C and 1100 °C. For each sintering temperature,
four such different regions were analysed (Exemplary analyses are shown in Figure
5.9). For each region, four such EDS elemental maps of oxygen, phosphorus,
aluminium, and titanium were analysed making a total of sixteen maps for each of
the sintering temperature. Total areas of 2640 pm?, 16508 pm?, 16508 um?, 16508
um? were analysed for the sintering temperatures of 950 °C, 1000 °C, 1050 °C and
1100 °C respectively. Naturally, EDS elemental map studies were carried out with a
higher magnification at 950 °C because of the fact that all the microstructural

components are smaller at this temperature, and low-magnification map analyses
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would not be useful at that temperature. EDS showed the presence of crystalline
LATP-grains (red), AIPO4 secondary phase regions (yellow), (lithium) phosphate
(Lix)P,O, secondary phase regions (blue), residual Al,O polishing particles (green)

and pores (black).

0

E ..
1050 °C 20 pm

Figure 5.9: Phase maps of LATP ceramic samples for the sintering temperatures of between

950 and 1100°C.
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Qualitatively, the evolution of the phase maps shows that at the sintering
temperature of 950 °C, secondary phase content is mainly predominated by
(Lix)P,O, secondary phase regions while small amount of AIPO4 secondary phase
regions are present. Also, the size of (Lix)P,O, secondary phase regions are a lot
bigger compared to the size of AIPO4 secondary phase regions. At the sintering
temperature of 1000 °C, both the size and amount of (Lix)P,O, secondary phase
regions decrease while an accompanying increase in the size and amount of AIPO4
secondary phase regions is observed. AlIPOssecondary phase regions commence
predominating over (Lix)P,O,secondary phase regions both in size and amount at
the sintering temperature of 1050 °C. Eventually, huge blocks of AIPO4secondary
phase regions are formed while most of the (Lix)P,O, secondary phase regions are

consumed at the sintering temperature of 1100 °C.
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Figure 5.10: Quantification of phases retrieved from phase map analyses.
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From the coverage in analysed maps, the quantitative phase content was
extracted and is shown in Figure 5.10. The same colours for the same elements are
used in Figure 5.10 with the Figure 5.9 for clearance; however, residual Al,O
polishing particles were merged with the pores in this graph. At 950°C sintering
temperature, the amount of secondary phases is the lowest and the observed main
secondary phase is (Lix)P,O; with = 5%. Only a little amount of AIPO4 (1 %) is found
for this sample. With increasing sintering temperature, the amount of (Lix)P,0;
decreases, while more and more AIPO4 regions are found. Between the sintering
temperature of 1000°C and 1050°C, the main secondary phase changes from
(Lix)P,O; to AIPO4. A strong step is then observed in the last step from the sintering
temperature of 1050°C to 1100°C, in which the amount of (Lix)P,O; decreases from
3.2 % to 1.7% and the amount of AIPO4 increases from 5.1 % to 8.8 %. With the
increasing sintering temperature, not only the amount of AIPO4secondary phase
regions but also their sizes increase while both the amount and size of (Lix)P,0O;
secondary phase regions decrease. It is also observed that newly most of the
formed (Lix)P,O;secondary phase regions are in contact with the AIPO4secondary

phase regions.

The total amount of secondary phases increases as well with increasing
sintering temperature. A similar trend is observed for the porosity, but here a
maximum is observed for the sample sintered at 1050°, which is the sample in
which the residual Al;03z polishing particles were detected. In the other samples, we
detected much less of these residual polishing particles. Hence, the quantification
of porosity for this sample should be treated with care. The amount of AIPO4
retrieved from the image analyses of EDS elemental maps for different
temperatures are comparable with the values obtained from CLSM and SEM image
analyses before, but in addition to that, now it was possible to identify and quantify

the second secondary phase as well as porosity.
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5.4. AIPO;-formation mechanism

The AIPOs-formation mechanism requires sources of aluminium as well as
phosphate. LATP grains are the only possible source of aluminium for AIPO4
formation in the material at the beginning. That’s why also EDS-spectra of twenty
grains from the analysed maps for each sintering temperature were measured.
Figure 5.11 displays the sintering temperature dependent evolution of the atomic
percentage of aluminium among the elements of LATP apart for lithium (aluminium,

titanium, phosphorus, and oxygen) for the four different samples.
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Figure 5.11: Sintering temperature dependent evolution of the atomic percentage of LATP

grains.

Equating the determined atomic percentages to the ratio of the aluminium
subscript to the sum of the subscripts of the elements of Li1«AlcTi2«(POa)3 apart for
lithium (aluminium, titanium, phosphorus and oxygen), the aluminium content
subscript x is found. Data is shown in blue colour and the standard deviations are

given in red colour. It is observed that the aluminium-content x of LATP bulk
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decreases with increasing sintering temperature. This explains the source of
aluminium in AIPO4formation mechanism. In correlation with the strong increase in
AIPO4 content from the sintering temperature of 950°C to 1000°C and also for the
last step from the sintering temperature of 1050°C to 1100°C, the sharper
decreases of aluminium-content in grain stoichiometry are observed at the same

temperature steps.
5.5. Effect of phase content on electrical properties

In order to reveal the correlation between the LATP bulk chemistry and the
electrical properties of the LATP ceramic samples, impedance data was analysed in
addition to the microstructure of LATP ceramic samples. The microstructural
information is correlated with the impedance results. In principle, the lithium ion
transport taking place inside of the grains should appear as an arc in the impedance
data. Due to the fact that the small semicircle in the high-frequency region, which
arises from ionic charge transport within the grains, is not resolved, this value is
obtained by distribution of relaxation times (DRT) analysis for all LATP samples via
using the method reported for the LATP sample sintered at 1100 °C. The
quantification of the impedance data was carried out between f=3 x 10® Hz and f =
5 x 10° via employing a distribution of relaxation times analysis in two dimensions
(2D-DRT). In this manner, a high resolution in the high frequency range was
achieved. The grain resistance Ry and grain boundary resistance Ry» are obtained
after electrical circuit model (ECM) fitting. The retrieved values with their
uncertainties are tabulated in in table 5.3. The grain resistance of LATP ceramic

samples increases with the increasing sintering temperature.
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Table 5.3: Grain resitance R; and grain boundary resistance Rg, determined by DRT and

ECM fitting.

950°C 19.8 0.3 1041 6
1000°C 26.2 0.4 951 1
1050°C 29.3 1.2 439 1
1100°C 41.8 1.7 639 2

Figure 5.12 shows the grain resistance in relation with the atomic percentage
of aluminium in grains. The grain resistance increases continuously with increasing
sintering temperature. The composition of the Li1+xAlTi2x(PO4)3 grains changes
upon sintering. On the other hand, the effect of the chemistry of the LATP ceramic
samples and aluminium-content x of LATP on the electrical properties of the
samples is still a matter of discussion. Takada et al. [70] and Forsyth et al. [69]
compared LTP and LATP in their NMR studies, and they found that the partial
substitution of titanium by aluminium only results in some minor changes in the
line widths, which indicates only a small effect of aluminium content on the lithium

ion conductivity of LATP samples.

On the other hand, As reported by Aono et al. [17] lithium conductivity is at
its maximum for x = 0.3. They found the aluminium-content x via starting chemistry
of the samples. Therefore, in that study, there was not a differentiation between
the aluminium-content x of LATP bulk and other components such as grain

boundaries and secondary phases. Based on single grain contact measurements
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Rettenwander et al. [26] reported the maximum conductivity for x = 0.4. For this
case, they measured the aluminium-content x by atomic emission spectroscopy.
Wang et al. [108] also carried out NMR studies on LATP samples and they
interpreted their results in a manner that that the aluminium-content x of LATP
does not have a strong effect on the lithium ion conductivity; however, they also
observed the maximum lithium ion conductivity at the aluminium-content x of

LATP equal to 0.4.
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Figure 5.12: The relation between atomic percentage of aluminium in grain stoichiometry

and grain resistance. Statistical data are collected from twenty grains from the analysed

maps for each sintering temperature. Standard deviations of the data are shown in red.

Aono et al. [30] report an improved ionic conductivity due to higher lithium-
ion content at the grain boundaries by the addition of binders such as Li;O and
LisP207. As discussed before, lithium detection was not possible during this work. If
the (Lix)P,O; phase is a lithium containing phosphate, the higher (Lix)P,O,-content
observed for low sintering temperatures would increase the lithium-ion
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concentrations at the grain boundaries and increase their ionic conductivity.
(Lix)PyO.-regions can serve as a phosphate source, and the decrease in the amount
of (Lix)P,O; secondary phase in the course of AIPO4 secondary phase formation
underpins this mechanism. This decrease could also explain an increase in the grain
boundary resistance measured by impedance spectroscopy. Considering the
increasing grain sizes with increasing sintering temperature, the contribution of
grain boundary resistance to the total resistance should decrease, as the number of
grain boundaries that need to be crossed reduces. This trend is observed from the
sintering temperature of 950°C to 1050°C sintering temperature. On the other hand,
in the last step to the sintering temperature of 1100°C, the total grain boundary
resistance increases (Figure 5.13). One possible explanation for this behaviour
would be more cracks in LATP grains as observed by Hupfer et al. [79] and Waetzig
et al. [80]. Another possible explanation for this behaviour is the lower amount of

(Lix)PyO,compared to the other sintering temperatures.

950 1000 1050 1100
1100 7—i : : 1100
Qo
1000 - \0 - 1000
900 - L 900
—,
a
<. 800 L 800
<
5 700 - L 700
600 - L 600
500 - L 500
400+ 9 L 400
950 1000 1050 1100

Temperature (°C)

Figure 5.13: Temperature dependent evolution of grain boundary resistance.
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B LATP grain Bl (Lix)P,O; AIPO4
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Figure 5.14: Schematic representation of phase evolution of LATP with sintering
temperatures of 950 (left) and 1100 °C (right). Grains, grain boundaries, (Lix)P,0, secondary
phase regions and AIPO, secondary phase regions are shown in red, green, blue, yellow,

respectively.
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Figure 5.14 is a schematic representation of the observed phase evolution in
two contacted LATP pellets sintered at 950 °C (left) and 1100 °C (right). LATP grains,
grain boundaries, (Lix)P,O;secondary phase regions, AIPO4 secondary phase regions
and pellet contacts are depicted in red, green, blue, yellow, and gray in a respective
manner. | expect the total lithium ion conductivity to be affected mainly by the
grain size, as the total number of grain boundaries decreases with the increasing
grain sizes. On the other hand, both the grain and grain boundary conductivity can
be affected by the changes in chemistry upon sintering. Up to the sintering
temperature of 1100°C, the amount of non-lithium-ion-conductive secondary
phases such as AIPQ4 is not that high to totally block the lithium ion conduction
pathways through the solid electrolyte unless grain boundaries are wetted by AIPO4
secondary phase. This was partially observed in TEM so with a dramatical increase
in the amount of AIPOs secondary phase, wetting of grain boundaries becomes
more probable, which can be one possible reason leading to the suppression of a

further decrease of total resistance above 1050°C sintering temperature.
5.6. Chapter summary

In this chapter, secondary phase formation mechanism as well as the phase
evolution of LATP ceramic pellets sintered at temperatures from 950°C to 1100°C
with 50 °C steps were studied by EDS elemental mapping in the SEM in a correlative
manner with EDS spectra taken from the different grains so as to provide a better
understanding of the secondary phase formation mechanism in LATP ceramic
pellets, its direct relation with the evolution of LATP bulk chemistry as well as their
correlation with electrical properties LATP ceramic pellets. The evolution of
Crystalline LATP-grains, AIPOs4 secondary phase regions, (lithium) phosphate
(Lix)P,O, secondary phase regions during the course of sintering is analysed and
shows the presence of mainly (Lix)PyO, as secondary phase at low sintering
temperatures. With increasing temperature, AIPO4 secondary phase is formed and

(Lix)P,O, secondary phase is consumed. In addition to this, the aluminium content
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inside the LATP grains is reduced because of the fact that they act as an aluminium

source. This affects the grain resistance as well as the total resistance.
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In this thesis study, microstructure-property relation in Li1.3Alo3Ti1.7(POa)3

superionic lithium conducting ceramics were investigated.

LATP ceramic samples are highly brittle, and also they degrade when they are
exposed to water. Therefore, in order to enable a non-destructive characterisation
of LATP ceramic samples, an all-oil-based metallographic sample preparation route
was developed which allows a clear differentiation of different microstructural

components on flat LATP ceramic surfaces.

Crystalline LATP-grains, secondary phase regions and pores were observed as
microstructural components. CLSM and SEM micrographs indicate that a minimum
sintering temperature of 950 °C is required to produce fully sintered samples and
before that temperature LATP ceramic samples look more like a loose powder.
Secondary phases can be detected by CLSM and SEM in samples sintered at 1000°C
and above. Grain size, grain symmetry, the amount of one secondary phase, and
contact ratio of grains acontact are determined both by the analyses of CLSM and
SEM micrographs. Grain size increases with increasing sintering temperature. Grain
symmetry does not change and the amount of AIPO4 secondary phase increases

especially for the last step from 1050 to 1100 °C.

TEM is used so as to estimate grain boundary width and also to identify the
amorphous nature of AIPOs secondary phase. It is shown that AIPOs secondary
phase is not only filling larger intergranular regions, but it is also partially wetting
grain boundaries with a few nanometres thin film. Hence, these thin films might be
missed in CLSM and SEM micrographs affecting the determination of contact ratio
Ocontact. Despite this fact even the contact ratio retrieved from SEM and CLSM
images shows the trend of a clear decrease with increasing sintering temperature.
Correlating these findings with total resistance determined by impedance

spectroscopy measurements leads to the interpretation that the reduced
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conduction path length across grain boundaries due to larger grain sizes has the
major contribution on the total resistance. The total lithium-ion conductivity
increases with increasing sintering temperature with an accompanying increase in
grain sizes. On the other hand, at 1100 °C, the negative effects of crack and
secondary phase formation reducing the contact ratio of grains dcontact COMe into

account as well. Therefore, total resistance of the sample increases in this last step.

In case of a presence of more than one secondary phase and pores, image
analysis must tackle the difficulties about distinguishing between these
microstructural features. A novel image segmentation and phase map
reconstruction recipe for quantitative phase map analyses employing SEM-EDS

maps was developed to overcome such difficulties.

Secondary phase formation mechanism as well as phase evolution of LATP
ceramic pellets during sintering were studied by EDS elemental mapping in the SEM
combined with quantitative analysis of LATP grains. Following microstructural
components were observed: Crystalline LATP-grains, AIPO4 secondary phase regions,
(lithium) phosphate (Lix)PyO, secondary phase regions and pores. The evolution of
these phases during sintering is analysed and shows the presence of mainly (Lix)P,O,
as secondary phase at low sintering temperatures. With increasing temperature,
AIPO4 is formed and (Lix)P,O; is consumed. Also, the aluminium content inside the
LATP grains is reduced, as they act as aluminium source. As the aluminium content
of the grains decreases, their conductivity decreases as well. This proved a direct
correlation between LATP bulk aluminium content and lithium-ion conductivity
excluding any other microstructural effects such as grain boundaries and secondary

phases.

It is shown that the microstructural parameters can be conceived as a tool to
tune the lithium ion transport properties. Firstly, engineering the grain sizes allows
changing the grain to grain boundary volume ratio and paves a way to reduce

conduction path length across grain boundaries, which directly results in increased
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lithium-ion conductivity. Secondly, independent from any microstructural effect
such as grain boundaries and secondary phases, it is shown that aluminium content

of LATP bulk directly correlates with LATP bulk lithium-ion conductivity.
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Appendix

function p = porosity(x)
if ~ismatrix(x)
error('Input must be a matrix')
end
n=1024*1024; % Number of matrix elements of x matrix
prompt = 'What is the threshold? ’;
t = input(prompt); % Threshold
y=Xx>t; % Matrix elements of x greater than threshold will be displayed
as 1iny matrix
a =sum(sum(y)); % Rows and columns of y matrix are summed to find out how
many 1 is included in y matrix

r=a/n; % Fractional porosity: number of values greater than
threshold/Total number of matrix elements

p =r*100; % Porosity

end

Code 1: MATLAB function p is used to calculate the porosity of samples. Thresholds are employed to
differentiate pores from dark grey regions.
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