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Abstract

Recently, there has been a growing interest in solid-state electrolytes as potential substi-

tutes for the liquid organic electrolytes employed in current Li-ion batteries. Application

of solid-state electrolytes will improve battery safety, as well as allow for the use of high-

capacity Li metal anodes. Li7La3Zr2O12 (LLZO) is a promising solid-state material due

to its high Li-ion conductivity and chemical stability. This work investigated Ta-doped

LLZO produced by spray pyrolysis. Two different compositions were studied, namely

Li6.75La3Zr1.75Ta0.25O12 and Li6.4La3Zr1.4Ta0.6O12. The powders contained a Li excess of

24.2 mol% to compensate for Li loss. Sintering experiments were carried out in ambient

air at 1150 ◦C, and the phase composition, microstructure, density, and ionic conductiv-

ity of the sintered samples were assessed. A high Li loss resulted in the formation of a

La2Zr2O7 secondary phase, which was found to reduce the ionic conductivity. Sintering

of Li6.4La3Zr1.4Ta0.6O12 samples for 6 h in MgO crucibles resulted in pure cubic Ta-doped

LLZO without secondary phases. The samples were covered in a bed powder to prevent

undesired reactions and provide extra Li as compensation for Li loss. This sintering pro-

gram achieved the highest total ionic conductivity of 1.66 · 10−4 S cm−1 and a relative

density of 92 %.
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Sammendrag

Den siste tiden har det vært en økende interesse for faststoffelektrolytter som poten-

sielle erstatninger for de flytende organiske elektrolyttene som brukes i n̊aværende Li-

ion-batterier. Bruk av faststoffelektrolytter vil forbedre batterisikkerheten, samt tillate

bruk av Li-metallanoder med høy kapasitet. Li7La3Zr2O12 (LLZO) er et lovende fast-

stoffmateriale p̊a grunn av dets høye Li-ion-ledningsevne og kjemiske stabilitet. Dette

arbeidet undersøkte Ta-dopet LLZO produsert ved spraypyrolyse. To ulike sammenset-

ninger ble studert, nemlig Li6.75La3Zr1.75Ta0.25O12 og Li6.4La3Zr1.4Ta0.6O12. Pulverne in-

neholdt et Li-overskudd p̊a 24,2 mol% for å kompensere for tap av Li. Sintringseksperi-

menter ble utført i åpen ovn ved 1150 ◦C, og fasesammensetning, mikrostruktur, tetthet

og ionisk ledningsevne av de sintrede prøvene ble evaluert. Et høyt Li-tap resulterte i dan-

nelse av en La2Zr2O7-sekundærfase som reduserte den ioniske ledningsevnen. Sintring av

Li6.4La3Zr1.4Ta0.6O12 prøver i 6 timer i MgO-digler resulterte i ren kubisk Ta-dopet LLZO

uten sekundære faser. Prøvene var dekket med et beskyttende pulver (≪bed powder≫) for

å fohindre uønskede reaksjoner og tilføre ekstra Li som kompensasjon for Li-tap. Dette

sintringsprogrammet gav den høyeste totale ioniske ledningsevnen p̊a 1,66 · 10−4 S cm−1,

og en relativ tetthet p̊a 92 %.
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1 Introduction

1.1 Background and motivation

The rising challenge of global warming and limited fossil fuel supplies have certainly

sparked a worldwide interest in developing renewable sources of energy. High-power, low-

cost, and efficient energy storage and conversion technologies are needed in the transition

from current carbon-based fossil fuels to sustainable electrical energy [1]. This requires

availability of suitable energy storage systems, namely, batteries. Lithium-ion batteries

are currently dominating as the power source for portable electronic devices, such as

computers, cell phones, and electric vehicles. By offering high energy density, high cell

potential and design flexibility [2], they represent the state-of-the-art with respect to

portable applications.

While the use of Li-ion batteries has experienced an impressive worldwide growth, their

limitations have become more evident. Conventional Li-ion batteries containing liquid

organic electrolytes suffer from safety issues such as flammability and leakage [1, 3]. Over-

heating the battery can cause the electrolyte to decompose exothermally due to thermal

instability. This can lead to thermal runaway, which can further induce serious safety

problems like smoke, fire and explosion [4].

The anodes of present Li-ion batteries are mostly based on graphite, where Li-ions are

intercalated into the layered structure. Yet, better electrochemical performance is needed

to fulfill the increasing demands of high-power electrochemical energy storage systems [5].

Li metal is a promising anode material for rechargeable batteries due to its extremely high

specific capacity [6]. However, Li metal anodes combined with liquid organic electrolytes

give rise to the issue of uncontrollable Li dendrite growth. Formation of dendrites may

cause safety concerns and capacity loss in the battery [7–9].

In order to overcome the problems related to safety and dendritic growth, the liquid

electrolyte can be replaced by a solid-state electrolyte. Inorganic solid-state electrolytes

are non-flammable, and their thermal stability eliminates the risk of thermal runaway.

Furthermore, solid-state electrolytes act as mechanical obstacles to dendrite growth [10].
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The dendrite suppression allows for implementation of Li metal anodes, which further

increases the energy density of the battery. Figure 1.1 shows the difference between a

solid-state electrolyte battery and a liquid electrolyte battery. The solid electrolyte works

as both the ionic conductor and the separator in the solid-state battery, and it offers a

simpler cell structure and a safer battery [3].

Figure 1.1: Liquid electrolyte Li-ion battery (left) and solid-state Li-ion battery

(right).

Among various solid-state electrolytes, Tantalum-doped Li7La3Zr2O12 is a promising ma-

terial for use in solid Li-ion batteries. It is an inorganic, ceramic compound based on

garnet-type Li7La3Zr2O12 (LLZO). Ta-doped LLZO stands out due to its high Li+ con-

ductivity, negligible electronic conductivity, high chemical stability against Li metal, and

wide electrochemical stability range [8, 11, 12]. To achieve a material with optimal elec-

trolytic properties and good mechanical strength, the Ta-doped LLZO must acquire high

phase purity, high density, and a homogeneous microstructure with small grains. Thus, it

is essential to establish a suitable process for synthesizing high-quality LLZO solid-state

electrolytes.

2



1.2 Aim and scope

In this work, the sintering properties and Li-ion conductivity of Ta-doped Li7La3Zr2O12

produced by spray pyrolysis will be investigated. The aim is to establish a sintering pro-

cedure for producing high-quality, single-phased Ta-LLZO with a dense microstructure

and good ionic conductivity, suitable for use as a solid-state electrolyte. A systematic

sintering study, carried out in ambient air, will be conducted to determine the optimal

conditions. Both sintering time, crucible material, and amount of bed powder will be

considered. In addition, the effect of Ta content on microstructure, density, and ionic

conductivity of sintered samples will be studied. The sintering behavior will be estab-

lished by dilatometry analysis, and the microstructure of sintered pellets will be char-

acterized by scanning electron microscopy (SEM). Archimedes’ method will be used to

measure the pellet density, and the phase composition will be determined by X-ray dif-

fraction (XRD). The ionic conductivity will be measured by electrochemical impedance

spectroscopy (EIS).
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2 Literature Review

The following section covers the theoretical background needed to appreciate the exper-

imental work, results, and discussion in this thesis. The structure of the LLZO system

is outlined in detail, followed by a presentation of the thermodynamics. Then, the sec-

tion focuses on the effects of doping, with special attention to Ta as dopant, before the

topic of secondary phases is presented in depth. Finally, sintering of Ta-doped LLZO and

Li+ conductivity is covered. The content is partly based on the theory section in the

specialization project by Herskedal [13].

2.1 LLZO structure

Li7La3Zr2O12 (LLZO) is a garnet-like compound with the general formula A3B2C3O12,

where A, B and C are cations in 8-coordinated, octahedral and tetrahedral lattice sites,

respectively. The structure consists of La3+ at A-sites, Zr4+ at B-sites, and Li+ at C-sites

and interstitial sites. As opposed to other garnets, LLZO has four additional Li+ ions at

interstitial sites, providing the formula unit [11, 14].

LLZO exhibits two crystal structures, namely cubic (c-LLZO) and tetragonal (t-LLZO).

The cubic structure (space group Ia 3̄d) is a disordered structure, in which Li+ partly

occupies the tetrahedral 24d and octahedral 96h sites. Figure 2.1 shows the structural

arrangement of the cubic structure, where Li(1) and Li(2) denote Li on the 24d and 96h

lattice sites, respectively. The tetragonal structure (space group I 41/acd) is an ordered

structure, where Li+ fully occupy the tetrahedral 8a site, and the octahedral 16f and

32g sites [11, 15], as shown in Figure 2.2. Here, Li(1) is in the 8a tetrahedral site,

connected to four oxygen atoms, and Li(2) and Li(3) are in the 16f and 32g octahedral

sites, respectively, where both are connected to six oxygen atoms [15, 16]. Both garnet

crystal symmetries are built of the same structural framework, where ZrO6-octahedrons

and LaO8-dodecahedrons are connected to form the structure. The differences in Li-ion

distribution of the two structures strongly affect the lithium diffusion mechanism and

ionic conductivity [17]. Detailed unit cell crystal structures are shown in Figure G.1 in

Appendix G.
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Figure 2.1: Crystal structure of cubic LLZO. The yellow spheres represent the

24d tetrahedral sites, occupied by Li(1) ions, and the pink spheres represent the

96h octahedral sites, occupied by Li(2) ions. Reprinted from [18].

Figure 2.2: Crystal structure of tetragonal LLZO. The yellow spheres represent

8a tetrahedral sites, occupied by Li(1) ions, the pink spheres represent the 16f

octahedral sites, occupied by Li(2) ions, and the green spheres represent the 32g

octahedral sites, occupied by Li(3) ions. Reprinted from [19].
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The LLZO structure consists of a connection of multiple loops that make up the lithium

diffusion pathway in the solid electrolyte. The loops are composed of lithium ions, as

shown in Figure 2.3, where g denotes the occupancy of each site [16]. In the tetragonal

structure, the Li sites are completely ordered with a site occupancy of 1 for each site.

This means that all sites available for Li-ions are filled, and the Li-ions are arranged such

that they are not interconnected to create a pathway for movement. The cubic structure,

however, has a disordered arrangement of Li+ and the Li-site occupancy is less than 1.

The Li sites are only partially filled, providing vacancies available for movement of Li-ions.

Thus, the cubic crystal structure has more sites available for Li migration compared to the

tetragonal structure. The large number of Li vacancies and the disordered Li sublattice

in the cubic LLZO facilitate lower activation energy for transport of Li-ions along the

diffusion pathway. Consequently, the Li+ conductivity of the cubic structure is enhanced

to at least two orders of magnitude compared to the tetragonal structure [15, 20]. Hence,

understanding and monitoring the crystal structure is highly important for quality control

of LLZO as an electrolyte.

Figure 2.3: Arrangement of lithium sites in cubic (left) and tetragonal (right)

LLZO [16]. The loop structure gives the conduction channel for Li+ in the

structure. g denotes the occupancy for each site.

2.2 Thermodynamics of LLZO

LLZO can occur in three distinct phases. Two of them are cubic, identified as high-

temperature (HT) cubic and low-temperature (LT) cubic, and one is tetragonal. The

HT-cubic phase with disordered Li sites exhibits a high ionic conductivity of > 10−4 S

7



cm−1 [3, 14]. Every occurrence of the cubic structure in this thesis refers to the HT-cubic

phase, unless stated otherwise. The LT-cubic phase is formed by reactions with H2O or

CO2 in the surrounding atmosphere and has a much lower ionic conductivity of about

10−6 S cm−1 [14, 17, 21]. The tetragonal phase shows poor ionic conductivity in the same

range as the LT-cubic phase [19]. Thus, it is crucial to understand the phase stability of

LLZO.

2.2.1 Undoped LLZO

Usually for garnets, the thermodynamically stable structure at room temperature is the

cubic LLZO phase. However, the stable structure of undoped LLZO at room temperature

is the tetragonal [14, 17, 21–23]. The tetragonal phase stability is driven by the ordered ar-

rangement of Li-ions. When the Li sites are completely ordered, the Coulombic repulsion

between adjacent Li-ions decreases, which leads to a reduction in the free energy of the

system. This ordering will also distort the ZrO6 octahedrons as they return to their pref-

erential high-symmetry shape. The unfavorable distortion of the crystal structure reduces

the internal structural strain and causes formation of the tetragonal structure in order to

maintain optimal bond angles. The ordering of the Li-ions and the cubic-tetragonal trans-

ition are simultaneous processes, where neither one takes place spontaneously without the

other [24]. The tetragonal stability depends on the occurrence of both these processes.

However, the cubic LLZO structure is preferred as it has the highest ionic conductivity,

and several studies have reviewed how the transition from tetragonal to cubic can be

induced.

The phase stability of LLZO is controlled by the free energy of the system. The tetra-

gonal structure will spontaneously transform into the cubic structure when the free energy

becomes negative. Equation 2.1 gives the expression for the tetragonal-cubic phase trans-

ition, where ∆Gt→c is the free energy, ∆Ht→c is the enthalpy, ∆St→c is the entropy, and

T is the absolute temperature.

∆Gt→c = ∆Ht→c − T∆St→c (2.1)
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The tetragonal and cubic structures have different entropies because one is ordered and

the other disordered, meaning that their free energies will cross at a given temperature

[24]. The disordered Li arrangement of the cubic structure yields higher entropy than

the ordered tetragonal structure. Consequently, the reaction entropy for the tetragonal-

cubic transformation, ∆St→c, is positive, verifying that the free energy shifts to a negative

value at a specific temperature. The temperature where the free energy of transition is 0

is called the transition temperature [24].

Several studies have carried out research on the tetragonal-cubic transition temperature

in undoped LLZO. Both Matsui et al. [21] and Larraz et al. [23] used high-temperature

XRD to determine a phase transition temperature of 650 ◦C. In comparison, Janani et al.

[25] found that the tetragonal LLZO phase transformed into the cubic phase at 700 ◦C

by using conventional X-ray powder diffraction.

In undoped LLZO, the cubic phase undergoes a rather fast transition back to the tetra-

gonal phase upon quenching to room temperature. Consequently, the cubic phase will not

be retained when room temperature is reached. Since only the tetragonal phase with poor

conductivity is stable at lower temperatures, undoped LLZO is not suitable as a solid elec-

trolyte. However, introducing dopants into the LLZO system will lead to a slower phase

transition process, so that quenching from high temperature can suppress the formation

of the tetragonal phase and thereby preserve the HT-cubic phase [26].

It is important to mention that several papers have reported on undoped LLZO with a

cubic crystal structure. This may be due to the high sensitivity to contamination, where

exposure to CO2 or H2O in the atmosphere leads to stabilization of the LT-cubic phase

at room temperature. Another issue is the accidental incorporation of alumina, e.g. from

alumina crucibles, which can contribute to stabilizing the cubic LLZO [1, 27, 28]. In

addition, there are concerns regarding the volatilization of Li, which can cause a high

Li loss. Li deficiency in LLZO can lead to the formation of secondary phases, such as

La2Zr2O7, and thus, proper control of the Li amount is required [29]. Addition of extra

Li to compensate for Li loss at high temperatures, as well as limiting air exposure, and

using inert crucibles, are all important precautions [30].
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2.2.2 Effects of dopants on LLZO

As stated, thermodynamic instability of the cubic phase in undoped LLZO at room tem-

perature leads to the formation of the tetragonal phase with poor Li+ conductivity. High

ionic conductivity is crucial for solid-state electrolytes, and thus, stabilization of the cubic

phase has gained considerable attention in LLZO research. Super valent doping is one

of the most effective strategies for stabilizing the cubic phase and thereby improving the

ionic conductivity [16]. This is achieved by introducing super valent cations to the LLZO

crystal structure. Different cations favor different substitution sites, and they can either

substitute for the Li+, La3+ or Zr4+ site. The positive charge from the dopant cation leads

to formation of Li vacancies so that electroneutrality is preserved. The Li vacancies will

cause an increase in the average Li-Li interatomic distance and a decrease in the repulsive

forces. The overall entropy will increase, and subsequently, the free energy gained from

ordering the Li ions will be reduced [24]. The disorder of the Li+ arrangement in the

lattice will prevent the tetragonal distortion. Instead, the high-conductivity cubic phase

will be stabilized [16].

Various cations have been studied as dopants, such as Al3+ and Ga3+ substituted on the

Li-site, and Nb5+ and Ta5+ on the Zr-site [28]. Al3+ is a common dopant that appears

in many studies, and it was early discovered to originate from contamination from Al2O3

crucibles [20, 27]. Geiger et al. [27] noticed that the unintentional doping of Al from

crucibles into the LLZO structure during sintering at high temperature contributed to

stabilize the cubic phase. Later, the impact of Al was studied by intentionally incorpor-

ating Al into the LLZO framework. The trivalent Al3+ ion occupies the Li+ site, yielding

two Li vacancies as charge compensation. Incorporation of Al3+ will thereby stabilize

the cubic phase. Various studies have reported high values for the ionic conductivity of

Al-doped LLZO. Tian et al. [12] published 3.08 · 10−4 S cm−1 as the ionic conductivity,

Matsuda et al. [14] found a value of 3.1 · 10−4 S cm−1, and Rangasamy et al. [31] reported

a value of 4 · 10−4 S cm−1.

Although Al doping can give rise to LLZO with high ionic conductivity, undesired phases,

such as Li5AlO4 and LaAlO3, can form at higher doping levels [20, 32]. This will lead to an

overall lower ionic conductivity. In addition, it has been reported that substitution on the
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Li+ site can reduce the Li mobility. Al3+ substituted at the Li+ site can act as obstacles

and block the Li+ conduction pathway. This will obstruct the transport of Li-ions along

this path and thereby reduce the ionic conductivity [20, 33].

2.2.3 Ta-doped LLZO

The challenges arising from blocking the Li+ conduction pathways by Al-doping have

drawn the attention towards cations substituting on the Zr4+ site. Tantalum (Ta5+) is a

pentavalent cation that has gained a lot of interest due to the high ionic conductivity of

≥ 1.0 · 10−3 S cm−1 in Ta-doped LLZO [11, 33, 34]. Ta5+ has an ionic radius of 72 pm

(c.n.= 6), which is comparable to the ionic radius of 64 pm (c.n.= 6) for Zr4+ [35]. When

Ta5+ is doped into LLZO, Ta5+ substitutes on the Zr4+ site, resulting in the formation

of equivalent Li+ vacancies. This is demonstrated in Equation 2.2, where MC
S represents

species M at site S with relative charge C, ”·” denotes the positive charge of Ta5+ relative

to the charge of Zr4+, and V
′
Li is a vacancy created on a Li+-site (notation in accordance

with Kröger-Vink).

Ta2O5 → 2Ta·Zr + 2V′
Li + 5OO (2.2)

The general formula of the resulting Ta-LLZO garnet is Li7–xLa3Zr2–xTaxO12. Bernstein

et al. [24] suggested that a critical Li vacancy concentration of 0.4-0.5 moles per LLZO

formula unit is needed to stabilize the cubic phase of LLZO. This prediction has been

experimentally confirmed to apply for Al3+ doping on the Li+ site. Rangasamy et al. [31]

stated that a minimum of 0.204 moles of Al in LLZO is necessary for cubic phase stabiliz-

ation at room temperature. A stable cubic phase has been attained by substituting Ta for

Zr, without the presence of Al [33]. Therefore, the amount of Ta in the LLZO structure

is a central aspect to consider when it comes to the sintering properties, microstructure,

and ionic conductivity of Ta-doped LLZO.

In literature, disagreements exist about the critical amount of Ta5+ required to stabil-

ize the cubic Ta-LLZO and obtain a high ionic conductivity. Li et al. [34] observed a

high ionic conductivity of 1.0 · 10−3 S cm−1 at a Ta doping level of x=0.6, and a lower
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conductivity of 2.8 · 10−4 S cm−1 at x=0.2. In contrast, Wang and Lai [36] reported a

higher ionic conductivity at x=0.2 (7.3 · 10−3 S cm−1) compared to higher doping levels.

Allen et al. [33] also found a high ionic conductivity for lower doping levels (8.7 · 10−3

S cm−1 at x=0.25). This demonstrates the controversy regarding the effect of the Ta

doping level on the total Li+ conductivity. The Li+ conductivity also strongly depends

on the samples’ relative density, the sintering temperature, the holding time, and the

presence of Al2O3 during sintering. The compositions of Ta-doped LLZO in this study

are Li6.75La3Zr1.75Ta0.25O12 and Li6.4La3Zr1.4Ta0.6O12, which are both frequently referred

to in literature. Detailed unit cell crystal structures of the cubic phases are shown in

Figure G.2 in Appendix G.

2.3 Secondary phases

A potential issue is the presence of unfavorable secondary phases in the LLZO system.

Such phases may reduce the ionic conductivity and weaken the performance of LLZO as a

solid-state electrolyte. Thus, understanding how they occur and how they can be avoided

is crucial for obtaining high-quality single-phased cubic LLZO.

2.3.1 LLZO

One of the secondary phases that may form in the LLZO system is the tetragonal LLZO,

which is a phase with ordered Li+ arrangement and low ionic conductivity. The tetragonal

phase may also appear in doped LLZO if there is a large excess of Li. Controlled loss of

Li during heat treatment in sufficiently doped LLZO will decrease the Li content and lead

to a tetragonal-cubic transformation. The tetragonal phase can be distinguished from the

cubic phase by X-ray diffraction. The cubic structure shows single peaks for each Bragg

reflection, while the tetragonal structure shows two distinct peaks. These two peaks

usually appear as a split peak, as their 2θ values are close. If only the tetragonal phase

is present, it is expected to see only split peaks. If there is a mixture of tetragonal and

cubic phase, three peaks can be observed [28]. It is important to note that peak splitting

at higher 2θ values may be caused by CuKα2 radiation. It should not be confused with
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the peak splitting due to the presence of tetragonal phase.

Another secondary phase is the LT-cubic LLZO, a low-conductivity phase formed at low

temperatures. This phase has the same space group as the HT-cubic phase, and their X-

ray diffraction patterns are similar. However, the lattice parameter of the LT-cubic phase

is slightly larger than that of the HT-cubic phase [14, 21]. The LT-cubic phase appears

when tetragonal LLZO reacts with H2O or CO2 in the atmosphere at temperatures below

400 ◦C [14, 37]. H2O and CO2 can individually induce the transformation from tetragonal

to LT-cubic [30], and the rate of absorption is highest at temperatures around 100-200

◦C [23]. This is consistent with the study by Matsui et al. [21], who observed absorption

of CO2 in Al-free LLZO at around 100-200 ◦C, resulting in the formation of the LT-cubic

phase. They found that at temperatures between 450 and 650 ◦C, the absorbed CO2 was

extracted, and the phase transformed back to the tetragonal phase. Subsequently, the

HT-cubic phase was observed above 700 ◦C, with small amounts of La2Zr2O7 and La2O3.

However, after cooling to room temperature, the cubic phase transformed back to the

tetragonal phase. This may indicate that the CO2 extraction was completed. A similar

transition from tetragonal to LT-cubic phase has been observed for doped LLZO through

natural aging in air after storage in ambient conditions. This transition occurs, however,

at a much lower rate [23, 38]. The formation of the LT-cubic LLZO phase can be reduced

by minimizing the air exposure, which is especially important at temperatures where the

rate of incorporation of H2O and CO2 are high. In addition, LLZO samples should ideally

be stored in an inert atmosphere to reduce the LT-cubic formation due to aging.

Li2CO3 is an intermediate phase that might be added as the Li source during LLZO

synthesis. Li2CO3 can also appear when other Li sources are used, as it is formed during

spray pyrolysis when carbon is present. The formation of cubic LLZO is highly dependent

on the availability of Li, which is determined by the decomposition of Li2CO3. The

mechanism occurs in two steps, as evidenced by Herskedal [13]. First, Li2CO3 decomposes

into nanocrystalline Li2O, according to Equation 2.3. Subsequently, Li2O reacts with

La2Zr2O7 and La2O3 to form LLZO, as shown in Equation 2.4.

Li2CO3 (s, l) → Li2O (s) + CO2 (g) (2.3)
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7Li2O (s) + 2La2Zr2O7 + La2O3 → 2Li7La3Zr2O12 (2.4)

Even though the melting temperature of Li2CO3 is 723 ◦C, the decomposition of Li2CO3

begins at lower temperatures. However, the partial pressure of CO2 (g) is low at temper-

atures below the melting temperature, and consequently, the reaction rate of the decom-

position reaction in Equation 2.3 is low. Therefore, temperatures above 723 ◦C is essential

for obtaining a higher reaction rate of the Li2CO3 decomposition [13]. Both Li2CO3 (s)

and Li2CO3 (l) can decompose into Li2O (s), but from the work by Herskedal [13] it was

evidenced that the reaction rate of the decomposition increases significantly when the

molten phase of Li2CO3 (l) is formed. The completion of the decomposition of Li2CO3

depends on the transport of CO2 (g). The CO2 gas must be removed for the reaction to

fully take place. If the CO2 (g) is not sufficiently transported out of the powder, the CO2

(g) partial pressure will be high, and the decomposition rate of Li2CO3 will be lower.

Paolella et al. [29] have suggested an alternative reaction mechanism where molten Li2CO3

reacts with La2Zr2O7 and La2O3 to form LLZO, according to Equation 2.5. They stated

that it is not Li2O that reacts to form LLZO, but the molten Li2CO3.

7Li2CO3 (l) + 2La2Zr2O7 + La2O3 → 2Li7La3Zr2O12 + 7CO2 (g) (2.5)

La2Zr2O7 is a common secondary phase that commonly arises from Li deficiency. Form-

ation of La2Zr2O7 at high temperatures (> 1000 ◦C) usually originates from loss of Li

and insufficient Li from the Li source [11]. The ZrO2-La2O3 phase diagram, shown in

Figure 2.4, indicates that La2Zr2O7 is a potential phase in this system. According to the

phase diagram, a solid solution is formed, which may affect the XRD analysis as the cell

parameters slightly change. Equation 2.6 shows the reaction between La2O3 and ZrO2

that forms La2Zr2O7 [26]. LLZO is formed when La2Zr2O7 reacts with La2O3 and Li2O,

according to Equation 2.4.
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Figure 2.4: Phase diagram of the ZrO2-La2O3 system. Reprinted from [39].

La2O3 + 2ZrO2 → La2Zr2O7 (2.6)

During heat treatment at high temperature, Li will evaporate, resulting in LLZO with

insufficient Li content [12, 26]. A high Li loss promotes a transformation of LLZO back to

La2Zr2O7, according to the Equation 2.7. Therefore, adding an excess of Li to the powders

will compensate for Li loss at high temperatures, giving less formation of La2Zr2O7. Li

can also be supplied by using a bed powder during sintering.

2Li7La3Zr2O12 → 2La2Zr2O7 + 7Li2O+ La2O3 (2.7)

La2O3 is a possible precursor for the LLZO synthesis, but it may appear even when

other La-containing sources are used. La2O3 takes part in the formation of LLZO, as

shown in Equation 2.4. Many studies have found residuals of unreacted La2O3 after

heat treatment [23, 26, 40, 41]. The presence of La2Zr2O7 and small amounts of La2O3
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after LLZO synthesis indicates a substantial Li loss. Li evaporation during heating leads

to Li-deficient LLZO, which decomposes into the La2O3 secondary phase, according to

Equation 2.7.

Li2ZrO3 is a non-volatile secondary product that might appear during LLZO synthesis if

the Li content is too high. The excess Li added as compensation for Li loss can suppress

the formation of La2Zr2O7. However, a very high Li content might introduce a Li2ZrO3

secondary phase. Equation 2.8 shows the reaction between Li2CO3 and ZrO2 that results

in Li2ZrO3 [26].

Li2CO3 + ZrO2 → Li2ZrO3 + CO2 (g) (2.8)

The phase diagram for the ZrO2-Li2O system in Figure 2.5 shows the Li2ZrO3 stable

phase. Other phases, like Li6Zr2O7 and Li8ZrO6, are also present in the phase diagram.

Although these phases are not frequently found in literature, they may appear if the Li

excess is high. The system also has a low-melting eutectic point at 1055 ◦C.

Figure 2.5: Phase diagram of the ZrO2-Li2O system. Reprinted from [42].
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2.3.2 LLZO + Ta

When Ta is present as dopant in the LLZO system, additional secondary phases can

form. Figure 2.6 shows the ternary phase diagram of the La2O3-Li2O-Ta2O5 system, and

it reveals several possible secondary phases. As seen in the phase diagram, Ta2O5 can

react with Li2O or La2O3 to form lithium tantalates (Li3TaO4, LiTaO3 and LiTa3O8) or

lanthanum tantalates (La3TaO7, LaTaO4, LaTa3O9 and La2Ta12O33), respectively. The

existence of these oxide intermediates is not well established in literature. However, it

has been reported that Li3TaO4 and La3TaO7 may segregate at grain boundaries in Ta-

doped LLZO [43]. Even though there are few mentions of the other intermediate oxides

in literature, they could potentially form in the system.

Figure 2.6: Ternary phase diagram of the La2O3-Li2O-Ta2O5 system at 850 ◦C.

Reprinted from [44].
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2.3.3 Volatile lithium compounds

The volatility of Li at high temperatures has been established from various experiments in

literature. The loss of Li can be explained by evaporation of volatile lithium compounds

(VLCs), Li loss to secondary phases, and reactions with Al2O3 crucibles [11, 29].

Huang et al. [11] carried out a study on VLCs in the Ta-LLZO system where they proved

the existence of VLCs and investigated their influence on the microstructure of sintered

samples. For sintering in ambient conditions, the VLCs consist mainly of Li2O gas, which

is highly reactive to Al2O3. Thus, an Al2O3 sheet was used to capture the VLCs coming

from the bed powder during sintering. The experiment was carried out at 1250 ◦C, and

the bed powder used in the study was not in direct contact with the Ta-LLZO sample.

The Al2O3 sheet was separated from the bed powder to avoid direct reactions. This way,

the Al2O3 sheet would only react with the VLCs. The amount of bed powder provided the

VLC concentration (Li2O (g) atmosphere). During sintering, Li2O gas evaporated from

the bed powder and reacted with Al2O3 when captured by the sheet. Two new phases

were formed, namely LiAlO2 and LiAl5O8, according to Equation 2.9 and Equation 2.10,

respectively. These phases can be found in the phase diagram of the Li2O-Al2O3 system,

shown in Figure F.1 in Appendix F. Since the Al2O3 sheet did not touch the bed powder,

the formation of the new phases proves that the VLC gas exists in the Ta-LLZO system

at high temperatures.

Li2O (g) + Al2O3 → 2LiAlO2 (2.9)

Li2O (g) + 5Al2O3 → 2LiAl5O8 (2.10)

The VLC concentration substantially impacts the sintering and the resulting microstruc-

ture of sintered samples. If the concentration of VLCs is low, a longer sintering duration

can result in uniform grain growth, where the grains are well sintered with transgranu-

lar fracture at fractured surfaces. A high VLC concentration can give a higher relative

density and ionic conductivity but may lead to abnormal grain growth (AGG) at longer
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sintering times. AGG causes low mechanical strength and is not desired in solid-state

electrolytes [11, 45].

In addition to the concentration and evaporation of VLCs, the crucible material may

influence the Li loss during sintering. Crucibles made of Al2O3 are highly reactive with

Li, and the Al2O3 can extract Li from the LLZO samples upon direct contact. Using a

bed powder to separate the sample from the crucible will prevent unwanted reactions.

The bed powder will also supply extra Li, thereby increasing the VLC concentration in

the atmosphere during sintering [11, 15]. Inert crucibles, like MgO or Pt crucibles, may be

used if sintering is to be performed without bed powder. Sintering in Al2O3 crucibles with

bed powder can still have higher Li loss compared to inert crucibles due to the reduction

in VLC concentration caused by reactions between Al2O3 and VLCs [11].

2.4 Sintering of Ta-doped LLZO

Sintering is a thermal process where particles in a powder compact are densified into a solid

mass by applying heat without melting the material. Two processes occur during solid-

state sintering of ceramic samples: coarsening and densification. Densification is generally

more active at high temperatures while coarsening is active at lower temperatures. The

driving force for both processes is the decrease in free energy due to the reduction in

surface area [46].

Several transport mechanisms control the two processes. The transport mechanisms that

give coarsening are evaporation-condensation, surface diffusion, and volume diffusion from

the surface. Evaporation-condensation is a gas-phase mechanism where atoms are trans-

ferred from the surface of the particle to the contact region between particles, leading to

coarsening. This mechanism requires a sufficiently high vapor pressure, as the macroscopic

driving force is the difference in vapor pressure on the curved surfaces. For the surface

diffusion mechanism, atoms or ions on the surface of particles move along the surface into

the small curvature contact regions, leading to neck formation and not densification. The

driving force for surface diffusion is the difference in vacancy concentration at the particle

surface. Volume diffusion from the particle surface is diffusion through the lattice, which

is also driven by vacancy concentration differences [46].
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The transport mechanisms for densification are volume diffusion from grain boundaries

and grain boundary diffusion. These processes remove material from the grain boundary

regions, leading to densification. During volume diffusion from the grain boundaries,

material diffuses from the grain boundary, through the lattice, and to the neck. For the

grain boundary diffusion, material diffuses along the grain boundary and not through the

lattice. The driving force for both densification mechanisms is the difference in vacancy

concentration on the curved surfaces. The addition of dopants can increase the vacancy

concentration, thereby improving the driving force for diffusion [46].

The sintering process influences the density, microstructure, grain evolution, and ionic

conductivity of the sintered samples. An optimal sintering process is crucial for obtain-

ing high-quality solid-state electrolytes with good ionic conductivity. Ta-doped LLZO

samples with high quality should be pure cubic and have high relative density and small

grains with strong grain-to-grain bonding [11, 47]. High density and small grains lead to

improved mechanical strength and ionic conductivity [48]. Pores and grain boundaries

make the LLZO electrolytes vulnerable to moisture from the air and formation of dend-

rites, which can cause electrochemical instability and mechanical weakness [49]. Therefore,

high density and low grain boundary concentration are desirable characteristics for LLZO

as electrolytes; thus, densification should be promoted, and coarsening should be reduced

[46].

Several strategies for increasing the relative density of Ta-doped LLZO can be found in

literature. Allen et al. [33] used hot-pressing to prepare Ta-doped LLZO samples with

a relative density of 96 %. Hot-pressing is a method where pressure and temperature

are applied simultaneously. The pressure accelerates the densification process and allows

for a lower sintering temperature. Consequently, the coarsening and grain growth can be

significantly reduced. Hot-pressing also provides less porosity. Due to less grain growth

and porosity, a higher mechanical strength can be achieved compared to conventional

sintering [46]. The main disadvantage with hot-pressing is the complicated and expensive

equipment [47]. A simpler approach that does not require extra equipment is the two-step

sintering method. Huang et al. [48] used this strategy to achieve Ta-doped LLZO with

high quality and a relative density of 98 %. The method involved a sintering step at high

temperature and short holding time, followed by a sintering step at lower temperature
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and longer time. Sintering with two or more holding temperatures generally allows for

better control of the microstructure and density.

Sintering of LLZO samples does not come without challenges. A problem that may occur

is abnormal grain growth (AGG), in which big grains grow abnormally and ”swallow”

smaller ones [11, 47, 48]. AGG usually takes place after the normal grain growth during the

heating stage [12], and it is often found when the sintering temperature is high or the dwell

time is extended. The huge grains that form tend to have loose grain boundaries, resulting

in poor mechanical strength [50]. Also, it can reduce the density due to the possibility

of pores being trapped inside the large grains. AGG can be prevented by employing a

lower sintering temperature and holding time. However, lowering the temperature may

restrict the densification process and weaken the sintered material [47]. Therefore, finding

a temperature that promotes densification without inducing AGG is crucial.

Various sintering techniques aim to limit AGG. The previously mentioned two-step sin-

tering method has been proven successful for Ga-doped LLZO [50]. When samples are

heated to an elevated temperature before cooled down to a lower holding temperature, mi-

gration of grain boundaries will be suppressed without limiting grain boundary diffusion,

thereby allowing densification to occur without AGG. In principle, hot pressing can also

be used to reduce abnormal grain growth since the additional driving forces will reduce

the sintering temperature and thereby reduce the rate of the grain growth occurring at the

final sintering stage [46]. Additives, like MgO or ZnO, can also be used to control AGG.

These types of grain growth inhibitors will distribute on the grain boundaries, thereby

restricting grain boundary movement and slowing down grain growth. This way, the pores

will stay at the grain boundaries until all pores are eliminated. This method has shown

promising results in Ta-doped LLZO [48, 51].

2.5 Li+ conductivity

In order to obtain Ta-doped LLZO samples with high ionic conductivity, the material

should be pure cubic and have a sufficient amount of Li vacancies. As previously stated,

the Li-ion conductivity of the cubic phase is orders of magnitude higher than that of

the tetragonal. The cubic phase has Li sites with an occupancy of < 1, resulting in
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Li vacancies that allow for transport of Li-ions. The activation energy for the Li-ion

migration along the conduction pathway is low when the structure is cubic. A further

increase in the concentration of Li vacancies is obtained by Ta doping, which contributes

to an even higher ionic conductivity. That said, it is clear that both the cubic phase and

the addition of dopants are required to achieve high ionic conductivity.

Moreover, it has been demonstrated that the microstructure and density of the samples

can influence the ionic conductivity [8, 20]. Generally, a high bulk density and small

grain size increase the ionic conductivity. Small grains give rise to a high grain boundary

concentration, decreasing the segregation of impurities on the grain boundaries. Since

impurities on the grain boundaries can hinder Li+ transport, the impurity segregation

should be minimized. However, the grain boundary diffusion of Li-ions is slower than the

bulk diffusion, meaning that a too high grain boundary concentration is unfavorable [8].

Furthermore, one should strive for a dense microstructure, which is consistent with a low

grain boundary resistance. When the contact between the grain boundaries is tighter, the

Li-ion conductivity is enhanced [15, 48]. This demonstrates the importance of attaining

a suitable microstructure that provides high ionic conductivity.

Even though the ionic conductivity of Ta-doped LLZO is lower than that of liquid elec-

trolytes, it can still be sufficient for use in solid-state batteries. Bulk ionic conductivity

values ranging from 10−4 to 10−3 S cm−1 at room temperature are generally considered

sufficient [8]. As mentioned, the grain boundary ionic conductivity is typically lower than

that of the bulk. The total ionic conductivity is the sum of the bulk and grain boundary

conductivities. A summary of total ionic conductivity values of Ta-doped LLZO reported

in literature is provided in Table 2.1, where both Li6.75La3Zr1.75Ta0.25O12 (Ta=0.25) and

Li6.4La3Zr1.4Ta0.6O12 (Ta=0.6) samples are represented. According to the table, it should

be possible to achieve ionic conductivity values > 10−4 S cm−1 for both compositions of

Ta-doped LLZO, even for sintering in ambient air.
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Table 2.1: Relative density, RD, and total ionic conductivity, σt, values of Ta-

doped LLZO, reported in literature. All samples sintered in ambient air were

covered in bed powder, equivalent to a BP-ratio of 2.

Sintering conditions Sample RD [%] σt [·10−4 S cm−1] Ref.

Ambient air, 1230 ◦C, 6 h Ta=0.25 91.5 2.20 [52]

Ambient air, 1180 ◦C, 36 h Ta=0.25 96.7 5.2 [53]

Hot pressing, 40 MPa, 1050 ◦C, 1 h Ta=0.25 96.0 8.70 [33]

Ambient air, 1150 ◦C, 5 h Ta=0.6 79.0 0.36 [40]

Ambient air, 1200 ◦C, 2.5 h, Ta=0.6 92.0 4.13 [40]

Ambient air, 1250 ◦C, 40 min Ta=0.6 97.0 5.60 [11]

Ambient air, 1250 ◦C, 10 h Ta=0.6 97.0 6.70 [45]

Ambient air, 1180 ◦C, 5 h Ta=0.6 95.1 6.92 [48]

Ambient air, 1280 ◦C, 5 h Ta=0.6 96.7 7.83 [48]

Ambient air, 1140 ◦C, 16 h Ta=0.6 - 10.0 [34]

2.5.1 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical measurement method

that can be used to determine the ionic conductivity of ceramics. By applying a low

amplitude sinusoidal AC voltage over a range of frequencies, the AC response signal from

the sample can be measured [54, 55]. The sample impedance is the ratio between the

voltage input signal and the current response signal.

Resistance is the capability of a circuit to withstand a flow of electrical current. However,

resistance is limited to ideal resistors where (i) Ohms law applies for all currents and

voltages, (ii) the frequency is independent of resistance, and (iii) the AC response signal

through the resistor is not phase-shifted relative to the applied voltage. These simplifying

properties do not apply in the complex reality. Thus, the impedance must be used for

LLZO solid-state electrolytes. The concept of impedance is about a circuit’s ability to

resist a flow of an alternating electrical current. It is dependent on frequency and can

be represented as a complex number, as shown in Equation 2.11, where Z(ω) is the
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impedance, ω is the radial frequency, E is the applied voltage at time t, I is the sinusoidal

current response, E0 is the voltage amplitude of the signal, I0 is the current amplitude,

Z0 is the magnitude, ϕ is the phase shift.

Z (ω) =
E

I
=

E0 exp (iωt)

I0 exp (i(ωt− ϕ))
= Z0 exp (iϕ) = Z0 (cos (ϕ) + i sin (ϕ)) (2.11)

As seen in Equation 2.11, the impedance consists of a real and an imaginary part. The

real part of the impedance is often denoted as Z ′, while the imaginary part is called Z ′′.

The EIS data can be represented as a Nyquist plot, where Z ′ is plotted on the x-axis and

Z ′′ on the y-axis. The frequency is not explicitly shown in Nyquist plots. Instead, the

plot is separated into two frequency regions, where the high-frequency data are on the

left, and the lower frequencies are on the right. One or more semicircles are usually found

in Nyquist plots. If several semicircles overlap, only a portion of them will be visible [56].

Both the bulk and the grain boundaries contribute to the total ionic conductivity. A typ-

ical representation of the contributions from the bulk and the grain boundaries, together

with the equivalent circuit providing the model for the data, is shown in Figure 2.7. The

electrode response is also included in the figure. The intersection between the semicircles

and the real axis defines the resistance of the different contributions.

Figure 2.7: Illustration of a Nyquist diagram showing how the bulk response and

the grain boundary response can be separated. The equivalent circuit is given in

the figure. Reprinted from [56].
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3 Experimental

3.1 Chemicals and apparatus

A list of the chemicals utilized in this work is shown in Table 3.1. Table 3.2 gives details

about the applied apparatuses. Information about the different crucibles is shown in

Table 3.3.

Table 3.1: Information on chemicals

Chemical Formula State Purity Manufacturer

Lithium nitrate LiNO3 s 99.0 % RodaChem

Lanthanum nitrate La(NO3)3·6H2O s ≥ 99.9 % Auer-Remy

Zirconyl nitrate ZrO(NO3)2 aq 99.9 % Lehmann&Voss

Tantalum oxalate Ta2O5 aq ≥ 99.9 % Taniobis

Citric acid C6H8O7 s - Weifang Ensign Ind.

Ammonia solution 25 % NH4OH aq - VWR Chemicals

Ethanol 96 % C2H5OH l ≥ 99.8 % VWR Chemicals

Isopropanol (CH2)2CHOH l ≥ 99.7 % VWR Chemicals

Synthetic air 80% N2, 20% O2 g 5.0 Linde Group
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Table 3.2: Information on apparatuses

Apparatus Model Purpose

Furnace Nabertherm Muffle Furnace Alkali Calcination, sintering

Ball mill US stoneware Milling

Rotavapor Buchi R-210 Solvent evaporation

Hydraulic press Hydraulic C-press Uniaxial pressing

CIP Autoclave Engineers CIP Increase green body density

Dilatometer Netzsch DIL 402C Thermal analysis

Archimedes - Density measurement

Diffractometer Bruker D8 A25 DaVinci Phase identification (XRD)

Polishing machine Struers LaboPol-21 Grinding and polishing

Polising machine Struers Tegramin-20 Diamond polishing

SEM Zeiss Supra 55VP Microstructure

Carbon coater Cressington 208 Carbon Coating of pellets

Sputter coater Edwards S150B Au electrode deposition

Potentiostat Solartron ModuLab XM ECS Ionic conductivity (EIS)

Table 3.3: Information on crucibles

Material Shape Diameter Side length Height

Al2O3 Cylindrical 3.0 cm - 5.0 cm

MgO Squared - 6.5 cm 2.0 cm
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3.2 Procedure

The flow chart in Figure 3.1 gives an overview of the experimental procedure.

Figure 3.1: Flow chart of the experimental procedure.
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3.2.1 Spray pyrolysis

Powders of Ta-doped LLZO were prepared by Cerpotech AS. Solutions were made by

mixing water-soluble salts of the individual metals with organic complexing agents. The

nitrate-based salts were in molar ratios according to the stoichiometric composition of

Ta-doped LLZO, namely Li6.75La3Zr1.75Ta0.25O12 and Li6.4La3Zr1.4Ta0.6O12. In order to

compensate for Li loss at high temperatures, an excess of 24.2 mol% Li was added. This

provides nominal compositions of Li8.38La3Zr1.75Ta0.25O12 and Li7.95La3Zr1.4Ta0.6O12. Cit-

ric acid was used as complexing agent and ammonia was used to adjust the pH. Mixing of

the solution proceeded until stabilized. The spray pyrolysis was carried out at 1000 ◦C,

and the setup is illustrated in Figure 3.2. The solid powder compounds will be referred

to with their stoichiometric compositions.

Figure 3.2: Setup of the spray pyrolysis.

3.2.2 Calcination of powder precursor for sintering

The as-received powders from spray were calcined to remove organic residue from the

spray pyrolysis process and to form single-phased Ta-doped LLZO. Loose powder was

placed in MgO crucibles and calcined in ambient air at 750 ◦C with a 12 h holding time.

Lids were used to prevent contamination, and it was made sure that there was a small

opening to allow formed gases to escape from the crucibles. The heating rate and cooling

rate were both set to 200 ◦C/h. The cooling rate was not constant due to lack of active

cooling in the furnace. All calcinations were stopped at 200 ◦C and the crucibles were
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removed from the furnace into a desiccator to cool. Cooling in a desiccator prevented the

samples from reacting with humidity in the air.

3.2.3 Calcination of bed powder

Powders with composition Li6.75La3Zr1.75Ta0.25O12 were calcined at 800 ◦C for 12 h in

ambient air. The high calcination temperature provided a coarser powder, suitable as bed

powder. The calcinations were carried out in MgO crucibles with lids, and the heating

and cooling rate were 200 ◦C/h. The crucibles were removed from the furnace at 200 ◦C

and placed in a desiccator.

3.2.4 Ball milling, evaporation and sieving

After calcination, the powders were ground by wet ball milling to decrease the particle

size and remove agglomerates. 250 mL flasks with a diameter of 6 cm were used for the

ball milling. The calcined powder was mixed with 100 mL yttria stabilized zirconia (YSZ)

balls (d = 5mm) and 75 mL isopropanol solvent. The rotation speed was set to 120 rpm,

corresponding to 75 % of the critical milling speed. The milling was left for 24 h. To

remove the isopropanol solvent efficiently and gently, a rotavapor was used. After drying,

soft agglomerates were gently grounded with a pestle in an agate mortar. A sieve with

250 µm grit was used to obtain the final powders used for sintering.

3.2.5 Pellet preparation

Calcined powders were pressed into green pellets by double-action uniaxial pressing, using

a force of approximately 1.5 tons, corresponding to 15 kN. The pressing tools that were

used resulted in pellets with 5 mm or 10 mm in diameter. A solution of stearic acid

and ethanol was used as lubrication on the pressing tools to ensure easy removal of the

pressed pellets. To further increase the green body density, the pellets were pressed by

cold isostatic pressing (CIP), where a hydrostatic pressure of 2 kbar was applied to the

pellets with a holding time of 1 min.
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3.2.6 Dilatometry

Dilatometry was conducted to study the pellet’s dimensional change as a function of

temperature to investigate the densification behavior during sintering. Pellets with a

diameter of 5 mm and a thickness of 6 mm were prepared as described in Section 3.2.5. The

mass of the pellets was approximately 350 mg. Figure 3.3 shows a sketch of the dilatometry

setup. Platinum foil was used to prevent reactions with the alumina components in the

furnace. The analysis was carried out in synthetic air with a flow rate of 30 mL/min. The

pellets were heated to 1250 ◦C with a heating rate of 120 ◦C/h. The holding time was 1

h and the cooling rate was 120 ◦C/h.

Figure 3.3: Illustration of the dilatometry setup. The opening at the back illus-

trates the continuous flow of synthetic air. Mer detaljer her.

3.2.7 Sintering

Pellets were prepared as explained in Section 3.2.5. and subsequently sintered with various

sintering programs in ambient air to achieve dense samples. Table 3.4 gives an overview

of the different sintering programs investigated in this work. All sintering programs had

a heating and cooling rate of 200 ◦C/h. Due to the lack of active cooling in the furnace,

the cooling rate was not constant. Lids were placed on top of the crucibles to limit

Li loss. Bed powder was used to prevent undesired reactions and provide extra Li as

compensation for Li loss. It also acted as a physical separation of the pellet and the
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crucible. The bed powder ratio (BP-ratio) is defined as the mass of bed powder per mass

of pellet. Two different BP-ratios were used, as shown in Figure 3.4. A BP-ratio of 1

indicates that the bed powder is placed under the pellets during sintering. A BP-ratio

of 2 implies that the bed powder is completely covering the pellet. At the end of all

sintering programs, the crucibles were removed from the furnace at 200 ◦C and cooled to

room temperature in a desiccator to avoid reactions with humidity in the air. The mass,

dimensions, calculated densities and relative densities of green pellets and sintered pellets

for the different sintering programs are listed in Appendix A.

Figure 3.4: Setup for sintering of samples with BP-ratios of 1 (left) and 2 (right).

Table 3.4: Sintering programs used in this work, where TH is the sintering holding

temperature, and tH is the sintering holding time. BP1 indicates a BP-ratio of

1 and BP2 indicates a BP-ratio of 2.

Sintering program TH [◦C] tH [h] Crucible BP-ratio

1150@1h/BP1/MgO 1150 1 MgO 1

1150@1h/BP2/Al2O3 1150 1 Al2O3 2

1150@6h/BP2/Al2O3 1150 6 Al2O3 2

1150@1h/BP2/MgO 1150 1 MgO 2

1150@6h/BP2/MgO 1150 6 MgO 2
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3.2.8 Archimedes’ method

The densities of the sintered pellets were measured using the Archimedes’ method with

isopropanol as the immersion liquid. The pellets were placed in an evaporation dish in-

side a closed vacuum desiccator. Vacuumed was obtained by using a vacuum pump for

about 30 min. This removed air from the pores of the pellets. Next, isopropanol was

carefully added through a tube until the pellets were completely submerged. The vacuum

pump was on for about 30 min to ensure that isopropanol had penetrated into all open

pores. After introducing air back into the chamber, the evaporation dish was placed on

a balance and each pellet were weighted while submerged. The isopropanol temperature

was noted for each weighing. Lastly, the pellets were individually removed from the isop-

ropanol, rapidly sponged with a damp tissue, and weighted immediately. The dry mass,

submerged mass, wet mass, and isopropanol temperature for each pellet are presented

in Table B.1 in Appendix B. The relative densities of the pellets were estimated based

on the theoretical densities of 5.251 g/cm3 and 5.469 g/cm3 for Li6.75La3Zr1.75Ta0.25O12

and Li6.4La3Zr1.4Ta0.6O12, respectively. The theoretical densities were retrieved from the

PDF+ database. The relative density, open porosity and total porosity of the pellets are

presented in Table B.2 in Appendix B. All calculations are shown in Appendix B.

3.2.9 X-ray diffraction

X-ray diffraction (XRD) was used to determine the phase composition of as-received

powders from spray pyrolysis, calcined powders and sintered pellets at ambient conditions.

The XRD analysis was performed by the DaVinci 1 diffractometer with CuKα radiation

(λ = 1.5406 Å) in the 2θ range of 15-75◦ with a step size of 0.0133◦ and a collection

time of 60 min. The collection time was 30 min for the as-received powders from spray

pyrolysis. All diffraction patterns were collected with Bragg-Brentano reflection geometry

and variable slits.

XRD analysis of the as-received powders from spray pyrolysis was performed by densely

packing the powders in the cavity of shallow Kapton holders. Kapton film was applied to

cover the powder. The calcined powders were gently grounded with a pestle in an agate
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mortar to remove any soft agglomerates. A small amount of powder was suspended in

isopropanol and gently mixed with a plastic pipette to make a suspension. The suspension

was dripped on a Si-flat holder and left to dry. Then, the Si-flat was placed in a Kapton

covered with Kapton film. XRD analysis of the pristine surfaces of sintered pellets was

carried out by placing the pellets in deep sample holders. Modelling clay was used as

attachment and to level out the pellet with the sample holder edge.

The DIFFRAC.EVA V6 (Bruker AXS) software and the 2021 PDF-4+ database were used

for indexing and phase identification of the collected XRD patterns. Table 3.5 presents

the PDF-4+ cards used for indexing.

Table 3.5: PDF-4+ card numbers of reference patterns.

Compound Formula unit PDF-4+ card number

Ta-doped c-LLZO Li6.75La3Zr1.75Ta0.25O12 04-018-9300

Ta-doped c-LLZO Li6.4La3Zr1.4Ta0.6O12 04-024-7089

Pyrochlore La2Zr2O7 01-070-5602

Lithium carbonate Li2CO3 00-022-1141

Lanthanum oxide La2O3 01-071-5408

Lithium silicate Li4SiO4 00-020-0637

3.2.10 Polishing

The surfaces of sintered pellets were dry polished by hand using SiC paper with European

grit sizes ranging from 320 to 4000. This was done to remove the pristine surface layer

prior to the X-ray diffraction analysis of the polished surfaces.

3.2.11 Scanning electron microscopy and element analysis

The microstructure of sintered pellets was analyzed by scanning electron microscopy

(SEM). Both pristine surfaces, polished surfaces, and pristine fracture surfaces were stud-

ied. The samples were carbon coated to eliminate any charge effect. Both secondary and

backscattered electrons were used for imaging. All images were captured using 10 kV
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accelerating voltage and about 10 mm working distance. A 30 µm aperture was used for

the secondary electron images, while an aperture of 60 µm was used for the backscattered

electron images.

3.2.12 Electrochemical impedance spectroscopy

The ionic conductivity of selected LLZO samples was determined by electrochemical im-

pedance spectroscopy (EIS) using a Solartron ModuLab XM ECS potentiostat. Both

sides of the sintered samples were wet polished using isopropanol and SiC paper with

European grit sizes ranging from 800 to 4000. The top and bottom surfaces of the pellets

were made electrically conductive by sputter coating with Au. The Au layers function

as Li+ blocking electrodes. Figure 3.5 illustrates the setup with approximate dimensions.

The thickness of the pellets varied and is therefore not indicated in the figure. The exact

dimensions are given in Table E.1 in Appendix E. The EIS measurements were carried

out with a two-electrode setup in the frequency range of 1 MHz to 0.1 Hz. The sinusoidal

voltage amplitude was 10 mV and the temperature was 20 ◦C.

Figure 3.5: Setup for the EIS measurements. The pellet thickness varied and is

therefore not given.

The data were plotted as Nyquist plots, and the EC-lab ZFit (BioLogic) software was

used to fit the impedance data with an equivalent circuit. Figure 3.6 shows two different

equivalent circuits. The equivalent circuit in Figure 3.6a provides a model with the total

response (bulk + grain boundary) as one resistance, R1, in parallel with a constant phase

element, CPE1. The last CPE belongs to the Au electrodes. In the equivalent circuit
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in Figure 3.6b, the contributions from the bulk and the grain boundaries are considered

independently. Also here, the electrodes are represented in the last CPE. All EIS data

obtained in this work were fitted with the equivalent circuit in Figure 3.6b.

Figure 3.6: The equivalent circuits used to fit the results from the EIS. The circuit

in (a) considers the bulk and grain boundary responses as one, while the circuit

in (b) consider them separately. constant phase element in both circuits belongs

to the Au electrodes. R is a resistor and CPE is a constant phase element.
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4 Results

This section exhibits the most important results on sintering properties and Li-ion con-

ductivity of Ta-doped LLZO. The densification behavior during sintering, relative dens-

ities, X-ray diffraction patterns describing the phase composition, and SEM micrographs

highlighting the microstructure will be covered. In addition, EIS measurements that

provide the ionic conductivity of sintered samples will be presented.

4.1 Calcination

Figure C.1 in Appendix C shows the phase composition of the as-received powders from

spray pyrolysis. The powders consist of La2Zr2O7 and Li2CO3, in addition to small

amounts of Ta-doped LLZO.

Figure 4.1 presents the X-ray diffraction patterns of Li6.4La3Zr1.4Ta0.6O12 powder batches

calcined at 750 ◦C for 6 h in Al2O3 crucibles. The batches have different masses, which

are given in the figure. The diffraction patterns of 0.2 g and 5 g were previously measured

in the specialization project by Herskedal [13], whereas the diffraction pattern of the 1 g

powder batch was measured in this work. The diffractograms are representative for the

Li6.75La3Zr1.75Ta0.25O12 samples as well. The results show that the 0.2 g powder consists

of pure cubic Ta-doped LLZO, while the two other batches contain La2Zr2O7 and Li2CO3

in addition to the cubic phase. The relative peak intensities indicate the relative amounts

of the associated phases. Due to the low scattering factor of Li-containing compounds,

the intensity of the Li2CO3 peaks is quite low. This means that the amount of Li2CO3 is

higher than it appears from the diffraction patterns.

Figure 4.2 shows the X-ray diffraction patterns of Li6.75La3Zr1.75Ta0.25O12 and

Li6.4La3Zr1.4Ta0.6O12 powders calcined at 750 ◦C for 12 h in MgO crucibles. Each powder

batch had a mass of approximately 4 g before calcination. All diffraction peaks belong

to the cubic phase of Ta-doped LLZO. The calcined powders were used as precursors for

the dilatometry analysis and the sintering experiments.
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Figure 4.1: X-ray diffraction patterns of 0.2 g, 1 g and 5 g of Li6.4La3Zr1.4Ta0.6O12

powders calcined at 750 ◦C for 6 h in Al2O3 crucibles. The diffraction patterns

of 0.2 g and 5 g were previously measured by Herskedal [13].

Figure 4.2: X-ray diffraction patterns of powders calcined at 750 ◦C for 12 h in

MgO crucibles. The batch size was approximately 4 g. All peaks are indexed to

cubic Ta-doped LLZO.
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4.2 Dilatometry

Dilatometry analysis was performed to study the sintering behavior of Ta-doped LLZO

pellets. The results are displayed in Figure 4.3, where the relative change in pellet length

is plotted as a function of temperature, followed by the isothermal step at 1250 ◦C. The

analysis was carried out with a continuous flow of synthetic air. As can be seen from

the figure, the highest rate of densification occurs at approximately 1100 ◦C. Both curves

are equally steep, but the Li6.75La3Zr1.75Ta0.25O12 sample undergoes a more significant

reduction in length. Based on the dilatometry analysis, a temperature of approximately

50 ◦C above the highest densification rate was considered to be an appropriate temperature

for the subsequent sinterings.

Figure 4.3: Dilatometry analysis carried out with a continuous flow of synthetic

air. Pellets were heated to 1250 ◦C and held for 1 h before cooled down.

Figure 4.4 shows bulk representative X-ray diffraction patters of the pellets after dilato-

metry. The peaks are indexed to cubic Ta-doped LLZO and La2Zr2O7. From the relat-

ive peak intensities, it is apparent that the Li6.75La3Zr1.75Ta0.25O12 pellet contains more

La2Zr2O7 than the Li6.4La3Zr1.4Ta0.6O12 pellet.
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Figure 4.4: Bulk representative X-ray diffraction patters of pellets after the

dilatometry analysis. The peaks belong to cubic Ta-doped LLZO and La2Zr2O7.

4.3 Sintering

A preliminary sintering experiment was performed with a BP-ratio of 1. The sintering

was carried out in a MgO crucible at 1150 ◦C with a holding time of 1 h. Figure C.4 in

Appendix C shows the resulting X-ray diffraction patterns of the sintered samples. It can

be seen that a substantial amount of La2Zr2O7 is present in both samples. The Li loss

was too severe, and thus, a larger amount of bed powder was considered necessary. All

following sintering experiments are therefore carried out with a BP-ratio of 2. The first

main sintering experiments were performed using Al2O3 crucibles. Due to the undefined

amount of Li present in the crucibles, combined with the possible Al contamination of

the samples, the final sintering experiments were carried out in MgO crucibles.

The mass, dimensions, calculated densities and relative densities of green pellets and

sintered pellets for the various sintering programs are given in Tables A.1 to A.5 in

Appendix A.
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4.3.1 Sintering in Al2O3 crucibles

Figure 4.5 shows the bulk representative X-ray diffraction patterns of pellets sintered

at 1150 ◦C in Al2O3 crucibles with holding times of 1 h and 6 h, and a BP-ratio of

2. The Li6.75La3Zr1.75Ta0.25O12 samples consist of a mixture of tetragonal and cubic Ta-

doped LLZO, as evidenced by the peak splitting, while the Li6.4La3Zr1.4Ta0.6O12 samples

are composed of the cubic phase. All samples contain varying amounts of La2Zr2O7.

According to the peak intensities, the samples sintered for 1 h contain more La2Zr2O7

than those sintered for 6 h. The backscattered electron micrographs in Figure 4.6 show

the presence of La2Zr2O7 on the polished pellet surface of Li6.75La3Zr1.75Ta0.25O12, where

the white spots represent the La2Zr2O7 phase and the gray parts are Ta-doped LLZO.

Figure 4.7 shows that the highest concentration of La2Zr2O7 is in the middle of the pellet.

It may seem like the high-concentration part is shifted towards the top surface. However,

the top surface was polished before being imaged, which means that the La2Zr2O7 is in

fact located in the middle of the pellet.

Figure 4.5: Bulk representative X-ray diffraction patterns of samples sintered at

1150 ◦C in Al2O3 crucibles with a BP-ratio of 2. The holding times are 1 h and 6

h. The peaks are indexed to cubic or tetragonal Ta-doped LLZO, and La2Zr2O7.

The arrows indicate peak splitting.
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(a) 1150@1h/BP2/Al2O3, low mag (b) 1150@1h/BP2/Al2O3, high mag

Figure 4.6: Backscattered electron micrographs highlighting La2Zr2O7 (white)

on the polished surface of a Li6.75La3Zr1.75Ta0.25O12 sample sintered in Al2O3

crucibles.

Figure 4.7: Backscattered electron micrograph of the fracture surface of

Li6.75La3Zr1.75Ta0.25O12 pellet sintered at 1150 ◦C for 1 h in Al2O3 crucibles

with BP-ratio 2. The white spots represent La2Zr2O7.

The relative densities measured by Archimedes’ method are presented in Figure 4.8. The

theoretical densities used to find the relative densities are 5.251 g/cm3 and 5.469 g/cm3 for

Li6.75La3Zr1.75Ta0.25O12 and Li6.4La3Zr1.4Ta0.6O12, respectively. The calculations of these

values are given in Appendix A. The pellets were sintered at 1150 ◦C in Al2O3 crucibles
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with a BP-ratio of 2. The figure distinguishes between the samples sintered for 1 h and 6 h.

Two samples of each composition were sintered for 1 h, while only one set was sintered for

6 h. Generally, the Li6.4La3Zr1.4Ta0.6O12 samples have higher relative densities than the

Li6.75La3Zr1.75Ta0.25O12 samples. Keep in mind that the variations within the densities

are small and that there are uncertainties related to the measurements. Therefore, no

direct conclusions should be drawn from these data alone. The calculated relative green

densities are given in Table B.2 in Appendix B, and the values range between 53.3 % and

55.0 %. The open porosity and total porosity of the samples are also given in the table,

and the calculations are shown in Appendix B.

Figure 4.8: Relative density of pellets sintered at 1150 ◦C in Al2O3 crucibles

with BP-ratio 2. The holding times are 1 h and 6 h. Measured by Archimedes’

method.

The microstructure of the pristine fracture surface of Li6.4La3Zr1.4Ta0.6O12 sintered in an

Al2O3 crucible is shown in Figure 4.9. There seems to be a bimodal grain size distribu-

tion, with large grains (5-10 µm) surrounded by smaller grains (< 1 µm). The remaining

samples sintered in Al2O3 crucibles have similar microstructures. A more detailed over-

view of the microstructures are shown in Figure D.1 in Appendix D. The only sample

that displayed a significant inconsistency is the Li6.4La3Zr1.4Ta0.6O12 sample sintered for

6 h, where a few large grains were present close to the surface, as shown in Figure 4.10.

These large grains were only found near the pellet surface, and not elsewhere.
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Figure 4.9: Secondary electron micrograph of the pristine fracture surface of

Li6.4La3Zr1.4Ta0.6O12 sintered at 1150 ◦C for 6 h in an Al2O3 crucible with BP-

ratio 2. The microstructure is representative for all pellets sintered in Al2O3

crucibles.

Figure 4.10: Secondary electron micrograph of large grains on the fracture surface

of Li6.4La3Zr1.4Ta0.6O12 pellet sintered at 1150 ◦C for 6 h in Al2O3 crucibles with

BP-ratio 2.
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The Al2O3 crucibles used in this work were utilized in the specialization project [13]

as well, both for calcinations and sinterings. Therefore, the Al2O3 crucibles contained

an undefined amount of Li, which makes it impossible to predict the effect of the Li

contribution from the crucible. In addition, the crucibles could possibly contaminate the

samples with Al. For these reasons, the following sintering experiments were carried out

in inert MgO crucibles.

4.3.2 Sintering in MgO crucibles

Figure 4.11 shows the bulk representative X-ray diffraction patterns of pellets sintered

at 1150 ◦C in MgO crucibles with holding times of 1 h and 6 h, and a BP-ratio of 2. A

mixture of tetragonal and cubic Ta-doped LLZO is present in the Li6.75La3Zr1.75Ta0.25O12

samples, while the Li6.4La3Zr1.4Ta0.6O12 samples does not contain any tetragonal phase.

The La2Zr2O7 phase is only found in the samples sintered with a holding time of 1 h.

Figure 4.12 demonstrates the presence of the La2Zr2O7 phase in samples sintered for 1 h.

Figure 4.11: Bulk representative X-ray diffraction patterns of samples sintered

at 1150 ◦C in MgO crucibles with a BP-ratio of 2. The holding times are 1 h

and 6 h. The peaks are indexed to cubic or tetragonal Ta-doped LLZO, and

La2Zr2O7. The arrows indicate peak splitting.
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Figure 4.12: Backscattered electron micrograph of the polished surface of the

pristine fracture surface of Li6.75La3Zr1.75Ta0.25O12 sintered at 1150 ◦C for 1 h

in an MgO crucible with BP-ratio 2. The white areas represent the La2Zr2O7

phase.

Figure 4.13 gives an overview of the relative densities of the samples sintered in MgO

crucibles, measured by Archimedes’ method. There is a trend of increasing density with

increasing holding time. Also, the Li6.4La3Zr1.4Ta0.6O12 pellets are generally denser than

the Li6.75La3Zr1.75Ta0.25O12 pellets. Similar to the relative densities of the samples sintered

in Al2O3 crucibles, there are measurement uncertainties and small variations within the

results for the samples sintered in MgO crucibles as well. The calculated relative densities

of the green pellets, together with the open porosity and total porosity of the samples, are

given in Table B.2 in Appendix B. The values for the relative green density of samples

sintered in MgO crucibles with BP-ratio 2 range from 54.1 % to 57.4 %.
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Figure 4.13: Relative density of pellets sintered at 1150 ◦C in MgO crucibles with

a BP-ratio of 2. The holding times are 1 h and 6 h. Measured by Archimedes’

method.

Figure 4.14 shows the microstructure of pristine fracture surfaces of pellets sintered

in MgO crucibles with holding times of 1 h and 6 h. The mixture of rather large

grains surrounded by smaller grains indicates a bimodal grain size distribution. The

Li6.75La3Zr1.75Ta0.25O12 samples appear to have a more significant proportion of smaller

grains compared to the Li6.4La3Zr1.4Ta0.6O12 samples, which is consistent with the ob-

served difference in density. Furthermore, there is a tendency that transgranular fracture

takes place in the large grains, while intergranular fracture is typical for the smaller grains.
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(a) Ta=0.25, 1150@1h/BP2/MgO (b) Ta=0.25, 1150@1h/BP2/MgO

(c) Ta=0.25, 1150@6h/BP2/MgO (d) Ta=0.25, 1150@6h/BP2/MgO

(e) Ta=0.6, 1150@1h/BP2/MgO (f) Ta=0.6, 1150@1h/BP2/MgO

(g) Ta=0.6, 1150@6h/BP2/MgO (h) Ta=0.6, 1150@6h/BP2/MgO

Figure 4.14: Secondary electron micrographs of pristine fracture surfaces of

Li6.75La3Zr1.75Ta0.25O12 and Li6.4La3Zr1.4Ta0.6O12 pellets sintered at 1150 ◦C in

MgO crucibles with BP-ratio 2. The holding times are 1 h and 6 h.

48



4.3.3 Challenges with impurities

X-ray diffraction of the pristine surfaces of sintered pellets revealed the presence of both a

La2O3 phase and a Li4SiO4 impurity phase. The X-ray diffraction patterns in Figure 4.15

show that Li4SiO4 is present on the surface of the pellet but not in the bulk. Thus, the

presence of this impurity phase is a surface phenomenon that can be removed by pol-

ishing. The diffraction patterns represent all pellets and sintering programs in the main

sintering study. All X-ray diffractograms of the pellet surfaces, both for sintering in Al2O3

and MgO crucibles, are respectively shown in Figure C.5 and Figure C.6 in Appendix C.

These figures give more details about each sample and sintering program.

Figure 4.15: X-ray diffraction patterns of the pristine pellet surface and the bulk

of Li6.4La3Zr1.4Ta0.6O12 sintered at 1150 ◦C for 1 h in an MgO crucible with

BP-ratio 2. The impurity phase Li4SiO4 is present on the surface but not in the

bulk.
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4.4 Ionic conductivity measurements

EIS measurements were performed to determine the bulk and total Li-ion conductivities

of pellets sintered at 1150 ◦C in MgO crucibles with a BP-ratio of 2. The phase compos-

ition of the pellets used for the measurements is shown in Figure 4.11. Figure 4.16 and

Figure 4.17 show the resulting Nyquist diagrams, together with the best model fits, of

samples sintered for 1 h and for 6 h, respectively. Each curve consists of two overlapping

semicircles in the high-frequency region and a tail in the low-frequency region. The two

semicircles represent the two contributions to the total ionic conductivity, namely the

bulk and the grain boundaries. To determine the best fit parameters, the Nyquist curves

were fitted with the equivalent circuit in Figure 3.6b. The resistance values obtained

from the fitting, together with the diameter and thickness of the pellets, are listed in

Table E.1 in Appendix E. The bulk and total ionic conductivity are given in Table 4.1.

The equations used for the calculations are shown in Appendix E. Li6.75La3Zr1.75Ta0.25O12

sintered at 1150 ◦C for 1 h in a MgO crucible with BP-ratio 2 has the highest bulk ionic

conductivity of 4.00 · 10−4 S cm−1. The highest total ionic conductivity is found for the

Li6.4La3Zr1.4Ta0.6O12 sample sintered at 1150 ◦C for 6 h in a MgO crucible with BP-ratio

2, and it is 1.66 · 10−4 S cm−1.

Table 4.1: The bulk ionic conductivity, σb, and the total Li-ion conductivity,

σt, of samples sintered in MgO crucibles, measured at 20 ◦C. The values are

calculated from the best fit of the Nyquist diagrams.

Sintering program Sample σb [·10−4 S cm−1] σt [·10−4 S cm−1]

1150@1h/BP2/MgO Ta=0.25 4.00 ± 0.05 1.49 ± 0.03

1150@1h/BP2/MgO Ta=0.6 2.80 ± 0.05 1.36 ± 0.03

1150@6h/BP2/MgO Ta=0.25 3.95 ± 0.07 1.17 ± 0.04

1150@6h/BP2/MgO Ta=0.6 3.70 ± 0.07 1.66 ± 0.04
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(a) Ta=0.25, 1150@1h/BP2/MgO (b) Ta=0.6 1150@1h/BP2/MgO

Figure 4.16: Nyquist diagrams for Ta-doped LLZO samples sintered at 1150 ◦C

for 1 h in MgO crucibles with BP-ratio 2. Z’ is the real part and Z” is the

imaginary part of the impedance. The best fit of the data is included.

(a) Ta=0.25, 1150@6h/BP2/MgO (b) Ta=0.26, 1150@6h/BP2/MgO

Figure 4.17: Nyquist diagrams for Ta-doped LLZO samples sintered at 1150 ◦C

for 6 h in MgO crucibles with BP-ratio 2. Z’ is the real part and Z” is the

imaginary part of the impedance. The best fit of the data is included.
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5 Discussion

5.1 Phase composition

LLZO powders with different Ta content were investigated in this work. Doping with

Ta is performed to achieve a high concentration of Li vacancies and thereby obtain a

higher ionic conductivity compared to undoped LLZO. Both powders had a Li excess of

24.2 mol% to compensate for Li loss. Achieving a sample with good ionic conductivity

requires a high degree of phase purity, high density, and a homogeneous microstructure.

Controlling the phase composition is therefore essential. The samples in this work have

different Ta content, and thus different Li vacancy concentration, which is expected to

influence the phase composition.

5.1.1 Phase composition of calcined powders

The phase composition of as-received powders from spray pyrolysis was previously estab-

lished by Herskedal [13], and the X-ray diffractogram is shown in Figure C.1 in Section C.

It was found to consist of La2Zr2O7, Li2CO3 and Ta-doped LLZO. Rietveld refinement

revealed that approximately 80 % was La2Zr2O7 [13]. Upon calcination, La2Zr2O7 reacts

with La2O3 and Li2O to form LLZO (Equation 2.3). The optimal calcination temperature

for Ta-doped LLZO was determined to be 750 ◦C by Herskedal [13]. It was also noted

that the size of the powder batch strongly influences the phase composition of the as-

calcined powders. This is exemplified in Figure 4.1, where Li6.4La3Zr1.4Ta0.6O12 powders

with different batch sizes were calcined at 750 ◦C for 6 h. The batch with 5 g of powder

contained substantially more La2Zr2O7 compared to the others, and it is obvious that

larger amounts of powder results in more La2Zr2O7 in the as-calcined powders.

The strong dependence on batch size is likely related to the decomposition of Li2CO3.

During calcination of larger powder batches, the decomposition of Li2CO3 into Li2O

and CO2 (g), as shown in Equation 2.3, creates a CO2 rich atmosphere in the furnace.

Consequently, there will be insufficient transport of CO2 (g) out of the powder batch,

and the high CO2 (g) partial pressure will slow down the Li2CO3 decomposition rate.
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Li2CO3 needs to decompose into Li2O to acquire formation of LLZO (Equation 2.4). A

short calcination time can give rise to residual La2Zr2O7 if not all Li2CO3 is able to

decompose. Based on this, there is reason to believe that pure cubic Ta-doped LLZO can

be achieved by employing a longer holding time when calcining larger batches. In the

work by Herskedal [13], 0.2 g was found to be the appropriate amount of powder for a 6 h

holding time calcination. In this work, however, batches of at least 4 g were preferred due

to the need to produce large quantities of calcined powder. Therefore, a longer holding

time was applied to explore the influence on CO2 transport and Li2CO3 decomposition.

As seen in Figure 4.2, calcination at 750 ◦C with a 12 h holding time resulted in cubic

Ta-doped LLZO without La2Zr2O7. This further supports the hypothesis that a longer

duration is needed for all Li2CO3 to decompose, and it shows that a calcination time of

12 h is sufficient to get a complete transformation of La2Zr2O7 into LLZO.

It is important to mention that Al2O3 crucibles were used for the calcinations with 6 h

holding times, while MgO crucibles were used for the 12 h holding times. The MgO cru-

cibles were chosen for the calcinations in this work as it was most convenient considering

the high production level.

5.1.2 Phase composition of sintered pellets

After sintering in both Al2O3 and MgO crucibles, all Li6.75La3Zr1.75Ta0.25O12 pellets con-

tained a mixture of cubic and tetragonal phase, as evidenced by the peak splitting in

Figure 4.5 and Figure 4.11. The presence of the tetragonal phase after sintering was

not observed for any of the Li6.4La3Zr1.4Ta0.6O12 pellets. Li6.75La3Zr1.75Ta0.25O12 has a

lower Ta content and thereby fewer Li vacancies, and the low concentration of Li vacan-

cies can explain the existence of the tetragonal phase. What is surprising is that the

Li6.75La3Zr1.75Ta0.25O12 precursor powders were pure cubic before sintering (Figure 4.2).

The fact that the tetragonal phase occurred after sintering indicates that Li was supplied

to the pellets during sintering, which reduced the vacancy concentration. The Li likely

came from the bed powder that was in direct contact with the pellets. This hypothesis is

supported by the fact that the Li6.75La3Zr1.75Ta0.25O12 pellets sintered with a BP-ratio of

1 had less peak splitting, as seen in Figure C.4 in Appendix C, compared to the sintering
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with a BP-ratio of 2. If the amount of bed powder is higher and the contact surface

between the pellet and bed powder is larger, it is likely that more Li is taken up by the

pellet, thus leading to more tetragonal phase formed. As stated in Section 2.2.1, the

tetragonal phase has lower ionic conductivity than the cubic phase. Hence, presence of

the tetragonal phase in the sintered pellets is not beneficial, as it can reduce the final

ionic conductivity.

5.2 Secondary phases

5.2.1 La2Zr2O7 in pellets after sintering

The X-ray diffraction patterns representing the bulk of samples sintered in Al2O3 and

MgO crucibles (Figure 4.5 and Figure 4.11) indicate the presence of La2Zr2O7 in varying

amounts. Detection of the La2Zr2O7 secondary phase after sintering at high temperatures

is frequently reported in literature. As explained in Section 2.3, it commonly arises from Li

deficiency, an issue related to Li loss. As shown in Equation 2.7, LLZO is transformed back

to La2Zr2O7 when there is a shortage of Li. La2Zr2O7 slows down the sintering, which

can help limit grain growth. Still, La2Zr2O7 is an undesired phase because it reduces

the Li-ion conductivity. Section 2.3.1 presented different causes of Li loss. Formation

of VLCs during sintering is likely the main contribution to the Li loss observed in this

work. Although reactions between the pellets and the crucible material are possible, the

separation provided by the bed powder makes it unlikely. The small amounts of Li4SiO4

on the pellet surface may give rise to some Li loss, but only to a small extent. Hence, the

major cause is assumed to be evaporation of VLCs at high temperatures.

The Li loss must be considerably reduced to avoid La2Zr2O7 formation. The bed powder

compensates for some of the lost Li. However, the presence of La2Zr2O7 even after sinter-

ing with a BP-ratio of 2 indicates a significantly higher Li loss than expected. Addition

of an even larger amount of bed powder could suppress more of the Li loss. However,

La and Ta are rare and expensive elements that will give high raw-material costs [47].

Using a tetragonal bed powder can possibly contribute to suppressing some Li loss. The

tetragonal phase contains more Li in the structure than the cubic phase, which can be
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beneficial for reducing the formation of La2Zr2O7 during sintering. In this work, the

bed powder was pure cubic, as shown in Figure C.2. An alternative solution is to use

a tetragonal Ta-doped LLZO powder as precursor for the sintering. However, this re-

quires a tetragonal-cubic transformation to avoid the presence of the tetragonal phase

after sintering, as this will lower the ionic conductivity.

According to Figure 4.5 and Figure 4.11, the general trend is that a holding time of 1 h

results in more La2Zr2O7 compared to 6 h, regardless of crucible material. The pellets

sintered for 6 h in the MgO crucible were the only samples that completely avoided

La2Zr2O7 in the bulk. This is surprising, as a longer dwell time is expected to increase the

Li loss and thereby increase the amount of La2Zr2O7 secondary phase. The unpredicted

reduction in La2Zr2O7 with increasing holding time may suggest that the Li loss decreases

as a longer sintering time is approached. However, this is contrary to expectations and

not likely. Another hypothesis is that a longer dwell time allows more Li to be transferred

from the bed powder and into the pellet. It seems that a fairly long holding time, up

to 6 h, is necessary for the amount of Li transferred to be significant. The Li that is

supplied to the pellet from the bed powder after 1 h does not seem to affect the La2Zr2O7

formation. A holding time closer to 6 h allows more Li to be transferred, which results in

less La2Zr2O7. This theory seems to be the most plausible explanation for the unexpected

observations.

Furthermore, it was discovered that the samples sintered in MgO crucibles generally

had less La2Zr2O7 present after sintering compared to those sintered in Al2O3, based

on the relative peak intensities. Micrographs of the polished surface (Figure 4.6) show

the presence of La2Zr2O7 in pellets sintered in Al2O3 crucibles, appearing as spots. The

micrograph of the polished surface of a pellet sintered in an MgO crucible (Figure 4.12)

confirms that the concentration of La2Zr2O7 is substantially lower. This agrees with

the phase compositions from the X-ray diffractograms (Figure 4.5 and Figure 4.11) and

supports the proposition that sintering in Al2O3 crucibles results in more La2Zr2O7. A

possible explanation for these results may be that the Al2O3 crucibles did not contain

large amounts of Li after all. It was initially believed that the crucibles had taken up lots

of Li during previous calcinations and sinterings. However, this was not possible to verify.

If the crucibles actually consumed Li during the sintering in this work, and thus removed
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it from the bed powder or pellets, there would be a lower Li content and consequently

more La2Zr2O7 formation in the pellets sintered in the Al2O3 crucibles.

The largest amount of La2Zr2O7 was found in the 1 h-sintering in the Al2O3 crucible, as

seen in Figure 4.5. The micrograph in Figure 4.7 demonstrates that it is mostly located

in the middle of the pellet. The X-ray diffraction pattern of the pristine pellet surface

in Figure C.5 show no peaks for La2Zr2O7, which also indicates the absence of La2Zr2O7

at the surface. This applies to the sinterings in MgO crucibles as well (Figure C.6).

The bed powder likely supplied extra Li to the surface of the pellet it was in contact

with. If the bulk was not provided with Li, the La2Zr2O7 formation in the bulk could

not be suppressed. The fact that the concentration of La2Zr2O7 is high in the middle

corroborates this theory.

Overall, the high degree of La2Zr2O7 formation during sintering is unexpected since the

powders are supposed to contain a Li excess of 24.2 mol%, which was added before the

spray pyrolysis. Throughout this work, it has been assumed that the powders contain this

surplus of Li. However, there is no assurance that the amount of excess Li corresponds to

what was initially added. Li may be lost not only during sintering, but also during spray

pyrolysis, calcination, and powder processing. If large amounts of Li are lost in these

steps, the Li surplus in the pellets is in fact lower than anticipated from the nominal

compositions, which can explain the large amount of La2Zr2O7 formed in the pellets.

Thus, a Li excess > 24.2 mol% is likely beneficial.

When it comes to the effect of Ta-content, the amount of La2Zr2O7 present in the pellets

does not seem to be particularly affected. It is expected that the Li6.4La3Zr1.4Ta0.6O12

samples contain more La2Zr2O7 than Li6.75La3Zr1.75Ta0.25O12 due to the higher Ta-content

providing a higher Li vacancy concentration. An example of this can be seen in Fig-

ure 4.11, where the Li6.4La3Zr1.4Ta0.6O12 samples sintered for 1 h contain more La2Zr2O7

than the Li6.75La3Zr1.75Ta0.25O12 samples with the same holding time. However, the dif-

ferences between the two compositions are relatively small.
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5.2.2 La2Zr2O7 in pellets after dilatometry

A high amount of La2Zr2O7 was also found in the pellets after dilatometry (Figure 4.4).

Interestingly, there was drastically more La2Zr2O7 after the dilatometry analysis com-

pared to the other sinterings. Similar to the sinterings, the occurrence of La2Zr2O7 also

originates from Li loss for the dilatometry analysis. The significantly higher amount of

La2Zr2O7 in the pellets after sintering implies a considerably high Li loss. There are two

causes for the remarkably high Li loss. Firstly, there was a continuous flow of synthetic

air throughout the dilatometry analysis. The flowing air effectively removes the volatile

Li from the sample, drastically increasing the Li loss. Secondly, there was no bed powder

that could provide extra Li to reduce the loss. An additional explanation is the high

temperature of 1250 ◦C, which probably increased the total loss even more.

5.2.3 Secondary phases on the surface

As mentioned, no La2Zr2O7 was observed at the surface of the sintered pellets. How-

ever, La2O3 and Li4SiO4 were found on the pristine pellet surfaces, as demonstrated in

Figure 4.15. In the same way as for La2Zr2O7, the presence of La2O3 may point to a

substantial Li loss and decomposition of LLZO (Equation 2.7).

Figure C.5 and Figure C.6 show that the lithium silicate impurity phase, Li4SiO4, was

discovered at all pellet surfaces after sintering, both for sintering in Al2O3 and MgO

crucibles. In reviewing the literature, no discoveries of lithium silicate contaminations are

reported. Therefore, it is somewhat surprising that Li4SiO4 was located on all surfaces. It

is believed that the lithium silicate phase originates from Si (s), unintentionally supplied

to the pellet surface from an external source. Si can oxidize into acidic SiO2, which can

further react with alkaline Li2O to form Li4SiO4. The phase diagram of the Li2O-SiO2

system, presented in Figure F.2 in Appendix F, verifies that Li4SiO4 is a possible phase

in this system. One particular concern with the Li4SiO4 impurity phase is that it can

accumulate at grain boundaries and thereby diminish the ionic transport. However, a

few studies have reported that Li4SiO4 can be used as a sintering aid, leading to a slight

increase in ionic conductivity [57, 58]. Only small amounts of Li4SiO4 were found to
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be beneficial, as larger amounts decreased the relative density. Note that these studies

intentionally added the Li4SiO4 into the powder before pressing pellets. There is probably

a difference between intentional addition to the bulk and unintentional contamination of

the surface when it comes to the presence of Li4SiO4.

It seems possible that the Si stems from residues of Si-containing compounds present

on the lab equipment used for powder preparation. However, this theory does not fully

explain why Li4SiO4 was located only on the pellet surfaces. It is more likely that Si was

present on the pressing tools and thereby contaminated the external surfaces of the pellets

during pressing. Another explanation can be that Si dust from the refractory material

inside the furnace has come in contact with the pellets. However, this seems unlikely as

the lids and bed powder provided complete protection against dust and sprinkles from

the furnace. Regardless of the source of Si, the presence of impurities emphasized the

importance of cleanliness and precautions when working in a shared lab. A thorough

assessment of the possible source of contamination was not conclusive. The absence

of Li4SiO4 peaks in the X-ray diffraction patterns for all sintered pellets implies a low

concentration of this impurity phase in the bulk of the samples. The fact that Li4SiO4

is only present on the surface is encouraging, as it can be removed by polishing, which is

beneficial for the subsequent EIS measurements.

5.3 Microstructure and densification

5.3.1 Dilatometry analysis

The dilatometry analysis was conducted to observe the densification behavior of Ta-doped

LLZO. Figure 4.3 shows that the highest rate of densification occurs at approximately

1100 ◦C for both samples. This was the basis for the choice of sintering temperature. It

was considered reasonable to choose a temperature 50 ◦C above the point where the grain

growth rate increased sharply, as the minimum temperature required for sintering is as-

sumed to be somewhat higher than the maximum densification rate. The main difference

between the samples is the discrepancy observed in the curve for Li6.75La3Zr1.75Ta0.25O12,

occurring just before reaching 1250 ◦C. The densification is expected to continue increas-
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ing when approaching the holding temperature, but instead, it slightly decreases. This

sintering setback is likely due to the formation of La2Zr2O7, which is known to slow down

the sintering. As previously stated, La2Zr2O7 forms due to high Li loss. The particu-

larly high Li loss that starts before reaching 1250 ◦C indicates that such high sintering

temperatures should be avoided.

According to the dilatometry curves, the Li6.75La3Zr1.75Ta0.25O12 sample undergoes the

largest shrinkage. However, the deviation between the Archimedes’ relative densities for

the two compositions is not particularly large, as seen in Figure 4.8 and Figure 4.13. Gen-

erally, within the same sintering program, the Li6.4La3Zr1.4Ta0.6O12 samples are denser.

This is consistent with the microstructures shown in Figure 4.14. For instance, by com-

paring the 6 h sinterings, it is clear that the Li6.4La3Zr1.4Ta0.6O12 sample (Figure 4.14h)

has a larger proportion of large grains compared to the Li6.75La3Zr1.75Ta0.25O12 sample

(Figure 4.14d). There is no apparent explanation for these observations. However, a

closer inspection of the data in Table B.2 shows a potential correlation between the green

relative density and the Archimedes’ relative density. A higher green relative density

seems to give a higher sintered relative density. This is especially evident for the samples

sintered in MgO crucibles. The fact that the Li6.4La3Zr1.4Ta0.6O12 samples tend to have

a higher green density than the Li6.75La3Zr1.75Ta0.25O12 samples may explain their high

Archimedes’ relative density.

5.3.2 Effect of holding time

As expected, the difference between samples sintered for 1 h and 6 h is more significant.

Longer holding times generally lead to higher sintered density and less porosity. This may

be due to enhanced diffusion, which decreases the porosity. The grains tend to be coarser

when the holding time increases, probably because the grain boundary surface area is

reduced. The difference in density between 1 h and 6 h is most apparent for the sinterings

in MgO crucible (Figure 4.13). Based on the Archimedes’ relative densities found in

this work, the sintering holding time seems to be the factor with the most significant

influence on the density. It is important to keep in mind that there are uncertainties

related to the Archimedes’ measurements, which may obscure the differences between the
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relative density of the samples. Also, it is reasonable to assume that the relative density

is influenced by other factors, like powder processing, milling, or other steps prior to the

pressing.

5.3.3 Presence of coarse grains

Figure 4.10 shows the presence of large grains in the Li6.4La3Zr1.4Ta0.6O12 sample sintered

for 6 h in an Al2O3 crucible. These grains were only found near the surface and not in the

rest of the bulk. The largest observed grains had a size of approximately 90 µm. As seen

in the figure, there are isolated pores within some of the grains. This indicates that the

grain boundaries moved very fast during sintering, resulting in trapped pores inside the

grains. Such pores are difficult to eliminate, and they can reduce the cross-sectional area

available for transport of Li-ions and consequently reduce the ionic conductivity. Such

large grains can also cause mechanical weakness due to their loose grain boundaries.

Since the large grains were not abnormally large, their occurrence is not considered to

be AGG. However, the coarse grains deviate from the rest due to their size; thus, it is

probably an early stage of AGG. Nevertheless, the coarse grains probably result from a

discontinuous grain growth during sintering, where some grains grow much faster than

the average [49]. The varying growth rate can be caused by a non-uniform particle size

in the powders used to press the pellets. A wide distribution in particle size may be due

to insufficient ball milling of the powders. The presence of agglomerates can also be an

explanation. Hard agglomerates will be sintered first and tend to grow into large grains. A

finer powder with a more narrow particle size distribution could provide a denser sample

with a more homogeneous microstructure. In addition, a wide particle size distribution

or the presence of agglomerates in the powders may also explain the observed bimodal

grain size distribution in the sintered pellets.

Another possible explanation for the unusual coarse grains is Al-contamination from the

Al2O3 crucibles. The coarse grains were only present in the sample sintered in an Al2O3

crucible, and not in any of the samples sintered in MgO crucibles. It is believed that

the bed powder did not provide a sufficient barrier between the sample and the crucible

during sintering of the pellet containing these large grains. This could cause Al from the
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crucible to contaminate the pellet surface and initiate AGG. AGG usually occurs during

sintering at high temperatures and long dwell times, and in the presence of Al. AGG is

more frequently observed in Al-doped LLZO than in Ta-doped LLZO.

5.4 Ionic conductivity

The ionic conductivity of sintered Ta-doped LLZO samples depends on the phase composi-

tion, Ta content, density, and microstructure. The Nyquist diagrams, shown in Figure 4.16

and Figure 4.17, all have two semicircles arising from the bulk and grain boundary con-

tributions. This means that the contribution from the grain boundaries is significant and

should not be neglected. The bulk resistance is expected to be lower than that of the

grain boundaries because the cubic phased Ta-doped LLZO is a good Li-ion conductor.

5.4.1 Total ionic conductivity

The bulk and total ionic conductivity values are given in Table 4.1. The highest total ionic

conductivity was found to be 1.66 · 10−4 S cm−1 for Li6.4La3Zr1.4Ta0.6O12 sintered at 1150

◦C for 6 h in a MgO crucible with BP-ratio 2. This is somewhat lower than the total ionic

conductivity values in the literature (Table 2.1). However, all total ionic conductivities

achieved in this work are > 10−4 S cm−1, which is in line with what is expected for

sintering in ambient air. Both Li6.75La3Zr1.75Ta0.25O12 samples consisted of a mixture of

cubic and tetragonal phase after sintering (Figure 4.11) and are therefore expected to have

a lower total ionic conductivity than the pure cubic Li6.4La3Zr1.4Ta0.6O12 samples. This

is true for the samples sintered for 6 h, as the Li6.75La3Zr1.75Ta0.25O12 sample has lower

total ionic conductivity than the Li6.4La3Zr1.4Ta0.6O12 sample. Surprisingly, the opposite

is true for the samples sintered for 1 h. This unexpected outcome may have been affected

by the presence of La2Zr2O7. As can be seen in Figure 4.11, the Li6.4La3Zr1.4Ta0.6O12

sample sintered for 1 h contained the highest amount of La2Zr2O7, according to the

relative peak intensities. It seems possible that the La2Zr2O7 caused the reduced total

ionic conductivity.

For the Li6.4La3Zr1.4Ta0.6O12 samples, the total ionic conductivity increases with sintering
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time and density, which is expected. However, the Li6.75La3Zr1.75Ta0.25O12 samples unex-

pectedly show the opposite. This outcome may suggest that the total ionic conductivity is

likely more affected by the presence La2Zr2O7 rather than the sintering time and density.

It seems that a large amount of La2Zr2O7, like in Li6.4La3Zr1.4Ta0.6O12 sintered for 1h,

lowers the total ionic conductivity more than when the La2Zr2O7 amount is low. Keep

in mind that the densities were quite similar. A greater variation in density values would

probably clarify how the density impacts the ionic conductivity. Regarding the tetragonal

phase, there is no indication that its presence results in an exceedingly lower total ionic

conductivity. The literature clearly states that the tetragonal phase has a significantly

lower ionic conductivity than the cubic phase. Therefore, it was highly unexpected to

observe the lack of impact it had on the total ionic conductivity. It should be emphasized

that the amount of tetragonal phase is not determined in this work. Hence, there may

be only a small amount of tetragonal phase present, which can explain why its presence

seems to have such a small impact on the ionic conductivity.

Overall, it seems like a high La2Zr2O7 content is what lowers the total ionic conductivity

most, even more than the presence of the tetragonal phase. The fact that no other clear

trends were observed for the total ionic conductivities makes it challenging to point to

distinct reasons for the outcome. Either way, the highest value achieved in this work was

for the pure cubic Li6.4La3Zr1.4Ta0.6O12 sample sintered for 6 h in an MgO crucible, which

had the highest relative density as well.

5.4.2 Bulk ionic conductivity

Turning now to the bulk ionic conductivities, the Li6.75La3Zr1.75Ta0.25O12 samples have

the highest values, of 4.00 · 10−4 S cm−1 and 3.95 · 10−4 S cm−1 for 1 h and 6 h holding

times, respectively. In contrast, their total ionic conductivities differ more, with 1.49 ·

10−4 S cm−1 for 1 h and 1.17 · 10−4 S cm−1 for 6 h. The fact that the bulk conductivities

are approximately equal indicates that the difference in total conductivity is caused by

the grain boundaries. The grain boundary contribution is higher for the 1 h sample, which

may be due to the larger amount of smaller grains and thus also the higher fraction of

grain boundaries. The Li6.4La3Zr1.4Ta0.6O12 samples have a somewhat lower bulk ionic
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conductivity compared to the Li6.75La3Zr1.75Ta0.25O12 samples. However, bulk ionic con-

ductivity values between 10−4 S cm−1 and 10−3 S cm−1 are generally considered sufficient

[8], as stated in Section 2.5.

From the ionic conductivity values obtained in this work, there is no clear trend on the

effect of Ta content. The absence of clear trends has generally been a recurring issue

regarding the ionic conductivity results. Uncertainties, both in the measurements and

fitting, have probably influenced the results to a certain degree and affected the accuracy

of the reported values. Besides, Ta-doped LLZO is a sensitive system that seems to be

easily affected by external factors like atmosphere, temperature, storage, and time of the

day. This increases the challenges with reproducibility. In addition, few samples were

sintered in each sintering program. Ideally, more parallels should have been conducted

to improve the reproducibility of the results. However, the obtained ionic conductivity

values showed a somewhat low variance, even though there were no apparent trends.
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6 Conclusion

This work studied the sintering properties and Li-ion conductivity of Ta-doped LLZO

with compositions Li6.75La3Zr1.75Ta0.25O12 and Li6.4La3Zr1.4Ta0.6O12, produced by spray

pyrolysis. The goal was to obtain a material with high phase purity, high relative density,

and high ionic conductivity. The key findings in this work are summarized as follows:

• A total ionic conductivity of 1.66 · 10−4 S cm−1 and a relative density of 92 % were

achieved for Li6.4La3Zr1.4Ta0.6O12 samples sintered in ambient air at 1150 ◦C for 6

h in a MgO crucible with a BP-ratio of 2. This sintering program resulted in pure

cubic Ta-doped LLZO without secondary phases. Sintering in Al2O3 crucibles was

found to be suboptimal for Ta-doped LLZO due to the risk of Al contamination.

• The presence of La2Zr2O7 in sintered samples significantly influenced on the ionic

conductivity. A higher amount of La2Zr2O7 was found to give a substantial decrease

in ionic conductivity, as opposed to lower amounts. The formation of La2Zr2O7 is

prominent when the Li loss is high. Due to the repeated occurrence of La2Zr2O7 in

sintered samples, the Li excess of 24.2 mol% in Ta-doped LLZO is likely too low.

• Li6.75La3Zr1.75Ta0.25O12 samples contained a mixture of tetragonal and cubic phase

after sintering. The presence of the tetragonal phase did not have a considerable

effect on the ionic conductivity, probably due to the low amount. No apparent

influence of Ta content on ionic conductivity was found in this work.

• It was revealed that a sintering holding time of 6 h reduces the La2Zr2O7 formation

compared to sintering for 1 h. A longer holding time makes it possible to transfer a

significant amount of Li from the bed powder and into the pellet, thus suppressing

the formation of La2Zr2O7 to a greater extent.
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7 Further work

Future studies should focus on measures to eliminate the La2Zr2O7 secondary phase in

sintered pellets. A good strategy to retain more Li during sintering should be estab-

lished. Suggestions can be to add a larger Li excess or to use more bed powder. Since the

tetragonal phase contains more Li than the cubic phase, it would be beneficial to use a

tetragonal bed powder. The Li loss during spray pyrolysis, calcination, and powder pro-

cessing resulted in a lower Li excess than anticipated according to nominal compositions.

Therefore, ICP (inductively coupled plasma) should be applied to determine the correct

stoichiometry of the powders, both as received from spray pyrolysis and calcined.

A further process should aim to increase the relative density of sintered samples. Sintering

techniques like two-step sintering, hot isostatic pressing, or spark plasma sintering can be

applied to achieve higher pellet densities. Actions to improve the microstructure should

also be implemented. A process that produces small grains with tight grain boundaries

should be developed. A denser sample with a more homogeneous microstructure can

further increase the ionic conductivity. Furthermore, efforts should be made to improve

the reproducibility of the results. Performing multiple parallels for each sintering program

is an important action. It is also possible to test other sintering temperatures and holding

times to get a better insight into their effect on microstructure and ionic conductivity.
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Appendices

A Mass and density of pellets

The green density of pellets before sintering, ρi [g/cm
3], is calculated according to Equa-

tion A.1, wheremi is the pellet mass, di is the pellet diameter and ti is the pellet thickness,

all measured before sintering.

ρi =
mi

Vi

=
mi

π ·
(
di
2

)2 · ti (A.1)

The calculated density of pellets after sintering, ρf [g/cm3], is found by Equation A.2,

where mf is the pellet mass, df is the pellet diameter and tf is the pellet thickness, all

measured after sintering.

ρf =
mf

Vf

=
mf

π ·
(df

2

)2 · tf (A.2)

The theoretical densities of Li6.75La3Zr1.75Ta0.25O12 and Li6.4La3Zr1.4Ta0.6O12 are calcu-

lated according to Equation A.3 and Equation A.4, respectively. Mi is the molar mass of

specie i, NA is the Avogadro constant and a is the lattice constant.

ρt (Ta=0.25) =
m

V
=

nM

V
=

zM

NAa3
=

8MLLZTO

NAa3

=
8

NAa3
(6.75MLi + 3MLa + 1.75MZr + 0.25MTa + 12MO)

= 5.251 g/cm3

(A.3)

ρt (Ta=0.6) =
m

V
=

nM

V
=

zM

NAa3
=

8MLLZTO

NAa3

=
8

NAa3
(6.4MLi + 3MLa + 1.4MZr + 0.6MTa + 12MO)

= 5.469 g/cm3

(A.4)
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The relative density (RD) of the green pellets, RDi, and of the sintered pellets, RDf , are

calculated according to Equation A.5.

RDi,f =
ρi,f
ρt

(A.5)

The mass, dimensions, calculated densities and relative densities of green pellets and

sintered pellets are presented in the following tables. Table A.1 belongs to the preliminary

sintering where the BP-ratio is 1, and Tables A.2 to A.5 belong to the main sintering

experiments with BP-ratios of 2.

Table A.1: Pellet measurements for 1150@1h/BP1/MgO. mi, di, ti, ρi and RDi

are the initial mass, diameter, thickness, calculated density and relative dens-

ity (before sintering), respectively. mf , df , tf , ρf and RDf are the final mass,

diameter, thickness, calculated density and relative density (after sintering), re-

spectively.

Parameter Sample

1150@1h/BP1/MgO

Ta = 0.25 Ta = 0.6

mi [mg] 578.2 570.2

di [mm] 9.89 9.90

ti [mm] 2.71 2.69

ρi [g/cm
3] 2.78 2.75

RDi [%] 52.9 50.3

mf [mg] 535.0 535.9

df [mm] 8.06 8.03

tf [mm] 2.28 2.19

ρf [g/cm
3] 4.50 4.83

RDf [%] 85.7 88.3
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Table A.2: Pellet measurements for 1150@1h/BP2/Al2O3. mi, di, ti, ρi and RDi

are the initial mass, diameter, thickness, calculated density and relative dens-

ity (before sintering), respectively. mf , df , tf , ρf and RDf are the final mass,

diameter, thickness, calculated density and relative density (after sintering), re-

spectively.

Parameter Sample

1150@1h/BP2/Al2O3

Ta = 0.25 Ta = 0.25 Ta = 0.6 Ta = 0.6

mi [mg] 598.7 612.4 602.9 593.7

di [mm] 9.90 9.91 9.92 9.90

ti [mm] 2.78 2.77 2.61 2.60

ρi [g/cm
3] 2.80 2.87 2.99 2.97

RDi [%] 53.3 54.7 54.6 54.2

mf [mg] 535.4 546.8 538.5 529.1

df [mm] 8.27 8.15 8.30 8.27

tf [mm] 2.33 2.27 2.22 2.16

ρf [g/cm
3] 4.28 4.62 4.48 4.56

RDf [%] 81.5 88.0 81.9 83.4
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Table A.3: Pellet measurements for 1150@6h/BP2/Al2O3. mi, di, ti, ρi and RDi

are the initial mass, diameter, thickness, calculated density and relative dens-

ity (before sintering), respectively. mf , df , tf , ρf and RDf are the final mass,

diameter, thickness, calculated density and relative density (after sintering), re-

spectively.

Parameter Sample

1150@6h/BP2/Al2O3

Ta = 0.25 Ta = 0.6

mi [mg] 610.8 624.2

di [mm] 9.82 9.87

ti [mm] 2.80 2.70

ρi [g/cm
3] 2.88 3.02

RDi [%] 54.8 55.0

mf [mg] 543.5 565.5

df [mm] 8.07 8.15

tf [mm] 2.40 2.30

ρf [g/cm
3] 4.43 4.71

RDf [%] 84.4 86.1
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Table A.4: Pellet measurements for 1150@1h/BP2/MgO. mi, di, ti, ρi and RDi

are the initial mass, diameter, thickness, calculated density and relative dens-

ity (before sintering), respectively. mf , df , tf , ρf and RDf are the final mass,

diameter, thickness, calculated density and relative density (after sintering), re-

spectively.

Parameter Sample

1150@1h/BP2/MgO

Ta = 0.25 Ta = 0.25 Ta = 0.6 Ta = 0.6

mi [mg] 615.2 617.7 623.6 619.7

di [mm] 9.89 9.85 9.96 9.97

ti [mm] 2.82 2.85 2.55 2.53

ρi [g/cm
3] 2.84 2.84 3.14 3.14

RDi [%] 54.1 54.2 57.4 57.4

mf [mg] 547.1 549.3 575.0 571.6

df [mm] 8.22 8.22 8.48 8.43

tf [mm] 2.41 2.42 2.21 2.22

ρf [g/cm
3] 4.28 4.28 4.61 4.61

RDf [%] 81.5 81.5 84.3 84.3
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Table A.5: Pellet measurements for 1150@6h/BP2/MgO. mi, di, ti, ρi and RDi

are the initial mass, diameter, thickness, calculated density and relative dens-

ity (before sintering), respectively. mf , df , tf , ρf and RDf are the final mass,

diameter, thickness, calculated density and relative density (after sintering), re-

spectively.

Parameter Sample

1150@6h/BP2/MgO

Ta = 0.25 Ta = 0.25 Ta = 0.6 Ta = 0.6

mi [mg] 599.4 609.2 620.0 604.1

di [mm] 9.86 9.86 9.85 9.85

ti [mm] 2.76 2.80 2.68 2.60

ρi [g/cm
3] 2.84 2.85 3.04 3.05

RDi [%] 54.2 54.3 55.6 55.8

mf [mg] 531.7 542.5 554.5 540.5

df [mm] 8.16 8.17 8.16 8.15

tf [mm] 2.32 2.37 2.28 2.23

ρf [g/cm
3] 4.38 4.37 4.65 4.65

RDf [%] 83.4 83.2 85.0 85.0
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B Archimedes’ method

Table B.1 presents the dey pellet mass before sintering together with the measurements

taken during Archimedes’ method for different samples and sintering programs.

Table B.1: Measurements established during the Archimedes’ method for dif-

ferent samples and sintering programs. mdry is the mass of the dry pellet after

sintering, msub is the pellet mass while submerged in isopropanol, mwet is the pel-

let mass with isopropanol in open pores, and ρiso is the calculated isopropanol

density.

Sintering program Sample mdry [mg] msub [mg] mwet [mg] ρiso [g/cm3]

1150@1h/BP1/MgO Ta=0.25 535.0 449.1 538.3 0.785

1150@1h/BP1/MgO Ta=0.6 535.9 454.0 540.3 0.784

1150@1h/BP2/Al2O3 Ta=0.25 535.4 448.1 537.2 0.787

1150@1h/BP2/Al2O3 Ta=0.25 546.8 458.1 548.2 0.787

1150@1h/BP2/Al2O3 Ta=0.6 538.5 454.4 539.5 0.787

1150@1h/BP2/Al2O3 Ta=0.6 529.1 447.1 530.4 0.787

1150@6h/BP2/Al2O3 Ta=0.25 543.5 454.8 544.6 0.787

1150@6h/BP2/Al2O3 Ta=0.6 565.5 477.8 566.7 0.787

1150@1h/BP2/MgO Ta=0.25 547.1 457.2 548.8 0.787

1150@1h/BP2/MgO Ta=0.25 549.3 458.8 550.5 0.787

1150@1h/BP2/MgO Ta=0.6 575.0 485.2 576.4 0.786

1150@1h/BP2/MgO Ta=0.6 571.6 482.6 572.5 0.786

1150@6h/BP2/MgO Ta=0.25 531.7 444.9 532.6 0.788

1150@6h/BP2/MgO Ta=0.25 542.5 454.7 543.6 0.788

1150@6h/BP2/MgO Ta=0.6 554.5 468.3 555.5 0.788

1150@6h/BP2/MgO Ta=0.6 540.5 456.8 543.4 0.788
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The relative density obtained from the Archimedes’ method is calculated using the theor-

etical density, ρt [g/cm
3], and the bulk density, ρb [g/cm

3], for the cubic phase Ta-doped

LLZO according to Equation A.3 and Equation A.4. The isopropanol density, ρiso [g/cm
3],

is given by Equation B.1, where Tiso [◦C] is the measured isopropanol temperature.

ρiso = −0.0009 · Tiso + 0.8018 (B.1)

The bulk density, ρb [g/cm3], is calculated from the data in Table B.1, according to

Equation B.2.

ρb =
mdry

mwet −msub

· ρiso (B.2)

The relative density, RD [%], can then be found according to Equation B.3.

RD =
ρb
ρt

· 100% (B.3)

The open porosity, πo [vol%], is calculated according to Equation B.4. The total porosity,

πt [vol%], is the sum of the open porosity and the closed porosity, and it is given in

Equation B.5.

πo =
mwet −mdry

mwet −msub

· 100% (B.4)

πt =
ρt − ρb

ρt
· 100% = (1−RD) · 100% (B.5)

Table B.2 gives an overview of the relative density, open porosity, and total porosity

resulting from Archimedes’ method. The green density is also included.
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Table B.2: Calculated densities and porosities for different samples and sintering

programs. RDi is the relative density of the green pellets, RD is the relative

density obtained from Archimedes’ method, πo is the open porosity, and πt is the

total porosity.

Sintering program Sample RDi [%] RD [%] πo [vol%] πt [vol%]

1150@1h/BP1/MgO Ta=0.25 52.9 89.6 3.7 10.4

1150@1h/BP1/MgO Ta=0.6 50.3 89.1 5.1 10.9

1150@1h/BP2/Al2O3 Ta=0.25 53.3 90.0 2.0 10.0

1150@1h/BP2/Al2O3 Ta=0.25 54.7 91.0 1.6 9.0

1150@1h/BP2/Al2O3 Ta=0.6 54.6 91.0 1.2 9.0

1150@1h/BP2/Al2O3 Ta=0.6 54.2 91.4 1.6 8.6

1150@6h/BP2/Al2O3 Ta=0.25 54.8 90.7 1.2 9.3

1150@6h/BP2/Al2O3 Ta=0.6 55.0 91.5 1.4 8.5

1150@1h/BP2/MgO Ta=0.25 54.1 89.5 1.9 10.5

1150@1h/BP2/MgO Ta=0.25 54.2 89.7 1.3 10.3

1150@1h/BP2/MgO Ta=0.6 57.4 90.7 1.5 9.3

1150@1h/BP2/MgO Ta=0.6 57.4 91.4 1.0 8.6

1150@6h/BP2/MgO Ta=0.25 54.2 90.9 1.0 9.1

1150@6h/BP2/MgO Ta=0.25 54.3 91.5 1.2 8.5

1150@6h/BP2/MgO Ta=0.6 55.6 91.6 1.1 8.4

1150@6h/BP2/MgO Ta=0.6 55.8 92.0 1.1 8.0
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C X-ray diffractograms

The X-ray diffraction patterns of as-received powders from spray pyrolysis are presented

in Figure C.1. Both powders are composed of cubic Ta-doped LLZO, La2Zr2O3 and

Li2CO3. The amount of Li2CO3 is higher than it appears from the peak intensity due to

the low scattering factor of Li-containing compounds. The measurements were previously

performed by Herskedal [13].

Figure C.1: X-ray diffraction patterns of as-received powders from spray pyro-

lysis. The peaks are indexed to cubic LLZTO, La2Zr2O3 and Li2CO3. Previously

measured by Herskedal [13].

Figure C.2 shows the X-ray diffraction pattern of the calcined Li6.75La3Zr1.75Ta0.25O12

bed powder. The powder was calcined at 800 ◦C for 12 h in MgO crucibles. Batches of

approximately 4 g of powder were used for each calcination. All peaks were indexed to

the cubic phase of Ta-doped LLZO. The diffraction patterns are representative of all bed

powders used in this work.

After calcination at 750 ◦C for 12 h, the powders were milled to remove agglomerates and

reduce the particle size. The milling was carried out as described in Section 3.2.4. The

X-ray diffraction patterns in Figure C.3 show the phase composition of the powders after

milling. No secondary phases or impurities were present.
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Figure C.2: Representaitve X-ray diffraction pattern of bed powder calcined at

800 ◦C for 12h in MgO crucibles. ll peaks are indexed to cubic Ta-doped LLZO.

Figure C.3: X-ray diffraction patterns of the powders after calcination and

milling. All peaks are indexed to cubic Ta-doped LLZO.
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Figure C.4 shows the X-ray diffraction patterns of the preliminary sintering, where the

pellets were sintered at 1150 ◦C for 1 h in MgO crucibles with a BP-ratio of 1. The

insufficient amount of bed powder did not provide enough Li to compensate for the Li

loss. Therefore, high amounts of La2Zr2O7 were present in the samples.

Figure C.4: Bulk representative X-ray diffraction pattern of samples sintered in

the preliminary sintering study. The pellets were sintered at 1150 ◦C for 1 h in

MgO crucibles with a BP-ratio of 1. The peaks are indexed to Ta-doped LLZO

and La2Zr2O7.

X-ray diffraction patterns of the pristine surface of pellets sintered in Al2O3 crucibles for

the main sintering study are shown in Figure C.5. The samples were sintered at 1150 ◦C

with a BP-ratio of 2. The holding times were 1 h and 6 h. The peaks are indexed to cubic

or tetragonal Ta-doped LLZO, La2O3, and Li4SiO4.

Figure C.6 shows the X-ray diffraction patterns of the pristine surface of pellets sintered

in MgO crucibles for the main sintering study. The samples were sintered at 1150 ◦C

with a BP-ratio of 2 and holding times of 1 h and 6 h. The peaks are indexed to cubic or

tetragonal Ta-doped LLZO, La2O3, and Li4SiO4.
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Figure C.5: X-ray diffraction patterns of the surface of pellets sintered at 1150

◦C in Al2O3 crucibles. The BP-ratio is 2 and the holding times are 1 h and 6 h.

Figure C.6: X-ray diffraction patterns of the surface of pellets sintered at 1150

◦C in MgO crucibles. The BP-ratio is 2 and the holding times are 1 h and 6 h.
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D SEM micrographs

The micrographs in Figure D.1 present the microstructure of pristine fracture surfaces of

pellets sintered at 1150 ◦C in Al2O3 crucibles with BP-ratio 2 and holding times of 1 h

and 6 h. The grain size distribution is close to bimodal. Generally, transgranular fracture

seems to take place in the larger grains, while intergranular fracture occurs in the smaller

grains. The density of the samples sintered for 6 h appears to be higher than for the

samples sintered for 1 h.
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(a) Ta=0.25, 1150@1h/BP2/Al2O3 (b) Ta=0.25, 1150@1h/BP2/Al2O3

(c) Ta=0.25, 1150@6h/BP2/Al2O3 (d) Ta=0.25, 1150@6h/BP2/Al2O3

(e) Ta=0.6, 1150@1h/BP2/Al2O3 (f) Ta=0.6, 1150@1h/BP2/Al2O3

(g) Ta=0.6, 1150@6h/BP2/Al2O3 (h) Ta=0.6, 1150@6h/BP2/Al2O3

Figure D.1: Secondary electron micrographs of pristine fracture surfaces of

Li6.75La3Zr1.75Ta0.25O12 and Li6.4La3Zr1.4Ta0.6O12 pellets sintered at 1150 ◦C in

Al2O3 crucibles with BP-ratio 2. The holding times are 1 h and 6 h.
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E Ionic conductivity calculations

The bulk ionic conductivity is calculated according to Equation E.1. The total ionic

conductivity is calculated according to Equation E.2. t [cm] is the thickness of the sample,

A [cm2] is the surface area, and d [cm] is the diameter. R1 [Ω] is the bulk resistance and

R2 [Ω] is the grain boundary resistance. The relevant equivalent circuit is shown in

Figure 3.6b.

σb =
t

R1A
=

4t

R1πd2
(E.1)

σt =
t

(R1 +R2)A
=

4t

(R1 +R2) πd2
(E.2)

Table E.1 shows the bulk resistance and the grain boundary resistance obtained from the

fitted EIS data. The table also provides the diameter and thickness of the samples. The

total resistance for the circuit in Figure 3.6b is the sum of the bulk and grain boundary

resistance.

Table E.1: Bulk resistance, R1, grain boundary resistance, R2, pellet diameter,

d, and pellet thickness, t. The total resistance is R1+R2.

Sintering program Sample R1 [Ω] R2 [Ω] d [mm] t [mm]

1150@1h/BP2/MgO Ta=0.25 662 1112 8.22 1.41

1150@1h/BP2/MgO Ta=0.6 946 1004 8.43 1.48

1150@6h/BP2/MgO Ta=0.25 889 2123 8.17 1.84

1150@6h/BP2/MgO Ta=0.6 980 1200 8.17 1.90
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F Phase diagrams

The phase diagram of the Li2O-Al2O3 system is shown in Figure F.1.

Figure F.1: Phase diagram of the Li2O-Al2O3 system. Reprinted from [59].

The phase diagram of the Li2O-SiO2 system is shown in Figure F.2.

Figure F.2: Phase diagram of the Li2O-SiO2 system. Reprinted from [60].
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G Crystal structure of LLZO

Unit cell models of the cubic and tetragonal phased LLZO crystal structures are shown in

Figure G.1a and Figure G.1b, respectively. The main deviations between the cubic and

tetragonal LLZO are the arrangement of Li ions and the site occupancy. The cubic struc-

tures of Li6.75La3Zr1.75Ta0.25O12 and Li6.4La3Zr1.4Ta0.6O12 are presented in Figure G.2a

and Figure G.2b, respectively. These are different in terms of Ta content. All structures

are obtained from the Vesta V3.4.8 software.
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(a) Cubic LLZO

(b) Tetragonal LLZO

Figure G.1: Unit cell crystal structure of (a) cubic LLZO and (b) tetragonal

LLZO. The colors represent different ions. Light green is Li, dark green is La,

gray is Zr, and red is O. White represents the vacancies. Partially colored spheres

are sites that are partially occupied, and the occupancy is denoted by the fraction

of the corresponding color.
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(a) Cubic Li6.75La3Zr1.75Ta0.25O12

(b) Cubic Li6.4La3Zr1.4Ta0.6O12

Figure G.2: Unit cell crystal structure of (a) cubic Li6.75La3Zr1.75Ta0.25O12 and

(b) cubic Li6.4La3Zr1.4Ta0.6O12. The colors represent different ions. Light green

is Li, dark green is La, gray is Zr, red is O, and blue is Ta. White represents the

vacancies. Partially colored spheres are sites that are partially occupied, and the

occupancy is denoted by the fraction of the corresponding color.
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