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RESUME

L’intérét pour les batteries a 1'état solide en tant que technologie post-lithium-ion a
sensiblement augmenté dans la recherche moderne, en raison de la variété des nouvelles chimies
d'électrolytes, permettant des performances élevées, et de leur sécurité améliorée par suite de
I'élimination des électrolytes inflammables. Les caractéristiques de I'électrolyte solide jouent un
role crucial dans la détermination de I'efficacité de la cellule. Aujourd’hui, les oxydes
inorganiques, y compris les NASICONs et les grenats, representent la classe des électrolytes
solides la plus explorée. Ces matériaux présentent une conductivité élevée a température ambiante
et une stabilité chimique notable vis-a-vis du lithium métallique. La synthése des oxydes est
généralement effectuée selon des méthodes a I'état solide a haute température, qui nécessitent de
longs temps de réaction et des températures tres élevées, par conséquent, de sérieux efforts doivent

étre entrepris pour améliorer le processus de fabrication.

L'objet de cette these est la modification des conditions de synthese d'une série de matériaux
oxydes, dont le Lii+xAlTii—x(POs)s (LATP) de type NASICON et les grenats LisLasBi>O12
(LLBO) et LizLasZr,012 (LLZO). Le traitement de tous ces composes implique I'utilisation de la
technique de pressage a chaud pour le frittage thermique. Diverses approches de fabrication ont
été utilisées, y compris la substitution élémentaire et I'application d'auxiliaires de frittage pour
diminuer la température de formation des structures finales. La formation des électrolytes est
étudiée par diffraction de rayons-X (DRX) in situ pour identifier le mécanisme d'évolution des
phases du produit en fonction de la température. L'optimisation de la taille des particules peut étre
obtenue en modifiant correctement les conditions de travail, comme montré pour le LATP qui
réalise le meilleur compromis entre la distribution des particules et la concentration des impuretés
apres un traitement thermique a 700 °C. La variation des parameétres externes peut également
contribuer a rendre la phase souhaitée plus stable a température ambiante: un tel comportement est
observé pour le LLBO qui se stabilise en choisissant judicieusement la température de frittage

entre 600 et 650 °C, alors qu'une température plus élevée conduit a une décomposition thermique.

L'ajout d'un agent externe a démontré un impact positif sur I'évolution et le frittage
thermique des pastilles céramiques, et ceci est observé pour le LLZO, qui présente une température

de formation plus faible apres I'incorporation de matériaux carbonés dans le mélange de recuit. Un



comportement semblable peut pareillement étre observé aprés dopage aliovalent de la structure
avec des ions tellure. Ces deux approches se sont avérées efficaces pour obtenir une phase
stabilisée a des températures de travail remarquablement inférieures a celles généralement requises
pour la synthése a I'état solide des grenats. En plus de cela, les matériaux modifiés présentent des
dimensions de particules plus homogeénes qui permettent une meilleure densification et I'atteinte

d’une densité plus élevée.

Tous les matériaux étudiés, a la fois les NASICONS et les grenats, rapportent des valeurs
de conductivité particulierement élevees compte tenu du traitement thermique a basse température,
souvent comparables a celles rapportées dans les précédentes études sur la synthese
conventionnelle a haute température. L'amélioration des propriétés électrochimiques dévoile les
avantages du pressage a chaud pour produire des électrolytes solides plus performants et confirme
I'efficacité des modifications a I'état solide étudiées dans ce travail.

Mots Clés:

Batteries au lithium, Electrolytes solides, Matériaux céramiques, Pressage a chaud, Frittage & basse
température



ABSTRACT

The interest in solid-state batteries as a post-lithium-ion battery technology has sensibly
increased in modern research, owing to the variety of new electrolyte chemistries, enabling high
performance, and their improved safety following the removal of flammable electrolytes. The
inherent features of the solid electrolyte play a crucial role in determining cell efficiency, and the
most explored class of solid electrolytes consists of inorganic oxides, including NASICONSs and
garnets. These materials display a high room temperature conductivity and a notable chemical
stability against metallic lithium. The synthesis of oxides is typically conducted following high-
temperature solid-state methods, which require long reaction times and high working temperatures,

therefore serious efforts should be undertaken to improve the fabrication process.

The focus of this thesis is the modification of the synthesis conditions for a series of oxide
materials, which include NASICON-type Li1+xAlxTii—x(POa4)s (LATP) and garnets LisLasBi>O1.
(LLBO) and Li7LasZr2012 (LLZO), and the treatment of all these compounds involves the use of
the hot-pressing technique for the thermal sintering. Diverse approaches for manufacturing are
attempted, including elemental substitution and application of sintering aids to decrease the
formation temperature of the final structures. The formation of the electrolytes is investigated via
in situ XRD to identify the evolution mechanism of the product phases based on temperature.
Optimization of the particle size can be obtained by properly altering the working conditions, as
shown for LATP which achieves the best compromise between particle distribution and
concentration of impurities after a thermal treatment at 700 °C. Acting on the external parameters
can also help render the desired phase more stable at room temperature: such a behavior is observed
for LLBO which is stabilized by aptly choosing the sintering temperature between 600 and 650

°C, whereas an excessive temperature leads to thermal decomposition.

The addition of external agents has a positive impact on the evolution and the thermal
sintering of ceramic pellets. This is observed for LLZO which exhibits a lower formation
temperature after incorporating carbon materials in the annealing mix. An analogous behavior can
be also seen after aliovalent doping of the structure with tellurium ions. Both these approaches are
proven effective in obtaining a stabilized phase at working temperatures remarkably lower than

the ones typically required for the solid-state synthesis of garnets. In addition, the modified
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materials present more homogeneous particle dimensions which permit better densification and

the attainment of higher densities.

The investigated materials, both NASICONs and garnets, exhibit notably high values of
conductivity considering the low-temperature thermal treatment, often comparable with the ones
reported in the literature for conventional high-temperature synthesis. The amelioration in the
electrochemical outputs unveils the advantages of hot-pressing to produce more performant solid
electrolytes and is a clear confirmation of the effectiveness of the solid-state modifications
investigated in this work.
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polymer electrolyte at 60 °C. Reprinted with permission from Ref.*?°. b) Arrhenius plot of ionic
conductivities for the PEO-Li/(EC/PC-SiO) films, compared with the values for PEO-LI/EC/PC

and PEO-Li/SiO; films. Reprinted with permission from Ref.%, ¢) Schematic illustration for Li-
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ion transport in composite electrolytes with nanoparticle and nanowire fillers. Reprinted with
PErMISSION FrOM REF.IZ4, ..ottt ettt ettt neeeas 34
Figure 1.15. a) Structure of LisGeS4 determined by X-ray Rietveld analysis. Reprinted with
permission from Ref.13, b) Nyquist plots from low to high temperatures and Arrhenius
conductivity plots of LiioGeP,S1.. Reprinted with permission from Ref.*!. .............ccocovevvnnee. 36
Figure 1.16. a) Crystal structure of Lig.54Si1.74P1.44S11.7Clo.3. The thermal ellipsoids are drawn
with a 50% probability. Reprinted with permission from Ref.1*8, b) Compared Arrhenius
conductivity plots for the LGPS family and Lio54Si1.74P1.44S11.7Clo.s. Reprinted with permission
from Ref.1*8, ¢) Evolution of H,S gas generated from a series of Li,S—P2Ss—P,0s glass
composites (x = P2O0s ratio) after exposure to air. Reprinted with permission from Ref.1*2, d)
Crystal structure of Sb-substitutes LisSnS4 with unit cell outlined. Reprinted with permission
from Ref.1. ) Arrhenius plots at 30 °C and Nyquist plots (inset) for Lis-xSni1-«SbxSs. Reprinted
With permission from REF.I. ... ettt ettt enes 39
Figure 1.17. a) Crystal structures of LisPSsX with X = ClI, Br, I. X anions form a cubic close-
packed lattice with PSs*tetrahedra in the octahedral sites and the free S*~ in half of the
tetrahedral holes. The free S*~ anions and the corner of the PS>~ tetrahedra form Frank—Kasper
polyhedra, which enclose two different Li positions. The Li positions form localized cages in
which multiple jump processes are possible. Reprinted with permission from Ref.*%°. b)
Arrhenius plots of the conductivity values for substituted Lis+xP1-xMxSsl (M = Si, Sn, Ge) with
different composition. Reprinted with permission from Ref.1%4. ..o, 41
Figure 1.18. a) Arrhenius plots of Li»—«PSs—Brx with different Br molar concentrations.
Reprinted with permission from Ref.1%®. b) Schematic of the interphase formation at the
electrode/polymer interfaces. The close-ups show the onset of the interphase growth sample
without heat treatment (left) and with temperature (right). On the right, the interfacial Li* transfer
is visualized schematically. The energy diagram depicts the energy barriers for the lithium ion
transfer. Reprinted with permission from Ref.2. ¢) Crystal structure and local ion environment
of the synthesized Lis+xAlxSii—xSa. Reprinted with permission from Ref.1’°. d) Lithium ion
conductivity at 25 °C of Lie.15Al0.15S11.35S6xOx as a function of oxygen ratio. Reprinted with
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Figure 1.19. a) Proposed model for the unit cell of La2sTiO3. Reprinted with permission from
Ref.}”7. b) Structures of perovskite lithium ion conductor (Li,La)TiOs. The green and blue circles
denote La and Li, respectively. Reprinted with permission from Ref.1™, ..., 45
Figure 1.20. a) Cyclic voltammogram of amorphous LLTO samples at a scan rate of 1 mV s 1,
Reprinted with permission from Ref.1®*. b) Lithium ion conductivity of Sr-substituted LLTO at
25 °C. Reprinted with permission from Ref.*®, ¢) Arrhenius plots for the total conductivity of
LLTO/SiO, composites. Reprinted with permission from Ref.!%’. d) SEM image of LLTO-LLZO
ceramic and e) elemental distribution along the CD line. Reprinted with permission from Ref.2%,

Figure 1.21. a) The crystal structure of a LisCIO cubic Pm3m antiperovskite. Reprinted with
permission from Ref.2%, b) Arrhenius plots for LisOCI and LisOClosBros. Reprinted with
permission from Ref.2%%, ¢) Projection (yellow) of Li trajectories in a supercell at 1000 and 2000
K for LizOCI (top) and LisOBr (bottom). O: red, Cl: green, Br: purple, Li: blue. Reprinted with
permission from Ref.?%®. d) Temperature behavior of Gibbs energy (per point defect) of the basic
lithium-containing neutral defects. Reprinted with permission from Ref.2%. .............cccccoovvvvnnee. 50
Figure 1.22. Unit cells of 3DN-Li3OCI, 2DN-LisOCl>, 1DN-LigOCls, and ODN-LisOCl3 anti-
perovskites and ilustration of the connectivity of low-DN anti-perovskites. A-site ions are
signaled in the schematic as purple dots. Reprinted with permission from Ref.2% ..................... 52
Figure 1.23. a) lonic conductivities of LizCIO and Ba-doped derivates, including
Li2.99Ba0.00sCIO and Li2.99Bao.00sCloslo.sO, compared with Agl. Reprinted with permission from
Ref.2%, b) IR spectra of LisCIO synthesized from Li metal without or with OH phase Reprinted
with permission from Ref.?'2, ¢) Phase composition of LisCIO antiperovskite upon prolonged
exposure to air. Reprinted with permission from Ref.218............ocooviieeiiceeeee e, 54
Figure 1.24. a) Unit cell (space group R3c) and local environment of LiTi2(POa4)3. Yellow
elongated octahedra are occupied by Li*, blue octahedra are occupied by Ti**, green tetrahedra
are occupied by P°*. 0% is located at the corners of the polyhedra (small red circles). Adapted
with permission from Ref.?2L, b) Variation of the conductivity for a series of Li1+xMxTi>—x(POa4)3

systems at 298 K, as a function of elemental substitution. Reprinted with permission from

Figure 1.25. a) XRD patterns of Si-doped LATP (x = 0 — 0.4) samples, compared with
references. Reprinted with permission from Ref.?*’. b) Variation of the conductivities and
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relative density for Lii+xAlxGeo2Tiis—x(POas)zas a function of x. Reprinted with permission from
Ref.24, ¢) Relative densities of LATP pellets prepared using HsPO4 (H-LATP) and NH4H2PO4
(N-LATP), as a function of the sintering temperature. Inset: photos of H-LATP and N-LATP
sintered pellets. Reprinted with permission from Ref.?43, d) SEM images of LAGP pelelts after
conventional cold-pressing (top) and hot-pressing at 650 °C in Ar (bottom). Scale bar = 10 um.
Adapted With permission from REF.2%. ..ot 58
Figure 1.26. a) SEM cross-section image of a LATGP sample after approximately 12 h contact
with lithium metal. The white arrow indicates the diffusion of lithium. Reprinted with permission
from Ref.?#®, b) EIS profiles of composited LATP/cathode symmetric cells without and with
LiRAPs. Reprinted with permission from Ref.?>°. ¢) Compared accelerating rate calorimetry
(ARC) results of a Li/LATP pellet and a LiI/LATP@LIiPO2F2-pellet. Reprinted with permission
FIOM REE.Z. ettt ettt ettt ettt ettt en ettt ns 61
Figure 1.27. Different possible compositions for garnet-type solid electrolytes. Reprinted with
PErMISSION FIOM RET.ZE .. .ottt ettt en e 64
Figure 1.28. a) Crystal structure of tetragonal LLZO with b) corresponding lithium ions site
disposition. c) Crystal structure of cubic LLZO with d) corresponding lithium ions site
disposition. Reprinted with permission from Ref.233. ..o, 66
Figure 1.29. Summary of all possible doping elements for LLZO garnet. The color represents
the preferred cation site. Darker colors signify lower defect energy. The box also displays the
preferred oxidation state and the defect energy (in eV). Reprinted with permission from Ref. 8,

Figure 1.30. a) Structure and b) Li-ion diffusion pathway of la3d LLZO, showing LaOs
dodecahedra (blue), ZrOs octahedra (green) and three-site Li distribution: 24d tetrahedral
coordination (red spheres), 48g octahedral coordination (green spheres), and distorted 96h
octahedral coordination (blue spheres); ¢) Structure and d) Li-ion diffusion pathway of 143d
LLZO, showing Li distribution over three sites: two tetrahedrally-coordinated 12a (red spheres)
and 12b (orange spheres), and 48e octahedral coordination (yellow spheres). Adapted with
PErMISSION FromM REF.20332% ettt 69
Figure 1.31. a) Cyclic voltammogram of Lie.75LasZr175Nbo2s012, performed at a scanning rate of

1 mV s tat 25 °C. Reprinted with permission from Ref.3%. b) Arrhenius plot of total
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conductivities for different compositions of Te-doped LLZO. Reprinted with permission from

Figure 1.32. a) Arrhenius plots for the total conductivity of pristine AI-LLZO and Al-LLZO
added with 1% wt. of LisBOs3, LisPOs and LisSiO4. Reprinted with permission from Ref.3%. b)
Total conductivity of t-LLZO and c-LLZO as a function of wt% of LiPO3 additive. Reprinted
with permission from Ref.31%, ¢) Capacity retention and cycling efficiency of LFP/polymer-
LLZTO-LiF/Li cells at 80 and 160 mA cm 2. Reprinted with permission from Ref.3¢, ............ 73
Figure 3.1: (a) Evolution of X-ray diffraction (XRD) spectra during heating of precursors of
Li1sAlosTi1s(PO4)s (LATP). The (hkl) of LATP are labelled on the peaks, the subscript “m” of
the (hkl) indicates it contains multiple lines. Platinum (Pt) is from crucible; (b) Equivalent circuit
and Nyquist plots at room temperature for the three LATP samples synthesized at 550, 700 and
950 °C. All the samples were densified via hot-pressing at 750 °C; (c) Arrhenius plots of total
ionic conductivity of the three LATP SAMPIES. ....c..ooviiiiii e 88
Figure 3.2: (a-c) X-ray diffraction (XRD) patterns of LATP precursors synthesized at (a) 550 °C
(LATP550); (b) 700 °C (LATP700); (c) 950 °C (LATP950) and corresponding 750 °C hot
pressed ceramics. The average crystallite sizes are labelled corresponding to their patterns;
Indicates the strongest relative peak of the phase; (d) zoomed XRD spectra showing the AIPO4
phase in different pellets. (e) 'Li and 2’ Al NMR spectra for LATP550, LATP700 and LATP950
=T 001 B0 =TSSR 90
Figure 3.3. (a) Scanning electron microscopy (SEM) micrographs of Li1.5 Al0.5 Til.5(P0O4)3
(LATP) powders heated at 550°C, 700°C and 950°C; (b) Back-scattered electron (BSE) images
of LATPs hot pressed at 750°C with precursor powders treated at different temperatures and the
corresponding phase distribution maps. Yellow: LATP; red: impurities; blue: pores. ................ 92
Figure 3.4 (a) An example fit of a pulsed-field gradient nuclear magnetic resonance (PFG NMR)
signal attenuation curve for HP-LATP950 sample at 50 °C. Experimental points are shown with
red dots. Single- and double-exponential fits are shown with dashed and solid blue lines
respectively. (b) Arrhenius plots of measured diffusivities. Lines slopes correspond to activation
ENEIGY EXPIESSEU 1N BV/S. . ettt ettt e et e sbe e e e e s beeesteesaeeabeesraeereeas 94
Figure 4.1: a) X-rays diffraction pattern and b) EDS mapping of pristine LLBO..................... 108
Figure 4.2: a) Nyquist plot at room temperature with equivalent circuit and b) Arrhenius plot of
the hot-pressed samples at 550, 600 and 650 °C; ¢c) STEM-obtained cross-section ADF image
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Figure 4.S8. High magnification SEM image and EDS elemental mapping for La (cyan), Bi
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temperatures (from 720 to 872 °C); ¢) Thermal curves (TGA and DTA) for the LLZO powder
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Figure 5.2. a) Comparison between the diffraction patterns of different Ga-doped LLZO samples
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representation of the influence of different carbon on the particle size of LLZO.. ..................... 137
Figure 5.4. Comparison of MAG100 (a, b) and DENKAL10 (c, d) LLZO samples from
transmission electron microscopy. a) ADF STEM image from MAG100. LLZO appears white
due to La and Zr heavy atoms, while carbon looks darker due to its low atomic number. Large
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the amorphous carbon film support of the TEM grid). b) HRTEM image from MAG100. In inset,
FFT-derived diffractogram of the LLZO crystal, showing the orientation in the [7,6,4] direction
and the corresponding families of planes (indicated with dashed lines in the HRTEM image). ¢)
ADF STEM image from DENKAZ10 sample showing LLZO and carbon. d) HRTEM image from
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Figure 5.5. a) Schematic representation of the cell setup employed for EIS tests of the materials;
b) Representation of the equivalent circuit used for data fitting; c-e) Nyquist plots of the
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INTRODUCTION

The evolution of the human population has been characterized by a slow and constant
growth during the last millennia, until the beginning of the 19" century, when an ever-increasing
trend has led the global population to an increase of about 7 billion in a period of 200 years
(Sadigov, 2022). According to the United Nations, the population has crossed the 8 billion people
threshold on 15 November 2022 (UN, n.d.). The fundamental causes behind the acceleration of
humans’ growth rate lie in the overall improval in health conditions and life quality, because of
the scientific discoveries and technological advancements following the first industrial revolution.
Changes in public health and sanitation as well as development of proper sewage disposal in cities
have significantly bettered health in developed countries. In addition, medical innovations such as
vaccines, antibiotics and food preservation have reduced the impact of epidemics and infective
diseases and decreased the global mortality rates (Van Bavel, 2013). At the dawn of the 20™
century, the development of the Haber-Bosch industrial process for the fixation of nitrogen
permitted a simpler and more economical pathway for the mass production of ammonia (Haber,
1905). This allowed for the industrial synthesis of nitrogen fertilizers and, after WW]I, contributed
to the expansion of intensive agriculture, providing ulterior support for global population growth.
Nowadays, nitrogen based synthetic products are main staples of modern farming and are vital to
the nourishment of billions of people around the globe (Smil, 2000). Future projections by the UN
declare that the world population is foreseen to increase until we cross the 10 billion people
threshold before the end of the current century (Roser & Rodés-Guirao, 2014; Sadigov, 2022), as
reported in Figure 11, before reaching a stationary phase when the population growth will halt and

stabilize.
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Figure 11. Human population growth and annual growth rate in the period from 1700 to 2100
(future projections). Significant milestones highlighted: 1 billion (1803), two billion (1928), 2.5
billion (1950), 5 billion (1987). The population growth rate reached its peak in 1968 at 2.1%.
Image by Max Roser and Lucas Rodés-Guirao (2013) - "Future Population Growth". Published
online at OurWorldInData.org(Roser & Rodés-Guirao, 2014).

The technological advances have indeed improved the carrying capacity of human
environment but, at the same time, this unprecedented increment vastly inflated the impact of
humanity on the Earth’s natural environment, leading numerous ecosystems to the brink of
irreparable collapse. Impactful changes on a global scale caused by human activities include the
depletion of the ozone layer, spread desertification and topsoil loss, as well as global climate
change (EPA, n.d.; IPCC, 2022). The latter, in particular, can find its roots in the rapid pace of
economic growth in most countries. This phenomenon has been followed by a significant increase
in energy consumption which caused the massive exploitation of fossil energy sources, namely
coal, petroleum, and natural gas (IEA, 2021). Currently, worldwide energy production still relies
heavily on fossil fuels, as observed in Figure 12a-b, showing the evolution of global energy
sources, from 1971 to modern days. It can be seen that, from 1970 to 2021, the use of renewable



sources as a main source of energy has shown an increment (Figure 12a). However, they still

represent only about 2% of global production.

All non-fossil sources combined (including hydroelectric and nuclear) provide about 20%
of the global production, as shown in Figure 12c, whereas the contribution of all fossil fuels
amounts to 23.2, 26.8 and 30.9% for natural gas, coal, and oil respectively. In particular,
considering the three main fossil fuels, in 2019 oil provided the greatest contribution to the
consumed energy, with more than 4000 Mtoe (Figure 12b), covering about 40% of global
consumption. On the other hand, renewable sources (represented by the thin red area) account for
only 3.6% of global energy consumption. Fossil fuels are a non-renewable energy source and that
means that the continuous exploitation of the reserves will cause their rapid depletion, until they
are totally consumed. At the same time, the combustion of fossil fuels contributes to the production
of copious amounts of greenhouse gases (CO2, NOx), with a strong impact on climate alteration
around the globe. Consumption of fossil fuels, and more specifically oil, is currently dominated
by the field of transport which accounts for more than 60% of the energy produced (Figure 12d),
and this massive consumption is the cause for the majority of CO2 emissions. As exposed in Figure
12e, all fossil fuels combined make up for more than 99% of CO2 emissions, amounting to more
than 30 billion tons of CO> released. For this reason, the transition from these polluting sources
towards green renewable sources in the fields of heavy industry and transportation is of crucial
importance to limiting human impact on the environment. According to prospects, the demand for
energy is not going to diminish in the immediate future and the green transition is far from an easy
and fast process. In fact, energy request has more than doubled in less than 50 years following the
explosion of the human population in the earlier decades. This phenomenon can partly be
explained taking into account the recent economic growth of the so-called “emerging world” (O’
Neill, 2021). In the beginning of the 21% century, the raise of fast-growing economies, such as the
BRICS countries (Brazil, Russia, India, China, South Africa) (O’ Neill, 2001), and, more recently,
the rampant raise of south-east Asia (Fox, 2023) countries like Indonesia and Vietnam, has tottered

the power balance of the western world.
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The most relevant example can be found in the blooming of China as a global superpower
in the second half of the 20" century. The adoption of social market economy in the late seventies
led to a 10-fold increment of Chinese GDP in less than 30 years, and the economic boom reflected
on the environmental impact of the country (X. Zhou, 2021). The sudden development of these
regions in different times and ways has brought different approaches in dealing with the
environmental issue. The aim of the growing economies to reach a higher quality of life, akin to
that of Western countries, made for a burgeoning demand for energy. This led to a frantic
consumption of fossil fuels to accelerate the industrial expansion, with the direct support of
exporting countries, eager to sell massive amounts of oil and forage this vicious circle, exploiting
the situation as much as possible, instead of looking for new greener solutions. The development
of Asian countries is paradoxical by itself, considering the vast extent of rural areas punctuated by
polluted industrial megalopolis populated by millions of people.

This is reflected by the future outlooks of population growth for the Asian continent (Roser
& Rodés-Guirao, 2014). Over the past 50 years Asia manifested a booming expansion. Nowadays,
its population stands at 4.7 billion, which are expected to rise to more than 5 billion by 2050, China
and India accounting for 3 billion by themselves. The impact of this situation is displayed in Figure
12f, showing the evolution of CO2 emissions per region and union of countries from 1971 to 2019.
The graph shows that the emissions of the Asian giant have exploded in the last 30 years, from
about 2000 Mt in 1990 to 10000 Mt in 2019, just 10% less than all the OECD countries combined
(amounting at 11300 Mt), The amount of emitted CO. has not stopped increasing in the last
decades and, according to current prospects for the next decades, a bleak outlook awaits us, since
the emissions are not going to decrease in the immediate future despite the conjoint efforts of
countries around the world ratified in the Paris Agreement in 2015 (Savaresi, 2016). The primary
aim of the treaty is to have a more resolute response to the consequences of climate change and it
covers a wide range of topics including climate mitigation and financial actions (UNFCCC, 2015).
Its main course of action concerns the limitation of world temperature increase to 1.5 °C above
pre-industrial levels, encouraging the parties to the adaptation towards negative effects of climate
change and the development of low greenhouse gas alternatives.

As previously described, the sector of transports is still one of the major actors in the use

of fossil sources and the production of CO3, hence the replacement of internal combustion engines



with new technologies working with renewable resources is crucial. Numerous efforts have been
taken to evolve the concept and application of electric vehicles (Wakefield, 1994), since the mid-
19" century with the assembly of the first electric motors following Michael Faraday’s work
(Larminie & Lowry, 2012). Prime examples of electric propulsion were typically limited to public
transportation, such as Davidson’s electric locomotive (1837) or the first prototypical electric
trams in Europe in 1880. Development of experimental vehicles carried on during the second half
of the century, and a fundamental step in the evolution of the technology was the first invention of
lead-acid batteries by Gaston Planté in 1859 and the amelioration by Camille Alphonse Faure in
1881, providing more feasible means for energy storage. Interest in this technology increased in
the late 1800s to the early 1900s, leading to the engineering of the first full-scale electric cars by
the end of the century. The first full-electric taxis were introduced in London in 1897 and in 1899
the Jamais Contente was the first vehicle to reach a speed of 100 km/h.

The beginning of the 20" century was the golden age of electric vehicles but, despite their
visible advantages, the next decades saw an important halt in this technology due to a series of
reasons. Betterment of infrastructures after WWI1 and the discoveries of new reserves of oil helped
the diffusion of IC engines and rendered gas-powered vehicles cheaper for use over longer
distances, while electric vehicles remained limited to urban transport due to their lower autonomy
and top speed. Comparing IC engines and lead-acid batteries in terms of specific energy shows for
the former a typical value of about 9000 Wh kg1, whereas the value for the latter is around 30 Wh
kg L. Considering the average efficiency of IC engines (~ 20%) leads ot a value of 1800 Wh kg
of available energy from petrol. The same available energy would require a 70 kg lead-acid battery
for each kg of fuel, without considering the volume of the battery itself and the energy for moving
the additional mass. Gasoline vehicles overcame numerous technological limitations compared to
their electric counterparts, such as the invention of the engine self-starter in 1911, and the
introduction of industrial mass production by Henry Ford in 1908 brought the prices down,
whereas the price of electric vehicles kept increasing in the following years, leading to their
decline. The revival of interest in this technology started in the 1960s and a series of battery-
electric prototypes were presented, but none of them reached production. An explosion in
commercial vehicles happened in the 1990s, when automakers started the development of electric
models such as the GM EV1 or the Toyota Prius, and the early 2000s saw the appearance of a

major actor in the scene in Tesla Motors, with the development and commercialization of the
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Roadster in 2008. Several automakers followed in the footsteps of Tesla and, from the early 2010s,
the global production of electric vehicles showed an ever-increasing trend, as can be seen in Figure
13. Japanese automakers such as Nissan and Mitsubishi covered a spot in the market by introducing
electric hatchback and city car models, which furtherly helped the worldwide diffusion of the

technology.
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Despite these undoubted efforts, the shift towards a full electric propulsion faces the same
main challenges of a century ago, including the relative low cost of fossil fuels and the low
autonomy range of current storage systems. From a technical standpoint, the battery pack in the
electric vehicle should yield as much energy as possible in a continuous way. Therefore, energy
density is a vital feature for battery technology to be applied in the automotive field. Energy density
represents the amount of energy stored in a given unit of volume or weight and, as reported in
Figure 14, lithium-ion batteries (LIBs) manifest the highest energy density among all current major



battery technologies, much higher than lead-acid and nickel based batteries (J.-M. Tarascon &
Armand, 2001). Li-metal batteries exhibit even higher values of energy density (Shen et al., 2018),
but the direct application of metallic lithium represents a serious safety issue for the upscaling and
diffusion of this technology in practical applications. In more recent times, research has explored
alternative battery configurations trying to overcome the limits of lithium chemistry (Titirici, 2021;
P. Xu et al., 2021) (substitution of lithium with other alkali elements, such as sodium (Nayak et
al., 2018), potassium (Min et al., 2021), or magnesium (Shah et al., 2021); technologies
implementing new electrode structures, like lithium-air (Chawla, 2019)) but the improvements,
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Figure 14. Compared values of the volumetric and gravimetric energy densities for different
rechargeable battery technologies. Reproduced with permission from Ref.!8,

albeit promising, are still mostly limited to a laboratory scale, with scarce applications on a

practical standpoint.

The present thesis is the result of a collaboration between university and industry, and it
focused on the optimization of ceramic materials for applications as solid electrolytes in lithium
batteries. More specifically, the research involved the modification and engineering of garnet-



structured electrolytes LizLasZr>O12 (LLZO) and LisLasBi2O12 (LLBO) and NASICON electrolyte
Liz+xAlxTii—(PO4)3 (LATP) The reasons behind the choice are to be found in the promising
characteristics of these materials in terms of electrochemical stability towards lithium metal,
relatively high ionic conductivity, high Li* ion transport properties and low water and air reactivity.
All research activities were performed at the Centre d’Excellence en Electrification des Transports
et Stockage d’Energie (CEETSE) of Hydro-Queébec, renowned as a world-class innovation center
in the field of energy storage and battery materials. The laboratory activities followed diverse
approaches in the study and synthesis of the materials, which include the surface modification of
the structure via incorporation of carbon additives, in order to see the results on the evolution of
the material and the morphology of the particles. Other strategies include the insertion of doping
agents to help stabilize the structure and improve electrochemical performance. All laboratory
practices are bound together by a leitmotif, the application of solid-state synthesis and, in
particular, the use of the hot-pressing technique, which involves the simultaneous usage of high
pressure and temperature control during the sintering process, allowing for improved densification

and enhanced performance.

The present thesis is structured by articles, and it is made of separate sections which can be
considered independently from each other. Chapter I introduces the concept of lithium-ion battery
from an historical perspective and the motivations behind the necessary safety improvements. A
thorough review of the relevant literature about solid electrolytes, in terms of synthesis,
performance and large-scale fabrication is presented here. The results of my activities are exposed
in Chapters from Il to V. Chapter Il describes a study on the densification of Li1sAlosTi15(POa)3
(LATP) solid electrolyte at low temperatures. The formation mechanism of AIPO4 secondary
phases during the process has been explored and a small presence of impurities, combined with
optimized densification conditions, has been proven beneficial on the electrochemical
characteristics of the material. Particle nano-sizing enhanced the metastable behavior of LATP in
the sintering process. In Chapter I11 an investigation on the properties of garnet-type LisLazBi2O12
(LLBO) undergoing hot-pressing is depicted. Densification of LLBO is achieved at much lower
temperature than the standard needed for garnet materials and the electrolyte exhibits a fairly high
conductivity after proper tuning of the synthesis. Segregation of Bi and presence of LiLa>Oss
phase is detected at higher temperature and the formation mechanism has been described by

density functional theory (DFT). Limited amounts of LLBO may be employed as a sintering aid
9



in the densification of LizLasZr,012 (LLZO), enabling an increased conductivity after low-
temperature annealing. Chapter IV reports a study about the synthesis mechanism of LLZO, which
can be improved by the use of carbon additives. Supplementing the process with carbon reduces
the formation temperature of LLZO while decreasing the particle size of the material. After hot-
pressing, an improved densification is seen, which is affected by the nature of the additive itself,
and an increment in ionic conductivity of about 40 % for the carbon-rich compound is reported
after electrochemical testing. Chapter V illustrates the results of tellurium doping of LLZO and
proves that the addition of tellurium can lower the formation temperature of the desired phase.
Suited adjustments in the synthesis show a decrement in particle size for the material with high
amount of Te, as well as a higher ionic conductivity after hot pressing. The study shows the

advantages of proper elemental doping for the formation of LLZO solid electrolyte.
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CHAPTER |
LITHIUM-ION BATTERIES AND SOLID ELECTROLYTES

1.1. Early Developments of Lithium-ion Batteries

The discovery of lithium dates back to the early 19" century, with the analysis of petalite
minerals by Berzelius and Arfwedson (Berzelius, 1817), and the element was first isolated in 1821
by Brande and Davy via electrolysis of lithium oxide (Brande, 1821). The first investigation of the
electrochemical properties of lithium was carried out by Lewis in 1913 (Lewis & Keyes, 1913),
and it was understood quickly that the excellent physical properties of the element, which include
its high specific capacity (3860 mAh g*) and low density (0.534 g cm™®), as well as the lowest
redox potential ever recorded (—3.04 V vs. SHE), could make it the perfect candidate for use as
battery anode. However, lithium, like all alkali metals, is obviously incompatible with aqueous
environments, thus its application required shifting from common aqueous electrolytes to more
chemically stable alternatives. In the late 1950s, Harris analyzed the affinity of lithium towards a
series of aprotic solvents (W. S. Harris, 1958), which included cyclic esters and molten salts,
dissolved in propylene carbonate. In his studies, he saw an improved stability of lithium due to the
formation of a passivation layer on the surface of the electrode which averted direct chemical
reactions between the electrode itself and the electrolyte but, at the same time, enabled the
movement of ions towards the solution during cell discharge. This discovery led to further studies
concerning the stability of lithium batteries (W. S. Harris, 1958; Jasinki, 1969). The research
interest on the possible commercialization of lithium-based storage systems (Reddy et al., 2020)
increased significantly and the late 60s and early 70s saw the release on the market of several
lithium-ion primary batteries, among which we can find lithium sulfur dioxide Li/SO> cells;
lithium manganese oxide Li/MnO. batteries firstly commercialized by Sanyo in 1975; lithium
copper oxide Li/CuO batteries, which are still in use today; long-term Li/Lil/I,PVP batteries used
since 1972 in cardiac pacemakers. The success of these families of primary batteries motivated the
interest in creating secondary rechargeable batteries. The early 1970s saw rekindled research in
the field of ion intercalation in crystalline structures which could serve as compatible cathodes in
batteries. Typically, an intercalation reaction is favored when the host structure contains a number

of empty sites in the form of vacancies or as correlated multidimensional channels in the 3D

11



framework (M. Armand & Touzain, 1977). The materials should fulfill a series of prerequisites to
allow the proper development of the electrochemical process, which include: 1) the ability to
accommodate and release guest ions in their open framework in a wide stoichiometric range with
negligible structural change; 2) high diffusivity of the charge carrying ions within the frame; 3)
the reversible evolution of both electronic (to balance the ion charge) and crystalline structure (to
prevent structural collapse); 4) insolubility in the electrolyte used in the battery and absence of co-
intercalation of electrolyte components; 5) chemical stability in operating conditions. In 1972,
Armand et al. (M. B. Armand et al., 1972) demonstrated the intercalation phenomenon in Prussian-
blue materials MosFe(CN)s, and in the following years suggestions were made on employing
transition metal chalcogenides MS, (M = Ta, Nb and Ti) as intercalation electrodes (Gamble et al.,
1971), due to their ability to exchange lithium ions across their layered frame accompanied by a
change in their valence state. Demonstration of the fast intercalation kinetics in metal disulphides
was reported by the groups of Rouxel (Leblanc-Soreau et al., 1974) and Rao (G. V. S. Rao &
Tsang, 1974) in 1974, and in 1976 the first Li/TiS. full battery (Figure 1.1) was patented by
Whittingham (Ramstrom, 2019; Whittingham, 1977), who was working at Exxon. The battery
contained LiPFs in propylene carbonate as liquid electrolyte and the cell reported an electromotive

force (emf) of 2.5 V, with a diffusion coefficient of lithium ions in the TiS; lattice of 107" cm? s*

; 2
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Figure 1.1. Whittingham’s lithium-based battery using layered TiS; as the cathode.
Reprinted from Ref. (Ramstrom, 2019).

(Whittingham, 1976).
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The electrochemical intercalation process showed total reversibility, and the results paved
the way for the development of commercial batteries. Li/TiS> battery were commercialized about
a decade later (Akridge & Vourlis, 1986; Anderman et al., 1989) and other materials and
configurations received some commercial interest, such as MoSz (Py & Haering, 1983) and NbSes
(Murphy & Trumbore, 1976). The first cells directly used lithium as the anode, but this
configuration manifested some issues, due to the remarkably high reactivity of the alkali metal
which easily reacts with the electrolyte, with the formation of a passivation layer known as solid
electrolyte interface (SEI). However, irregular surface deposition of lithium appeared upon
repeated charge-discharge cycles of the batteries, forming lithium dendrites large enough to pierce
through the separator and extend to the opposite electrode, resulting in a short circuit and potential
disastrous consequences. The problem was approached by looking for alternatives in which both
electrodes can accommodate the charge carriers, in a configuration known as ion-transfer or
“rocking-chair” (Lazzari & Scrosati, 1980; Scrosati, 1992). These cells avoid the use of metallic
lithium, and serious efforts were made in researching new performant anode materials who could
take the place of lithium. Carbon materials, such as graphite, were already known to exhibit ion
intercalation (Fredenhagen & Cadenbach, 1926), and the phenomenon was confirmed in 1965 with
the synthesis of LiCs (Guerard & Herold, 1975). These materials were seen as an attractive
solution, considering their ability to host one lithium ion per six carbon atoms. Despite a
diminished total cell emf compared to lithium, such a set up would be remarkably safer. However,
their practical application was postponed due to the absence of proper electrolytes able to prevent
co-intercalation. A solution to the problem came with the use of polymer-based electrolytes by the
group of Armand in 1978 (M. Armand & Duclot, 1978) and the reversible intercalation process of
lithium into graphite with a polymer electrolyte was definitively established by Yazami in 1980
(Yazami & Touzain, 1983). This breakthrough led to the modern lithium-graphite anode currently
employed in lithium-ion batteries. In the same years, studies explored new advanced cathode
compositions able to produce higher emf combined with high potential anodes, and research
pointed towards transition metal oxides. A groundbreaking discovery came in the late 1970s with
the discovery of the intercalation properties of rock-salt layered LixCoO, (LCO) by Goodenough
et al. (Goodenough, Mizushima, et al., 1976) inspired by the investigations on NaxCoO by
Hagenmuller et al. (Fouassier et al., 1973). The material presented a similar structure to TiS», being

a MX-type chalcogenide compound, and showed separated CoO- layers which could host lithium
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ions without significant lattice distortion. In the MX: configuration, using a strongly
electronegative element X with a small dimension (and a higher charge density) was associated
with a more negative free-energy change in the ion binding process and a higher cell emf. Oxygen
was seen as an eligible choice in substituting sulfur, and the replacement of sodium with lithium
in the framework gave a major advantage. The new cathode worked at very high voltage (4-5 V
vs Li*/Li) with a diffusion coefficient of about 5 x 10 cm? s at room temperature (Mizushima
et al., 1980). The material was also proven to be more stable in air than NaxCoO., making it the
perfect candidate for use in perfect applications and the most commercialized cathode for the next
decades. In 1983 the group led by Yoshino reported a full cell prototype using LCO as cathode
and polyacetylene polymer as anode. The polymer had low density, meaning a larger volume to
get a high battery capacity, and it had chemical instability issues, thus the research moved to carbon
materials derived from petroleum coke. These compounds contained a combination of graphitic
and amorphous domains, the latter of which were supposed to protect the crystalline sites from
exfoliation. Studies identified the more apt degree of crystallinity for lithium insertion with a low
relative potential, and a new battery prototype with ion-transfer setup was engineered in 1985
(Hopkins, 1889), using LCO and the new carbon as electrodes (Figure 1.2). This is considered the
birth of the modern lithium-ion battery, and this template is nowadays the most common
configuration for commercial LIBs. For these fundamental contributions to modern technology
Whittingham, Goodenough and Yoshino were awarded the Nobel Prize in Chemistry in 2019
(Ramstrom, 2019; The Royal Swedish Academy of Sciences, 2019).
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Development of high-performance electrodes did not stop, and new families of materials
were explored. In 1984, Thackeray et al. (Thackeray et al., 1984) reported early investigation on
spinel material LiMn2O4. The material exhibits a better thermal stability compared to LCO and the
cost of Mn is lower than that of Co, but the dissolution of the material into electrolytes at high
temperature hampered its widespread application until more recent years. Another important type
of cathodes is olivines, a class of polyanionic compounds which were spearheaded by Manthiram
and Goodenough’s group (Manthiram & Goodenough, 1989) and the most renowned of which is
LiFePO4 (LFP). This material has a noteworthy thermal stability and contains less costly elements
such as Fe, making it a perfect alternative to LCO, but it was shown to work at a lower operating
voltage (3.5 V) and reported poor values of reversible capacity (110 mAh g™1) (Padhi et al., 1997).
Other studies focused on the improvement of the thermal properties of LCO, based on the synthesis
of solid solutions containing doping elements like Mn and Ni. In the early 1990s, efforts were done
in the optimization of the mixed cathode LiNixMnyCo,0, (NMC) (Delmas, 1992), which would
have later been commercialized by numerous companies. A more recent approach involves the
functionalization of cathodes with active carbon to improve the electronic conduction (Dominko
et al., 2007; Kwon et al., 2018). Incorporation of carbon supports the transfer of electrons through

the material and carbon coating also protects the electrode particles from degradation and

Lithium ion 4 V
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Electron

Electrolyte
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Figure 1.2. Yoshino’s lithium-based battery prototype using LCO as the cathode. Reprinted
from Ref. (Ramstrém, 2019).
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dissolution in the electrolyte (Oh et al., 2010). Different carbonaceous materials have been
explored, ranging from graphite to nanosized particles, to carbon nanotubes, showing distinct
behavior in the electrode mix. The use of ball-milling showed a better mixing with graphitic
carbons, while carbon nanoparticles underwent aggregation and formation of a surface layer. The
thick interphase decreased lithium permeability and limited the specific capacity of the electrode
(Kwon et al., 2018). On parallel with these studies, research was performed on alternatives to
graphite as anode materials. The first batteries employed Li-alloys as negative electrodes but, due
to the safety concerns related to metallic lithium, their commercial diffusion was limited. In the
1990s, lithium titanate LisTisO12 (LTO) spinel material was proposed as a substitute for graphite
(Ferg et al., 1994), but the practical applications of the material remain very limited to high-power
density requirements. This anode has found more specific usage in sodium-ion batteries, reporting
a reversible capacity of 155 mA hg 2, and it displays the best cycle performance among all reported
oxide-based anodes (L. Zhao et al., 2012).

1.2. Safety Concerns in Batteries

1.2.1 Accidents and Faults

In 1991 the team lead by Nishi achieved the release of the first lithium-ion battery (Reddy
etal., 2020). The technology was commercialized by Sony and Asahi Kasei. Since then, L1Bs have
rapidly risen to be one of the most widespread energy-storage systems, enabling an even wider
diffusion of portable electronic appliances and electric vehicles (EVs). The advantages of this
technology compared to the most common alternatives, such as lead-acid or nickel-metal hydride
in terms of energy density and specific capacity have been demonstrated (Conte, 2006) and these
systems also were proven to show a high efficiency, long cycle life and high operating voltage
(Hannan et al., 2017). Demand for more functional and performant batteries is a central topic in
modern research. This technology shows indeed a wide margin for improvement, and important
efforts have been made and are still needed to address the major concerns for safe long-term

operation of the battery.

Accidents involving LIBs are generally rare in probability, estimated between 1 per million

to 1 per 10 million batteries. Nonetheless, due to the ever more widespread diffusion of LIBs,
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battery-related accidents have become more and more common, which erodes the public trust in
their reliability For example, from 2017 to 2019 more than 30 incidents related to LIBs were
reported in South Korea (W. Cao et al., 2020). The majority of LIB-related accidents happen to
small-sized gadgets, mainly portable electronics, and the consequences faced are generally minor.
However, considering the opportunity of analogous hazards for larger systems or full battery
packs, such as the ones operating on EVs, and the catastrophic outcome that can happen are reasons
valid enough to anticipate the problem. A noteworthy example can be found in the Boeing 787
Dreamliner incident which happened at the beginning of 2013 (Hradecky, 2013). A number of
aircraft underwent battery fires, and, in some cases, emergency landings happened. Further
investigations revealed defects in the battery manufacturing and the absence of fire suppression
systems, leading to serious safety issues. Statistical evaluations on battery-related accidents in
regard to electric vehicles have pointed out some interesting correlations (Figure 1.3) (X. Yu et
al., 2022). Most importantly, it can be seen that the increase in EV ownership does not reflect in a
parallel increment of related accidents, which indicates an improvement in battery technology and
manufacturing. The graphs also indicate that the largest number of incidents is observed from June
to August, pointing out the impact of temperature and climate conditions on the cycle life of the
battery. In fact, a main defect of LIBs is the very narrow working temperature range: the
recommended operating temperature for lies between 20 and 40 °C (Greco et al., 2015) . The
performance of LIBs at low temperatures are more modest on average (Jaguemont et al., 2016),
possibly due to a limited ion mobility in the electrolyte and a higher charge transfer resistance at
very low temperature (< —20 °C), and the life expectancy is sensibly reduced at high temperature
(J. Wang et al., 2014).
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Figure 1.3. Analysis of fire accidents involving EVs from January 2019 to August 2021. a)
Number of EV fire accidents monthly; b) number of EV fire accidents and number of EVs
yearly; c) proportion of accidents caused by different types of LIBs. Reprinted with permission
from Ref. (X. Yu et al., 2022)

Furthermore, the number of LIBs with NMC cathode involved in battery-related accidents
is remarkably higher than that of batteries with LFP cathode, pointing out that a system with higher
energy density is more prone to safety-related risks (Qiu & Jiang, 2022). This is due to the less
stable chemical reactivity of the battery when more energy is stored in the electrode materials.
Most of the accidents reported in electric vehicles are seldom related to car crashes or collisions
and happen for no apparent reason, in a seemingly unpredictable fashion. The so-called
spontaneous combustion is another factor undermining the trust in EV safety. The causes of the
process may lie in an excessive deviation of the operating condition from the optimum, which can
induce overheating of the battery or thermal runaway (Q. Wang et al., 2012), producing smoke
and leading to fires and explosions. The comprehension of the dynamic behind battery hazard lies
in the working principle itself of LIBs. A regular LIB consists in a series of tightly packed
elements: a copper foil acting as the anodic current collector, on which the anode is deposited
(typically carbonaceous anode); a permeable separator imbued with the liquid electrolyte; and the
cathode, typically LCO, LFP or NCM on an aluminum foil collector (Figure 1.4).
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Figure 1.4. Schematic representation of the components and functional principles of a lithium
ion battery. Reprinted from Ref. (Schultz et al., 2016)

During the first charge cycle, a thin layer (10-100 nm) known as solid electrolyte interphase
(SEI) is formed on the surface of the anode. The SEI acts as a passivation layer preventing the
anode from further reacting with the electrolyte but, at the same time, it increases the polarization
during the process of ion intercalation/deintercalation. The very slow ion transfer across the SEI
can lead to lithium deposition (H. Wang et al., 2020) on the electrode surface, and this phenomenon
is more intense under low temperature charging and higher charge rates. Upon discharge, the
oxidation at the anode extracts Li* ions from lithiated graphite LixCs and the intercalation is
observed at the cathode through ion transfer across the electrolyte. Net charge balance is obtained
by the simultaneous migration of electrons via the external circuit. During the charge phase, Li*
ions and electrons are taken from the cathode and return to the anode. The alternate movement of
the lithium ions between charge and discharge lead to the name “rocking-chair” battery (Scrosati,

1992). The electrochemical process is expressed by the following reactions.
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Faults in energy storage systems can pertain to the battery itself or to the control systems
(sensors) and can be diversified, depending on the source, in mechanical, electrical and thermal-
related faults (Figure 1.5) (Doughty & Roth, 2012; Lisbona & Snee, 2011). Among mechanical
causes of damage, we can list impact shocks, crushes, and penetrations (Qiu & Jiang, 2022; Sahraei
et al., 2012). Mechanical deformation can lead to material disruption, structural disarray, and
internal short-circuit, eventually causing the rise in internal temperature and fire ignition. Electrical
abuse often involves external short-circuit or overcharge of the system. The latter is the most severe
condition, forcing energy accumulation beyond the inherent voltage limits of the battery.
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Figure 1.5. Schematic diagram of the causes, side reactions and influences of faults in LIBs.
Reprinted with permission from from Ref. (Qiu & Jiang, 2022).
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In a condition of overcharge, excess of lithium in the anode blocks additional insertion of
ions, and lithium starts depositing on the surface starting the growth of dendrites (Figure 1.6a).
The phenomenon is driven by the non-uniformity of the lithium surface, and subsequent discharge
processes (lithium dissolution) generate lithium particles that are electrically isolated from the
lithium anode (Figure 1.6b). The existence of dendrites has been confirmed by microscopic
observations (Figure 1.6¢) and their formation has been attributed to the presence of a passivation
film (Aurbach et al., 1989; K. Xu, 2004). Plated lithium can also react with the electrolyte and
produce lithium carbonate, further increasing the internal resistance (Schultz et al., 2016).
Oxidative degeneration of the electrolyte can spur heat increase and thermal breakdown. On the
contrary, excessive delithiation (overdischarge) can irreversibly deform and rupture the electrode,
dissolving its components in the electrolyte and generate heat and oxygen evolution (Ouyang et
al., 2018). The consequences of thermogenic faults on the condition of batteries can be hazardous
as well (Q. Wang et al., 2012). External heating due to abnormal ambient temperature or
mechanical overheating caused by loose contact may lead to thermal runaway if the excess of heat

is not dissipated in a brief time. Irreversible heat generation depends on cell overpotential and
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Figure 1.6. a) Representation of dendrite growth on Li surface. b) Scheme for the formation of
isolated lithium particles from Li dendrites. The uneven dissolution of the dendrites leaves
lithium crystals detached from the substrate. These particles are electrochemically inert but still
reactive due to their high surface area. Reprinted with permission from Ref. (K. Xu, 2004). c)
SEM micrograph of a single dendrite formed by lithium deposition in a PC/LiCIO4 solution.
Reprinted with permission from Ref. (Aurbach et al., 1989)
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internal cell resistance, whereas reversible heat more often depends on the reduction reaction at

the positive electrode (Viswanathan et al., 2010).
1.2.2  Safety Strategies

Considering all the reliability flaws for LIBs, numerous methods have been undertaken to
reduce the occurrence of accidents. The approaches for improving battery safety can be split into
active strategies, dealing with condition diagnosis, damage detection and system management
techniques, such as cooling/heating, and passive strategies. The latter family concerns the intrinsic
design of the system and includes all modifications of materials and components to improve their
resilience and chemical properties. Adaptation of electrodes can deal with element replacement
and surface coating of both the anode and the cathode (Doughty & Roth, 2012), and can have a
most visible effect on battery safety. Surface coating can shield the electrodes from immediate
contact with the electrolyte, inhibit structural distortion and limit side reactions, ultimately
decreasing heat generation. On the anode side, alteration of the SEI can hamper decomposition by
modifying the reaction chemistry during battery operation. It can involve the removal of reaction
sites within the graphite structure or the formation of a thicker passivation layer on the surface of

the electrode, diminishing the reactivity.

Most battery-related accidents usually find their conclusion in the battery catching fire and
exploding, and the factual responsibility for this outcome has to be found in the electrolyte used
within the cell. The typical liquid electrolytes employed in LIBs are based on organic carbonates
like DMC EC, DEC, and PC as the solvent and LiPFe as the lithium salt, owing to its high ionic
conductivity (J. M. Tarascon & Guyomard, 1994), giving the best compromise in terms of
performance and cost (Figure 1.7a). This combination, however, is not free of safety issues,
mainly when used under serious thermal abuse conditions. The raise in temperature can induce
reactions with the electrodes and promote the evolution of combustible gases, with disastrous
results (Spotnitz & Franklin, 2003). In addition to this, the presence of LiPFs can negatively affect
thermal stability; decomposing by following the reaction (Sloop et al., 2001)

LiPFs = PFs + LiF |
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generating insoluble LiF, that can contaminate and degrade the remaining solution, and the
strong Lewis acid PFs. The high susceptibility of P—F bonds to hydrolysis even at low temperature
strongly favors reactivity with water and production of HF (Ping et al., 2010), which subsequently
catalyzes parasitic reactions with the components of the SEI, leading to its depletion and rupture,
as well as the organic solvent themselves (Kawamura et al., 2002). Modified compositions using
different Li salts have been evaluated, but the final performances are often inferior to the ones
shown by LiPFe (Figure 1.7b).
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Figure 1.7. a) Room temperature ionic conductivities (at 20°C) of organic solvents mixtures
with LiPFs 1M concentration. Reprinted with permission from Ref. (J. M. Tarascon &
Guyomard, 1994); b) Room temperature ionic conductivity (at 20°C) of a DMC+ EC based
electrolyte using different Li salts. Reprinted with permission from Ref. (J. M. Tarascon &
Guyomard, 1994)

Several methods have been explored to adjust the electrolytes and improve their safety, and
some procedures involve using different lithium salts, more stable in organic environments than
LiPFe (Aravindan et al., 2011; Bushkova et al., 2017). Viable alternatives include Li[(C2Fs)3PFs3]
(LiFAP), which presents a higher stability towards the hydrolysis of P—F bonds, or imide-based
salts such as Li[N(CF3S0O.)2] (LiTFSI), which shows a higher thermal stability and a good
dissociation degree in low-dielectric constant solvents. The lower ionic mobility of LiTFSI
compared to LiPFs is balanced by the increased viscosity of the solution, allowing higher
conductivity (Webber, 1991). Nonetheless, practical application of imide salts is hindered by their
inability to produce a passivating layer. Other choices include borate-base salts like Li[B(C204)-]

(LiBOB) which show some peculiar properties (Aravindan et al., 2011). This salt provides a good
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chemical inertness (K. Xu, Zhang, et al., 2002) and thermal stability (Jiang et al., 2004), good ionic
conductivity (Azeez & Fedkiw, 2010) in non-aqueous systems, ability to create a steady SEI, with
the direct action of BOB anions, and lower toxicity compared to fluorine-based salts. The main
drawback of LiBOB is its inferior solubility in carbonate solvents and the difficult production with
a proper degree of purity at a higher scale (K. Xu et al., 2005). An efficient practice to enhance the
stability of the electrolytes is the incorporation of additives which can support the formation of the
SEI or act as flame-retardants to suppress the chance of combustion (Haregewoin et al., 2016). In
the former group we can find organic compounds like vinyl ethylene carbonate (VEC) (Y. Yang
et al., 2019) or fluoroethylene carbonate (FEC) (M. Han et al., 2021) that are proven to help
creating a stable SEI. Flame-retardants act by removing reactive radical species formed by the
electrolyte decomposition and globally reducing the flammable character of the solution (Hyung
et al., 2003). The most employed materials used as flame-retardants are organophosphorus
compounds, such as triphenyl phosphate (TPP) (Ciosek Hogstrom et al., 2014), tributyl phosphate
(TBP) (Nam et al., 2012) or dimethyl methyl phosphate (DMMP) (Z. Chen et al., 2020) (Figure
1.8), which have been proven to significantly increase the onset temperature even for small
amounts of additive in the solution and decrease the exothermic heat from internal reactions. TPP
and TBP manifested electrochemical stability up to 5 V with negligible effects on the cycling
performance (Hyung et al., 2003). However, organophosphorus compounds present a high
viscosity and are not able to form a stable SEI (K. Xu, Ding, et al., 2002). Alternatives to organic
phosphates can be found in halogen-based flame retardants, most commonly fluorides (Q. Wang
etal., 2019), which are capable of establishing a SEI and exhibit a lower viscosity (Chandrasekaran
etal., 2009). However, high amount of fluoride in the electrolyte are poorly compatible with LiPFe,

hence the amount of additive in the mix is typically low (below 5% vol.).

The use of additives does not remove the combustible elements in the cell, and so attempts
have been done to search for completely non-flammable materials, in order to substitute
completely the organic electrolytes (Q. Wang et al., 2019). Organophosphorus solvents have been
explored as liquid alternatives to carbonates when supported with supplements to form a stable
SEI. Small amounts of FEC stabilized the cycling performance of LIBs using triethylphosphate
(TEP) (Z. Zeng et al., 2018). Cells using DMMP as liquid electrolyte have reported performance
comparable with cells using standard carbonate solvents (J. K. Feng et al., 2008). Another viable

alternative is found in aqueous batteries, using water solutions as solvent, due to their
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environmental compatibility and their high conductivity. Some important issues of these systems
are the decomposition of water, which leads to a fast degradation of cycling performance, and a
limited electrochemical stability window (J. Liu, Xu, et al., 2018). An interesting possibility is
given by ionic liquids (IL), which are ionic compounds with low melting point (below 100 °C).
This class of materials shows notable advantages in comparison with organic solvents. They are
thermally stable and non-flammable, and they present a low vapor pressure, reflecting in a lower
volatility (Francis et al., 2018). Their major limits are their high viscosity, which implies a meager

ionic conductivity, and low compatibility with electrode materials.
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Figure 1.8. Structures of some organophosphorus flame retardant additives.

1.3. lon Transport in Solids

One of the most fascinating alternatives is the modification of the battery by completely
removing the liquid components within the cell and establishing an all-solid configuration, with
the use of solid electrolytes (Fergus, 2010). Primeval investigations related to ionic transport in a
solid environment date back to the beginning of 19" century, and observations of fast ionic
conduction in solids is reported since the early 1900s (Tubandt & Lorenz, 1914), but the direct

application of solid state ionics for electrolytes in batteries became relevant in the last decades of
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the 1900s (Owens, 2000). Lil became the staple electrolyte in batteries for cardiac pacemakers in
the early 1970s and its conduction features were first reported by Liang in 1973 (Liang, 1973). In
1978 Armand proposed a first concept of polymer solid electrolytes for lithium batteries (M.
Armand, 1983), reporting the conduction of alkali metal ions in a polyethylene oxide (PEO)
complex. A Cu-based ionic superconductor was reported by Takahashi et al. (Takahashi et al.,
1979) in 1979, manifesting a conductivity of 0.34 S cm™, the highest value every showed by a
solid electrolyte (Figure 1.9). Since the 1980s, the efforts in this field have increased constantly
and ever more diverse compounds have been investigated in terms of electrochemical features for

possible applications in a battery.
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Figure 1.9. Arrhenius plot of the conductivity for CuCl - Cul - RbCl1 superconductor phase in

the temperature range from —140 to 130 °C. o: cooling, A: heating. Reprinted with permission
from Ref. (Takahashi et al., 1979)

The typical configuration of an all-solid-state lithium battery (ASSLIB) consists of the two
electrodes (anode and cathode) divided by the solid electrolyte which acts as the separator at the
same time, simplifying the structure of the system. The electrochemical processes of charge and
discharge follow the same principles as a traditional LIB: charge carriers (Li* ions) are extracted
from the cathode and move to the anode during the charge, balanced by electron shift through the

external circuit, and the opposite transfer happens during the discharge. The adoption of solid-state
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batteries offers numerous advantages to the technology, beyond the simple (but still important)
improvement in safety. Solid phases manifest an intrinsic slower reactivity compared to liquids,
leading to remarkably longer expected lifecycles for solid-state cells. Results reported full-solid
cells retaining more than 90% of the initial capacity for 10000 cycles (J. Li et al., 2015) with an
extremely limited volume of electrolyte, hundreds of times smaller than liquid-electrolyte cells,
and negligible decomposition of the electrolyte. A fundamental difference between conventional
LIBs and solid-state batteries lies in the process of ion transport across the solid electrolyte. lon
migration in ASSLIBs is typically associated with a multiscale operation made of mechanisms
expressed from the atomic scale to the macroscopic scale, which are globally reflected by the final

impedance of the system (Famprikis et al., 2019).
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Figure 1.10. a) Schematic representation of the cation migration mechanisms in a solid:
vacancy, direct interstitial and correlated. Reprinted with permission from Ref. (Famprikis et
al., 2019). b) Representation of possible ion transport mechanisms at the grain boundaries of a
solid electrolyte. Reprinted with permission from Ref. (Dawson, Canepa, et al., 2018).

On a lower scale, the diffusion of charge carriers (mobile ions) occurs via favorable
transport pathways following ion hopping through low energy sites in the structure. The nature
and energy of the sites are inherently correlated with their coordination environment and the anion
interconnection and, consequently, with the crystal structure of the material. The most common
mechanisms for ion mobility in crystals (Figure 1.10a) are vacancy diffusion, interstitial
movement, and concerted ion displacement, or knock-on, in which the moving ion causes the
dislocation of a lattice ion into an adjacent site. From a practical standpoint, vacancies and
interstitials are identified as the mobile carriers. The mobility and concentration of the charge

carriers are key factors in defining the ionic conductivity of the solid. The number of mobile
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species depends on the temperature and is related to their formation energy, but it can be influenced
by external substitution of lattice ions with aliovalent dopants, creating additional vacancies and
interstitial sites, as well as disrupting charge conservation. Doping with large size elements can
locally distort the crystal structure and induce an enlargement of transport channels, improving the
ion conduction. Partial ion substitution can affect the conductivity also by altering the potential
energy surface and decreasing the migration energy (Y. Deng et al., 2017). Concordant migration
phenomena have been observed in amorphous solids as well, despite the absence of structural
periodicity and regular long-range transport channels.

On a microscopic level, irregularities in structure and composition can have a major impact
on the conductivity. Uneven contact surfaces between micro- and nano-scale crystals are defined
as grain boundaries, and their nature can diverge significantly from the bulk of the crystal.
Generally, the distortions at the boundaries caused by incongruent orientation of crystal domains
hamper the seepage of charge carriers between different grains (Figure 1.10b), sensibly increasing
the resistance for ion migration and affecting the conductivity (Dawson, Canepa, et al., 2018).
Another factor which may contribute to the internal resistance of the solid phase is the imperfect
contact between solid particles. The presence of pores makes the movement of ions more
convoluted, leading to irregular current density and lower conductivity on a macroscopic level.
Moreover, void spaces have been shown to make a favored location for uneven lithium deposition
as the nucleation at the boundaries may give origin to tortuous structures resembling lithium
dendrites, overturning the advantage of the solid electrolyte (C. Zheng et al., 2021). Nonetheless,
the absence of flammable components in the cell would still soften the negative outcome of such
an opportunity. Lithium plating at particles edges can be limited by the application of electrolyte
with high Li* transference number (close to unity), which permits the employment of Li-metal

anode for high energy density.

Considering the macroscopic scale, the ionic conduction and electrochemical performance
is generally mirrored by the overall impedance of the system, which is defined by more
contributions from distinct elements of the cell. On this level, the electrochemical stability of the
solid electrolyte towards the electrodes plays a major role and the conductivity of the interphases
still represent a main obstacle to ionic transport (C. Yu et al., 2017). A solid material with higher

global ionic conductivity can manifest a higher impedance due to a poorer compatibility with the

28



electrode. Interfacial impedance is typically defined as area-specific resistance (ASR), and it is
mainly influenced by the direct contact area between the electrode and the electrolyte. The effects
of a meager contact can dominate the final resistance of the system. Moreover, at the solid interface
electrochemical events between the different cell elements can happen, mostly direct electrolyte
decomposition and reactions with the electrode. Decomposition is linked to the movement of
charged cations and electrons from and to the electrolyte and it is most often observed when in
contact with metallic lithium (Richards et al., 2016), while chemical reactivity can lead to the
formation of additional chemical species at the interface (Figure 1.11a) (Richards et al., 2016).
The occurrence of these phenomena is correlated to the external power and voltage applied. The
voltage range tolerated by the electrolyte without experiencing decomposition delimits the
electrochemical stability window of the material (Figure 1.11b), and it can be established
considering the thermodynamics of the decomposition reactions as a function of the voltage. Solid
electrolytes typically present a high stability towards oxidation, mainly due to their anion structure
and their tendency to release electrons, whereas, on the other side, their proclivity to host electrons
related to the distribution of non-mobile cations sets up their stability towards reduction (Famprikis
et al., 2019; T. Yu et al., 2021). Interfacial transport character influences the reaction kinetics
whereas impediments to ion transfer and electron mobility can limit the extension of the reaction,
stabilizing the solid interface. However, since the cations must move across the interface to
conduct the charge transfer, the interphase should exhibit good ionic conductivity while insulating

from electron conduction.
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Figure 1.11. a) Schematic of a full cell showing decomposition of the electrolyte at the
cathode/electrolyte interface during charging (top) and reduction of the electrolyte by the
lithium metal anode (bottom). Reprinted with permission from Ref. (Richards et al., 2016). b)
Electrochemical stability ranges of various electrolyte materials grouped by anion, with
corresponding binary for comparison. Reprinted with permission from Ref. (Richards et al.,
2016).

1.4. Classes of Solid Electrolytes

The ideal solid electrolyte should therefore present the transport properties, as well as
chemical stability against external agents, such as water, and mechanical resilience and robustness.
Other desirable properties include a facile synthesis process, limited environmental hazardousness,
low toxicity, and relatively low production cost. To achieve these results, a vast range of materials
has been investigated for practical applications as solid electrolytes, which are commonly divided
into two general groups: inorganic ceramics and organic polymers (Fergus, 2010). These classes
of materials differ primarily for their mechanical characteristics. Ceramic electrolytes present
sensibly higher elastic moduli (Ni et al., 2012; Papakyriakou et al., 2021), reflecting in increased

mechanical stiffness and making them a preferred choice for rigid battery configurations as in thin-
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film systems. In contrast, polymeric materials are typically more malleable and therefore useful
for flexible battery designs. The easier processing of polymers compared with ceramics reduces
their fabrication cost, while ceramics are more apt for systems undergoing external stress, such as
hot temperatures or other aggressive environments. A representation of the peculiar properties of
different families of electrolytes is shown in Figure 1.12 (N. Zhao et al., 2019).
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Figure 1.12. Representation in spider chart for the main properties of four different classes of
solid electrolytes. Reprinted with permission from Ref. (N. Zhao et al., 2019)
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1.4.1 Polymeric electrolytes

A polymer-based electrolyte should be capable of dissolving lithium salts within the matrix
and couple with Li* ions, and for this purpose introducing polar functionalities in the polymer is a
viable solution for helping the dispersion of lithium salts (Yao et al., 2019). Most solid-polymer
electrolytes involve polyethylene oxide (PEO) or its derivatives as main components. The oxygen
atoms in the chains possess a lone electron pair which coordinates to Li* ions by Coulombic
interaction, enabling the dissociation of the lithium salt which is dispersed into the PEO matrix.
Under the influence of an electric field, Li* ions have the tendency to shift between different
coordination spots along the polymer section or hop from one segment to another (Figure 1.13)
(K. Xu, 2004; Yao et al., 2019). Because of the dimensions of polymer chains, ion movement is
hindered and the conductivity is correlated to the mobility of polymer segments and the number
of lithium ions, which depends on the dissociation of the salt (Q. Zhang et al., 2017). A crucial
parameter for the electrochemical behavior of polymer electrolytes is the glass transition
temperature Tg, at which the material shifts from a hard glassy state to a more ductile and viscous
one. Below T4 the molecules are scarcely mobile, and the material is fragile and stiff, while beyond
Ty the material undergoes a downright change in physical properties, like hardness, density,
dielectric constant, and many others. The degree of crystallinity in a polymer is another key factor
to consider when evaluating the properties of an electrolyte. A higher crystallinity implies a more
extended intrinsic order of the frame with a tighter packing of polymer chains, which decreases

the free volume within the polymer and reduces the ion conduction.

Figure 1.13. Schematic representation of lithium ion conduction mechanism of PEO-based
polymer electrolyte. Reprinted with permission from Ref. (K. Xu, 2004)
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Different research approaches that have been undertaken to ameliorate the mechanical
properties of polymers include polymer/polymer coordination with copolymerization or
crosslinking, but the results obtained by these techniques are limited. Other methods involve the
implementation of additives, like plasticizers, or external composites, such as ionic liquids
(Subianto et al., 2009). Another approach considers the incorporation of ceramic particles within
the polymer matrix. Both inert and conductive inorganic fillers have been investigated and an
improvement in the mechanical features of the polymer has been observed. Limited doping of PEO
with LiAIO2 (10% wt.) was shown to increase the conductivity of the composite (Figure 1.14a)
(Capuano et al., 1991) and a smaller particle size (<10 um) of the filler had a more beneficial effect
on the conductivity. Incorporation of Al,Oz has been proven to decrease the degree of crystallinity
and T of PEO (Tambelli et al., 2002). Another typical inert filler used in solid polymer electrolytes
is SiO2. A PEO-SiO composite including EC/PC plasticizers was described with a value of ionic
conductivity at room temperature of 2 x 10™* S cm™* with a very small loading of 2.5% wt. (Figure
1.14b) (Nan et al., 2003). Lin et al. reported a reinforced composite assembled with a rigid SiO>
aerogel showing high ionic conductivity of 2 x 10# S cm™* and high hardness modulus of 0.43
GPa (Lin et al., 2018). The composite presents distributed SiO> domains with extended acidic
surfaces, which favor anion adsorption and create highly conductive pathways through the
framework. This is beneficial to salt dissociation and enhancement of ionic conductivity. A PEO-
LiClO4 composite incorporating nanometric TiO> particles was presented by Croce et al. (Croce
et al., 1998). The material displayed a conductivity of 10 S cm™ at room temperature. Liu et al.
engineered a solid electrolyte comprising Y20z-stabilized ZrO: (YSZ) nanowires in
polyacrylonitrile (W. Liu et al., 2016). The structure of the material presents numerous positive
vacancies with acidic character, which act as anion sinks enabling the dissolution of lithium salts
(Figure 1.14c). A continuous fast conduction pathway is observed for nanowires rather than
nanoparticles. Introduction of YSZ nanowires improved ionic conductivity to 107 S cm™ at room
temperature, about two orders of magnitude higher than pristine polyacrylonitrile. The conductive
fillers employed for polymer composites generally include inorganic electrolytes acting as fast ion
conductors. The synergistic composition of conductive ceramic species with the polymer chains

combines the positive features of the two parts, allowing an improved ionic conductivity due to
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the inorganic component and incrementing the interface contact of the dispersed particles thanks
to the polymer (Yao et al., 2019).
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Figure 1.14. a) lonic conductivity vs. composition of a (PEO)sLiClOs—LiAlIO2 composite
polymer electrolyte at 60 °C. Reprinted with permission from Ref. (Capuano et al., 1991). b)
Arrhenius plot of ionic conductivities for the PEO-Li/(EC/PC-SiO,) films, compared with the
values for PEO-LI/EC/PC and PEO-LIi/SiO> films. Reprinted with permission from Ref. (Nan
et al., 2003). ¢) Schematic illustration for Li-ion transport in composite electrolytes with
nanoparticle and nanowire fillers. Reprinted with permission from Ref. (W. Liu et al., 2016).
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1.4.2  Inorganic electrolytes

Inorganic materials have also been intensively studied for direct application as solid
electrolytes, owing to their superior mechanical properties compared to polymers, including a
higher thermal stability and stress resilience, as well as their better ionic transport features. Despite
their advantages, few ceramics nowadays exhibit conductivities comparable in absolute values to
conventional liquid electrolytes, but this drawback is partially mitigated by their ion transference
number close to unity, which allows for relatively lower conductivities to achieve battery power
densities commensurate with commercial LIBs. Within this class of electrolytes, a variety of
subgroups have been examined, according to the crystalline framework of the materials. Among
solid materials fascinating properties have been observed for several sulfides and oxides, and more
recently, research has been delving into original structures to seek the best solution for practical

purposes.

1.4.2.1. Sulfides

Sulfide Glasses and Thio-LISICONs

Various sulfide-based materials have been reported in literature, showing remarkably high
conductivities (Z. Ma et al., 2018). Primary investigations on ionic conduction in sulfides were
undertaken in glasses (Ribes et al., 1980) in the 1980s and systems such as Li>S-P.Ss (Mercier et
al., 1981) reported conductivities in the order of 102 S cm™ glasses. The absence of transition
metal elements in the composition of the materials avoids the narrowing of the stability window
caused by side reactions. In 2000, the synthesis of the lithium germanium system Li>S-GeS, was
reported (Kanno et al., 2000) and a number of solid solutions with cation substitution manifested
conductivities up to 6.5 x10° S cm™ for Ga-substituted LisGeSs. These compounds are
categorized as thio-LISICON, due to their structure analogous to [Li1aZn(GeQOa)4] (Figure 1.15a)
(H. Y. P. Hong, 1978) and LisPOs LISICON salts. Partial heterovalent substitution can help
augmenting the ionic conduction via vacancy introduction by replacement of Ge** with P>*, which
led to an increase in conductivity up to 2.17 x 103 S cm™?, with negligible electronic conductivity
and electrochemical stability up to 5 V (Kanno & Murayama, 2001). Kamaya et al. (Kamaya et
al., 2011) reported for the system LiioGeP2S1> (LGPS) a value of room temperature ionic

conductivity over 1072 S cm™%, comparable with organic electrolytes (Figure 1.15b). Due to the
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excessive cost of Ge, practical application of these material may prove difficult, thus the
substitution of this element with more affordable alternatives is crucial. Substitution with Al could
be a feasible solution, as shown by Ooura et al. (Ooura et al., 2012) who reported an Al sulfide
glass in the system Li>S—Al>S3—P.Ss. The materials were prepared with direct ball-milling at room
temperature, with various degrees Al content, and the highest conductivity of 6 x 1074 S cm™ was
observed for the sample with a 13.1% Al molar content, with stable cycling performances in a full
battery. Amaresh et al. (Amaresh et al., 2014) presented the mixed system Li>S—Al>S3—GeS—P»Ss
with different Al/Ge ratios. The material with a molar ratio of 30:70 showed the best performance
with a conductivity of 1.7 x 102 S cm™ at 25 °C and a wide electrochemical window up to 5 V.
Zhou et al. (P. Zhou et al., 2016) engineered the thio-LISICON Li11AlIP2S12> with full substitution
of Ge in LGPS following a solid state synthesis at 500 °C. The material revealed a good
conductivity of 8.02 x 10* S cm™ and a low activation energy of 25.4 kJ mol™%, with a stable

chemical behavior towards lithium.
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Figure 1.15. a) Structure of LisGeSs determined by X-ray Rietveld analysis. Reprinted with
permission from Ref. (Kanno et al., 2000). b) Nyquist plots from low to high temperatures and
Arrhenius conductivity plots of LiinGeP2S12. Reprinted with permission from Ref. (Kamaya et
al., 2011).

On the other hand, LiioGeP.S12> promptly undergoes decomposition in contact with metallic
lithium, forming a mixed interphase containing LisP, Li,S and Li-Ge alloy and raising the
resistance at the interface (Wenzel et al., 2016). Protection of the electrolyte has been attempted
via diverse methods: the modification of the interface to form a LiH.PO4 protective layer allowed
a long lifecycle of the cell with a capacity retention of 86.7% after 500 cycles and a limited

polarization (Z. Zhang, Chen, et al., 2018). An alternative approach involves doping with high
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valence ions: Xie et al. (Xie et al., 2018) attempted a partial introduction of Sb2Os in glass-ceramic
LisPS4. The composition LisPo.9gSho.02S3.9500.05 presented the highest ionic conductivity of 1.08 x
1073 S.cm at room temperature, while excessive content of Sh2Os led to a decrement in value
because of the precipitation of Li>S secondary phase during calcination. The increase in
conductivity may be induced by a partial distortion of the Li transport channels caused by the
larger Sb®" ions inserted in the structure. The superionic conductor Ligs4Si1.74P1.44S117Clos
reported by Kato et al. (Figure 1.16a) (Kato et al., 2016) has been recently shown to exhibit an
extremely high conductivity of 2.5 x 102 S-cm™ and a good stability against lithium (Figure
1.16b). Cell performance showed a long-term cycling stability compared with a conventional LIB,
with a Coulombic efficiency of about 100% after 1000 cycles and a higher retained capacity after

cycling at high current density.

The introduction of oxygen atoms can show an improvement in conductivity for sulfide
glasses, creating mixed oxysulfide systems. A modified Li>S-P.Ss system with a small
incorporation of P>Os prepared with a solid state synthesis reported a room temperature
conductivity of 8 x 10 S-cm™, about 50% higher than the sample without oxygen (Tao et al.,
2016). The lower activation energy for Li* diffusion of the resulting material may explain the
improved conductivity. Simulation studies on oxygen-doped Ge-S glasses pointed out the presence
of independent chains of GeSs and GeOs tetrahedra with Li* ions located in the empty spaces in
between, creating coordinated chains (Messurier et al., 2009). Mixed silicon-oxysulfide glasses
Li,S-SiS,-LisSiO4 prepared by melt-quenching exhibited conductivities in the order of 1073
S-cm™ and long-term stable cycling, with a specific capacity of 60 mAh g and a Coulombic
efficiency close to 100% over 100 cycles (Hayashi et al., 2002). The insertion of oxygen atoms
has also been proven useful in the stabilization of sulfide glasses towards reactivity with water,
which can lead to the evolution of H2S in ambient atmosphere: a mixed Li>S—P2Ss—P20s glass with
the addition of ZnO showed a decrement in the generation of H>S gas with negligible effect on the
final conductivity (Figure 1.16c¢) (Hayashi et al., 2014). The water sensitivity of sulfide glasses is
related to the intense water affinity of P-S bonds; oxygen atoms act as hard bases and show a
tendency to react with P atoms to substitute soft base S. For this reason, variations on the structure

to attain a phosphorus free material have been undertaken.
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The material LisSnS4 with partial As doping was described by Sahu et al. (Sahu et al., 2014)
and the structure was centered on the soft acids Sn and As establishing less reactive bonds with
sulfur and creating compounds more resistant to hydrolysis. The material displayed an improved
stability against air atmosphere and the partial replacement with As allowed to achieve a
conductivity of 1.39 x 103 S-cm™?, about 20 times higher than pristine LiaSnS4 (Kaib et al., 2012).
A modified sulfide superionic conductor with composition LizgsSno.ssSho.15S4 has been reported
by Kwak et al. (Kwak et al., 2020). The material showed the orthorhombic crystal framework of
the LisSnSs phase (Kaib et al., 2012), with a series of isolated MSy tetrahedra (M = Sn, Sb)
containing four different Li* allocation sites (Figure 1.16d). The ionic replacement of Sn with Sb
in the lattice diminished the global occupancy of octahedral Li* sites and induced the formation of
Li vacancies, and the higher electronegativity of Sb°>* ions (1.971) with respect to that of Sn**
(1.706) specifies a minor electron density of S atoms in Sh-S bonds compared to Sn-S.
Li384SN0.855h0.15S4 disclosed an astoundingly high value of conductivity of 8.5 x 1072 S.cm™*
(Figure 1.16e) and a remarkable chemical endurance, with the formation of hydrated phases and
negligible evolution of H2S gas upon exposure to moisture. Cell testing in TiSz/Li—In solid cells
also displayed a noteworthy cycling performance, with a reversible capacity of 230 mAh g~* upon
the first cycle and a capacity retention close to 100% after 80 cycles. A series of mixed tin
oxysulfides LiSnOS prepared through thermal precipitation was characterized by Kuo et al. (Kuo
et al., 2019). The sample with a Li/Sn molar ratio of 2 revealed a NaCl-like structure consisting of
a solid solution of Li2SnS3 and Li>SnOs species and reported the highest conductivity among the
compounds (1.92 x 10* S-cm™). The materials were employed to assemble solid/polymer
composites with a poly(vinylidene fluoride-hexafluoropropylene) PVDF-HFP gel, and the
resulting conductivities ranged between 102 and 10 S-cm®, with increasing values for a reduced

amount of ceramic.
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Figure 1.16. a) Crystal structure of Lig54Si1.74P1.44S11.7Clo.3. The thermal ellipsoids are drawn
with a 50% probability. Reprinted with permission from Ref. (Kato et al., 2016). b) Compared
Arrhenius conductivity plots for the LGPS family and Lio54Si1.74P1.44S11.7Clo.3. Reprinted with
permission from Ref. (Kato et al., 2016). c) Evolution of H2S gas generated from a series of
Li>S—P2Ss—P20s glass composites (x = P.Os ratio) after exposure to air. Reprinted with
permission from Ref. (Hayashi et al., 2014). d) Crystal structure of Sh-substitutes LisSnSs with
unit cell outlined. Reprinted with permission from Ref. (Kwak et al., 2020). e) Arrhenius plots
at 30 °C and Nyquist plots (inset) for LisxSni1.xShxS4. Reprinted with permission from Ref.
(Kwak et al., 2020).

LisPSsX Argyrodites

Another large family of sulfide solids is the halogen-substituted LisPSsX (X = Cl, Br, 1)
lithium argyrodites (R. P. Rao & Adams, 2011) derived by partial replacement of sulfur with
halogens in the parent phase Li7PSe (Deiseroth et al., 2008). These materials show an inherently
high ion conductivity in the order of 107°/102 S-cm™ and can be synthesized via solid-state
synthesis, with a relatively easy process. The crystal structure of argyrodites comprises PS>~

polyanions surrounded by other sulfur ions and the replacement with halogens involves the latter
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ions in the frame (Figure 1.17a), originating Li vacancies which affects the local diffusion of Li
throughout the ion channels (Kraft et al., 2017; Z. Zhang, Shao, et al., 2018) and overall influences
the final conductivity. More specifically, the room temperature conductivities for crystalline
LisPSsCl, LigPSsBr, and LisPSsl samples have exhibit ionic conductivity 1.9 x 1073, 6.8 x 102
and 4.6 x 1077 S-cm %, respectively (R. P. Rao & Adams, 2011). The discrepancy in values is due
to the nature of the halogen atoms: CI~ and Br~ have similar dimensions to S?-, leading to partial
ion interchange and a higher internal disorder, whereas the larger size of I~ hampered the
interchange and resulted in a more ordered structure (Pecher et al., 2010). The ionic conductivity
of LisPSsl can possibly be enhanced via doping. An example was reported by Kraft et al. (Kraft et
al., 2018) with the introduction of Ge ions in the system Lis+xP1-xGexSsl as increasing Ge content
produces local anion disorder, sharply decreasing the activation energy for ionic motion. The
sample with x = 0.6 exhibited a very high ionic conductivity of 5.4 x 10°° S-cm™, which is
furtherly increased by sintering to 1.8 x 102 S-cm™, Isoelectronic substitution of S with Se in
LisPSs.xSexl has been shown to modify the local polarizability of the lattice and expand the
diffusion pathways for ion transport, contributing to the decrement of the activation barriers
(Schlem et al., 2020). This allowed to increase the conductivity to 2.8 x 10™* S-cm™, two orders
of magnitude higher than pristine LisPSsl. Ohno et al. (Ohno et al., 2019) studied the substitution
of P°* ions with aliovalent cations Si** and Sn**, and a visible diminution in the activation energy
for Lis+xP1-xSixSsl was detected, pointing out a more general mechanism for the amelioration of
ionic conduction. The elemental substitution enhanced the room temperature conductivity to 2 x
103 S-cm*for Siand 1 x 1074 S-cm™ for Sn (Figure 1.17b).
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Figure 1.17. a) Crystal structures of LigPSsX with X = CI, Br, 1. X~ anions form a cubic close-
packed lattice with PSs*tetrahedra in the octahedral sites and the free S~ in half of the
tetrahedral holes. The free S*~ anions and the corner of the PS4>~ tetrahedra form Frank—Kasper
polyhedra, which enclose two different Li positions. The Li positions form localized cages in
which multiple jump processes are possible. Reprinted with permission from Ref. (Kraft et al.,
2017). b) Arrhenius plots of the conductivity values for substituted Lis+xP1.xMxSsl (M = Si, Sn,
Ge) with different composition. Reprinted with permission from Ref. (Ohno et al., 2019).

The creation of halogen-rich phases with replacement of S with halides is a viable method
to enhance the electrochemical performance of the materials. Adeli et al. (Adeli et al., 2019)
showed a Cl-rich LissPS45Clyis argyrodite with improved vacancy content caused by anion
substitution. The material revealed a lower activation energy and an increased CI/S*" disorder,
bringing to a boosted conductivity of 9.4 x 107 S-cm™. A modified LissPS45Br1s structure with
substitution of S with Br has been presented by Yu et al. (C. Yu, Li, et al., 2020). The optimized
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composition revealed a conductivity of 4.35 x 10°° S-cm™ (Figure 1.18a) and an increased
compatibility with a lithium anode, with a stable cycling behavior over 2500 h and a limited
variation in overpotential. Solvent-synthesized argyrodites presented comparable values of
conductivity to the materials prepared by direct solid-state synthesis, due to a reduced presence of
impurities and a limited amorphous character (L. Zhou et al., 2019). Mixed-anion compounds
LisPSsCIxBri— exhibited conductivities in the order of 3.5 x 1073 S-cm™. Yubuchi et al. (Yubuchi
et al., 2018) described the synthesis of LigPSsX argyrodites following a liquid-phase path in an
alcohol environment. Optimization of the process implied the use of ethanol, a short dissolution
time and a high drying temperature; LisPSsBr prepared via liquid-phase method reported a
conductivity of 1.9 x 10* S-cm™ at room temperature, lower than the typical value for LigPSsBr
prepared with a solid-state process, but this method enabled a more homogeneous solid-solid
interface between the electrolyte and LiCoO> cathode. Performances in cell displayed a specific
capacity of 70 mAh g, much higher than the cell using the particles prepared via solid-state.
Engineering of an interlayer between the electrode and the electrolyte can help protect and stabilize
the material against decomposition. A polymeric composite of LigPSsCl and PEO10:LIiTFSI was
investigated by Simon et al. (Simon et al., 2019) and the determination of the conductive properties
permitted to observe values of conductivity of 1.01 x 103 S-cm™* for PEO10:LiTFSI and 1.57 x 10-
2 S.cm® for LigPSsCl. In depth observations showed the formation of an interlayer at the solid-
polymer separation surface due to degradation reactions at elevated temperatures This solid-
polymer interface mainly consists of lithium fluoride and dissolved polysulfides (Figure 1.18b).
These compounds diffuse to the lithium electrode and react with lithium, resulting in the formation

of a modified interphase at the lithium/electrolyte interface and an increased conductivity.

Argyrodite structures can be modified to achieve a phosphorus-free composition, in order
to increase the stability towards water and remove the hinderances related to the P»Ss species.
Huang et al. (W. Huang et al., 2019) presented a novel superionic conductor obtained by mixed
aliovalent substitution of P°>* with Si** and AI** with nominal composition LisxAlxSii—Sa. The
use of Al>Ss and SiS> precursors is preferred to the volatile P.Ss because of their lower cost and
abundance and their higher malleability in practical applications. The material was prepared by
melt-quenching synthesis and presented a typical argyrodite phase with a cubic F-43m structure
comprised of M(S/O)4 tetrahedra (Figure 1.18c). The ionic conductivity of the material was 2.54

x 107* S cm™ at 28 °C, like other argyrodite electrolytes, possibly as a consequence of the local
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distorted arrangement of lithium ions in the tetrahedral sites and the electrochemical stability vs.
an In-Li anode in a cell was found in the 1.9-3.6 V range. Limited doping of the material with
oxygen was subsequently attempted to prepare a Lis.1sAlo.15Si1.3556-xOx conductor (W. Huang et
al., 2020), and anion substitution of S?~ with O?" allowed to heighten the ionic conductivity of
about five times reaching a value of 1.23 x 1072 S-cm for x = 0.6 (Figure 1.18d). Furthermore,
the elemental modification extended the electrochemical stability window up to 5 V with the

absence of relevant side reactions.
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Figure 1.18. a) Arrhenius plots of Liz—«PSexBrx with different Br molar concentrations.
Reprinted with permission from Ref. (C. Yu, Li, et al., 2020). b) Schematic of the interphase
formation at the electrode/polymer interfaces. The close-ups show the onset of the interphase
growth sample without heat treatment (left) and with temperature (right). On the right, the
interfacial Li* transfer is visualized schematically. The energy diagram depicts the energy
barriers for the lithium ion transfer. Reprinted with permission from Ref. (Simon et al., 2019).
c) Crystal structure and local ion environment of the synthesized Lis+xAlxSi;—xS4. Reprinted
with permission from Ref. (W. Huang et al., 2019). d) Lithium ion conductivity at 25 °C of
Lie.15Al0.15S11.35S6xOx as a function of oxygen ratio. Reprinted with permission from Ref. (W.
Huang et al., 2020).
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1.4.2.2.  Oxides and phosphates

LLTO and lithium perovskites

Among oxide-based compounds Li-rich perovskites have been deeply explored as possible
solid electrolytes. Perovskite type materials display the crystal structure of CaTiOz and their
features are correlated to the peculiar mechanical character of the ABOs frame, where the A-sites
are partially occupied by Li or La atoms (Yashima et al., 2005a). The distribution of the cations
typically follows an alternate stacking of La-rich and La-deficient layers along the c axis (Figure
1.19a) (Inaguma et al., 2002). The atomic arrangement allows the structure to sustain local
distortion under variations of pressure and temperature, as well as ionic replacement, and enables
a disorder of the frame which promotes charge transport (Catti et al., 2007; Sebastian &
Gopalakrishnan, 2003). The archetypical lithium conductive perovskite is LisxLazzxTiOz (LLTO),
which exhibits a high bulk conductivity (up to 1073 S-cm™) and extremely low electronic
conductivity (Inaguma et al., 1993). Variation in the stoichiometry and composition of LLTO has
been shown to reflect on the structure of the material (Z. Zhang, Shao, et al., 2018). Li-poor
compositions (0.03 <x <0.1) reported an orthorhombic symmetry (space group Cmmm), showing
an array of tilted of TiOs octahedra along the b axis (Figure 1.19b) (Abe & Uchino, 1974; Inaguma
et al., 2002). The La atoms are alternatively arranged along the c axis, with high occupancy in the
La-rich layers, and Li atoms are found in off-centered positions of the A site. In this configuration,
the high La occupancy (~ 0.95) and poor vacancy concentration (~ 0.05) in the La-rich layers
forms a barrier to Li* diffusion in the [001] direction (Yashima et al., 2005b). Li* ion diffusion at
room temperature can be defined as a 2D model percolation, following 2c-4f-2c or 2¢c-2d-2c lines
across the La-poor layer. On the other hand, the compositions with a higher ratio of Li (0.1 <x <
0.167) present a tetragonal structure (space group P4/mmm) with a decreasing ordering of La atoms
for increasing values of Li content (Fourquet et al., 1996; Kawai & Kuwano, 1994). This structure
manifests a lower La occupation (0.65), with a relatively higher concentration of Li vacancies in
the La-rich layer (Inaguma et al., 2006). Such a display enables Li migration between alternating

Lal and La2 layers, resulting in localized 3D conduction.
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Figure 1.19. a) Proposed model for the unit cell of Lax3TiOs. Reprinted with permission from
Ref. (Abe & Uchino, 1974). b) Structures of perovskite lithium ion conductor (Li,La)TiOs. The
green and blue circles denote La and Li, respectively. Reprinted with permission from Ref,
(Sebastian & Gopalakrishnan, 2003).

A major restraint of this material lies in its low lithium intercalation potential (< 1.8 V vs
Li/Li*), which makes it not suitable for practical use in cells employing metallic lithium or lithiated
carbon anodes (C. H. Chen & Amine, 2001). Furthermore, Ti*" is easily reduced to Ti%*, with the
effect of increasing electronic conductivity, and the high mechanical stiffness of oxide particle
brings to insufficient density and impedes the transport of Li* ions at the boundaries. Grain
diffusion dominates the global conductivity, and the values are found in the range of 10° S cm™,
about two orders of magnitude lower than the bulk. Investigations on the atomic scale reported an
extensive structural anomaly at the boundaries, with a thickness of about 2 to 3 unit cells (C. Ma
etal., 2014). In that location, the structure deviated from the ABO3 framework and presented a Ti—
O binary compound, associated with a partial reduction of Ti**, disruption of the Ti—O polyhedra,
decrement in La content, and almost total depletion of Li carriers. Use of an amorphous phase may
obviate the compatibility issues of LLTO. Zheng et al. (Z. Zheng et al., 2015) described the higher
affinity of amorphous LLTO prepared by sol-gel method against metallic lithium, and the modified
material featured a higher Li insertion potential compared with the crystalline form. Moreover, the
amorphous phase displayed no relevant changes in conductivity when put in contact with Li metal,

revealing a vast potential stability up to 12 V (Figure 1.20a). The major electrochemical features
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of amorphous LLTO, further confirmed by the preparation of thin electrolyte films under different
annealing conditions (Y. Zhang et al., 2019). An increase in conductivity of about two orders of
magnitude, from 4 x 108 to 9 x 10°° S cm™* was found after solvent evaporation, but for longer
annealing times the conductivity dropped sharply because of LLTO crystallization.

Several approaches have been attempted to ameliorate the conductive features of LLTO,
the most common of which involve elemental doping. A complete substitution of La atoms with
smaller lanthanide ions (Pr, Nd and Sr) leads to a decrement in conductivity (Inagumaetal., 1997),
possibly because of the volume shrinking of A-sites induced by the replacement with smaller ions,
reducing the bottleneck for Li* ion motion (Inaguma et al., 1994), whereas incorporation of larger
ions such as Sr helps improving the conductivity, enlarging the ion channels and favoring ionic
transport (Figure 1.20b) (G. X. Wang et al., 2000). B-site ion substitution seems to follow an
opposite behavior (Chung et al., 1998). A modest increment in conductivity is observed upon
insertion of small ions like Mn and Ge in Ti locations, whilst a decrement is caused by larger Sn
and Zr ions (Chung et al., 1998). Moreover, hypervalent cations such as Ta and Nb negatively
affect the conductivity when replacing Ti atoms, indicating a dominating effect of local lattice
distortion on the activation energy of ion transport (Katsumata et al., 1996). LisxLai3-xNbO3z was
found to show a conductivity of about two orders of magnitude lower than LisxLazzxTiO3
(Katsumata et al., 1998). On the other hand, substitution of Ti with lower-valence atoms resulted
in an increase in ion conduction for LLTO. Lao.ssLio.3s1Tio.005Al0.00503 was reported with a value
of conductivity of 1.1 x 1073 S cm™?, slightly higher than the undoped perovskite (Thangadurai &
Weppner, 2000). Adjustment in the stoichiometry of the doping element can improve the
conductivity even further (L. X. He & Y00, 2003), with a room temperature value of 1.58 x 1073
S cm* for the composition (Lio.3sLa0.54)0.99Al0.02Tiogs0s. Yttrium doping on crystalline LLTO was
reported by Lee et al. (S. J. Lee et al., 2019) and their study showed a monotonic accretion of the
total conductivities for increased Y content. Lio.33La0.46Y0.1TiO3 revealed a bulk conductivity of
9.51 x 10* S cm™. Double substituted LiosssL80.355r03Ti0.99sMo.00s03 (M = Al, Co and In)
materials disclosed similar conductivities in the order of 10° S cm™, with minimal variation
depending on the dimension of the dopant which affects the interatomic Ti-O distance and the
bond strength (K. Yu et al., 2019).
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Despite all the efforts, elemental doping shows a marginal effect on ionic conduction, thus
alternative methods have been explored. Creation of hybrid composites with polymers have proven
relatively effective as the incorporation of LLTO in a PEO-LICIO4 matrix showed enhanced
conduction (Milian Pila et al., 2019), with the highest value of 2.8 x 102 S cm™ reported for the
composite with 10 % wt. of LLTO. The reason lies in the decrement in the glass transition of the
polymer and in the increased amount of free charge carriers upon ceramic insertion in the matrix.
Another modification of perovskites concerns the insertion of intergranular phases, in order to
increase contact between particles and reduce grain boundary resistance. Addition of limited
amounts of inert SiO- increases the conductivity to 10™* S cm™2, as shown in Figure 1.20c (Mei et
al., 2008). In this case, inert silica accumulates at the grain boundaries, avoiding Li volatilization
during the sintering and forming an amorphous lithium silicate phase, which benefits Li ion
conduction by enlarging the bottleneck between separate grains. A LiosLagsTiO3 composite
prepared by solid-state reaction with the addition of SiO, presented an improved interphase
between grains and a raise in conductivity to 5.02 x 1073 S cm™ (Y. Deng et al., 2009). Low-
temperature calcination with Al2Os filler boosted the grain boundary conductivity of about 2.5
times, leading to a total value of 9.33 x 10 S cm™, with a decrease in activation energy from 0.48
to 0.37 eV for a 10 % wt. Al>O3 content (H. Zhang, Liu, et al., 2013). The composite electrolyte
showed an improved junction between the LLTO particles and the presence of a lithiated LiAlsOs
spinel phase dispersed along the boundaries, which enabled interstitial diffusion of lithium ions.
The inclusion of a LLZO sol in an LLTO ceramic mold was reported by Chen et al. (K. Chen et
al., 2013), and led to a grain boundary conductivity of 1.5 x 10™*S cm™, with a slight improvement
compared with pristine LLTO. Analysis of elemental distribution, depicted in Figure 1.20d-e,
displayed a main Zr presence at the boundaries, with no significant presence in the bulk of the
material. The modified material, however, did not report a relevant amelioration of the stability

towards lithium in a cell.
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Figure 1.20. a) Cyclic voltammogram of amorphous LLTO samples at a scan rate of 1 mV s™2.
Reprinted with permission from Ref. (Z. Zheng et al., 2015). b) Lithium ion conductivity of Sr-
substituted LLTO at 25 °C. Reprinted with permission from Ref. (G. X. Wang et al., 2000). c)
Arrhenius plots for the total conductivity of LLTO/SiO2 composites. Reprinted with permission
from Ref. (Mei et al., 2008). d) SEM image of LLTO-LLZO ceramic and e) elemental
distribution along the CD line. Reprinted with permission from Ref. (K. Chen et al., 2013).

Halide Anti-perovskites

A relatively novel group of solid conductors is the lithium-rich anti-perovskite (LIRAP)
family with formula A'B% X3" (Y. Zhao & Daemen, 2012), inspired by highly conductive
perovskites like Na;—xKxMgFs and KZnF3 (Yoshiasa et al., 2005). These materials have a similar
structure to conventional A*B?*Xs™ perovskites (space group Pm3m), reported in Figure 1.21a,
but they show a reversed disposition of anion and cation sublattices and replacement of the
electronegative element X~ with Li*, hence the name of anti-perovskites. In the typical cubic
pattern of LisOX anti-perovskites, X ions are located at the corners of the cubic cell, 0> ions
occupy the body-centered site, and Li* ions are disposed in an octahedral coordination around O*~
(M. H. Braga et al., 2014). lon disposition in a bcc arrangement has been proven optimal for fast
ionic conduction (Y. Wang et al., 2015), due to the direct hopping of Li atoms between adjacent
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tetrahedral sites, and composition such as LisOCl and LisOBr reported values of room temperature
ionic conductivity around 103 S cm™ at room temperature, reaching 8.5 x 1074 S cm™ for pure
LisOCl and 1.94 x 1073 S cm™* for a mixed-halogen phase LisOClosBros after a thermal treatment
at 250 °C (Figure 1.21b) (Y. Zhao & Daemen, 2012). Thermal activation may prove necessary to
achieve high ionic conduction (Figure 1.21c), since in the pre-treated material the Li* cations are
strictly bound in their octahedral sites and directly coordinated with two oxygen anions, restricting
ion jumps and resulting in low conductivity. Lack of vacancies may also be responsible for the
stagnant ion transfer, limiting the movements to neighboring Schottky defects in the lattice. The
increased structural disarray is coupled with higher thermal vibration, most intensely at the lithium
sites. The different halide anions affect the intrinsic conduction as well. Small CI™ ions in LisOCI
allow larger spaces for the movement of Li* ions, but their tinier radius induces a collapse of the
perovskite framework by octahedral tilting, decreasing the space for ionic transport. On the other
hand, larger Br~ anions in LizOBr partially clog Li* ions channels, reducing their diffusion. A
concurrent presence of both CI™ and Br™ ions expands the volume of the unit cell and reduces the
octahedral tilting at the same time, producing a more uniform framework. In this setting, larger
polyhedra allow a wider space for the Li* cations to shift through via a Frenkel mechanism. The
primary influence on Li* transport lies in the structural disorder and the presence of Li vacancies
which decrease the energy barrier across the migration pathways, while halogen vacancies
provided irrelevant advantages to ion conduction (Y. Zhang et al., 2013). Pristine LisOCI crystals
inquired via atomistic calculations displayed a significant discrepancy between the concentration
of LiCl Schottky defects and Frenkel interstitials of about 6 orders of magnitude lower for the
latter, due to the much higher formation energy of interstitials. However, samples originated by
LiCl deficiency exhibited a comparable concentration of both crystal defects, with increased
presence of interstitial due to charge compensating mechanisms, pointing out a possible reversed
transport process for the material (Figure 1.21d) (Mouta et al., 2014). LisOCI and LizOBr
presented a thermodynamically metastable behavior towards decomposition into Li>O and
LiCI/LiBr, showing nonetheless an increased susceptibility to decomposition for applied voltage
higher than 2.5 V (Emly et al., 2013). First-principle calculations were undertaken to define a
model for optimizing the performance of the materials and the results pointed out a significant role
of the halide ions on the energy barrier of the diffusion path. Practical applications estimated the

relative concentration of halide species to allow the highest conductivities in the LisOCli-xBry
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system for 0.235 <x <0.395 (Z. Deng et al., 2015a). A study by Dondelinger et al. (Dondelinger
et al., 2019) highlighted a linear Arrhenius trend for LisOCI in the temperature range from 20 to
100 °C, with no significant phase transformations. The material was tested in cells with C/Cu
electrode observing a decreased activation energy of the lithium intercalation in the graphite
scaffold associated with increased operating temperature, along with a stabilized cyclic
voltammetry cyclability at higher temperature. Half cells expressed a strong capacity retention
over long-term cycling with improved capacity retention around 80 % after 7 months.
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Figure 1.21. a) The crystal structure of a LisClO cubic Pm3m antiperovskite. Reprinted with
permission from Ref. (M. H. Braga et al.,, 2014). b) Arrhenius plots for LisOCI and
Li3OClosBros. Reprinted with permission from Ref. (Y. Zhao & Daemen, 2012). c) Projection
(yellow) of Li trajectories in a supercell at 1000 and 2000 K for LisOCI (top) and LizOBr
(bottom). O: red, ClI: green, Br: purple, Li: blue. Reprinted with permission from Ref. (Y. Zhang
et al., 2013). d) Temperature behavior of Gibbs energy (per point defect) of the basic lithium-
containing neutral defects. Reprinted with permission from Ref. (Mouta et al., 2014).
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Low-dimensional network LiRAPs are a modified concept of this class of conductors, with
a decreased dimensionality of the octahedral structural units (Z. Lu et al., 2020). In this
configuration BXs units are connected along (001) planes and form a 2D network within the main
lattice, as shown in Figure 1.22. A notable example has been reported by Zhu et al. (Zhu et al.,
2016) with the engineering of layered LizO2Brs via solid-state reaction. Structural investigation
revealed a tetragonal structure (space group 14/mmm) and a metastable character with respect to
LisOBr, owing to the high stability of LiBr. This reflects on a more challenging synthesis process
from a thermodynamic viewpoint, making the achievement of a pure phase more difficult. Mixed
LizO2Brs-LisOBr compound reported an improved ionic conductivity of 2.4 x 10° S.cm?
compared to pure LizOBr, possibly because of the arrangement of Li;O2Brs structure. Intrinsic
depletion in the layers generates a higher concentration of vacancies and creates new migration
channels along the edges of the octahedral units, favoring the movement of Li* ions and improving
the conductivity. This spots a light on the influence of network dimensionality on ionic circulation
(Z. Lu et al., 2020). Li motion pathways in the anti-perovskite structure can be distinguished in
two types such as interchain motion along the edges of one single OLis octahedron and intrachain
jumping between separate units. Low-DN anti-perovskites generally display lower energy barriers
than 3D networks for both types, with interchain transport dominating the process in lower-
dimension networks 1DN and ODN frameworks supposedly manifest values of room temperature
conductivity of 5.4 x 102 and 2.12 x 102 S cm™* respectively, sensibly higher than 3DN-LisOCI.
DFT computations expressed a thermodynamically metastable character for these materials and

low values of decomposition energy.
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Figure 1.22. Unit cells of 3DN-LizOCI, 2DN-Li4OCl>, 1DN-LigOCls, and ODN-LisOCls anti-
perovskites and ilustration of the connectivity of low-DN anti-perovskites. A-site ions are
signaled in the schematic as purple dots. Reprinted with permission from Ref. (Z. Lu et al.,
2020).

Albeit presenting these advantages, their extreme hygroscopicity makes these materials
unstable to the puniest traces of materials. A major endeavor is therefore required for their
stabilization in ambient atmosphere, which may comprise of a different synthesis approach or the
incorporation of stabilizing species. Synthesis via a solid-state route may prove effective in
increase the purity of the product, and the incorporation of agents like LiH in the sintering mass
reduces the presence of OH traces in the resulting material (S. Li et al., 2016). Modified structures
with hypervalent ion doping were described by Braga et al. (M. H. Braga et al., 2014) who reported
the vitreous electrolytes with composition Liz-2xMxXO (M = alkali earth metals Ca?*, Mg?* or
Ba®"). The higher-valence cations introduce Li vacancies within the sublattice, lessening the
relative activation energy for Li* conduction. A liquid-to-solid reversible transition was identified,
which notably increased the viscosity of the material with no relevant structural alterations. The
effect of the different doping atoms in the glass transition was evaluated via DFT calculations and
a decrement in the phase transition temperature coincided with larger radii for the inserted species.
Liz.00BaooosCIO reported an outstanding room temperature conductivity of 2.5 x 1072 S-cm?,
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further augmented to 2.4 x 107! S-cm™ at 100 °C, while the mixed-halide compound
Li2.99Ba0.00sCloslosO exhibited a value of 1.21 x 107 S-cm™ at 50 °C (Figure 1.23a), as well as
low electronic conductivities in the order of 107° — 107" S-cm™. The modified electrolytes revealed
an improved affinity towards metallic lithium, with a potential stability window extending up to 8
V, and long-term cycling displayed a limited increase in interfacial resistance after 460 h (M. H.
Braga et al., 2014). A glass-amorphous conductor was derived from water solvation of an AzOCI
(A = Li, Na) anti-perovskite parent material, via hydro-thermal reaction with a small inclusion of
hydroxide agents, such as Ba(OH)2 or Ca(OH)., to reduce the glass transition temperature. The Li-
based compound revealed a very low activation energy of about 0.06 eV and room temperature
conductivity higher than 1072 S-cm™, and chronopotentiometry tests reported a stable impedance
against Li metal over 19 days of cycling. Application of the glass electrolyte in a solid state cell is
characterized by a reversible Li and Na plating/stripping, and a tailored cathode was engineered
by blending the electrolyte, carbon, and MnO: as a redox agent (M. H. H. Braga et al., 2017). The
electrode yielded a working voltage of 3 V with no significant reduction of the cell capacity. In
this cell arrangement the electrolyte has higher wettability towards the metal anode and no
reduction is observed, with no visible evolution of lithium dendrites and a solid interphase.

A study by Li et al. (Y. Li et al., 2016) on the structure of anti-perovskites indicated for
LisOX materials a more plausible composition of Li.OHX, implying a non negligible presence of
hydroxide in the composite (Figure 1.23b). A direct preparation of Li,OHBr by melting of LiOH
and LiBr precursors was not achieved, and the removal of H atoms was found difficult due to the
relative strength of O—H bonds in the hydroxide. Addition of water (< 10% wt.) in the starting
mixture led to the formation of a mixed product with cubic Li2OHBr and layered Li;O2Brs.
Substitution of OH™ with F~ converts the crystal structure from an orthorhombic phase Li.OHCI
to a cubic phase with composition Li2(OH)o.9Fo.1Cl, with a wide electrochemical stability window
up to 9 V and a room temperature conductivity of 3.5 x 10~° S-cm™ in accordance with molecular
dynamics predictions (Z. Deng et al., 2015b). Synthesis of H-free LizOCI was attempted by
Hanghofer et al. (Hanghofer et al., 2018) through a number of methods such as hydrothermal and
solid-state, but a proper discrimination of Li.OHCI and H-free LizOCI polymorphs could not be
achieved by X-ray diffraction and neutron powder diffraction. The utmost reactivity of LiIRAPs
with moisture makes them unstable even under inert Ar atmosphere and causes decomposition

after brief exposure to air (Figure 1.23c), casting a shadow on the actual existence of ultra-high
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conductive LiIRAPs. Decomposition products included hydrated LiCl, whose presence can justify
the high conductivity of glassy anti-perovskites. The superior hygroscopicity of LisOCI is
explained by the relevant exothermic hydration enthalpy of the species, pointed out by molecular
calculations (Dawson, Attari, et al., 2018) and long-distance Li transport is strictly correlated with

the spatial disposition of OH groups.
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Figure 1.23. a) lonic conductivities of LisCIO and Ba-doped derivates, including
Li2.99Bao.00sCIO and Li2.99Bao.005Closlo.sO, compared with Agl. Reprinted with permission from
Ref. (M. H. Braga et al., 2014). b) IR spectra of LizCIO synthesized from Li metal without or
with OH phase Reprinted with permission from Ref. (S. Li et al., 2016). ¢) Phase composition
of LisCIlO antiperovskite upon prolonged exposure to air. Reprinted with permission from Ref.
(Hanghofer et al., 2018)

NASICON conductors

Among the solid electrolytes, phosphate NASICON structures exhibit an improved stability
to moisture, with reduced formation of Li>COs, a wide potential stability window and lower
manufacturing temperatures in both synthesis (700-800 °C) and sintering (< 900 °C) compared
with other oxide electrolytes (DeWees & Wang, 2019), allowing a less expensive fabrication. The
first NASICON electrolytes with formula Nai+xZr2Si>-xPxO12 were reported in the 1970s
(Goodenough, Hong, et al., 1976; H. .-P. Hong, 1976) via modification of NaZr2(PO4)s with
substitution of P°* with Si**. The typical NASICON frame consists in a M2(PO4)s™ scaffold of MOs
octahedra and PO4 tetrahedra with shared O atoms (Giarola et al., 2017), which presents for the
lithiated phase LiM2(PO4)s a rhombohedral symmetry (space group R3c) for M = Ti and Ge
(Figure 1.24a) (Alami et al., 1991; Paris et al., 1996), whereas for larger cations M = Zr, Hf, Sn
show a low-symmetry triclinic arrangement (space group C1) (Losilla et al., 1997). The
rhombohedral disposition presents two distinct sites for lithium ions such as octahedral M1 6b
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locations situated enclosed by six O atoms and transition M2 18e locations between the 6b sites
with a 10 oxygen coordination, while the distorted triclinic phase shows a four oxygen
coordination for Li sites (Catti, 1999). Out of all LiM2(POa4)3 compositions, LiTi2(POa4)s represents
the best candidate for Li conduction due to its lattice dimensions, but the conventional pellet
preparation via sintering reported excessively high porosity and relatively low density, reflecting
on a final conductivity around 10" S-cm™ at room temperature (Chowdari et al., 1989; Shannon
et al., 1977). The structure can be modified with a partial aliovalent substitution of Ti** with M3*
ions like Y, In, Sc, Ga and Al (Ado et al., 1992; Arbi et al., 2004; Best, 2000; Qui et al., 1988),
which positively affects ionic conduction. In particular, a Al-doped material with formula
Li13Alo3Tiz7(PO4)3 (LATP) (Aono et al., 1990) displayed a room temperature conductivity of 7 x
10*S-cm™* (Figure 1.24b). An analogous behavior was found for trivalent replacement of Ge in
the LiGe(PO4)s system, and Al substitution brought to an improved conductivity of 2.4 x 107
S-cm ! for Liz+xAlxGezx(PO4)3 (LAGP) phase (Aono et al., 1992). The variation in ion conduction
enlarges the bottleneck increasing the concentration of charge carriers in the structure,

accompanied by a decrease in activation energy for interstitial motion (Lang et al., 2015).
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Figure 1.24. a) Unit cell (space group R3c) and local environment of LiTi>(POa4)s. Yellow
elongated octahedra are occupied by Li*, blue octahedra are occupied by Ti**, green tetrahedra
are occupied by P>*. O% is located at the corners of the polyhedra (small red circles). Adapted
with permission from Ref. (Giarola et al., 2017). b) Variation of the conductivity for a series of
Li1+xMxTi2—«(POs)s systems at 298 K, as a function of elemental substitution. Reprinted with
permission from Ref. (Aono et al., 1990).

Moreover, elemental substitution helped improving pellet densification and diminished
grain boundary resistance, allowing for the increment of this contribution to the total conductivity
(Kahlaoui et al., 2017). A boron substituted Li1+xBxTi>—x(POa4)3 (x = 0.2) revealed a conductivity
of 2 x 10 S-cm™* at room temperature, and B2Os precursor acts as a sintering aid for ceramic
densification (Peng et al., 2012). Excess of B.Oz3 leads to the formation of a B-rich intergranular
phase thwarting Li*-ion movement between the grains. Silicon-doped LATP synthesized via a
solution-method reported an improved conductivity of about 102 S-cm™ (Zhu et al., 2022). The
introduction of silicon has a slightly negative effect on bulk conduction, but silicon can affect the
microstructure of the material. Structural analysis revealed a segregation of LiTiOPO;, at the grain
boundaries, which can deter the irregular growth of LATP grains and increase grain boundary

conduction. Higher amounts of Si promoted an inordinate formation of LiTiOPQg, reducing the
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total conductivity, as shown in Figure 1.25a. Preparation of LATP via sol-gel method requires a
lower calcination temperature (650 °C) to achieve a high-purity product (M. Liu, Li, et al., 2018):
Si-doped Li17Alo3Ti17SiosP26012 presented a rhombohedral structure and characterized by a
conductivity of 1.3 x 10~3 S-cm™? after sintering at 1000 °C, with a low activation energy of 0.25
eV. Mixed Ti-Ge NASICON compositions were reported in literature with varying values of
conductivity ranging from 10™* S-cm™ for LiieAlosGeosTios(PO4)s (Maldonado-Manso et al.,
2003) to 107* S-cm* for the Ti-richer Li1.asAlossGeoTiiss(PO4)s (Figure 1.25b) (Xuefu et al.,
2016). A high-purity LATP synthesized through a molten flux process (Tolganbek et al., 2020)
presented an ionic conductivity in the range of 107 S-cm™. Production of a pure material can be
achieved via a solution method in aqueous environment with HsPO4 as phosphorus precursor
followed by thermal annealing at 700 °C (F. Ma et al., 2016). This process allows to obtain a
product with a conductivity of 1.2 x 10 S-cm™, about 10 times higher than the material
employing NHsH2PQOj4 as precursor, and the reason can be found in the evolution of gas during the
synthesis process (X. Lu et al., 2020). Hydrothermal reaction using HzPO4 was observed at low
temperature (180 °C), but the rhombohedral structure was observed only after thermal calcination
at 600 °C, along with a high amount (40 % wt.) of (TiO)2P.07 secondary phase. The precursor
mixture with NHsH2PO4 showed reduced hydrothermal reactivity, but a lower ratio of impurity
after calcination, with better crystallization of the rhombohedral phase. The lower conductivity of
the latter sample was attributed to the higher porosity and lower relative density after sintering
(Figure 1.25c), caused by the early crystallization of LiTi2(POas)s. Modification of the synthesis
condition can affect the conductive properties of NASICON as shown by a recent study by Paolella
et al. (Paolella, Zhu, Bertoni, Perea, et al., 2020b) who evaluated the effect of pressure on the
densification of LAGP. It was reported that hot-pressing at 112 MPa for 1h allowed to decrease
the sintering temperature of LAGP ceramic pellets to 600-650 °C, a much lower value compared
to the ones required for long-term sintering, as observed in Figure 1.25d. The sample hot-pressed
at 650 °C displayed a conductivity of 3.3 x 10 S-cm™ more than twice the value of a pellet
prepared with standard sintering at 850 °C. An increase of the hot-pressing temperature to 750 °C
produced more brittle pellets which, however, presented higher conductivities of 4.24 x 107
S-cm™L. The hot-pressed material unveiled a capacity of 125 mAh g with a retention above 90%

after 10 cycles at a rate of C/30.
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Figure 1.25. a) XRD patterns of Si-doped LATP (x = 0 — 0.4) samples, compared with
references. Reprinted with permission from Ref. (Zhu et al., 2022). b) Variation of the
conductivities and relative density for Lii+xAlxGeo.2Tiis-x(PO4)z as a function of x. Reprinted
with permission from Ref. (Xuefu et al., 2016). c) Relative densities of LATP pellets prepared
using HsPO4 (H-LATP) and NHsH2PO4 (N-LATP), as a function of the sintering temperature.
Inset: photos of H-LATP and N-LATP sintered pellets. Reprinted with permission from Ref.
(X. Luetal., 2020). d) SEM images of LAGP pelelts after conventional cold-pressing (top) and
hot-pressing at 650 °C in Ar (bottom). Scale bar = 10 um. Adapted with permission from Ref.
(Paolella, Zhu, Bertoni, Perea, et al., 2020b).

Despite their good performance, however, NASICON materials suffer from instability
towards Li metal, causing the reduction of Ti** and Ge** ions and increasing interface resistance
(Hartmann et al., 2013; C. Yang et al., 2017). Lithium intercalation in LATP is accompanied by a
phase transition which generates a Li-rich interphase at the electrode surface (Figure 1.26a) (Zhu
et al., 2020), thus increasing the electronic conductivity of about three orders of magnitude from
3x107°t02.9 x 10 S-cm™. Electrochemical reduction of Ti** to Ti%* restricts the band gap and

enhances electronic conduction at the interface. A potential gradient favors a lithium deposition
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on a local scale, with possible evolution of lithium dendrites and conductive secondary phases,
resulting in performance degradation. This issue can be partially mitigated by introducing a
separating layer between the electrolyte and metallic lithium. An attempt with a LisPOs interlayer
revealed an incremented stability towards Li reactivity, with a higher capacity retention beyond 95
% upon repeated cycling with respect to cells without the protective layer (J. Liu et al., 2017). The
main drawback lied in the inert nature of the phosphate filler, which significantly raised the
impedance at the electrode interface, reducing Li conduction. Hybrid systems incorporating
lithium electrolyte around the solid particles could obviate the problem. Indeed, it was shown that
even very small amounts of liquid phase (2 uL) can ameliorate ion transport at the interface and
produce a high specific capacity (C. Wang et al., 2018), while preventing reduction of Ti by Li
metal. Ceramic interlayers may also prove a feasible alternative for improving electrochemical
performance. A LIRAP coating between LATP and a LCO cathode, described by Feng et al. (W.
Feng et al., 2022), allowed to sensibly decrease the sintering temperature of the battery to 290 °C,
thanks to the low melting point of the LIRAP phase. In situ lacquering was conducted via
dissolution of the precursors in deionized water, and the basic character of the solution suppressed
Li*/H" exchange and limited the formation of additional phases. The good conductivity of LIRAP
decreased the interface resistance from 15288 to 817 Q cm™2, as shown in Figure 1.26b, and the
high deformability permitted to obtain a ductile interphase more resilient to strain deformation,
improving cycling stability. Liu et al. (C. Liu et al., 2022) detailed the insertion of a secondary
borosilicate glass phase during the sintering of LATP. The high-temperature stability of
borosilicate reduces the reactivity with the ceramic and allows inter-grain diffusion and uniform
coalescence to form a solid mixture with reduced presence of pores and grain boundaries. The
solid blend exhibited a fracture strength of about 74 MPa, almost 2.5 times larger than pure LATP,
and a relative density higher than 97 % for a 6 % filler content, while a surplus of boron glass
(10%) resulted in bulky grains with poorer contact and decreased density. Li plating/stripping
showed a stable behavior for more than 200 h and a high capacity of 154.5 mAh-g=.

A study by Chen et al. (R. Chen et al., 2021b) investigated the thermal stability of LATP
pellets against metallic lithium. Despite their smaller contact area with the electrode, ceramic
pellets showed a poorer thermal stability compared with the powders, leading to the formation of
lithium structures within the pellets through the structure defects. The reactive lithium triggered

interfacial reactions which eventually lead to thermal runaway of the battery. Lithium penetration
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is further enhanced by higher current densities (Kazyak et al., 2020) and increment in stack
pressure (Doux et al., 2020). A modified electrolyte using LiPO2F; as a sintering aid reported a
higher thermal stability compared with pristine LATP (Figure 1.26¢) (R. Chen et al., 2021a). Use
of Al>,Oz as coating agent can protect the electrode interface and increase the stability towards
lithium. An ultra-thin (15 nm) Al2Os interlayer introduced by atomic layer deposition on LATP
electrolyte developed a stable interface with a cycle life of 600 h and a low overpotential of 0.9 V
after 300 cycles (Y. Liu, Sun, et al., 2018). The modified electrolyte displayed a conductivity of
about 1.5 x 10* S-cm™* at room temperature, and the Al,Os limited Li penetration and Ti reduction
at the interface, as well as decreasing resistance upon the formation a Li—Al-O conductive layer.
Metallic protection layers can shield NASICON electrolytes from Li-driven reactions. An
amorphous Ge coating on LAGP electrolyte upgraded the contact between Li metal and the
ceramic and inhibited the reduction of Ge** in contact with lithium (Y. Liu, Li, et al., 2018). The
performance of the modified electrolyte in a symmetric cell unveiled a superior stability compared
with the untreated material, with an interfacial resistance of 1150 Q after 300 cycles and a low
polarization around 0.1 V after 200 h at 0.1 mA cm2. On the other hand, pristine LAGP showed
a huge resistance over 10° Q after only 30 cycles and an unstable plating/stripping performance,
with increased polarization above 1.5 V after 60 h. Application in a Li-air battery confirmed the
stability of Ge-LAGP producing a stable capacity after 30 cycles. Cortes et al. (Cortes et al., 2020)
presented a Cr thin interlayer (30 nm) produced by metal sputtering which extended the lifecycle
of LAGP against Li to more than 1000 h. Cr deposition promoted a regular interphase growth and
areversible LAGP conversion rather than Li plating at the surface, allowing the transit of Li* ions.
An Al modified layer has been shown to prevent Li deposition and mutual reactivity at the
interphase (Zhong et al., 2018) allowing a full-solid cell with a LiMno.gFeo2PO4 cathode to deliver
a high capacity of 153 mAh g~* with a capacity retention above 96% after 100 cycles. Al deposition
produces a Li-Al alloy with decreasing reaction potential for higher presence of Li. The Li* motion
across the alloy layer is hindered at lower voltages and the full lithiation of outer surface cannot
be achieved. During the charge process, voltage difference drives the local deposition of Li,

allowing a more uniform plating and reducing the formation of dendrites.
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Figure 1.26. a) SEM cross-section image of a LATGP sample after approximately 12 h contact
with lithium metal. The white arrow indicates the diffusion of lithium. Reprinted with
permission from Ref. (Hartmann et al., 2013). b) EIS profiles of composited LATP/cathode
symmetric cells without and with LiRAPs. Reprinted with permission from Ref. (W. Feng et
al., 2022). ¢) Compared accelerating rate calorimetry (ARC) results of a Li/LATP pellet and a
LI/LATP@LIiPO2F2-pellet. Reprinted with permission from Ref. (R. Chen et al., 2021a).

A flexible PEO polymer interlayer was shown to decrease the interface resistance of LATP
of about one order of magnitude compared with unprotected LATP, simultaneously acting as a
separator and increasing surface wettability of the ceramic material, and hence promoting Li ion
transport between electrode and electrolyte (Z. Yang et al., 2020). Differences in the systems with
and without polymer spacer were observed in the polarization voltage (0.2 V with PEO vs 1.5 V
without PEO) and long-term stability upon cycling. A full Li/PEO-LATP/LiFePO4 cell displayed
a discharge capacity of 155 mAh g at 0.1 C with a high reversibility over 100 cycles (Coulombic
efficiency > 99 %) whereas the cell without polymer reported a meager value of 24 mAh gt at 0.1
C. He et al. (L. He et al., 2019) explored the failure mechanism of LAGP towards metallic Li,
observing a gradual disruption of LAGP particles evolving from the grain boundaries to the bulk
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of the particles, with the reduction of Ge** to metallic Ge and formation a Li-Ge alloy. Stabilization
of the ceramic can be achieved with the application of a polymeric interlayer of poly(acrylic acid-
co-maleic acid) (P(AA-co-MA)), which permitted the application of a Li-Sn alloy anode with no
significant decomposition reactions. The use of ZnF to modify the surface of LAGP was explored
by Yuetal. (J. Yuetal., 2022), with the engineering of an in situ LiF@Li-Zn nanometric interlayer
upon direct reaction with Li metal. This configuration reported an improved stabilization of the
interface with absence of side reactions and dendrite evolution. A symmetric cell using the
modified interface showed an increment in critical current density up to 2 mA cm™ and a long-
term cycling stability over 1000 h with low overpotential. A full cell Li/LAGP/LFP revealed a
high reversible capacity of 150 mAh g at 0.1 C at room temperature. A thin polypropylene (PP)
layer was introduced by Bosubabu et al. (Bosubabu et al., 2019) on the surface of LAGP and the
modified material showed a significant decrement in interface resistance and improved cyclability
compared with the material without surface modification. The absence of the separator resulted in
a more unstable electrolyte with rapid deterioration of the performance in cell. Comparison with
liquid electrolyte cells showed for the latter a higher initial capacity but a faster capacity
degradation, due to parasitic reactions at the surface of the cathode to form a thick SEI. Solid
LAGP-PP displayed a higher capacity retention of 98.5 % with a Coulombic efficiency of 100 %
after 200 cycles at 0.5 C. Application in a Li-S cell revealed a reduced capacity degradation thanks

to a partial suppression of the polysulfide shuttle effect.

Combination of LATP nanofibers dispersed in a PEO mold showed a perfect hybrid
between the properties of the ceramic and polymer electrolytes (Zhai et al., 2017), reporting an
enhanced conductivity of 5.2 x 107° S-cm™ and an improved affinity against lithium. Dendrite
growth in the composite was inhibited by the increased Young’s modulus of the ceramic-polymer
mix, indicating a higher stress resistance. A polymer interlayer for LATP employing succinonitrile
(SN) and polyacrylonitrile (PAN) was presented by Cao et al. (W. Cao et al., 2021), following an
investigation on the deterioration of LATP combined with SN. The reactivity with metallic lithium
catalyzes the formation of SN polymer with delocalized n electrons, which can shift throughout
the conjugated © system via the p; orbitals. The free distribution increases the electronic conduction
of the polymer and allows a constant flow of electrons which contribute to the deterioration of
LATP. Incorporation of PAN at the interphase inhibits the polymerization of SN and suppresses

the electron transfer, improving the chemical stability. Cell performance reported a long-term
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stable cycling of 300 h for symmetric cells and a capacity retention of almost 90% after 170 cycles
at0.1C.

An alternative method for decreasing interfacial resistance is the application of a thin
electrolyte film in a solid-state battery. Thin LAGP layers with an average thickness of 200 um
were produced by diamond wire slicing of crystalline and glass-amorphous LAGP and revealed
conductivities of 3.3 x 10* S-cm™t and 1.2 x 10™* S-cm™?, respectively (Kotobuki et al., 2019).
The lower value for the glassy material is caused by the lower uniformity of the particles and the
increased presence of pores. Chen et al. (Z. Chen et al., 2021) presented the interfacial coating of
a thin hybrid LATP composite with PVDF polymer and a PyrisFSI (N-butyl-N-
methylpyrrolidinium bis- (fluoromethanesulfonyl) imide) ionic liquid. The protective layer
consisted of a thin polynorbornene (PTNB) polymer applied in direct contact with Li metal. The
application of the interlayer enabled a six times longer plating-stripping lifetime, without
formation of dendrites, and a significant decrement in interfacial resistance. An ultra-thin (< 100
um) self-standing LAGP layer reported a ionic conductivity of 2 x 10 S-cm™ and a very low
electronic conductivity of 1.1 x 10~° S-cm™?, with an increment in interfacial resistance for cell
performance at high temperature (80 °C) that resulted in cell short circuit (Paolella, Zhu, Xu, et
al., 2020). The presence of fractures and an uneven elemental distribution was detected, with
AIPOs particles and Ge-rich species within the ceramic pellet, pointed out an improved reactivity
with lithium at higher temperature. Composite LAGP/PEO films were described by Jung et al. (Y .-
C. Jung et al., 2015) and displayed a conductivity of 1 x 10~° S-cm™, about two orders of
magnitude higher than pristine PEO: the dispersion of the ceramic species in the polymer matrix
lowered the crystallinity of the composite and enhanced the ionic conduction. A solid-state
Li/LAGP-PEO/LFP battery showed a good capacity retention (> 80%) after 100 cycles at 55 °C,
with final capacity values in the range of 113.4~121.5 mAh g*.

63



LLZO and Garnet-type Materials

The typical structure of a garnet follows the formula AsB2M3O12 (A = Ca?*, Mg?*, Fe?*; B
= AP, Cr¥*, Fe*, or Ga®*; M=Si**, Ge*") in the cubic la3d space group with the A, B and M sites
showing an 8-, 6- and 4-fold coordination, respectively (Figure 1.27) (Z. Zhang, Shao, et al.,
2018). Li-containing structures present the formula LisLn3M2O12 with a lanthanide element (Ln =
Y3, Pr3*, Nd*, or Sm¥*—Lu**, M = Te®", W) in the B spot, with the lithium ions located in
tetrahedral 24d sites (Kasper, 1969; Kotobuki, 2017). One of the first garnet-type material to be
explored in terms of conductive properties was LisLasM2012 (M = Ta, Nb) (Thangadurai et al.,
2003a), which showed a Li* ionic conductivity of about 10® S cm™. Nb-garnets reported a slightly
lower activation energy than Ta-garnets, but the latter expressed a surprising stability towards
molten Li and moist air, due to the inferior reduction tendency of Ta with respect to Nb.

(Ln =Y, La, Pr, Nd, Sm, Lu) (M = Nb, Sb, Ta) (A = Mg, Ca, Sr, Ba; M = Nb, Ta)

M > M + Li* La** — A¥ +Li" -
LislnsTe,0,, [RASmANRETNY |; | 1 0,, eSS |; /| ,,M,0,,
1 M - M* + Li*

A.B M (SiO)
(A =Mg, Ca; B = Al, Cr, Fe) Li;,La;M,0,,

(M = Zr, Sn, Hf)

Tetragonal

Figure 1.27. Different possible compositions for garnet-type solid electrolytes. Reprinted with
permission from Ref. (C. Wang et al., 2020)
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Conductivity of the Nb-garnet was improved with an elemental substitution (Thangadurai
& Weppner, 2006); partially replacing Nb®" with In® and La®" with K* allowed to obtain a
conductivity in the order of 104 S cm™ at 50 °C and an activation energy of 0.51 eV. The
substitution of smaller Nb cations with larger In ions caused an increase in the lattice parameters
for the structure. The surplus of Li atoms for charge balance cannot be accommodated in the
tetrahedral sites and excess Li* ions reside in the 6-fold site and garnet structures with extra
occupation of Li are defined as Li-rich garnets. Elemental swapping in the La site with bivalent
alkali-metal cations (Ca, Sr, Ba) gives origin to a modified class of garnets (Thangadurai &
Weppner, 2005a, 2005b). Among these materials, LisBalLa;Ta,O1> reported a high room
temperature conductivity of 4 x 107* S-cm™ and was found to be stable up to 6 V vs. Li/Li*
(Thangadurai & Weppner, 2005a). Antimony-based garnet structures LisLnzSbh,O1, were also
studied, and exhibited ionic conductivities around 10~* S-cm™ at room temperature, with higher
values reported for structures including larger rare-earth elements (La, Pr, Nd) (Percival et al.,
2008). Structural analysis indicated for LisLaszSh2012 a cubic cell (space group la3d). Substitution
of M-site ions with tetravalent cations can produce Li-rich garnets with formula LizLasM2O12
(Awaka et al., 2010; Murugan et al., 2007; Percival et al., 2009). Tin-based Li;LazSn>012 garnet
reported a tetragonal distortion in the crystal structure in the space group l41/acd, allocating Li
ions in three fully occupied distinct sites, with an minimum Li-Li distance of 2.5 A (Percival et
al., 2009). This distorted coordination diminishes the Li transit between separate sites, reflecting
in a low total conductivity around 10 S-cm™ at room temperature. Hafnium garnet LizLasSn2012
exhibited an analogous tetragonal framework and an even lower conductivity of 9.85 x 107" S-cm™
(Awaka et al., 2010).

On the other hand, Li7LasZr,012 (LLZO) reported a number of fascinating properties which
make it a widely studied material for use as a solid electrolyte (C. Wang et al., 2020). First reports
by Murugan et al. (Murugan et al., 2007) unveiled a cubic crystal structure similar to the Nb/Ta
garnets and fast conduction properties, with a conductivity well above 107 S-cm™. Thermal
analysis revealed a high thermal stability, with no relevant phase transition for temperature up to
900 °C, and the material showed a notable chemical stability against lithium, with a broad potential
window up to 6 V (Murugan et al., 2007). The remarkable mechanical hardness and rigidity helps
reducing the evolution of lithium dendrites. However, LLZO presents a tetragonal polymorph

(Awaka et al., 2009) like the other Li-rich garnets and this phase is thermodynamically more stable
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at room temperature and exhibits a conductivity of about two orders of magnitude lower than the
cubic phase (Figure 1.28). The main difference between the two conformations is found in the
spatial distribution of Li ions. The tetragonal LLZO (t-LLZO) (Figure 1.28a) shows the three-site
allocation of the other tetragonal garnets (Li(1) at tetrahedral voids 8a, Li(2) at octahedral gap 16f,
Li(3) in eccentric octahedral 32g) (Figure 1.28b) with highly ordered Li vacancies, which makes
ion transfer between adjacent positions more difficult (Aktas et al., 2019; Awaka et al., 2009; L.
Xu et al., 2021). On the other hand, cubic LLZO (c-LLZO) (Figure 1.28c) only has two distinct
slots for Li (Li(1) at tetrahedral voids 24d, Li(2) in eccentric octahedral 96h) (Figure 1.28d) with
alternate disposition and increased inherent disorder. The shifting of Li ions within the lattice can
be defined with a concerted mechanism controlled by the unsettled positioning of Li at the 24d
sites and the spatial restrictions which force only specific Li atoms pathways (Jalem et al., 2013).

The inner asymmetry can spur Li ion motion and local rearrangement.

(b)

Li2 site
(g=1)
Li1 site
(g=1)

Li3 site
(g=1)

X =

Li2 site
(9= 0.35)

Li1 site

Figure 1.28. a) Crystal structure of tetragonal LLZO with b) corresponding lithium ions site
disposition. ¢) Crystal structure of cubic LLZO with d) corresponding lithium ions site
disposition. Reprinted with permission from Ref. (L. Xu et al., 2021).
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Considering the instability of c-LLZO at low temperature, the structure requires
stabilization which can be realized by means of elemental doping. Aliovalent substitution affects
the concentration of Li vacancies and improves the conductivity of the material (Salimkhani et al.,
2021). Density functional theory (DFT) computations permitted to describe all feasible elemental
replacement in LLZO (Figure 1.29) (Miara et al., 2015). A first example of the stabilization of c-
LLZO was described by Geiger et al. (Geiger et al., 2011b) who investigated LLZO synthesized
via solid-state method and pointed out a peculiar fact. LLZO prepared using Pt crucibles showed
fine crystals with tetragonal phase and structural analysis at different temperature revealed a
tetragonal-to-cubic transition at around 150 °C, while the same material treated in alumina
crucibles reported larger crystals with cubic phase at room temperature. A thorough elemental
analysis showed a small presence of Al in the material, possibly deriving from the crucibles
themselves, and the incorporation of Al preserved the cubic phase at low temperature (Buschmann
etal., 2011; Geiger et al., 2011b). A more precise analysis by Rangasamy et al. (Rangasamy et al.,
2012) defined a minimum amount of 0.204 moles of Al to be introduced in order to ensure the
stability of the cubic polymorph. A surplus of Al exceeded the solubility in the cubic phase and
gave life to LaAlIO3 by-products. At the same time, overabundance of Li induced a shift to the
tetragonal phase, due to the distortion of the unit cell by the filling of Li vacancy sites. This points
out the role of Li concentration in the formation of c-LLZO. Optimized Al-LLZO hot-pressed at
1000 °C showed an ionic conductivity of 4 x 10 S-cm ™.
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Figure 1.29. Summary of all possible doping elements for LLZO garnet. The color represents
the preferred cation site. Darker colors signify lower defect energy. The box also displays the
preferred oxidation state and the defect energy (in eV). Reprinted with permission from Ref.
(Miara et al., 2015).

Use of Ga as a dopant has been shown to enhance the ionic conductivity up to 1073 S-cm™
(Rettenwander et al., 2016; J. F. Wu et al., 2017). A concentration of Ga above 0.2 per formula
unit generates a pure cubic phase, with a primary distribution of Li atoms in the 96h octahedral
sites (Figure 1.30a). The migration between two 96h sites reflects on a high Li-ion mobility and
is the most determinant on the final conductivity (Figure 1.30b) (J. F. Wu et al., 2017). The larger
radius of Ga®* in the coordination environments of LLZO can enlarge the tetrahedral and
octahedral gaps, improving ion motion. Variation in Ga content displays a shifting tendency in the
conductivity (Jalem et al., 2015). A reduced amount (< 0.1 per f.u.) is accompanied by a decrease
in the value and a higher ratio (0.1 + 0.3 per f.u.) shows a flat trend. A cubic phase modification
from la3d to acentric 143d was observed in Ga-stabilized LLZO (Figure 1.30c) (Wagner,
Redhammer, Rettenwander, Senyshyn, et al., 2016), due to a preferential disposition of Ga cations
in 96h sites, with a three-fold allocation of Li* ions (tetrahedral 12a and 12b, and 48e) that differs
from the typical garnet structure, possibly being the origin of the high conduction (Figure 1.30d).
An analogous behavior was reported for Fe* doping in Li positions (Wagner, Redhammer,

Rettenwander, Tippelt, et al., 2016), with the cubic 143d modification of the structure, and the
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material exhibited a high conductivity of 1.38 x 103 S-cm™. A balanced co-doping of Al and Ga
in Lis4Alo2—<GaxLasZr.O12 shows a regularly shifting tendency in the conductivity of LLZO, with
the cubic transition observed for a 0.05:0.15 Al:Ga ratio (Rettenwander et al., 2016), on parallel
with a sharp decrease in the activation energy to 0.26 eV. The conductivities ranged from 2.6 x
10*to 1.2 x 10°® S-cm™* with increasing Ga content, which also reflected in decreased grain size,

improved densification of the ceramic and inferior surface resistance (from 78 to 24 Q cm2).

a) SG: Ja-3d no. 230 C) SG: /-43d no. 220
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Figure 1.30. a) Structure and b) Li-ion diffusion pathway of la3d LLZO, showing LaOs
dodecahedra (blue), ZrOe octahedra (green) and three-site Li distribution: 24d tetrahedral
coordination (red spheres), 48g octahedral coordination (green spheres), and distorted 96h
octahedral coordination (blue spheres); ¢) Structure and d) Li-ion diffusion pathway of 143d
LLZO, showing Li distribution over three sites: two tetrahedrally-coordinated 12a (red spheres)
and 12b (orange spheres), and 48e octahedral coordination (yellow spheres). Adapted with
permission from Ref. (Brugge, 2018; Wagner, Redhammer, Rettenwander, Senyshyn, et al.,
2016)
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Substitution in the La-site influences the conductivity by varying the bottleneck size for Li
transfer and among the possible dopants, alkali-earth metals can allow for a more stable structure.
Sr-substituted LLZO presented an improved room temperature conductivity of 5 x 104 S-cm™ for
a 1.7% wt. of Sr, about twice as high than the undoped material (Dumon et al., 2013). The
incorporation of SrCO3 improved the densification of the ceramic and increased the grain size, but
excess of doping produced secondary SrZrOz phases, and lowered the performance. A compared
evaluation between different alkali-earth metals demonstrated the substitution in the La site and
reported conductivities in the order of 10™* S-cm™, with the highest value for Sr-doping
(Kammampata et al., 2019), while a subsequent study by Song et al. (S. Song et al., 2017) observed
much higher values for the insertion of Ba (up to 1.13 x 1072 S-cm™) and an extended stability
window towards lithium up to 9 V (S. Song et al., 2017). In this study however, the substitution
with the alkali-earth elements was observed at the Zr site, which is the most explored doping
environment for LLZO, due to the more intense effect on conductivity compared with Li and La
doping(L. Xu et al., 2021). Substitution of Zr** with trivalent Y3* was attempted by using yttria-
stabilized ZrO> as precursor (Murugan et al., 2011) and a small insertion of dopant delivered a
conductivity of 8.1 x 10* S-cm™?, 2.5 times higher than a material with Y-doping at the La site
(3.2 x 107* S-cm™) (Deviannapoorani et al., 2016a). Elemental substitution typically involves
pentavalent cations such as Sb°*, Ta®>" or Nb®* (Z. Zhang, Shao, et al., 2018), giving compositions
with formula Liz—<LasZr>- xMxO12. In these systems, substitution is observed at the octahedral 16a
zirconium sites(Cussen, 2006) and a reduced amount of dopant is required (< 0.2 per f.u.) to
produce the cubic phase. Co-doping formulations including Sb can enhance the conductivity of
LLZO up to three times compared with the pristine material (T. Yang et al., 2018), with an
improved densification of the ceramic (Z. Cao et al., 2015). Nb-doped Lies75LazZr175sNbg25012
presented a wide electrochemical stability window with no reactions detected up to 9 V vs. Li/Li*
(Figure 1.31a). Battery tests unveiled a discharge capacity of 129 mAh g with a remarkable
stability over 100 cycles (Ohta et al., 2011). An observation by Thompson et al. confirmed that
Ta-doped LLZO exhibits a high conductivity without the presence of Al impurities and the
stabilization of the cubic structure is detected when 0.4 — 0.5 Li vacancies per formula unit are
present (Thompson et al., 2014). The creation of vacancies by hypervalent replacement decreases
the inner repulsion between positive Li* ions improving ion conduction and the effect is further

amplified by multiple doping in different positions, showing a conductivity of 1.24 x 103 S-cm™
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for a ternary Ga-Ba-Ta doped LLZO (Meesala et al., 2019). A more prominent effect is observed
for hexavalent substitution with W®*, Mo®" or Te®*, which allow to generate even more Li
vacancies in the structure (Deviannapoorani et al., 2013; Y. Li et al., 2015, 2018). W-doped LLZO
presented a higher densification because the formation of low-melting point aggregates during
sintering decreases the size of intergranular pores and reduces the grain boundary resistance. The
material was found stable against Li metal anode, with an electrochemical window extending up
to 5V, and displayed an improved reversibility in batteries (Y. Li et al., 2015). Te-doped LLZO
enabled a lower temperature annealing of the ceramic and reported a remarkably high conductivity
of 1.02 x 10°® S-cm™* at room temperature (Figure 1.31b)(Deviannapoorani et al., 2013).
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Figure 1.31. a) Cyclic voltammogram of Lis.7sLasZr1.7sNbo.2sO12, performed at a scanning rate
of 1 mV st at 25 °C. Reprinted with permission from Ref. (Ohta et al., 2011). b) Arrhenius
plot of total conductivities for different compositions of Te-doped LLZO. Reprinted with
permission from Ref. (Deviannapoorani et al., 2013).

An alternative method to augment the conductivity of garnets comprises the use of additives
to attain a material with improved density and decrease the synthesis temperature at the same time
(Janani et al., 2014). Moreover, sintering aids can increment the interface contact of the particles,
as demonstrated by Ohta et al. (Ohta et al., 2011) with the incorporation of LisBO3 in Nb-LLZO
and LCO cathode. Melted borate would distribute between the cathode particles and at the
interphase, resulting in an absence of pores and an improved contact. Moreover, the low melting

point of LisBOs (700 °C) allows to achieve a more intimate contact between the particles at lower
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sintering temperatures, as low as 790 °C (Ohta et al., 2014). Other inert additives included LizPO4
and Li4SiO4 and the latter showed a better enhancement of the densification of LLZO prepared by
sol-gel method, with a final relative density of 96% and a conductivity of 6.1 x 1074 S-cm™ after
sintering at 1200 °C (Figure 1.32a), as well as a stabilized cubic phase (Janani et al., 2014). The
addition of LisPO4 to Ta-doped LLZO showed an augmented concentration of P at the grain
boundaries, with the formation of an amorphous phases at the grain boundaries upon a self-limiting
reaction with Li. The conductivity of the doped sample was lower than the phosphate-free material,
due to the inert nature LisPOs which affects ion conduction at the boundaries, but the former
reported an area-specific resistance (ASR) about half as large than the latter (1008 vs 2080 Q-cm?)
(B. Xu etal., 2017). A direct synthesis between La,Zr.0O7 and lithium-lanthanum oxides to prepare
LLZO was attempted by Deviannapoorani et al. and the results revealed the stabilization of the
cubic phase only for high sintering temperature (1200 °C), whereas for LLZO samples prepared
from conventional elemental oxides and LiOH the cubic phase was observed at 950
°C(Deviannapoorani et al., 2015). Glass/ceramic composites have shown enhanced mechanical
and thermal features and improved conduction. The introduction of a LiPOgz glass increased the
conductivity of t-LLZO of about one order of magnitude, while the effect on c-LLZO was of
smaller entity, with the highest value of 1.1 x 10~* S-cm™ achieved for a 1.1 % wt. insertion of
glass (Figure 1.32b) (Pershina et al., 2017). Higher amounts of LiPOs led to the formation of
LisPO4 and LaxZr.0O7 impurities at the grain boundaries, which reduced the Li mobility and the
total conductivity. Boron-silicate (II’ina et al., 2018) and aluminum-silicate (Tang et al., 2017)
glasses displayed a similar behavior, inducing an increment in conductivity up to a critical content,
with distribution of conductive phases at the grain boundaries, and showing a decrement for an
excess of glass due to the formation of poorly conductive inert phases. Despite their higher
activation energies, boron-composites manifested conductivities in the order of 1074 S-cm™ above
100 °C, higher than Al-doped cubic LLZO. The introduction of a LiF additive to Ta-doped
LiesLasZrisTaos012 was proposed to stabilize the solid electrolyte towards moisture (Y. Li et al.,
2017). The inherent strength of the ionic Li—F bond makes it insoluble in water and when inserted
in the ceramic it is distributed along the grain boundaries, suppressing the diffusion of water and
CO:2 in the ceramic pellet, and avoiding surface reactions. As a result, chemical degradation was
reduced and the electrolyte showed an ionic conductivity of 5.2 x 107* S-cm™?, like the LiF-free

sample (5.5 x 10* S-cm™?1), but with a significantly lower interfacial resistance of 345 Q-cm?
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Addition of a polymer interlayer granted a discharge capacity of 142 mAh g at a current density
of 80 pA cm2 in a full-solid cell, with a Coulombic efficiency close to 100% after 100 cycles
(Figure 1.32c).
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Figure 1.32. a) Arrhenius plots for the total conductivity of pristine AI-LLZO and AI-LLZO
added with 1% wt. of LisBOs3, LisPOs and LisSiOs. Reprinted with permission from Ref. (Janani
et al., 2014). b) Total conductivity of t-LLZO and c-LLZO as a function of wt% of LiPO3
additive. Reprinted with permission from Ref. (Pershina et al., 2017). c) Capacity retention and
cycling efficiency of LFP/polymer-LLZTO-LiF/Li cells at 80 and 160 mA cm 2. Reprinted with
permission from Ref. (Y. Li et al., 2017).

Such modifications can indeed help mitigating the major shortcoming of garnet-type
conductors. Their electrochemical performance against Li metal are generally more stable
compared with other solid electrolytes (L. Xu et al., 2021; N. Zhao et al., 2019). However, their
notably high interfacial resistance (Tsai et al., 2016) can render their practical application more
impractical. The troublesome conduction at the interface is caused by their poor lithium wettability
and further inflated by the surface deposition of inert impurities like Li,COs (Huo et al., 2020;
Sharafi et al., 2017), which is formed upon reaction with moist air. Surface chemistry is a
preeminent factor in the interface properties of LLZO as reported by Sharafi et al. (Sharafi et al.,
2017) who pinpointed the contact qualities of the LLZO/Li interface in terms of adhesion and
contact angle. The measured angle for the Li.COza/Li interface was 142°, in agreement with
calculations and more than double the value for LLZO/Li (62°), with an adhesion energy of 0.1 J

m~2 vs 0.62 J m2 for LLZO, pointing out the less favorable character of carbonate to surface
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contact. A more considerate engineering of the surface microstructure is therefore pivotal to obtain
a limited interface resistance, and a study by Cheng et al. (L. Cheng et al., 2015) dealt with the
manufacturing of garnet heterostructures with controlled grain size and orientations. The
procedure involved a precise tweaking of the sintering conditions by mixing of precursor powders
with different grain distribution, which can be affected by the nature of the covering powder during
the thermal treatment (L. Cheng et al., 2014). Samples with smaller grains on the outer surface
displayed an ostensibly lower ASR, as low as 37 Q-cm? allowing a more stable cycling
performance (L. Cheng et al., 2015).

Application of an interlayer may be a valid choice for a more elaborate solid interface.
Addition of a thin Al coating enabled the formation of a Li-Al alloy interlayer at the electrode
surface (Fu et al., 2017) leading to an improved wettability towards Li metal and a reduction of
the surface pores, which is reflected in a decrease in the ASR of more than ten times for the Al-
coated ceramic (75 vs 950 Q-cm?). The elemental distribution of the Al alloy at the grain
boundaries was clearly visible at low magnification SEM with partial diffusion of Al towards the
bulk of the electrolyte. This demonstrates the more lithiophilic character of the garnet surface,
allowing a better adherence of the Li anode. Symmetric cells revealed a regular long-term
behavior, indicating the stability of the charge transfer at the interface. Surface covering of LLZO
with Al,O3 was performed via atomic-layer deposition (ALD) (X. Han et al., 2017) and the
experimental results showed an exceptional decrease in the ASR for the coated garnet, from 1710
to 1 Q-cm?, practically nullifying the resistance. The reason lies in the conducting properties of
lithiated alumina, which has a strong binding energy with metallic Li and acts as a Li-ion conductor
with efficient paths for Li ion motion while insulating the solid electrolyte from a direct reaction
with the anode. The modified material displayed satisfactory performance in a solid-cell with a
high-voltage Li:FeMnsOs cathode, with a stable capacity of 110 mAh g after 50 cycles. A
distinctive approach has been described by Shao et al. (Shao et al., 2018) who applied a soft
graphitic layer on the surface of doped LisgAlo.2LasZr1.75\Wo.25012 by the use of a pencil (Shao et
al., 2018). The modified interface demonstrated a more intimate contact and wettability between
the garnet and Li, with a uniform distribution of lithium in the graphite layer forming LiCe lithiated
carbon which can spontaneously accept and release lithium at room temperature. Furthermore, the
graphite coating shows a higher flexibility and ductility compared with other interfacial phases.

Stable plating-stripping behavior with a puny overpotential of 6 mV was reported for the stabilized
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material, while bare LLZO showed a high polarization of 150 mV caused by Li infiltration. A full
cell using an NMC cathode produced a reversible capacity of 141 mAh g at a 3 C current,
comparable with liquid-electrolyte cells, and a stable performance at higher temperature and
currents. As well as solid fillers, ion conductive liquids can be performant wetting agents, imbuing
the surface pores of the electrodes and incrementing the contact area. Interface modification by
using the ionic liquid Pyr14FSI-LiTFSI at the interface of doped LissLazs5BaosZrNbO12 unveiled a
good chemical compatibility of the liquid with the garnet (Pervez et al., 2020), showing no relevant
structural variation of the pellets after prolonged exposure to the ionic liquid. Minor degradation
was however detected upon repeated cycling, forming only a thin interlayer at the surface.
Introduction of the liquid agent brought the ASR against lithium down of over one order of
magnitude compared with the untreated electrolyte (145 vs 2440 Q-cm?) and evaluation in a cell
with LFP revealed an ASR of 265 Q-cm?, pointing out an improvement in interface properties at

both the cathode and anode sides.

Polymeric interlayers can be another functional solution for getting a high-performance
solid electrolyte configuration, bringing together the elasticity and good wettability of the
polymers with the Li* mobility and electrochemical stability of the ceramic garnets. A sandwiched
multilayered arrangement using a poly(ethylene glycol) methyl ether acrylate (PEGMEA) cross-
linked network demonstrated a remarkable stability towards lithium, with no observed reactivity
up to 4.75 V (W. Zhou et al., 2016). The modified architecture of the polymer chains, with the
inert polyacrylate acting as a support for the free-swinging PEO chains, enables a stable framework
with enhanced mobility for the Li* ions and thermal analyses observed no significant
decomposition processes up to 270 °C, confirming the apt stability of the polymer for use in a solid
battery. Use of the interlayer reflected in more homogeneous interfaces with a uniform ion flow
and improved adhesion of Li metal to the polymer, and the thin LLZO ceramic membrane blocked
electron transit through the polymer which could be detrimental to the long-term stability of the
polymer layer itself. A modified asymmetric disposition of the previous configuration, employing
a LLZO nanoparticle layer at the Li metal side combined with a PEGMEA coating at the cathode
side, attempts to solve both lithium dendrite evolution and surface contact issues at the same time
(Duan et al., 2018). A strong adhesion was observed between the electrodes and the electrolyte in
post-mortem battery analysis and the combination of the ductile PEGMEA and the rigid LLZO

membrane hindered Li nucleation and dendrite formation, showing an outstandingly stable Li
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deposition profile over 3200 h. Dispersion of garnets directly in a polymer matrix can affect the
ionic transport properties of the electrolyte, as shown by Zheng et al. (J. Zheng & Hu, 2018) who
investigated the conduction mechanism in LLZO-PEO-LITFSI composites by varying the
concentration of LLZO in the mix. The analysis reported a steep decrement in the ionic conduction
for solid electrolyte contents higher than 50% wt. Delving deeper in the nature of the ionic motion
revealed the shift of the Li transport pathways to intra-ceramic percolation routes made of disjoined
LLZO particles for amounts of ceramic above a critical threshold. The addition of liquid
plasticizers such as TEGDME increased the particle mobility in the polymer and resulted in a

disruption of the ceramic network, shifting the main ion conduction back to the polymer.
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CHAPTER II
THESIS SCOPE AND OBJECTIVES

The previous chapter presents a brief historical perspective on the development of lithium-
ion batteries. The current limitations of the technology in terms of safety and reliability are
illustrated, along with a series of implementations for the solution of such problems. The

mechanism of ion transport in solid electrolytes is detailed as well.

The question of energy storage requires to be addressed promptly; for this matter, batteries
and new conversion systems can provide a valid choice for exploiting sustainable resources and
decrease the use of fossil sources. The development of more efficient technologies, such as solid-
state batteries, is therefore a necessity for the replacement of current combustion engines and the
expansion of grid energy storage. In the present work, NASICON and garnet-type ceramic
materials are synthesized following a solid-state pathway and fully explored as a platform for the
improvement of solid electrolytes, in order to resolve some of the major limitations which are still

affecting solid-state batteries.

The aim of this thesis is briefly described as a list of objectives, all part of a structured

project based on the optimization of NASICON and garnet materials:

1. Improvement of the densification of LATP. NASICON-type LiisAlosTi1s(POa)s
(LATP) is a valid material to develop fully-inorganic solid electrolyte. Nonetheless, the
preparation of this material may prove to be complicated, requiring sensibly high
temperatures for synthesis and densification which favor side reactions and decomposition
in poorly conductive phases. Thus, the preparation of the material can be improved by
reducing calcination times and increasing the density of the pellets. This work evolved
through the following points:
= Characterization of the powders: In-situ high-temperature X-ray diffraction was used

to understand the formation mechanism of LATP and the evolution of additional

phases.
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Optimization of the synthesis temperature: different calcination temperatures were
tested and the differences in structure and morphology between the samples were
investigated with different techniques.

Preparation of dense ceramic electrolytes: thin electrolyte pellets were prepared by
hot-pressing.

Evaluation of the ionic conductivity: the ionic conductivity was measured by
electrochemical impedance spectroscopy (EIS) to evaluate the final performance of
the materials.

2. Low temperature densification of LLBO. LisLasBi.O1> (LLBO) garnet is reported to

have easy synthesis conditions and appropriate ionic performances for practical

applications, but the effects of hot-pressing on the densification have not been fully

explored before. This activity was carried out through the following points:

Low temperature densification of the material: solid electrolyte pellets were prepared
by hot-pressing of the powders at a remarkably low temperature.

Influence of temperature on the stability: densified powders were characterized to
understand the effect of temperature on the chemical stability and explore the evolution
of unwanted impurities. Computational studies were performed to unveil the dynamics
of electrolyte decomposition at high temperatures.

Preparation and testing of electrolyte composites: mixed LLBO-LLZO powders were
prepared, and the effects of LLBO on the sintering of LLZO at low temperatures and
on the ionic diffusion in the mixed system were investigated by means of different

characterization techniques.

3. Use of carbon additives in the synthesis process of LLZO. The synthesis of garnet

LisLaszZr.012 (LLZO) is typically achieved with very high temperature processing which

is known to negatively affect the final material. The formation process can be promoted at

lower temperatures by using surfactants or capping additives during the temperature

treatment, which can help stabilizing the desired phases. Among these agents, carbon

materials have rarely been employed in ceramic processing. The following steps were

carried out:

Observation of the formation mechanism of the garnet: In-situ high-temperature XRD

was employed to comprehend the evolution of the cubic-LLZO structure and the
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formation of intermediate phases. Thermal analysis allowed to unveil the
decomposition process of the precursors and how it contributed to the reaction in the
solid melt.

Influence of carbon additives on the nature of the product: Several powder samples
prepared with different carbon content were thoroughly characterized in terms of
structure and morphology and observations on the particle size of the products were
conducted. The effects of diverse carbon additives on the formation of particles were
studied.

Evaluation of the ionic conductivity: the ionic conductivity was measured by
electrochemical impedance spectroscopy (EIS) to evaluate the final performance of

the materials.

Effect of Te doping on the stabilization of LLZO. Elemental doping is a very common

method for improving the electrochemical behavior of solid electrolytes. Introduction of

dopants has also proven effective in the preservation of the cubic LLZO phase at room

temperature, benefitting the ionic conductivity. Furthermore, doping agents can possibly

affect the formation mechanism of the material during the calcination steps. This study

evolved through the following steps:

Observation of the formation mechanism of the garnet: The stability of cubic-LLZO
polymorph synthesized at low temperatures with Te incorporation was analyzed via
in-situ XRD to understand the evolution of intermediate phases and their influence on
the formation process.

Effect of different amount of Te doping: A series of material samples with distinct final
stoichiometries were synthesized and their structure and morphology were
investigated.

Evaluation of the ionic conductivity: the powders were hot-pressed at relatively low
temperatures and the ionic conductivity of all the resulting samples was evaluated by
EIS and compared to commercial samples treated in the same working conditions.
Effect of hot-pressing on density: morphological analyses were performed on the hot-
pressed pellets to verify the effect of the procedure on the densification and on the

elemental distribution in the final materials.
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2.1.

Thesis organization
The present thesis is subdivided into chapters, which are organized as follows:

Chapter 1 The history of lithium-ion batteries is briefly described, including a
presentation of their limitations and safety concerns. The concept of ion conduction in
solid materials is introduced. Information on the state-of-the-art of solid-state batteries

are provided, focusing in particular on inorganic ceramic materials.
Chapter 2 The organization and the objectives of the thesis are presented.

Chapter 3 The synthesis process of LATP solid electrolyte is depicted. The influence
of AIPO4 impurities and the effects of hot-pressing on the electrochemical properties of

LATP are investigated.

Chapter 4  The consequences of hot-press densification on the physical properties of
LLBO are described. The optimization of the synthesis conditions is presented, and the
structural characterization of the material is reported. Use of LLBO as sintering aid for
LLZO is also described.

Chapter 5  The effect of carbon incorporation as sintering agent for the solid-state
synthesis of LLZO is described. The synthesis mechanism and the low-temperature
densification are thoroughly investigated.

Chapter 6  The effect of partial substitution of Zr with Te on the chemical features of
LLZO is presented. The effects on the synthesis mechanism and on the electrochemistry
of the material are reported.

Chapter 7 The conclusions of the study and some future perspectives on the topic are
presented. Furthermore, a brief outlook on future investigations related to the thesis is
proposed.
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CHAPTER III

INFLUENCE OF AIPO; IMPURITY ON THE
ELECTROCHEMICAL PROPERTIES OF NASICON-TYPE
LizsAlosTiys(POs)s SOLID ELECTROLYTE

Chapter published in ChemElectroChem, 2022, 9 (24), e202200984
3.1. Introduction

In Chapter I the properties of NASICON electrolytes were exposed in detail, as well as the
most common approaches for the engineering of these materials. In this chapter, the focus is on
the solid NASICON electrolyte LATP and its behavior upon densification via hot-pressing
technique. The goal of this chapter is to better understand how the mechanical and electrochemical
properties of LATP evolve following sintering and how the variations in the synthesis process led
to different microstructures in the densified samples. An investigation on the presence of
impurities in the final material was also conducted, demonstrating the unavoidable evolution of
secondary AIPO4 phases which influence the conductivity of the solid electrolyte. A proper choice
of the synthesis parameters can allow to achieve a powder with the desired properties (in terms of
particle size and impurities) which afterwards reflect on the final nature of the ceramic pellet after
densification. The motives behind this research mainly come from the absence of detailed literature
cases reporting the application of hot-pressing to LATP electrolyte compared to other oxide
conductors such as garnets. For this reason, solid state synthesis and hot-pressing cover an
important part of the study, with the preparation of the ceramic samples subsequently investigated
in terms of structure and surface morphology. XRD analysis allowed us to determine the difference
in phase content before and after calcination, pointing out the conditions which led to the evolution
of by-products. A limited quantity of impurities acting as a filler can help achieve a higher
densification of the ceramic, reducing the influence of grain boundaries and positively affecting
the conductivity. SEM observations of the LATP powders after the synthesis revealed a varied

morphology with different grain size which eventually have a different effect on the densification.
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Evaluations of the chemical process via density functional theory (DFT) were performed
to define the metastability range of LATP towards decomposition. The results indicate that an apt
choice of the temperature and pressure can decrease the formation energy for LATP, resulting in
a limited decomposition and a reduced ratio of impurities. The solid electrolyte manifested an

improved room temperature conductivity after calcination at relatively low temperatures.
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3.2. Atrticle 1: Influence of AIPO, Impurity on the Electrochemical Properties of
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3.2.1 Abstract

Densification of ceramic electrolytes is a key enabler in producing electrolyte pellets for
solid-state batteries. This requires understanding the correlation between the starting grain size of
electrolytes, chemical phase evolution and degree of compaction which determine ion conductivity
and chemical stability of solid electrolytes. We observed an improved densification of LATP at
700 °C, with a total ionic conductivity of 3.45 x 10“% S cm™ after hot pressing, owing to an
optimized crystallite size and presence of AIPO4 impurities. The formation of AIPO4 secondary
phases has been proven to be inevitable during the densification process. By combining in situ

heating X-ray diffraction (XRD), scanning electron microscopy (SEM) and nuclear magnetic
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resonance (NMR), we explored the formation mechanism of AIPO4 during the synthesis process
of NASICON-type LiisAlosTirs(POs)s (LATP) electrolyte and we showed the effects of the
annealing temperature on the crystal size of the material. Density functional theory (DFT)
calculations on the chemical stability of the electrolyte imply a metastable behavior of LATP
further enhanced by particle nano-structuring at high temperature. Our results point to facile
manufacturing of ceramic electrolytes towards energy dense and safe solid-state battery

technology.
3.2.2 Introduction

Lithium batteries represent a promising technology for enabling global electrical mobility
via electric vehicles (EVs) (M. Armand & Tarascon, 2008), which can help reduce CO> emission
from the combustion of gasoline by internal combustion engines (ICEs). To this end requires a
widespread deployment of battery technologies without compromising battery safety, reliability,
and electrochemical performance. Lithium metal is considered as one of the top alternative anodes
for the next-generation of rechargeable batteries owing to its high energy (~4000 mAh g?)
compared to the traditional graphite (~370 mAh g). Indeed, when graphite is replaced by metallic
lithium at the negative electrode, it allows to deliver specific energies more than double the values
of current lithium-ion batteries, when coupled with high performance cathodes. However, in actual
practice, the use of lithium metal as an anode with a flammable liquid electrolyte (J. Wang et al.,
2018; Q. Zhao et al., 2019) is limited by the formation of lithium dendrites, which may cause
battery short circuits and safety issues.

The use of a solid electrolyte represents an alternative because it acts as a physical barrier
to prevent short circuits and increase the battery’s energy density (in lithium metal batteries). In
recent years, a wide range of new solid electrolytes based on polymer (D. Zhou et al., 2019),
ceramic (Murugan et al., 2007), or hybrid polymer—ceramic (W. Lee et al., 2019) materials have
been proposed in the literature. Among ceramic electrolytes, NASICON structured phosphate
(Harada et al., 2020; Z. Yang et al., 2021) based electrolytes LiisAlosGe1s5(POa4)s (LAGP)
(Paolella, Zhu, Xu, et al., 2020; Safanama et al., 2014) and Li15Alo5Ti15(PO4)s (LATP) (Soman et
al., 2012) have garnered much attention. Their high ionic conductivity (around 10* S cm™)
(Thokchom et al., 2008), high voltage stability (up to 5 V) and water stability (M. Zhang et al.,
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2013) make them versatile enough for innovative battery chemistries such as Li-O2 (H. Song et al.,
2020), Li-S (N. Li etal., 2014) and all solid-state batteries (ASSBs). Nonetheless, the development
of full NASICON electrolyte-based battery is still limited to 1 mm-thick pellets and low C-rates
(charge/discharge currents, C/30) (Paolella, Zhu, Bertoni, Perea, et al., 2020a). The use of ceramic
in hybrid ceramic-polymer configuration allows to reduce the thickness, thus increasing the energy
density, although the contribution of the ceramic to lithium ions diffusion is uncertain(Commarieu
etal., 2018).

A high temperature is required for synthesizing LATP as shown by Pogosova et al.
(Pogosova et al., 2020), who obtained solid-state LATP by the annealing of a ball milled mixture
of LioCOs3, AI(NO3)3:nH20, TiO2, (NH4)H2PO4 for 6 h at 850 °C. Arbi et al. (Arbi et al., 2015)
reported a LATP synthesis by heating Li2COs3, (NH4)2HPO4,Al,0z3 and TiO2 at 950 °C. Solution-
based syntheses, such as sol-gel and co-precipitation methods, which are usually characterized by
milder conditions, still require temperatures above 800 °C to obtain pure LATP(C. Yu, Choi, et
al., 2020). Additionally, further densification and annealing steps are required to improve the inter-
particle contacts and increase the density. These additional steps are often carried out at even
higher temperatures than those employed for the synthesis: as for example Oda et al. densified
Li1sAlosTizs(POa4)s pellet at 1000 °C to achieve a 90% density and an ionic conductivity of 7.0 x
10% S cm™ at 30 °C. The strict synthesis conditions open the way to possible side reactions
occurring at high temperatures, which may produce some impurities poor in oxygen, such as
LiTiP.O7. Formation of AIPO4 impurities has been observed after sol-gel synthesis followed by
high temperature sintering at 900 °C, possibly due to partial loss of lithium via evaporation
(Tolganbek et al., 2020). Acetic acid was used by Liu etal. (Y. Liu et al., 2019) as sintering aid to
reduce densification temperature to 650 °C, and finally achieve a final conductivity of 8.04 x 10
S cm™ at room temperature (RT). To sum up, the densification of electrolytes at low temperatures
has been limited to date owing to low conductivity, high amount of impurity and presence of off-

stoichiometry phases, which present major roadblocks to the manufacture of solid electrolytes.

In this work, we investigated the formation mechanism of AIPO4 impurity during hot press
densification of LATP in a sintering temperature range between 550 and 950 °C. By using ex situ
and in situ heating X-rays diffraction (XRD), scanning electron microscopy (SEM) and nuclear
magnetic resonance spectroscopy (‘Li and 2’Al), we shed new light on the mechanism of

85



densification of LATP ceramics under pressure and optimization of the conditions to obtain LATP

that has high ion conductivity and density.

3.2.3 Results and Discussions

3.2.3.1. Phase and Crystal Size Influence on LATP Densification

High-temperature in situ X-ray diffraction (XRD) was used to monitor the stepwise
formation of the LATP phase in order to understand the reactivity of TiO> (rutile) precursor and
its effect on the kinetics of the phase formation (see Figure 3.1a). The process was carried out by
heating a mixture of Li2COs3, Al203, TiO> (rutile) and (NH4)2HPO4 to 700 °C at a temperature rate
of 3 °C per minute. For temperatures above 100 °C, an initial decomposition of (NH4)2HPO4 to
(NH4)H2PO4 can be observed, with the release of NH3z and a new phosphate phase. The reaction
of Li.CO3 with hydrogen ammonium phosphate brought to the formation of LisPO4 according to
(2(NH4)2HPO4 + Li2CO3 — LisPOs + 4NH3 +3H,0 + 3CO>). First detection of LATP phase was
observed at a temperature as low as 400 °C, with a gradual increase in the relative peak intensities
with the increase of temperature, reaching its maximum at 700 °C. This points out that the kinetics
of LATP phase evolution is remarkably fast as the phase formation is almost at full completion
upon reaching the temperature ~700 °C (Figure 3.1a, red curves). After cooling, the final sample
contains LATP as a main phase, but traces of LisPO4 and LisP>07 were detected as minor phases
(Figure 3.1a, black curves). The rapid formation kinetics of LATP and its phase stabilization
(upon cooling) observed during the heating step of the in situ XRD revealed the possibility to
synthesize the LATP at lower temperatures with an adequate phase purity despite the presence of
impurities as minor phases. Subsequently, three distinct LATP intermediates were densified via
hot-pressing under inert Ar atmosphere at 750 °C. The different samples consisted of LATP
powder synthesized at 550° C, 700 °C and 950 °C (named LATP550, LATP700 and LATP950,
respectively, and the hot-pressed pellets are named HP-LATP550, HP-LATP700 and HP-
LATP950). The different powders also served to draw a comparison between samples. The ionic
conductivities of the three different pellets were evaluated by electrochemical impedance
spectroscopy (EIS) performed in a temperature range between 10 and 80 °C (Figures 3.1b-c).
The associated Nyquist impedance plots (Figure 3.1b) show two semicircles, the first one of which

appears at high frequencies, whereas the second one is observed at lower frequencies. Previous
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results reported in literature for ceramic electrolytes were not able to associate the second
semicircle to a specific electrochemical phenomenon (La Monaca et al., 2022; Tenhaeff et al.,
2014), thus the equivalent circuit chosen to represent the electrochemical system is reported in
Figure 3.1b. The depressed semicircles are represented with a combination of resistors (R) and
constant phase elements (CPE) instead of pure capacitors. Ro is the intrinsic resistance of the
circuit; Rgp and CPEg, represent the grain boundaries contribution to ionic transport, Riow and
CPEjow indicate the low-frequency semicircle and eventually CPEg is related to the electrode
double layer. Hot-pressed samples at 550 and 750 °C display relatively low values of resistance
(about 650 Q) which is significantly lower than the one expressed for the sample densified at 900
°C, showing a semicircle amplitude of about 6000 Q, about 10 times wider than the other samples.
Data fitting of the Nyquist plots in accordance with the equivalent circuit previously described
allowed to derive the total ionic conductivity, the values of which are represented by the Arrhenius
plots in Figure 3.1c. In the working temperature range, the ionic conductivities of the three pellets
are in the order of 6700 > o550 > 6950, Where the conductivity of HP-LATP700 is slightly higher than
that of HP-LATP550. At room temperature, we obtained the following total conductivities: 6700 =
3.45 % 10%Scm™, o550=2.44 x 10* S cm™ and o950= 3.7 x 10° S cm™.
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Figure 3.1: (a) Evolution of X-ray diffraction (XRD) spectra during heating of precursors of
LizsAlosTizs(PO4)s (LATP). The (hkl) of LATP are labelled on the peaks, the subscript “m” of
the (hkl) indicates it contains multiple lines. Platinum (Pt) is from crucible; (b) Equivalent
circuit and Nyquist plots at room temperature for the three LATP samples synthesized at 550,
700 and 950 °C. All the samples were densified via hot-pressing at 750 °C; (c) Arrhenius plots
of total ionic conductivity of the three LATP samples.
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The values of total conductivity for HP-LATP950 were significantly lower than those of
HP-LATP550/HP-LATP700, so a structural characterization was performed in order to understand
the reasons behind such a discrepancy. Figure 3.2 reports the XRD patterns of the samples before
and after hot pressing, as well as the average crystallite sizes estimated via the Halder-Wagner
method implemented in the PDXL2 (Rigaku). Before performing the hot pressing, LATP550
shows the presence of a series of peaks corresponding to several phases, including the desired
NASICON phase Li1sAlosTi1s(PO4)s3 as well as LiPO3z, LisPO4, AIPO4 and unreacted precursors
(mainly TiO> rutile and Li2CO3). After hot pressing, NASICON Li1sAlos5Ti1s(POas)s is shown to
be the main phase in the sample; with the presence of AIPO4 as main impurity and other minor
phases (Figure 3.2a). LATP700 sample after hot pressing displays an increased amount of AIPO4
and other impurities (Figure 3.2b) compared to LATP550. The reference LATP950 sample is an
almost pure phase of LiisAlosTiis(PO4)s before and after hot pressing, although negligible
amounts of unidentified impurities formed during the hot-pressing process. The sharp diffraction
peaks in the spectra, reported in Figure 3.2c, point out the presence of large well crystalized grains
in both LATP950 and HP-LATP950, which are also indicated by the high average crystallite size
and are further confirmed by SEM observations (see Figure 3.3). The narrower peaks for
LATP950 are highlighted in Figure 3.2d, which also displays the variation in intensity of the
relative peaks corresponding to the secondary AIPO3 phase. Figure 3.2e shows the 'Li and 2’Al
NMR spectra of the three LATP samples after hot pressing. ‘Li spectra display a quadrupolar
resonance with isotropic shift diso = 0 ppm and quadrupolar constant Cq = 45 kHz, which perfectly
corresponds to LATP spectra previously reported in literature (Arbi et al., 2015; Epp et al., 2015).
It is notable, however, that line broadening of the signals increases from 400 Hz in HP-LATP950
sample, to 750 Hz (HP-LATP700) and to 900 Hz (HP-LATP550). We did not observe any
differences in longitudinal (T1) and transverse (T2) relaxation times measured at static conditions
(T1 =60 ms and T2 = 4 ms for each sample at 50 °C). Therefore, the difference in line broadening
could be explained by the increased magnetic field inhomogeneity associated with the smaller
particle size in the samples synthesized at lower temperature (Figure 3.3) and, therefore, with the
higher surface/bulk ratio in them. In the 2?’A1 MAS NMR spectra the main peaks observed at § = -
15 ppm correspond to aluminum atoms in octahedral coordination (Alo) which are related to the

NASICON phase, however, the presence of a secondary peak at 5 =40 ppm is visible in the spectra
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of HP-LATP700 and HP-LATP550 samples and it is assigned to tetrahedral Al (Alr) associated
with the secondary AIPO4 phase (Wong et al., 1998).
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Figure 3.2: (a-c) X-ray diffraction (XRD) patterns of LATP precursors synthesized at (a) 550
°C (LATP550); (b) 700 °C (LATP700); (c) 950 °C (LATP950) and corresponding 750 °C hot
pressed ceramics. The average crystallite sizes are labelled corresponding to their patterns; {
Indicates the strongest relative peak of the phase; (d) zoomed XRD spectra showing the AIPO4

phase in different pellets. (e) ‘Li and 2’ Al NMR spectra for LATP550, LATP700 and LATP950
after hot press.
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In order to better understand the distribution of impurities in the materials and obtain more
insight about the difference in the conductivities of the three intermediates, SEM measurements
were performed to analyze the microstructure of the annealed powders and hot-pressed pellets.
Micrographs of the three powders are shown in Figure 3.3a, which clearly shows that secondary
particles of LATP550 consist of a large amount of nanometric sized particles. On the other hand,
LATP950 particles contain larger well-crystallized grains, in the order of 2-10 um and LATP700
powder aggregates lie in between the two. The nanoparticles of LATP550 powder facilitated the
sintering process due to their large sintering stress and large surface area. In addition, the small
LATP crystals, which are formed during the hot pressing, also help facilitating the densification,
therefore resulting in a higher final density for the pellet. Conversely, the sintering of large-grained
LATP950 powder is a slower process because of the reduced sintering stress and reduced particle
surface, thus the obtained pellet shows a series of large pores and manifests a low density. The
density of the HP-LATP700 pellet is intermediate between HP-LATP550 and HP-LATP950.
Figure 3.3b reports the back-scattered electron (BSE) images and the corresponding phase
distribution maps, with red and blue representing impurity phases and pores. Analysis of the
exposed areas allowed to obtain values of apparent density of about ~ 100, 81 and 75% for HP-
LATP550, HP-LATP700 and HP-LATP950, respectively.

The lithium diffusion in the analyzed samples was investigated using pulsed-field gradient
nuclear magnetic resonance (PFG NMR) technique (K. S. Han et al., 2021; Price, 1998). Short-
duration magnetic field gradient pulses are introduced into spin-echo sequence to detect particles
displacement in PFG NMR experiments. The resulted signal intensity (1) depends on parameters
of the applied gradients and the self-diffusion coefficient (D) of the observed species by the

following equation: I = I,e 8P , where lp is the NMR signal intensity without gradients
application and B represents experimental conditions as: B =y2g262(A—5/3), with y —

gyromagnetic ratio of observed nuclei, g and ¢ — strength and duration of the gradient pulses, A —
delay between the encoding and the decoding gradients. An example of a logarithmic plot of signal
attenuation vs. B-factor obtained for HP-LATP950 at 50 °C is shown on Figure 3.4a. Double
exponential fit is required to accurately fit the data, meaning that lithium transport in LATP
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LATP 550°C LATP 700°C

b

LATP 950°C

HP-LATP550

(LATP) powders heated at 550°C, 700°C and 950°C; (b) Back-scattered electron (BSE) images
of LATPs hot pressed at 750°C with precursor powders treated at different temperatures and
the corresponding phase distribution maps. Yellow: LATP; red: impurities; blue: pores.

consists of two processes. The relative ratio of fast diffusing to slower diffusing component is 1:4.
However, the intensity of the slower component can be suppressed because of the fast signal
relaxation. It would be better to combine PFG NMR experiment with spin-spin relaxation
measurements to accurately estimate population of each component (Javed et al., 2017). The
existence of two distinct Li* elementary hopping processes with similar activation energy of 0.16-
0.17 eV and estimated diffusion coefficients of 3 x 103 and 5 x 102 m? s at 30 °C has been

demonstrated previously for LATP by utilization of NMR spin-lattice relaxometry (SLR) (Epp et
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al., 2015). While SLR is sensitive to ion dynamics on the angstrom length scale and provides
information regarding ion hopping between neighboring Li sites, PFG NMR operates in a
micrometer range (the mean squared displacement (MSD) of Li* during the experiment ranges in
between 0.5 — 1 um), which is comparable to the average size of the crystallites and allows to

estimate grain boundary effect on Li* transport.

Diffusion coefficients of Li* for all three samples in the temperature range from 20 to 50
°C are listed in Table 3.1, while the Arrhenius plots of In(D) vs. (ks T)* are shown in Figure 3.4b.
The crystallite size of HP-LATP950 is about 10 times larger than MSD of Li* during the PFG
NMR experiment. For this reason, the measured data mostly reflect Li* movement inside the bulk
NASICON structure while an influence of boundary effect between particles in the sample is not
detected. This limitation becomes evident in comparison of lithium diffusion coefficients obtained

by PFG NMR with the ones estimated from the ionic conductivity ¢ via the Nernst—Einstein

equation: D, =a%. Here, kg is the Boltzmann constant, T is the temperature, c is the

concentration of charge-carriers in units of particle number per unit volume, and q is the charge of
the carriers. For example, D, at 50 °C is expected to be 1.0 x 102 m? s7%, which is lower than the
PFG NMR measured values of HP-LATP950, indicating a poor contact between crystals in the
densified pellet (Figure 3.3). In samples with a smaller crystallite size (HP-LATP700 and HP-
LATP550), the influence of grain boundaries on PFG NMR measured diffusion coefficients
becomes significant, decreasing the measured values of Li diffusivity inside secondary particles.
Higher ionic conductivity of these samples in comparison with HP-LATP950 could be explained
by a better contact between the particles, which apparently overcomes the evident advantage given

by faster Li transport within larger grains.
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Figure 3.4 (a) An example fit of a pulsed-field gradient nuclear magnetic resonance (PFG
NMR) signal attenuation curve for HP-LATP950 sample at 50 °C. Experimental points are
shown with red dots. Single- and double-exponential fits are shown with dashed and solid blue

lines respectively. (b) Arrhenius plots of measured diffusivities. Lines slopes correspond to
activation energy expressed in eVs.
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Temperature, °C
Sample Ea, eV
20 25 30 35 40 50
Dy, 1012
) 4.7+0.2 5.6+0.3 6.9+0.3 8.3+0.4 9.5+0.5 | 12.6+0.6 | 0.27+0.03
me s
950
Dy, 1012
) 1.1+0.1 1.2+0.1 1.6+0.1 1.74¢0.1 2.0£0.1 | 2.7#0.1 | 0.24+0.02
me s
Dy, 1012
) 1.3+0.1 1.4+0.1 1.74¢0.1 1.8+0.1 1.9+0.1 | 2.4+0.1 | 0.160.02
mes
700
Dy, 1012
, . | 020001 | 0.224¢0.01 | 0.24+0.01 | 0.31+0.02 | 0.3420.02 | 0.45£0.02 | 0.23+0.02
mes
D1, 10712
, ., | 03320.02 - 0.44+0.03 0.57+0.04 | 0.64+0.04 | 0.18+0.03
mes
550
Dy, 10712
) N/A* - N/A* N/A* N/A* N/A*
mes

Table 3.1 Lithium diffusion coefficients measured by pulsed-field gradient nuclear magnetic
resonance (PFG NMR) and calculated activation energy. *Only one component was
unambiguously identified for HP-LATP550 sample, because of fast signal relaxation and the
limitations for the maximum gradient strength.

As for the PFG NMR measured activation energy, it is interesting that the values match
very well with the evaluated activation energy of ion hopping between neighboring lithium sites
extracted by SLR (Epp et al., 2015). That points out that Ea in densified secondary particles is
mostly determined by ion transport through grains and not along the grain boundaries, even though
the latter slows down the average Li diffusion. A decrease of the grain boundary effect on
activation energy of Li transport in solid electrolytes after mechanical compression has been also
reported by Adeli et al. (Adeli et al., 2021): The structure of Li* ion pathways have a close
relationship with the diffusive diffraction behavior in which lithium cations experience multiple-
time collision—diffraction processes with other ions in the crystal (Hayamizu & Seki, 2017). PFG
NMR data suggests that this process is more temperature dependent than the Li* transfer between
adjacent crystallites. However, when comparing the activation energy derived from the

conductivity of pellets to PFG NMR measured activation energy of Li transfer inside LATP
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crystals, one can see that much larger gaps between the secondary particles essentially double the
value. As shown above, HP-LAPT950 pellet manifests the lowest value of conductivity and the
highest activation energy among the analyzed samples. We assume that the large pores in the
densified pellet reduce the contact area available for ion transfer between the crystals. The high
porosity of the sample lengthens the diffusion path and slows down the ion transport through the
pellet. In contrast, higher density of the samples with smaller grains provides larger contact area
between the secondary particles and enhances the ionic conductivity. In this scenario AIPO4
assumes a more important role as an inert filler: the larger presence of phosphate impurities can
disrupt the contact between active material particles in a similar way as the large pores do, and this
is reflected in a negative way on the ionic conductivity. The microstructure of HP-LATP700 seems
to have a balance between density and impurity, therefore it demonstrates the best performance of
all the three hot pressed samples.

3.2.3.2. The Influence of LATP from Temperature and Pressure from

Density Functional Theory

To support the observation above, we performed a density functional theory analysis to
quantify the values of pressure associated with high temperature influencing the densification. The
hot-pressing process is an indispensable step in ensuring the optimal densification of the pellets,
and our calculations show that the working pressure should be accompanied by elevated
temperature in order to well-manage and control the impurity level in the material. We consider

the reaction of LATP decomposition:
Li1sAlosTiz5(PO4)s — 0.25 LisPOs + 0.75 LiTi2(PO4)s + 0.5 AIPO4

and calculate the free energy cost of this decomposition with or without pressure at elevated
temperatures. Evidently, a higher cost of free energy during decomposition shifts the equilibrium

towards the I.h.s of this reaction and is favorable.

According to the calculated results (see Table 3.2), increasing pressure alone can allow for
the formation of LATP from its precursors to be less favorable, in the sense that the formation
enthalpies at higher pressure becomes less than that at zero pressure (at 750 °C, 0.35 meV per atom

less at 1 kbar than at O kbar). Nevertheless, increasing temperature can well compensate for this
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decrease in enthalpy. As we can see from Table 3.2, the increase of formation free energy is
roughly 10 times as that of the decrease due to pressure at 1 kbar. For the typical pressure and
temperature used for hot pressing, the issue of decomposition due to excessive pressure is
negligible. Although the formation of AIPOg is inevitable, the ionic conductivity of LATP can be
maximized by tuning the temperature of sintering and particle size of pristine particles. In our
experiments we effectively observed that maximum amount of AIPO4 was detected in LATP550
sample, which had the smallest pristine particles, while the highest ionic conductivity was
observed for the LATP700 sample. The densification of three intermediate LATP samples having
different crystallite sizes (~2-10 um, ~1 um and < 100 nm) revealed the mechanistic pathways
taking place in LATP, which led to various degrees of crystal densification and amounts of inert

AIPO4 impurity.

T Gp-=0 Gp=1 Gp=1— Gp=o

0 8.80 8.58 -0.21
750 11.47 11.12 -0.35
1000 12.30 11.91 -0.39

Table 3.2 Free energy of decomposition (T=temperature in K, P=pressure in
kbar, free energy in meV per atom.

3.2.4 Conclusions

We investigated the formation mechanism of AIPO4 impurity during hot pressing
densification of NASICON type Lii1sAlosTi1s(POas)s (LATP) electrolyte following the chemical
phase evolution of LATP via in situ heating X-ray diffraction, scanning electron microscopy and
nuclear magnetic resonance. AIPO4 was detected as main secondary phase and its formation is
inevitable during sintering. Interestingly LATP electrolytes synthesized at low temperatures (550
and 700 °C) still exhibit high ionic conductivity; in particular, the samples synthesized at 700 °C
shows values up to 3.45 x 104 S cm™ at room temperature despite the presence of AIPO4 impurity.
The material appears to have benefitted from an optimal combination of the densification degree,
AIPO4 impurity amount and porosity. We have also exposed the chemical stability of NASICON

during hot-pressing via density functional theory (DFT) calculation which presents a metastable
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behavior of LATP at high temperature that is enhanced by particle nanosizing. Our results
represent an important step in further development of solid electrolytes with tailored ionic

conductivity and chemical stability for solid-state battery technology.
3.25 Experimental Section

M.1 Materials and Solid-state synthesis: Synthesis precursors Li2COz, Al2Os,
(NH4)2HPO4 and TiO> (rutile) were purchased from Sigma Aldrich. Following a standard solid-
state synthesis, stoichiometric amounts of the precursors were ball milled for 15 minutes ina SPEX
mixer and subsequently annealed at 550 °C for 2 h. The material resulting from this first thermal
treatment is identified as LATP550. An additional annealing of LATP550 for 2h at 700 °C and
950 °C led to the preparation of two modified samples, respectively named LATP700 and
LATP950. After the first thermal step, about 0.75 g of powder of all distinct samples was hot
pressed at 750 °C for 1 h. The process was carried on in a 16 mm diameter titanium-zirconium-
molybdenum (TZM) die by applying a pressure of 56 MPa. The hot-pressed samples were named
respectively HP-LATP550, HP-LATP750 and HP-LATP900, depending on the temperature of the

first annealing step.

M.2 Imaging and chemical mapping: Scanning electron microscopy (SEM) images were
acquired using annular dark field mode (ADF-STEM) on a JEM-2200FS transmission electron
microscope operating at 200 kV (JEOL, Japan). Chemical mapping was performed using an energy
dispersive X-ray spectrometer (EDXS) in the scanning mode. Cross-sections of the hot-pressed
samples were obtained using an Ar lon Milling IM4000 Plus (Hitachi, Japan) system with an ion
beam energy of 6 kV using a fast 30° rotation for 4 h. The cross-section surfaces were analyzed
using a (SEM) Lyra 3 (TESCAN) scanning electron microscope and the elemental composition
was obtained using windowless energy dispersive spectrometer (EDS) Extreme (Oxford
instruments). The micrograph and X-ray map were acquired at an accelerating voltage of 5 and 10
kV, a probe current of 500 pA, and a working distance of 10 mm. The phase distribution in Figure
3.4b was obtained from a compositional (BSE) image. A range of pixel intensity is manually
selected for each phase and the Tescan software tool Object Area is used to calculate the image

pixel fraction of each phase and a phase image.
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M.3 X-Ray diffraction: A mixture of Li.COz, Al203, TiO> (rutile) and (NH4)2HPO4 was
heated at a rate of 3 "C per minute to 700 °C and held at temperature for 2 h, then cooled to room
temperature in air atmosphere. High temperature X-ray diffractometer (CoK,, radiation, Smartlab,
Rigaku) was employed to monitor the phase formation process of LiisAlosTiis(POs)z (LATP)

from above precursors. The scanning step is 0.04°, and the speed is 6.14°/min.

M.4 lonic conductivity: In order to perform the electrical conductivity measurements,
LATP powders were hot-pressed between two thin carbon paper discs. After densification at 750
°C, the electrolyte pellets were sandwiched between stainless steel discs inside a coin cell.
Electrochemical impedance spectroscopy (EIS) measurements were performed in a temperature
range between 20 and 80 °C (5 °C step) with a BioLogic VMP-300 potentiostat working with an
AC amplitude of 5 mV and a frequency range of 250 kHz to 10 mHz at 0.0 V versus open circuit
voltage (OCV).

M.5 Density functional theory computation: The density functional theory (DFT)
calculations of LATP and its precursors were carried out using VASP with the projection
augmented wave scheme. Perdew-Burke-Ernzerhof exchange-correlation functional was used.
The energy cut-off was set to 520 eV. The k-points in Brillouin zone were set so that the average
k-point density is 1.7 x 10°° per A=. The free energy was calculated assuming quasi-harmonic
approximation. Force constants were obtained via frozen-phonon method as implemented in

VASP and free energy calculation was performed using the Phonopy calculation package.

M.6 Nuclear Magnetic Resonance (NMR): All NMR experiments were performed on a
500 MHz WB Bruker AVANCE NEO NMR spectrometer. ‘Li and 2’ Al magic angle spinning
(MAS) NMR spectra were acquired using a 4 mm triple resonance probe. 16 scans with a /2 pulse
of 3 ps and a relaxation delay of 30 s were collected at the MAS of 4 kHz for 'Li NMR. 64 scans
with a m/2 pulse of 3 ps and a relaxation delay of 10 s were collected at MAS of 15 kHz for 2’Al
NMR. "Li NMR diffusion measurements were done using a Diff50 probe and 8 mm double
resonance ’Li-'H/*F RF insert in a temperature range from 20 °C to 50 °C. To determine the
measuring conditions, 'Li T1 and T, were observed by standard inversion recovery and Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequences, respectively. A stimulated echo with

longitudinal eddy current delay pulse sequence was used for the measurement. The gradient pulse
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was in the range of 2.1 - 2.7 ms and the diffusion time was in the range of 30 - 50 ms depending
on the temperature. The gradient strength was varied in 16 equidistant steps from 100 G cm™ to
2500 G cm™.
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CHAPTER IV

METASTABLE PROPERTIES OF GARNET TYPE
LisLasBi.O;> SOLID ELECTROLYTE TOWARDS LOW
TEMPERATURE PRESSURE-DRIVEN DENSIFICATION

4.1. Introduction

In the following chapters the scope of the work is shifted from NASICONSs to garnet-type
electrolytes. The features of this family of electrolytes are described more in detail in Chapter |
and the methods employed for enhancing their physical properties are presented as well. Chapter
IV focuses specifically on the garnet LisLasBiO12 (LLBO), which has been chosen because of the
lower temperatures required for its synthesis compared with other garnets. The aim of the
investigation is to determine the consequences of hot-press sintering on the solid electrolyte and if
it is possible to tune the densification to achieve better electrochemical features. Reports on the
application of hot-pressing to garnets are limited in literature, more specifically on LLBO,
therefore this study offers an original perspective on the subject. Hot-pressing permits a low
temperature densification of the ceramic, enabling electrochemical properties comparable to those
of the material fabricated with conventional high-temperature methods, but without the need for
such strict conditions. The study delved deeper in the synthesis optimization, aiming to improve
the process and produce a high-performance material. A relevant result of the investigation
involves the metastable behavior of LLBO with respect to decomposition: increasing the
calcination temperature generates a higher concentration of impurities which is observed by SEM
imaging and EDS analysis. The elemental distribution points out a phase segregation in agreement
with the assumed decomposition. Amore precise evaluation on the decomposition phenomenon is
undertaken using DFT calculations and the results point out a correlation between the applied
pressure to the sample and the decomposition. For a more intense external pressure, the energy of
decomposition increases as well and the reaction becomes less spontaneous, stabilizing the
material. Another important section of the study concerned the use of LLBO as additive for garnet
LLZO during the sintering process. With this artifice, the densification of LLZO can be obtained

at significantly lower temperatures than the usual ones for ceramic powders, and the final material
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manifests a conductivity comparable with the conventional high-temperature garnets with a
minimum addition of LLBO. The densification conditions affect Li ion diffusion in the materials,
with a more prominent effect for LLBO, which shows higher Li diffusion coefficients for higher
densification temperatures. This indicates a more intimate contact between the particles promoted
by the sintering temperature, which is also reflected by the higher density of the pellets.

Chapter published in Journal of Materials Chemistry A, 2023, 11 (1), 364-373
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4.2. Article 2: Metastable Properties of Garnet type LisLasBi,O;, Solid Electrolyte

towards Low Temperature Pressure Driven Densification
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4.2.1 Abstract

Solid state electrolytes represent an attractive alternative to liquid electrolyte in
rechargeable batteries. However, the fabrication of batteries with ceramic materials requires high
temperature that could be detrimental to their electrochemical performance. In this work we show
that it’s possible to densify garnet-type LisLasBi>O12 solid electrolyte at low temperature (600 °C)
with respect to standard high sintering temperature (T > 1000 °C) used for zirconium-based
LizLasZr,01, doped garnet. LisLasBi,O12 showed a high conductivity (1.2 x 10 S cm™) after hot

pressing at 600 °C. Synthesis conditions have been optimized: at 700 °C we observed the presence
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of LiLa>O35 phase as a consequence of LLBO metastability, and the formation mechanism has
been described by density functional theory (DFT) and density functional perturbation theory
(DFPT) calculations. Moreover, we have reported the application of small amounts of LLBO as a
sintering aid (5-10%) in the densification of LLZTO. Our investigation successfully demonstrated
that LLBO introduction positively affects the densification process and global performances of
LLZTO garnet, allowing to obtain an ionic conductivity higher than 10* S cm™ after annealing at
600 °C.

4.2.2 Introduction

In the modern days, one of the most crucial elements in taking full advantage of new
renewable energy sources, is the evolution and production of reliable and efficient energy storage
systems. Among the explored technologies, lithium-ion batteries (M. Armand & Tarascon, 2008;
Di Lecce et al., 2017) are still considered the most impactful high-performance electrochemical
storage system (Scrosati et al., 2011). Despite their worldwide diffusion and their noteworthy
properties, a series of major challenges still require to be addressed. The use of organic flammable
liquid electrolytes, in particular, represents an important safety concern that hinders the widespread
deployment of this technology (S. J. Harris et al., 2009; Lisbona & Snee, 2011). Furthermore,
flammable electrolytes (Weiss et al., 2021) limit the practical application of metallic lithium as
anode because of the possible formation of lithium dendrites (L. Fan et al., 2018) that can lead to
short circuits with disastrous consequences. Solid electrolytes can offer a viable alternative (Hu,
2016; Janek & Zeier, 2016; J. Li et al., 2015; F. Zheng et al., 2018) to the conventional organic
liquids, acting as a physical barrier against short circuits and, at the same time, increasing the
energy density of the battery. In the recent years, numerous solid electrolytes based on polymeric
materials (Agrawal & Pandey, 2008; Khurana et al., 2014; Z. Li et al., 2020), oxide or sulfide-
based ceramics (Z. Gao et al., 2018; Kato et al., 2016; Z. Ma et al., 2018; Thangadurai et al., 2014)
and polymer-ceramic hybrid composites (L. Chen et al., 2018; Commarieu et al., 2018; N. Wu et
al., 2020; J. Zheng et al., 2017) were investigated and reported in literature. Li-rich garnets
(Murugan et al., 2007; Thangadurai et al., 2014) such as LirLasZr,O1> (LLZO) are promising
candidates for practical battery applications, because of their interesting mechanical properties and
high ionic conductivity, up to 10* S cm™ (Z. Huang et al., 2020). However, full-ceramic solid

electrolytes typically require strict synthesis conditions, such as high densification temperatures

104



(well above 800 °C) over a long annealing time: LLZO with gallium (Rawlence et al., 2018) or
aluminium (Murugan et al., 2007) doping can require a synthesis temperature of 1000 °C for 10-
12 h. Moreover, high synthesis temperatures are not desirable due to the evolution of side reactions
with high-voltage working cathodes: for example, LiNio.sMno2C00.202 (NMC622) and LLZO may
lead to the formation of Li>COs, LaxZr.O7 and La(Ni,Co)Os at 700 °C (Y. Kim et al., 2020).
Despite these shortcomings, garnet materials exhibit the widest electrochemical stability window
when compared with other classes of solid electrolytes, like NASICONs or sulfides (F. Han et al.,
2016). Within this wide family of materials, bismuth-based garnets, such as LisLazBi>O12 (LLBO),
have been investigated due to their lower synthesis temperature (~ 800° C), as reported by Murugan
et al. (Murugan et al., 2007) who observed for this material a total conductivity of 1.9 x 10° S cm’
1 at room temperature. A comparable value of conductivity was observed by Gao et al. (Y. X. Gao
et al., 2010): a ceramic pellet compacted at 300 MPa and subsequently annealed at 750 °C for 6 h
presented a final conductivity of 24 x 10™ S cm™ at room temperature. Tin-replaced
LisLasBiSnO1, synthesized at 785 °C displays similar values of conductivity, about 0.85x107* S
cm at room temperature (Peng et al., 2015). Production of LLBO by quenching method (Minami
et al., 2007), which involves a rapid cooling of the material to room temperature, has been shown
to increase the ionic conductivity up to 2 x 10* S cm™ (Peng et al., 2017b), about ten times the
value observed for the conventional synthesis. In the present work, we explored the densification
mechanism of LLBO and thoroughly investigated its metastability properties, which allow a lower
temperature densification, by using density functional theory (DFT) and density functional
perturbation theory (DFPT) calculations. We found that hot pressing LLBO at 600° C led to a
remarkable ionic conductivity (> 10* S cm™). In the present study, limited amounts of LLBO were
also explored as a sintering aid for Lis.sLasZr1.4TaosO12 (LLZTO) and we were able to perform the
densification of Ta-doped LLZO at 600° C, achieving an ionic conductivity of 1.5 x 10* S cm™.

4.2.3 Materials and Methods

M.1 Materials and preparation. LisLasBi2O12 (LLBO) was synthesized via a
conventional solid-state route. Anhydrous LiOH, La,Os and Bi>O3 synthesis precursors were
purchased by Sigma-Aldrich. Commercial Ta-doped LLZO (LLZTO) was purchased from
Ampcera. LIOH, La>03 and Bi-Oz were mixed in a 5.5:1.5:1 molar ratio and subsequently milled

for 12 h in a Retsch PM-100 planetary ball mill. The final mixture was annealed at 775 °C in a
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muffle furnace for 6 h and subsequently quenched to room temperature. The LLZTO-LLBO
composites were prepared by mixing LLZTO and LLBO in a SPEX mixer in the appropriate mass

ratios.

M.2 Hot pressing. The resulting powders were densified by hot pressing under flowing Ar
atmosphere. The pellets were prepared using about 1 g of powder. The annealing has been
performed in a 16 mm SisN4 die with WC mobile parts, to allow the correct densification and avoid
pellet gluing, and thin carbon paper films were set up on both sides of the powder to act as a
conductive coating for the material. The final densification of LLBO was carried out at 550 °C,
600 °C, 650 °C and 700 °C for 1 h with the application of a pressure of 56 MPa, and a temperature
ramp of 20 °C/min during the heating step. LLZTO/LLBO mixtures were densified at 600 °C in

the same working conditions.

M.3 Scanning Electron Microscopy. Chemical mapping of the materials was performed
via an energy dispersive X-ray spectrometer (EDS) in scanning mode. Pellet cross sections were
obtained using an 1M4000 Plus (Hitachi, Japan) Ar ion mill with a beam sputtering energy of 6
kV, applying a fast 30° rotation for 4 h. The cross-section surfaces were investigated using a Lyra
3 (TESCAN) scanning electron microscope (SEM) and the elemental composition was obtained
with an Extreme (Oxford instruments) windowless energy dispersive spectrometer (EDS). EDS
maps were also acquired at higher spatial resolution from thin cross-sectional samples in a
scanning transmission microscope (Thermo-Fischer Scientific Talos 200S) at an incident energy
of 200 kV, along with annular dark field images (ADF) which are sensitive to the elemental
composition (Z-contrast). Thin cross-sections (ca. 100 nm in thickness and with an area of few
microns) were successfully obtained via focused-ion beam milling (FIB) after the deposition of a
thin layer of metallorganic Pt at the surface to avoid damage and Ga implantation during milling.
To enhance the signal from the EDS quantification, a compression/denoising using principal
component analysis (PCA) was performed, by keeping the first 10 components in the spectral

images.

M.4 Electrochemical analysis. After the densification, the resulting ceramic pellets were
sandwiched between two stainless steel disks in coin cell. Electrochemical impedance

spectroscopy measurements were performed with a BioLogic VMP-300 potentiostat in a
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temperature range from 20 to 80 °C (with a 5 °C step). The electrical conductivity of the samples
was calculated considering the sample dimensions, the distance between the electrodes and the
values of resistance () obtained. Cyclic voltammetry was performed in a Li//LLBO//Graphite
cell at a 0.5 mV s? scan rate.

M.5 Nuclear Magnetic Resonance (NMR). 'Li NMR diffusion measurement experiments
were performed on 500 MHz WB Bruker AVANCE NEO NMR spectrometer using Diff50 probe
and 8 mm double resonance ‘Li/**F RF insert at 50 °C. A stimulated echo with longitudinal eddy
current delay pulse sequence was used for the measurement. The gradient pulse was in the range
of 1.0 — 1.5 ms and the diffusion time was in the range of 400 - 800 ms depending on the sample.

The gradient strength was varied in 16 equidistant steps from 100 G cm™ to 2500 G cm™™,

M.6 Modelling. The DFT and DFPT calculations were conducted using VASP (Kresse &
Furthmdaller, 1996) in a project-augmented wave scheme. Perdew-Burke-Enzerhof exchange-
correlation functional (Perdew et al., 1996) was adopted. The energy cutoff was set to 500 eV and
structures were relaxed until the maximum force on every atom was below 0.01 eV A™. The
vibrational free energies were obtained using Phonopy (Togo & Tanaka, 2015). The representing
configurations of LLBO were chosen using the program supercell (Okhotnikov et al., 2016) for the

partial occupancy of Li in LLBO.
4.2.4 Results and Discussions

LLBO was synthesized by solid state route (see Materials and Method section for more
details) by quenching the powder at 775 °C after 6 h of annealing, obtaining micron size particles
having a pure phase as shown in Figure 4.1a while the scanning electron image (SEM) and the
electron dispersion spectroscopy (EDS) mapping showing La and Bi distribution of the final
product are depicted in Figure 4.1b.
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Figure 4.1: a) X-rays diffraction pattern and b) EDS mapping of pristine LLBO.

To unveil the effects of different densification temperatures on the ionic conductivity of
LLBO, electrochemical impedance spectroscopy measurements were performed on hot-pressed
pellets in a densification temperature range from 550 to 650 °C. Figure 4.2a shows the Nyquist
plots collected at room temperature for the samples annealed at 550, 600 and 650 °C and the
Arrhenius plot for LLBO densified at different temperatures is reported in Figure 4.2b. Figure
4.2a also presents the equivalent circuit used for the fitting of the impedance data, in which the
two separate RC elements are related to the bulk and grain boundaries contributions, respectively.
The conductivity curves show a non-dissimilar impedance behavior for the materials. In particular,
the samples hot-pressed at 600 °C and 650 °C exhibit values of total ionic conductivity of about
1.2 x 10* S cm™ at room temperature. Both values are sensibly higher than the one for the LLBO
sample densified at 550 °C, (8 x 10° S cm™). At higher densification temperature (700°C) the
pellet is easily broken. Figure 4.S1 reports the values of apparent density of the LLBO samples
densified at different temperatures and it shows that the density has an increasing trend with the
densification temperature, reaching a value of 5.92 g cm for the sample densified at 700 °C, about
94% of the theoretical density value of pure LLBO (6.234 g cm™) (Peng et al., 2017a).
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In Figure 4.2c the ADF cross-section image and the EDS elemental mappings of the LLBO
sample hot-pressed at 600 °C are reported. In the image, the metallorganic Pt protecting layer
deposited on the sample before FIB milling is indicated (Pt), together with the ca. 2 um carbonate
layer (*) formed at the surface. In the EDS mapping the uniform elemental distribution of La, Bi
and O throughout the densified pellet can be visibly observed. The strong relative signals for O
and C denote the formation of a thin carbonate layer near the surface of the sample. Moreover, the
C map displays a clear presence of signals along the cracks (indicated by the arrows in the map),
which point out the evolution of carbonate also at the boundaries between distinct LLBO crystals.
The polycrystalline nature of lithium carbonate is confirmed by TEM observations, by which it
can be observed that the respective electron diffraction pattern (reported in Figure 4.2d) shows no
preferential orientation in contrast with the pattern for LLBO (Figure 4.2e). Figure 4.S2 shows
the CV response of hot-pressed LLBO in a C//LLBO//Li cell in a potential interval between 0 and
6 V at a scan rate of 0.5 mV s™. The presence of an irreversible peak at high potential (>5 V vs
Li*/Li) can be clearly seen during the first cycle, which indicates the irreversible redox Bi**/Bi®*
reaction. The cycling stability of hot-pressed LLBO towards Li is furtherly confirmed in Figure
4.S3, which reports the performance of a Li/LLBO//Li symmetric cell. The measurement was
carried out at a current of 0.3 mA cm (5 h charge and 5 h discharge) and a temperature of 50 °C
and, as observed from the stability curve, the cell exhibits a low polarization of about 0.4 V over

a period of 300 h, indicating a high affinity of the material towards lithium.
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Figure 4.2: a) Nyquist plot at room temperature with equivalent circuit and b) Arrhenius plot
of the hot-pressed samples at 550, 600 and 650 °C; ¢) STEM-obtained cross-section ADF image
and EDS maps for the LLBO sample hot-pressed at 600 °C. The ADF image (top left) shows
the thin cross section of the sample with the top surface of the sample on the left; d-e) Electron
diffraction pattern of d) polycrystalline lithium carbonate and e) LLBO.
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Hot pressed LLBO shows a metastability range: after the hot pressing of LLBO, a sensitive
increment in LiLaO; impurities can be observed while the hot pressing temperature increases, as
shown in the XRD pattern in Figure 4.3a. LLBO structure undergoes an important shrinkage in
the cell parameter (Figure 4.3b, red line) when passing from 650 to 700 °C, indicating the presence
of a side reaction for operating temperatures higher than 650 °C. Interestingly, the crystallite size
decreases when LLBO sample is annealed at 650 °C (430 A to 270 A) to subsequently increase
again after annealing at 700 °C (430 A) as shown in Figure 4.3b (blue line). The cross-section
SEM images and EDS mapping in Figure 4.3c shows a homogeneous distribution of La and Bi
for the sample densified at 600 °C. On the other hand, the elemental distribution for the sample
hot-pressed at 700 °C exhibits specific areas with a larger presence of Bi and a relatively lower
occurrence of La, which denote a partial elemental segregation in form of Bi>Os that is formed
according to:

4LisLasBi2012 — 4Bi203 + 6LiLa2035 + 7Li,0 + 402 1

Figure 4.54 reports a higher magnification image of LLBO hot-pressed at 600 °C, which
clearly shows the uniform presence of La on the surface of the sample.
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of the samples hot-pressed at different temperatures (550, 600, 650 and 700 °C), ) cross section
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°C.

In addition, the working equipment was not sealed, which makes the evolution of oxygen
even easier. Fortunately, according to first principles calculations with harmonic approximation,
the decomposition temperature of LisLasBi2O1> could be raised by applying external pressure.
Density functional theory (DFT) and density functional perturbation theory (DFPT) calculations
allowed to derive the free energies of the solid phases using harmonic approximation. Basically,
the values of free energy are approximated with the sum of zero-temperature binding energy from
DFT, the kinetic energies are obtained from their harmonic vibration and the temperature
dependent term involving the entropy is derived from the harmonic vibration, as stated in the

formula:

G =F = Epina + Epip — TSuip
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where the Gibbs free energy for solid phases is approximated with the Helmholtz free
energy because the effect from pressure is either negligible or included in the binding energies in
our case. Without anharmonicity, the partition function then becomes a well converged geometric
progression, then the free energy and entropy are directly obtained from partial derivatives of it.
This procedure is implemented in Phonopy (Togo & Tanaka, 2015) as a post-processing tool of
the DFT calculation package VASP (Kresse & Furthmuller, 1996). In addition to this, the partial
occupancy of lithium ions in LisLaszBi>O1> crystal creates further complication. In order to obtain
a configuration representative enough of the actual crystal, we enumerated all possible
configurations in a primitive cell of LisLasBi-O12 as implemented in supercell (Okhotnikov et al.,
2016); the configurations were sorted according to their electrostatic energies from low to high
using Ewald summation, assuming point charges for the constituent ions. DFT calculations were
then used to single out the configuration with minimum total energy for the subsequent free energy
calculations. For the oxygen gas, the total internal energy can be split into the Oz molecular binding
energy contribution plus the kinetic energy. An offset of -1.36 eV per O molecule is added to the
calculated free energy at 298.15 K under 1 atm to compensate for the artificial over-binding from
our computational method. Therefore, the total Gibbs energy of oxygen gas can be written as:

5
G=E+C+§RT+pV—TS=H+C—TS

where E is the value of binding energy from DFT, c is the constant over-binding correction,
R is the gas constant, T is the temperature in Kelvin, p is the pressure (1 atm in this case, as the
chamber is not sealed), V is the volume of the gas, S is the entropy and H is the enthalpy. The
enthalpy and entropy of O> gas are adopted from JANAF tables. This way, we can estimate the
Gibbs energy change for this reaction. If the change is negative, decomposition of LisLasBi2O12 is
favored in the equilibrium state. The results of Gibbs energy change are shown in Figure 4.4. We
can see that the decomposition is more and more favored as the temperature raises, in general.
Without external pressure applied, the equilibrium decomposition starts above 626 K (353 °C);
nevertheless, under a pressure of 0.5 kbar, the equilibrium decomposition temperature increases to
723 K (450 °C). For an ulterior increase of pressure up to 2 kbar, the decomposition temperature
keeps rising up to 775 K (502 °C). Although DFT and DFPT can generate significant error in

predicting temperatures, a visible tendency in the increase of decomposition temperature under
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applied pressure is observed. The decomposed LLBO sample after hot pressing at 700 °C is shown

in Figure 4.4c.

Considering the present results, we investigated the effects of LLBO as a sintering aid for
the densification of LLZTO at 600 °C. The Nyquist plots of pristine LLZTO and LLZTO/LLBO
samples are shown in Figure 4.5a. The Arrhenius plot (Figure 4.5b) shows the conductivity trend
in the range of temperature from 20 to 80 °C. The highest value of conductivity is reported for
LLZTO with the addition of 10% LLBO, showing a value of 1.5 x 10* S cm™ at room temperature,
while the sample with 5% LLBO displays a slightly lower value (9 x 10° S cm™). Above 50 °C a
trend reversal is observed and LLZTO/5%LLBO exhibits a higher conductivity than
LLZTO/10%LLBO. Both samples have a superior ionic conductivity than pristine LLZTO sample
(1 x 10° S cmY). Interestingly, the introduction of larger amounts of LLBO leads to a significant
decrement in the conductivity, as observed for the sample with 30% LLBO which shows the lowest
ionic conductivity at room temperature (4.9 x 10° S cm™). The graph reported in Figure 4.S5
shows the values of apparent density of a series of LLZTO/LLBO samples according to the relative
LLBO content. The highest values of density are observed for the samples prepared with 30% of
LLBO, around 5.4 g cm, whilst increasing LLBO content further leads to a decrement in density
(LLZTO/50%LLBO shows a value of 4.94 g cm. The reasons behind such a discrepancy may
possibly depend on the hot-pressing process itself; high temperature treatment can lead to partial
material loss which can impact the production of the pellets and the density of the material,
therefore measuring effective values of density is often complicated. Additional electrochemical
investigation on the material involved a cyclic voltammetry test (Figure 4.S6), performed on
LLZTO/10%LLBO. The pattern exhibits a broad irreversible peak at high voltages (> 4 V vs
Li*/Li) in the oxidation step during the first cycle, which may indicate the bismuth oxidation
reaction from Bi®* to Bi®*. The cycling stability of the hot-pressed material was also investigated
and Figure 4.S7 reports the performance of a Li//LLZO-LLBO//Li symmetric cell. Measurement
was performed at a current of 0.3 mA cm and a temperature of 50 °C. The graph reports that the
symmetric cell exhibits a higher polarization compared with the cell with pristine LLBO (Figure
4.S3), with an initial value of 1 V during both charge and discharge which slightly peters down to

0.5 V after 300 h of cycling. The presence of more resistive LLZO as a main component can
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explain the difference in performance between the cells, being LLZO a more resistive material

than LLBO.
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Figure 4.4: a) Graph showing Free Energy vs temperature of LLBO decomposition under
variation of pressure and b) Schematic of the reaction process. ¢) Picture of decomposed LLBO
sample after thermal annealing at 700 °C.

The LLZTO sample containing 10% LLBO was subsequently analyzed via SEM and EDS
and the presence of local LLBO-rich islands dispersed throughout the LLZTO matrix was

observed, as reported in Figure 4.5c. These observations suggest the absence of a bulk reaction
between the two phases of LLZTO and LLBO, while at the same time the structure of the LLBO

phase is preserved. Figure 4.S8 shows a higher magnification SEM image of LLZTO/10%LLBO

in which the uniform distribution of La on the whole surface of the pellet is clearly visible. The
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XRD diffraction pattern of hot-pressed LLZTO/10%LLBO is reported in Figure 4.S9 and it can

be observed that after the hot-pressing treatment the LLZO cubic phase is preserved, and no
significant presence of impurities is observed in the structure.
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LLZTO/LLBO samples having different LLBO %; ¢) SEM image and EDS elemental maps for
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To better understand Li transport properties of the material, Li diffusion coefficients were
measured by ‘Li pulsed-field gradient nuclear magnetic resonance (PFG NMR) technique in
LLBO samples densified at different temperatures, as well as in LLZTO with 10% of LLBO
composite hot pressed at 600 °C. Short-duration magnetic field gradient pulses are introduced into
spin-echo sequence to detect particles displacement in PFG NMR experiments (K. S. Han et al.,
2021). The resulted signal intensity () depends on parameters of the applied gradients and the self-
diffusion coefficient (D) of the observed species by the following equation: I = I,e 3P, where lo

is the NMR signal intensity without gradients application and B represents experimental conditions
as: B = y2g262(A - 5/3), with y — gyromagnetic ratio of observed nuclei, g and J — strength and

duration of the gradient pulses, A — delay between the encoding and the decoding gradients. An
example of stacked ’Li PFG NMR spectra of LLBO sample collected at different gradient strengths
(g varied from 100 G cm™ to 2500 G cm™ in 16 equidistant steps) is shown in Figure 4.6a. The
obtained values of lithium diffusion coefficients for all samples measured that way are listed in

Figure 4.6b. The mean squared displacement of Li during NMR experiment could be estimated

as d = v/2Dt. With D ~ 10"®* m? s and with diffusion time during PFG NMR experiment A = 0.5
s the displacement d is about 0.3 um. This is an order of magnitude larger than the crystallite size
(Figure 4.3b), but smaller than the crystal size of the analyzed compounds. It means that the
obtained values of Li diffusion coefficients reflect mostly Li mobility inside secondary particles
(through crystallites and grain boundaries between them), while Li transition between the particles
has a negligible effect on the collected data. One can see that Li diffusion in LLBO depends on
densification conditions. It means that densification at higher temperature promotes a better
contact quality between crystallites decreasing the grain boundary effect. In contrast, there is no
difference in Li diffusion between LLZTO and LLZTO/10% LLBO samples. Possibly, hot
pressing temperature of 600 °C is not high enough to affect LLZO crystals. At the same time, a
partial incorporation of LLBO, with higher Li diffusivity, increases bulk conductivity of the
electrolyte (Figure 4.5b). LLBO is shown to help the densification of LLZTO by keeping

secondary particles closer as reported in the scheme in Figure 4.6c.
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Figure 4.6: a) Stacked 'Li PFG NMR spectra of LLBO sample collected at different gradient
strengths. b) Li diffusion coefficients measured by PFG NMR in pristine LLBO, in LLBO
densified at 550, 600, 650 and 700 °C, in pristine LLZTO and in LLZTO/10% LLBO
composite. ¢) Schematic representation of Li* ion diffusion in the LLZTO/LLBO composite.

118



4.25 Conclusions

In the present work we successively reported the pressure driven densification of garnet-
type LisLasBi>O12 solid electrolyte at 600 °C, a value of temperature significantly lower than the
standard temperature (T > 1000 °C) typically required for zirconium-based Li7LasZr.O12. By the
application of hot pressing, the densification conditions for LisLasBi,O1> have been optimized,
leading to a high ionic conductivity of 1.2 x 10* S cm™ after hot pressing at 600 °C. Treatment
performed at 700 °C brought to a partial segregation of bismuth and to the formation of LiLa>Oz5
secondary phase as a consequence of LLBO metastability. The impurity formation mechanism has
been subsequently described by density functional theory (DFT) and density functional
perturbation theory (DFPT) calculations. Moreover, we demonstrated that LLBO may be usefully
employed as sintering aid (5-10%) for LLZTO solid electrolyte, allowing to obtain an ionic

conductivity higher than 10* S cm™ after densification at low temperature (600 °C).
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4.2.7 Supplementary Information
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CHAPTER V
GRAM-SCALE CARBOTHERMIC CONTROL OF LLZO
GARNET SOLID ELECTROLYTE PARTICLE SIZE

5.1. Introduction

In the previous chapter the protagonist of the research was LLBO, and garnet LLZO was a
secondary character, whose densification properties were modified by using a sintering aid.
Chapters V and VI explore the densification of LLZO more extensively, aiming to obtain a simpler
synthesis with less demanding starting conditions in terms of temperature and pressure. Among
the sintering agents for ceramic, in this investigation carbonaceous materials were the preferred
choice, due to their notable electrochemical and thermal properties which can allow to stabilize
the crystalline phases of the product. Carbon additives are typically employed in the fabrication of
electrodes, but their effects on the production of ceramics via solid-state synthesis have not been
extensively explored. Mediation of the carbon additives on the synthesis mechanism of LLZO is
explored, unveiling a low decomposition temperature (around 670 °C) of the LioCOz3 synthesis
precursor in presence of carbon and evolution of CO; the formation of LLZO is accelerated and
achieved at lower temperature (720 °C) compared with the mixtures without carbon (780-800 °C),
with the presence of a well-defined cubic structure stabilized at low temperatures. The mechanism
for the carbon free samples involves, on the other hand, the slower reaction between intermediates,
which postpones the formation of the final product. The nature of the additives themselves is
shown to have a certain degree of influence on the structural features of the resulting material:
incorporation of carbon helps decreasing the average particle size in the powder compared with
pristine LLZO, and the effect is even more visible when using nanometric sized carbons, such as
acetylene black DENKA, instead of larger graphitic MAG carbons. TEM imaging reveals the
distribution of the carbon agent around the ceramic particles, showing the exfoliation of layers for
graphitic carbons and the spread of finer particles for nanometric carbons. The reduced particle
size is shown to help improving the densification of the ceramic pellets after low-temperature
sintering, manifesting a more limited presence of pores and an increment in the apparent density.

The as-modified LLZO materials reported better electrochemical performance in cells than the
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pristine one, with higher values of conductivity and a more stable cell behaviour against metallic
lithium. In particular, the observations revealed a higher value of conductivity for the samples
using nanometric carbon as sintering additive compared with the graphitic carbon: a reduced
amount of DENKA carbon allowed to improve the conductivity of LLZO of about 40% with
respect to the pristine sample, while using graphitic MAG carbon required a much higher amount

of additive to observe similar effects on conductivity.
Chapter published in Chemical Engineering Journal, 2023, 457, 141349

Author contributions: Daniele Campanella participated in the design of the study, the
synthesis of the materials and the final assembly of the cells. He performed the XRD analysis,
SEM analysis of the powders and electrochemical testing. He also gathered, analyzed, and
interpreted the experimental data. He was responsible for the writing and the correction of the
manuscript and the bibliographic research. Giovanni Bertoni performed the TEM analysis and
helped with the interpretation of experimental results. Wen Zhu performed the in situ XRD testing
and helped in the interpretation of the experimental data. Michel Trudeau performed the thermal
analysis (TGA) and provided the experimental results. Daniel Clément helped performing the
cross-section SEM analysis of the samples and provided the experimental results of the tests.
Sylvio Savoie and Gabriel Girard aided in laboratory procedures for the synthesis of the materials
and the electrochemical testing. Abdelbast Guerfi, Ashok Vijh and Chandramohan George
provided contributions to the design of the study and participated to the critical revision of the
manuscript. Prof. Daniel Belanger supervised the research project and participated in designing
the study. He was also involved in writing, critically reviewing, and revising the manuscript. Dr.
Andrea Paolella supervised the study and was directly involved in the interpretation of the

experimental data. He participated to the drafting, revising and submission of the manuscript.

126



5.2. Article 3: Gram-scale Carbothermic Control of LLZO Garnet Solid
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5.2.1 Abstract

In recent years, solid electrolytes have become an enticing alternative to liquid electrolytes
in lithium batteries. However, the high synthesis temperatures and difficult optimization of solid-
state electrolytes are an important drawback in a high-scale application. In this work, we
demonstrate that the synthesis process of garnet-based LizLasZr.01> (LLZO) electrolyte can be
accelerated while reducing the formation temperature of cubic LLZO to about 720 °C from a
standard temperature of 780 °C by supplementing the process with a carbon additive. These
carbon-rich LLZO samples have a homogeneous particle distribution with a decreased average
size, which is influenced by the type of the carbon additive itself. The materials with high carbon
content show an improved densification after hot-pressing at a low temperature of 800 °C, which
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is reflected in their electrochemical performance, since LLZO sample with 10% of DENKA carbon
additive shows a total ionic conductivity of 5.95 x 10° S cm™, about 40% higher than the one of
carbon-free LLZO (3.53 x 10°S cm™).

5.2.2 Introduction

Current developments in the field of energy storage are fundamental to fully exploit the
advantages of renewable energy sources, such as wind and solar energy, and to meet the increasing
energy demand. Lithium-ion batteries are considered one of the most promising energy storage
systems, owing to their long cycle stability and high energy density, and enable a broad range of
applications in portable electronics and electric vehicles (M. Armand & Tarascon, 2008; Scrosati
etal., 2011; Terada, 2001) and beyond. Despite their obvious advantages, crucial issues related to
battery safety have to be tackled; in particular, organic electrolytes are a significant limitation to
future upscale applications due to the formation of flammable gases (S. J. Harris et al., 2009).
Furthermore, the use of high-energy metallic lithium anode is hampered by liquid electrolyte due
to the growth of dendrites which could lead to short-circuits with potentially disastrous
consequences (W. Li et al., 1994; Lisbona & Snee, 2011). Solid electrolytes may represent a
promising alternative and have garnered a renewed interest in the last decades (L. Fan et al., 2018).
Being the key component of all-solid-state batteries, solid electrolytes should meet a series of
requirements, including a) a high Li*-ion conductivity, b) a wide potential stability window (0-5
V), ¢) a Li* transference number close to 1 and d) a low formation and densification temperature
(Bintang et al., 2021; Campanella et al., 2021; C. Cao et al., 2014; F. Zheng et al., 2018). Recent
advances have led to the discovery of fully inorganic materials suitable for this application,
including perovskites (Inaguma et al., 1994), NASICONs (Anantharamulu et al., 2011), sulfide-
based electrolytes (Kato et al., 2016; Z. Ma et al., 2018) and Li-stuffed garnets (Abouali et al.,
2021; Thangadurai et al., 2014). LizLasZr>012 (LLZO) is the most important representative of this
last class of electrolytes (Sun et al., 2023), which was introduced in 2007 by Murugan et al.
(Murugan et al., 2007) as a potential candidate for practical applications, owing to its good
mechanical properties, increased interfacial stability and high ionic conductivity of 10* S cm™
(Deviannapoorani et al., 2013; W. Lu et al., 2021).
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Following investigations on the framework and crystal structure reported for LLZO, there
are two main crystal polymorphs (F. Chen et al., 2018; Geiger et al., 2011a): a tetragonal and a
cubic phase (Thompson et al., 2014). The latter was revealed to be the high-conductivity phase
and subsequent studies demonstrated that its room temperature stability can be suitably tuned with
partial elemental substitution (S. Cao et al., 2019b). Aliovalent doping with small amounts of Al,
Ga, Ta, Nb, etc. (Deviannapoorani et al., 2013; M. Huang et al., 2012; Meesala et al., 2019;
Salimkhani et al., 2021; Schwanz et al., 2020; Thompson et al., 2014) was proven to improve the
ionic conductivity of the electrolyte up to 10 S cm™ (Deviannapoorani et al., 2013) and to ensure
a higher phase stability of the cubic polymorph at room temperature (Gai et al., 2018). A critical
challenge regarding ceramic electrolytes involves the synthesis-and densification of the material
at low temperature in order to avoid possible side reactions with cathode materials (\Vardar et al.,
2018). In order to achieve a pure cubic phase with conventional methods, the sintering process is
generally carried out at very high temperatures, well above 1000 °C. Extreme conditions may have
a negative effect on the structure, with an increased loss of lithium and partial decomposition that
can produce impurities and hamper a proper densification (Paolella, Zhu, Bertoni, Savoie, et al.,
2020; Yan et al., 2019; S. Zhang et al., 2020). Recent strategies for promoting the densification of
ceramic materials include the control of reaction atmosphere (Z. Huang et al., 2017; Y. Li et al.,
2014), application of more performant sintering techniques, such as hot-pressing (David et al.,
2015; Raju et al., 2021), and the introduction of sintering agents, such as LisBOs (Janani et al.,
2014) or Al203 (Y. Wang et al., 2016). Another well explored method for particle size reduction of
nanocrystals involves the use of surface-capping agents (Losch et al., 2019), including metal oxide
and ionic salts (H. Zhang, Jin, et al., 2013), which act as surfactants and directly influence the
distribution of active crystal surfaces, leading to different crystal shapes and sizes. However, the
application of surfactants reduces the scalability of the whole process, hence there is the need for
more tailorable methods for size modification. For this, we propose the use of carbon-based
additives to tune both the synthesis rate and temperature, as carbon can stabilise the electrolyte
phases at high temperatures due to their excellent electrical and thermal conductivity and stability.
Therefore, carbon additives should not only mediate the high temperature sintering process but act
as dopant or phase stabilising agent to offer better synthesis flexibility in terms of phase and
particle size distribution, which is important step towards the optimisation of electrolyte

densification, thus enabling solid electrolyte technologies. Although carbon is commonly used as
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additives to process Li ion electrodes (e.g., slurry casting (X. Fan et al., 2021)), their beneficial

roles in ceramic synthesis have not been characterized to date.

In the present work, we investigated how the incorporation of carbon affects the synthesis
process and chemical properties of LizLasZr012 (LLZO) solid electrolyte. The material was
synthesized by a modified standard solid-state route using two types of carbons. These include a
low surface area graphitic carbon and a high surface area activated nanometric carbon black. In
situ and ex situ X-ray diffraction allowed to study the crystallization and phase formation while
the particle morphology was explored by scanning and transmission electron microscopy. Our
analysis focused, in particular, on the evolution of solid phases throughout the annealing process,
densification of the material and resulting particle size. Electrochemical analyses were eventually
performed, and the total ionic conductivity of the material was evaluated. (The results of this work
are protected by the patent No. US 2021/0147299 A1) (Paolella et al., 2021).

5.2.3 Experimental

Ga-doped LLZO samples with nominal composition Lis2sLasZr.Gao2s012 were
synthesized via a conventional solid-state reaction. Stoichiometric amounts of Li.CO3z (99.99%,
Sigma-Aldrich), La;0z (>99.9%, Sigma-Aldrich), ZrO, (99%, Sigma-Aldrich) and Gax03
(>299.99%, Sigma-Aldrich) were used as precursors. MAG graphitic carbon (Hitachi) and DENKA
acetylene carbon black were added in fixed amounts to the precursors mix (from 10 to 100 wt.%
of the mass of Li.COz3). A 10 wt.% excess of Li.COsz was added to the mixture to compensate for
the loss of lithium during synthesis. The precursors were mixed and finely ground for 8 h at 400
rpm using a Retsch PM-100 planetary ball mill with 16 mm zirconia balls. The powders were first
calcined at 1000 °C for 3 h in Ar atmosphere to ensure the formation of cubic LLZO and
subsequently reground and treated again at 1000 °C under air atmosphere to remove any trace of
carbon. The hot-press treatment was carried out on ~1 g of powder by applying a pressure of 56
MPa for 1 h at 800 °C under Ar atmosphere, with a temperature ramp of 20 °C per minute. The
annealing process was carried out in a 16 mm SisN4 die, and carbon films were applied on both

sides of the pellet.

In-situ high temperature X-ray diffractometer (Smartlab, Rigaku) was employed to monitor

the LLZO phase formation from the sample mixtures with and without carbon. The mixtures of
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LLZO precursors were heated to 900 °C at a rate of 5 °C/min and held at the temperature for 2
hours under nitrogen flow. The XRD data were collected at a step size of 0.04° and a scan rate of
13.7°/min with Co-K, radiation. Ex-situ X-ray diffraction was performed using a Rigaku
Miniflex600 diffractometer with Co-K,, radiation at room temperature in a 20 range of 10°-100° at
a step of 0.02°. Thermal analyses (TGA and DTA) were performed with the help of a Netzsch
STA 449 C thermobalance in the temperature range from 35 to 1000 °C at a temperature ramp of
10 °C/min. The surface morphology and microstructure of the powders were investigated by
scanning electron microscopy (SEM, Hitachi FIexSEM1000) at a 5 kV accelerating voltage.
Annular dark field scanning transmission electron microscopy (ADF-STEM) and bright field high
resolution transmission electron microscopy (HRTEM) (Thermo Fischer Scientific Talos 200S)
were used to examine the local microstructure of carbon doped LLZO under operating voltage of
200 kV. Cross-section surfaces were prepared by using an Ar lon Milling IM4000 Plus (Hitachi,
Japan) with an ion beam energy of 6 kV at a fast and 30° rotation for 4 h and subsequently analyzed
using a Lyra 3 (TESCAN) SEM. Impedance spectra were collected to measure ionic conductivity,
using a BioLogic VMP-300 potentiostat by applying an AC perturbation of 5 mV in a frequency
range from 7 MHz to 1 Hz, in a temperature interval between 25 °C and 80 °C. Stability towards
Li metal was explored in Li/Li symmetric cells assembled by placing thin Li foil on both sides of
the ceramic pellet. The cells were cycled at 25 °C and 80 °C, applying a current density of 100 pA
cm2 during both charge and discharge.

5.2.4 Results and Discussion

The evolution of LLZO phase with carbon addition was explored using in situ XRD to
better understand the reactivity of the precursors and their roles in the phase formation process
(Figure 5.1a). For the carbon-free sample, the decomposition of Li>COs into Li>O, possibly to
nano-size or amorphous form, is observed at temperature above 700 °C, according to the equation
Li.COs — Li,0 + CO,. On the other hand, the incorporation of carbon additive in the mixture is
shown to shift the starting decomposition temperature of Li>CO3z to a lower value, about 670 °C,
Figure 5.1c. Previous results reported in literature showed a consistent behavior, presenting a
lower decomposition temperature of carbonates in the presence of carbon with direct evolution of
CO and faster formation of oxide according to the reaction Li.CO3z + C — Li2O + 2 CO (J.-W.

Kim & Lee, 2001). XRD patterns do not reveal a presence of the oxide phase and detection of the
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first traces of LLZO started at temperature as low as 730 °C for the carbon-added sample.
Therefore, it is reasonable to assume the reaction followed the route of 3.5 Li>O + 2 ZrO> + 1.5
La,O3 — c-LizLasZr.O1.. The characteristic peaks displayed in Figure 5.1b (black pattern) show
that cubic LLZO becomes the major phase in the sample upon reaching about > 820 °C. In the
carbon-free sample, a noticeable amount of La>Zr,07 is first observed at 745°C, (Figure 5.1b, red
pattern) and the presence of LLZO starts at ~800°C in the final mixture. LLZO becomes one of
the major phases only above 820 °C. The formation of the cubic LLZO phase is mainly related to
the reaction between the mixed phases and other Li containing phases (possibly according to
LaxZr,07 + Li2ZrOs + LioO + La,O3 — c-Li7LasZr.012). For temperatures above 865 °C, the
patterns for both LLZO samples (with and without carbon addition) show the main presence of
cubic LLZO phase. This investigation reveals that the introduction of carbon in the mixture tends
to decrease the synthesis temperature of the material. The main differences between carbon-rich
and carbon-free LLZO formation are: (1) carbon incorporation decreases the onset temperature of
LLZO formation; (2) it eliminates the formation of intermediate phases, mainly La>Zr.O7, and
LLZO formed from simple oxides; (3) more unreacted La,O3 was observed in the carbon-added

LLZO than the carbon-free material.

To better understand the evolution of the materials during the synthesis, a thermal analysis
of the mixture of precursors was carried out and the results are reported in Figure 5.1c. The TGA
curves (black lines) were collected between 35 and 1000 °C and the curve for the carbon-free
powder shows an onset temperature of the mass loss of about 745 °C, whereas the curve related to
the sample prepared with carbon displays a notable decrease in the temperature to 687 °C, with an
average mass loss of about 20%, which is in agreement with the results of the in situ XRD analysis
and confirms the lower decomposition temperature of the carbonate. The continuous increment in
the DTA curve (red lines) for the carbon-doped sample, which begins at the onset temperature of
the mass loss, indicates that the carbothermic decomposition of the carbonate is a process having
a strongly endothermic behavior. The scheme reported in Figure 5.1d shows a representation of
the effects of carbon addition on the synthesis of LLZO as revealed by the in situ investigation.
The introduction of carbon additive in the mixture leads to a partial evolution of CO gas upon
heating and allows to generate Li»O at lower temperature which is below the formation temperature

of intermediate phase, such as La>Zr.0v; thus, the formation of this Li free phase is limited. The
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presence of liquid in the reactants promotes a direct reaction between those isolated reaction
precursors and Li2O allows for a formation of cubic LLZO at lower reaction temperature. In Figure
5.51 we reported the TGA curves of LioCOz with and without addition of DENKA carbon and a
similarity in the thermal behavior can be observed, with the sample incorporating carbon showing
amore rapid onset for mass loss than the pristine LioCOs and a steeper curve at higher temperatures

(above 800 °C), indicating the influence of carbon in the decomposition process.
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Figure 5.1. a) Evolution of XRD patterns during the heating process of LLZO precursors from
room temperature up to 900 °C; b) Highlighted XRD patterns in a narrower range of
temperatures (from 720 to 872 °C); c) Thermal curves (TGA and DTA) for the LLZO powder
precursors with and without carbon addition, in the temperature range from RT to 1000 °C; d)
Schematic representation of the effects of carbon addition on the LLZO formation process.
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To better expose the effects of the introduction of carbon even in presence of doping agent,
a more defined structural characterization was performed on Ga-doped LLZO samples. Figure
5.2a presents XRD patterns for a series of LLZO samples prepared with different carbon contents
and the tests were performed after a first annealing step in inert Ar atmosphere and after a
subsequent step under air flow. For pristine LLZO a single pattern is reported, after the sintering
step in Ar atmosphere. After the preliminary treatment at 2000 °C in Ar for 3 h, the presence of a
major cubic-LLZO phase can already be observed for the samples with a lower carbon content
(MAG10 and DENKAL10, both with 10 wt.% carbon with respect to Li.COs3). Interestingly, the
diffraction patterns for the MAG50 and MAG100 samples, with a higher carbon-to-lithium ratio,
after the first treatment in the same working conditions, display additional diffraction peaks which
refer to unreacted precursors such as La>Osz and ZrO,. The presence of carbon can explain this
phenomenon: the excess of carbon in the starting mixture can envelop the particles of precursors
in the mixture, with a possible detrimental effect on their interaction during the annealing, leading
to an incomplete formation of the final phase. This can also be visibly observed by a direct
comparison of the resulting powders after the calcination. Photos of the powders resulting after
the first thermal treatment in Ar are reported in Figure 5.S2 and from the images it is clearly
visible that the samples with low carbon content have an aspect similar to the pristine carbon-free
powder in terms of color and grain, whereas the MAG50 and MAG100 samples, with high carbon
content, after the first treatment still display a very dark grey color due to carbon still present in

the mix.

After the first calcination step under Ar flow, all the samples were re-treated at 1000 °C in
air atmosphere to remove the unreacted carbon. The XRD patterns after the second thermal
treatment under air display the typical peak pattern of a pure cubic LLZO phase for all the different
samples, with the disappearance of the extra peaks in the high-carbon content samples (e.g.,
La>Oz3). Figure 5.2b shows the average values of the crystallite size for the different materials (see
the red curve). The graph shows the highest value of the crystallite dimensions for the sample
without carbon addition (533 A), whilst even a reduced incorporation of carbon leads to the
decrease of the crystallite size, as observed for the MAG10 sample (467 A) showing a decrement
in size of about 13%. The lowest values are reached for the MAG50 (404 A) and MAG100 (427
A) samples with the highest carbon content, with a decrement in size of 20% with respect to the

pristine material. The cell parameter for the different compounds is also reported in the graph (blue
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curve) and it can be observed that the resulting values lie around 12.98 A with negligible variation.
The values of the cell parameter are consistent with the ones already reported in literature (Xiang
et al., 2019), indicating that the incorporated carbon does not affect the crystal structure of LLZO
but remains confined at the grain boundaries, hindering the grain growth during the synthesis.
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Figure 5.2. a) Comparison between the diffraction patterns of different Ga-doped LLZO
samples prepared with increasing carbon content, after a first annealing step in Ar atmosphere
and a second thermal treatment in air; b) Reported values of the average crystallite size and cell
parameter for the different LLZO samples after the thermal treatment in air.

To evaluate the consequences of carbon addition on the morphology of the materials we
performed SEM observations on the powders of the different materials. The resulting images are
reported in Figure 5.3. The SEM images reveal for all the compounds the typical potato
morphology of garnet LLZO with well-distinguishable micrometric particles of heterogeneous
size. At the same time, however, the images display an evident reduction in the average particle
size for the samples with increased content of carbon. The MAG50 (Figure 5.3c) and MAG100
(Figure 5.3d) samples manifest the presence of very small particles on the surface, in the
dimension range of 1-2 pm and with a smooth and rounded shape. The introduction of high
amounts of carbon in LLZO is therefore shown to have remarkable impact on the dimension of the
final particles. A similar situation can be observed for the DENKA10 sample (Figure 5.3e)
prepared with nanometric-sized carbon, for which the presence of particles with reduced average

size can be observed, along with larger grains with an irregular elongated shape. A statistical
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analysis has been performed on the SEM images to estimate the average particle size and the rough
values obtained are reported in Table 5.S1. The results indicate a clear decreasing trend in the
particle average dimension going from 7.87 pum for pristine LLZO to about 3.4 um for MAGS50
and MAG100, confirming the effects of the carbon additives on particle formation. The diminution
of the standard deviation values also points out a more homogeneous particle size for carbon-rich
materials. The value reported for DENKA 10 sample is also interesting, 3.98 um, definitely smaller
than the value for MAG10 (5.88 um) despite the incorporation of carbon in the same mass ratio.
This indicates that the nature of the carbon additive itself influences the formation of LLZO
particles in different ways and the utilization of smaller-sized nanometric carbon may lead to more
equable distribution of the carbon particles in the grain boundaries, hindering the grain growth.
Furthermore, the more intimate mixing of the precursors with the additive allows carbon
combustion to occur more homogeneously in the bulk of the material. Consequently, the uniform
temperature increment in the powder results in the formation of ceramic particles with smaller

dimensions.
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Figure 5.3. SEM images of Ga-doped LLZO powder samples after final treatment in air
atmosphere: a) Pristine; b) MAG10; c) MAG50; d) MAG100 and €) DENKA10; f) Schematic
representation of the influence of different carbon on the particle size of LLZO.
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Figure 5.4. Comparison of MAG100 (a, b) and DENKA10 (c, d) LLZO samples from
transmission electron microscopy. a) ADF STEM image from MAG100. LLZO appears white
due to La and Zr heavy atoms, while carbon looks darker due to its low atomic number. Large
flakes of graphite are indeed present between the LLZO crystals. (The darker film with holes
is the amorphous carbon film support of the TEM grid). b) HRTEM image from MAG100. In
inset, FFT-derived diffractogram of the LLZO crystal, showing the orientation in the [7,6,4]
direction and the corresponding families of planes (indicated with dashed lines in the HRTEM
image). ¢) ADF STEM image from DENKAZ10 sample showing LLZO and carbon. d) HRTEM
image from DENKA10
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A more precise investigation on the effects of using different carbon was performed via
transmission electron microscopy (TEM) of the powders. Figure 5.4 shows TEM images of
MAG100 and DENKA10 samples. It can be observed that, for the MAG100 sample, large flakes
of graphitic carbon are present in between the small LLZO particles, and the formation of a
graphite layer indicates a partial exfoliation reaction of the graphite flakes during the milling
process (Figure 5.4a). The HRTEM image and diffractogram in Figure 5.4b demonstrate the
presence of a pure LLZO phase at the interphase with graphite flakes, without any intermediate
phase. In the image, a <10 nm graphitic carbon layer (with the characteristic (002) planes of
graphite at 0.34 nm) is clearly visible at the edge of the LLZO crystals, as indicated by the white
arrows. For the DENKAZ10 sample, Figure 5.4c shows the presence of a ~50 nm layer rich of
carbon nanoparticles (a-C) on the surface of the LLZO crystals as shown by a closer inspection
with HRTEM (Figure 5.4d).

To evaluate the total conductivity of the different LLZO materials, ceramic pellets were
prepared by hot-pressing the annealed powders at 800 °C under a pressure of 56 MPa. The resulting
pellets were subsequently inserted in coin cells between stainless steel blocking electrodes (Figure
5.5a). The EIS analyses were performed in a temperature range from 20 to 80 °C. The
corresponding Nyquist plots display the presence of two partially convoluted semicircles, the first
one of which is collected at high frequencies and the second one appears at lower frequencies. A
similar behavior for hot-pressed LLZO has been reported by Tenhaeff et al. (Tenhaeff et al., 2014),
but the exact nature of the phenomenon associated with the low-frequency semicircle was not
explained. The equivalent circuit employed to describe the separate contributions is represented in
Figure 5.5b. The circuit comprises resistors (R) and constant-phase elements (CPE), the latter of
which were used instead of pure capacitors due to non-ideal behavior of capacitive contributions.
More specifically, Ryrepresents the external circuit resistance, not associated with the material; the
parallel Ry, and CPEg, elements are related to the grain-boundaries ion transport. Ry, and
CPE,,,, give rise to the unidentified low-frequency semicircle and CPE; indicates the double-
layer capacitance of the blocking electrodes. The Nyquist plots collected at 25, 50 and 80 °C,
respectively, are reported in Figure 5.5c-e. Fitting of the EIS data with the equivalent circuit of
Figure 5b allowed to derive the total ionic conductivity of the pellets of different LLZO samples.

Figure 5.5f reports the Arrhenius plot with the resulting values of conductivity and it can be
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observed that the materials prepared with higher amounts of carbon are in general more conductive
than the pristine material. Linear fitting of the Arrhenius plot expressed in the form In(c) = In(A)
— Eo/RT was used to determine the values of activation energy, which lie in the range of 0.41-0.43
eV. These results agree with typical values for LLZO previously reported in literature (El Shinawi
& Janek, 2013b; C. Li et al., 2017; Tenhaeff et al., 2014). The ionic conductivity shows an
increasing trend starting from pristine carbon-free LLZO, moving to samples with increasing
carbon content (Table 5.1). In particular, MAG100 exhibits a room temperature ionic conductivity
of 5.02 x 10°S cm?, with an increment of about 30% with respect to pristine LLZO (3.53 x 107
S cm™). Furthermore, the material reporting the highest values of conductivity is DENKA 10,
which exhibits a room temperature ionic conductivity of 5.95 x 10° S cm™, a value about 40%
higher than LLZO made by a carbon-free route. This difference in conductivity increases to about
65% at high temperature (7.40 x 104 S cm™ for DENKA10 versus 4.47 x 10 S cm for pristine
LLZO at 80 °C). This phenomenon can be explained by the variation in the particle size produced
by the carbon incorporation in the sintering process. As previously stated in Figure 5.3, the carbon
additive is shown to have an impact on the grain dimension and the smaller size of the particles
has a positive effect on the compactness of the final pressed pellet. The effect of particle size on
densification can be observed in the cross-section SEM images reported in Figure 5.S3, in which
a general reduction of the grain dimension along with a visible decrement in the extension of void
spaces and pores is achieved. The images therefore give additional indication that the incorporation
of carbon helps improve the densification process of the ceramic pellets. To have a better view of
the possible application of carbon-LLZO as a solid electrolyte in batteries tested LLZO-DENKA10
in a Li/Li symmetric cell to observe its behavior towards metallic Li. The results are reported in
Figure 5.54. The Li//LLZO//Li symmetric cell cycled at 25 °C shows a ragged cycling profile
with a high polarization in the first hours. After 60 hours of cycling, the polarization peters down
to 0.1 V, whereas the cycling profile remains uneven. This mainly depends on the very resistive
interface between LLZO and Li metal, and the effect is further amplified by the possibly poor
contact between the pellet and the Li foil during the assembly of the cell. To overcome this issue,
another cell was assembled using a polymeric interface (PEO:LiTFSI) between the electrode and
the electrolyte. This cell, cycled at 80 °C, exhibits a significantly more regular cycling profile and
a low polarization of 0.05 V from the beginning, which remains constant for over 60 h. A

comparison was attempted with commercial Al-doped LLZO, but the densification in the same
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working conditions (800 °C/1 h) resulted in an extremely brittle pellet, which crumbled into pieces

just after the process, as shown in Figure 5.S5.
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Figure 5.5. a) Schematic representation of the cell setup employed for EIS tests of the
materials; b) Representation of the equivalent circuit used for data fitting; c-e) Nyquist plots of
the impedance for different LLZO samples measured at c¢) 25 °C, d) 50 °C and e) 80°C,
respectively; f) Arrhenius plot for total ionic conductivity of the different LLZO samples in the
temperature range from 20 to 80 °C.
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Table 5.1. Values of conductivity at different temperatures of the different LLZO samples

Sample o (25°C)/Scm? o (50 °C)/Scm? o (80°C)/Scm?
Pristine 3.563 x 10° 1.11 x 10 4.47 x 104
MAG10 3.61 x10° 1.23 x 10 5.40 x 10
MAG50 4.27 x 10 1.23 x 10 5.68 x 104
MAG100 5.02 x 10 1.60 x 10 6.30 x 10
DENKA10 5.95 x 10 1.96 x 10 7.40 x 104

5.2.5 Conclusions

In our work we reported the effects of carbon incorporation in the synthesis and calcination
of LLZO solid electrolyte prepared via conventional solid-state route. The addition of carbon in
the precursor mix is shown to have an impact on the nature of the reaction mechanism and the
decomposition temperature of lithium carbonate, allowing the formation of cubic-phase LLZO at
temperatures as low as 720 °C. Moreover, the presence of the carbon additive has a remarkable
effect that reduces the crystallite size, where the use of smaller-sized nanometric carbons such as
DENKA has even more prominent effect on the average particle dimensions compared to the
pristine carbon-free material, resulting in smaller particles with a lower carbon ratio in the
precursor mix. The insertion of carbon has also shown to ameliorate the ceramic densification in
hot-press even at lower temperatures, leading to a higher density. Electrochemical impedance
spectroscopy measurements confirmed the results, showing an increment in total ionic
conductivity for carbon-rich LLZO of more than 30 % compared with pristine LLZO, with the
best value of 5.95 x 10° S cm™ reported for DENKAZ10. The present work shows a new and
original method to improve the physical and electrochemical properties of garnet based solid
electrolytes.
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Table 5.S1. Average value of particle size from statistical analysis of SEM images

Sample Average size / um
Pristine 7.87 (= 3.69)
MAG10 5.88 (+ 2.46)
MAGS50 3.40 (£ 1.52)
MAG100 3.47 (£ 1.49)
DENKA10 3.98 (+ 1.78)

Figure 5. S2. Photographs of LLZO powders after first thermal treatment in Ar atmosphere for

3 hat 1000 °C. a) pristine; b) MAG10; ¢) MAG50; d) MAG100 and €) DENKAL10.
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Figure 5.S3. Cross-section SEM images of Ga-LLZO pellets hot-pressed at 800 °C. a) pristine;
b) MAG50; ¢) MAG100 and d) DENKA10.

145



1,0
— LUCGILLZON
—— LI/PEO-LITFSI-C:LLZO/Li

A1

> )
~
o
£ 0,0 UL
()
-t
O ]
a W \ \
os{ ' |{[I[\]
-1,0 m T T T T T
0 10 20 30 40 50 60

Time/h

Figure 5.54. Compared cycling profiles for Li/Li symmetrical cells containing LLZO
(C:LLZO: LLZO-DENKA10)
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CHAPTER VI

HEXAVALENT IONS INSERTION IN GARNET LizsLasZr,012
TOWARD A LOW TEMPERATURE DENSIFICATION
REACTION

6.1. Introduction

Chapter V is still centered on garnet LLZO, but in this study the role of sintering aid is hold
by tellurium ions. Insertion of tellurium as a doping agent in LLZO has already been explored in
the past, and the modified garnet reported remarkably high values of conductivity (over 1072 S
cm™1). The cubic structure is positively influenced by the action of aliovalent doping, which leads
to local distortions in the lattice and modifies the distribution of Li vacancies, improving ion
conduction. Previous studies on tellurium doping, however, focused mainly on the electrochemical
features and conductivity of the material, therefore in this investigation the action of the dopant in
the densification process is the main topic. The goal of the study is to better comprehend how the
introduction of dopants can act on the solid electrolytes on a more macroscopic scale, directly
influencing the synthesis and reactivity of the material. The structural analysis unveils the
differences in the formation mechanism between Te-free and Te-doped samples, revealing a faster
formation of the cubic phase at lower temperatures for the sample using tellurium, with a direct
mechanism and no presence of intermediates. A good balance in the insertion of dopants needs to
be achieved, and diverse compositions with increasing Te content were subsequently investigated.
In the same synthesis conditions at 750 °C, using even minimal quantities of Te in the mix
generates a prevalent cubic phase, while the preparation without doping leads to an impure
tetragonal phase. The beneficial consequences of elemental doping are confirmed by molecular
calculations, which indicate an entropy stabilization for the doped phase leading to a lower
synthesis temperature compared to the undoped product. A reduction in the average particle size
is visible for increased tellurium content in the ceramic, and the results of Chapter IV pointed out
a benefit in densification for a smaller-sized ceramic precursor; this can indicate an advantageous
outcome for the sintering of Te-doped LLZO. Application of the hot-pressing method allowed a

low temperature sintering of the electrolyte, achieving notable values of conductivity for
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densification temperature between 600 and 700 °C. Most importantly, a direct comparison with
commercial Al-doped and Ta-doped LLZO samples undergoing the same temperature treatment
manifests a significant difference in conductivity, showing much higher values for the Te-doped
samples, with an increase of more than one order of magnitude. The augmented sintering
temperature reflects in an increased segregation of Te-rich phases in the pellets, which can have

an impact in the final densification and the electrochemical performances as well.
Chapter published in ChemSusChem, 2023, e202300399, 1-10
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6.2.1 Abstract

Nowadays, solid electrolytes are considered the main alternative to conventional flammable
liquid electrolytes in lithium batteries. The fabrication of these materials is however limited by the
strict synthesis conditions, requiring high temperature which can negatively impact the final
performances. In this work, we report a modification of garnet based LisLasZr.01. (LLZO) and
show that the incorporation of tellurium can accelerate the synthesis process by lowering the
formation temperature of cubic LLZO at temperature below 700°C. Optimized synthesis at 750 °C
showed a decrease in particle size and cell parameter for samples with higher amounts of Te.
The LLZO Te0.25 material shows an ionic conductivity of 5.15 x 10° S cm™ after hot-pressing at
700 °C that is orders of magnitude higher than commercial compositions with Ta or Al undergoing
the same densification conditions, and the highest value at this densification temperature. Partial
segregation of Te-rich phases occurs for high temperature densification. Our study shows the
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advantages of Te insertion during the sintering process of LLZO garnet and demonstrates the

achievement of highly ionically conductive LLZO with a low temperature treatment.

Keywords: Garnet solid electrolytes, ionic conductivity, hot-pressing, sintering process,
LLZO

6.2.2 Introduction

The topic of energy storage has a critical importance in modern society. The rapid diffusion
of portable electronic devices and the development of electric vehicles are leading to an increasing
energy demand. Modern technologies moving past the traditional lithium-ion battery concept
(Scrosati et al., 2011), such as Li-air or Li-S batteries, are steadily gaining attention due to their
remarkable properties in terms of energy and power density (M. Armand & Tarascon, 2008; Varzi
et al., 2020). Still, Li-metal batteries can be plagued by the problem of lithium dendrites (X. B.
Cheng et al., 2017), which can lead to short circuiting of the battery and cause severe safety risks
in the presence of flammable liquid electrolytes. In Li-air and Li-S systems, the phenomenon of
electrolyte decomposition is a significant issue that seriously hinders the global performances and
efficiencies of the system (G. Liu et al., 2021; Marangon et al., 2020). Because of these safety
hitches, strong efforts have been made for the development of all-solid-state Li-ion batteries
(ASSLIBs) (Fergus, 2010; Manthiram et al., 2017), replacing conventional graphite-based anode
and flammable electrolyte with Li-metal anode and solid-state electrolyte (Manthiram et al., 2017).
Among the families of materials investigated for this purpose we can find polymers (PEO-LIiTFSI)
(Q. Zhao et al., 2019), ceramics (e.g., garnets (C. Wang et al., 2020), perovskites (Inaguma et al.,
1994), NaSICON (Anantharamulu et al., 2011; Jian et al., 2017), sulfides (Seymour et al., 2023)
and halides (Campanella et al., 2021; Molaiyan et al., 2023)) and hybrids (ceramic-polymer
composites) (J. Li et al., 2020; Wan et al., 2019). A good solid electrolyte should meet several
requirements: a wide stability window against Li metal and high-voltage cathodes (Cavers et al.,
2022; F. Han et al., 2016), a high room temperature ionic conductivity (>10° S cm™) with low
electronic conductivity (Gorai et al., 2021), a good chemical and thermal stability and good
mechanical properties (Bedrov et al., 2017). Garnet-based solid-state electrolytes are one of the
most promising solutions (Abouali et al., 2021; Thangadurai et al., 2014; X. Wang et al., 2020),

due to their aptness in accommodating excess Li (Golozar et al., 2020), their remarkably high ionic
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conductivities (Murugan et al., 2007; Thangadurai et al., 2003b; Thangadurai & Weppner, 2005a,
2005b), reaching 10 S cm™, and stability towards metallic Li, air and moisture (Thangadurai et
al., 2003b; Thangadurai & Weppner, 2005a, 2005b). Moreover, their wide voltage stability
window (up to 6 V) renders them compatible towards high-voltage cathodes (Thangadurai &
Weppner, 2005b, 2005c).

LizLasZr2012 (LLZO) has attracted a strong interest because of its high Li* ions content and
occupancy of octahedral sites, which could increment Li-ion transport in the structure (Murugan
et al., 2007). LLZO presents two different crystal polymorphs: a tetragonal phase (Space group:
I41/acd) and cubic phase (Space group: la3d). The two phases have the same stoichiometry and
framework structure but a different distribution of Li* ions, which has a strong impact on the ionic
diffusion mechanism and electrochemical performance (Bernstein et al., 2012). The material
undergoes a tetragonal-to-cubic phase transition at high temperature (F. Chen et al., 2018) due to
lithium loss (Paolella, Zhu, Bertoni, Savoie, et al., 2020), and the former exhibits an ionic
conductivity (~107® S cm™) (Awaka et al., 2009) about two orders of magnitude lower than the
latter (~10* S cm™) (Buschmann et al., 2011). Undoped LLZO tends to crystallize in the
tetragonal phase at room temperature (Awaka et al., 2009), which has been found to be the most
thermodynamically stable and is generally obtained via solid-state reactions at T ~ 1000 °C,
whereas for the production of the cubic form with standard ceramic process higher temperature
(above 1200 °C) are required. lonic substitution has been proven to help decreasing the sintering
temperature below 1100 °C and stabilize the cubic phase at room temperature (S. Cao et al.,
2019a). The cubic phase is typically obtained with the introduction of doping elements together
with the usual LLZO precursors. Partial replacement of Li with supervalent cations like Al (Geiger
et al., 2011a), Ga (Wolfenstine et al., 2012) ,and Y (Deviannapoorani et al., 2016b) has been
observed to increment the concentration of Li* vacancies in the structure (J. F. Wu et al., 2017),
hence allowing to obtain a highly conductive cubic LLZO. Substitution of Zr(IV) with pentavalent
cations, such as Ta (Logéat et al., 2012), Nb (Ishiguro et al., 2013) or Bi (Campanella,
Krachkovskiy, et al., 2023; Schwanz et al., 2020), is another possible solution for stabilizing the
cubic structure and improve Li* ions transport. Li et al. (Y. Li et al., 2015) showed that a partial
doping with W (V1) on the Zr site has a positive effect on the densification of the material, resulting
in high density and improved conductivity. Incorporating high-entropy cations within the

structural scaffold can positively influence the distribution of site energies and, consequently, the
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percolating transport of charge carriers, hence leading to a global improvement of the conductive
properties (Y. Zeng et al., 2022). lons such as Hf, Te, and rare earth elements may enhance the
ionic conductivity of solid electrolytes of several orders of magnitude compared with the undoped
materials (S.-K. Jung et al., 2022; Y. Zeng et al., 2022). Te-doped LLZO was successfully prepared
via solid state reaction (Deviannapoorani et al., 2013) and presented a bulk conductivity of about
1.02 mS cm™ at room temperature after high temperature sintering, whilst the simultaneous
introduction of Te and Al stabilized the cubic phase and lowered the activation energy, at the

expense of a lower ionic conductivity (4 x 10 S cm™) (D. Wang et al., 2014).

Hot-pressing has been often employed as a technique to improve the annealing process of
ceramic materials and involves the concurrent application of uniaxial pressure and heat (David et
al., 2015; Virkar et al., 1979). This allows a lower-temperature densification and shorter processing
times and eventually leads to benefits such as a reduced loss of lithium, with positive effects on
the ionic conductivity The purpose of this work is to investigate the effects of hot-pressing on Te-
doped LLZO on its structural and electrochemical properties. Here, we report a series of Liv.
xlLasZroxTexO1w (x = 0.1, 0.25, 0.375, 0.5) compositions. The materials were prepared following
a conventional solid-state synthesis. The evolution of crystal phases and the reaction mechanism
were studied combining in situ and ex situ X-ray diffraction while scanning electron microscopy
(SEM) was used to explore particle morphology and elemental distribution. Electrochemical
investigations were eventually performed, allowing to evaluate the final ionic conductivity of the

materials.
6.2.3 Experimental

A series of Te-doped lithium garnets with compositions Liz.oxLazZr2.«TexO12 (x = 0.1, 0.25,
0.375, 0.5) were synthesized via conventional solid-state reaction. The samples are reported in the
text as Te0.1, Te0.25, Te0.375 and Te0.5, respectively. The precursors LiOH (Sigma Aldrich,
anhydrous powder, purity 99.9% trace metals basis) , La>Os (Sigma Aldrich, powder, purity
99.99% trace metals basis), ZrO (Sigma Aldrich, powder, 5 um, purity 99% trace metals basis)
and TeO (Sigma Aldrich, powder, purity >99%) were mixed in stoichiometric amounts and
ground using a Retsch PM-100 planetary ball mill in a 250 ml zirconia coated jar with 16 mm

zirconia balls. A 10 wt.% excess of LioCO3z was added to the mixture to make up for the loss of
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lithium during the synthesis process. The materials were ground for 6 h at 400 rpm and calcined
at 750 °C for 6 h. The resulting powder was subsequently hot-pressed under flowing Ar
atmosphere. To avoid pellet gluing, the annealing took place in a 16 mm SisN4 die with WC
pistons, and carbon paper films were applied on both sides of the powder, to ensure a conductive
coating for the pellet. The hot-press treatment was carried out at temperatures 600, 650 and 700
°C for 1 h under a pressure of 2 tons, with a temperature increment of 20°C per minute during the
heating step. The LLZO phase formation was investigated via in situ X-ray diffraction with a
Bruker D8 advance diffractometer equipped with an Anton Paar DHS 1100 domed hot stage, and
it was performed on mixtures of LLZO precursors, both undoped and doped with Te (x = 0.25).
The samples were heated to 855 °C at a rate of 30 °C/min and held at the temperature for 3 hours
under air flow. The XRD spectra were collected every 6 min. The calcined powders were
characterized by X-ray diffraction in a Rigaku Miniflex600 diffractometer at RT in a 20 range
from 10° to 100° with a step of 0,02° to determine the final phase of the materials. The surface
morphology of the sintered powders was investigated by scanning electron microscopy (SEM)
using a Hitachi FlexSEM1000 electronic microscope. SEM cross-section surfaces were set up with
the help of an Ar lon Milling IM4000 Plus (Hitachi, Japan) with an ion beam energy of 6 kV at a
30° rotation for 4 h and subsequently analyzed using a Lyra 3 (TESCAN) SEM equipped with an
Oxford Instruments Energy-Dispersive Spectroscopy (EDS) detector. Electrochemical impedance
spectroscopy (EIS) measurements were performed to evaluate the ionic conductivity, using a
BioLogic VMP-300 potentiostat with frequency ranging from 1 Hz to 7 x 108 Hz, in a temperature

interval between 25 and 80 °C for all samples.

6.2.4 Results and Discussion

6.2.4.1. Formation of LLZO followed by X-ray Diffraction

The evolution of LLZO phase following the incorporation of tellurium using in situ XRD
is investigated to comprehend the reactivity of the precursors as shown in Figure 6.1a. The
tellurium-free sample (black patterns) shows the evolution of synthesis intermediates LaxZr>07

and Li>2ZrOs in the temperature interval between 555 and 755 °C, following the reactions (1)

La;,03 + 2 ZrO2 — LaxZr207 and Li2O + ZrO2 — Li2ZrO3 Q)

153



The formation of the LLZO phase is first observed above 755 °C but the relative intensity
of the peaks remains low until reaching higher temperature (>850°C). The formation mechanism
is related to the reaction between the intermediates previously formed (possibly following the
equation (2)

LaxZr,0O7 + Li2ZrOz + Li2O + La,O3 — LizLazZr,012 [cubic] 2

The XRD patterns display the peak of an unidentified phase around 22° during the heating
steps which suddenly disappears upon reaching the hold temperature of 855 °C. On the other hand,
the mixture of precursors containing Te (red patterns) exhibits a different behavior, manifesting
the absence of the mixed phases during the heating segment. The evolution of the cubic LLZO
phase follows directly from the synthesis precursors in the starting mix and its presence is firstly
observed between 555 and 755 °C. Cubic LLZO becomes a major phase in the mix above 755 °C
and the peaks related to the remaining unreacted phases of La>Os steadily fade out during the high
temperature hold, leaving an almost pure LLZO phase. The reaction supposedly undergoes a direct

mechanism according to the equation (3)
1.5 La,03 + 2 ZrO; + 3.5 Li2O — c-Li7LasZr012 3)

During the 3 hours hold time at 855 °C, the diffraction patterns for both samples show a
main presence of the LLZO phase. The highlighted patterns in Figure 6.1b, show more visibly the
relative intensity of the LLZO peaks in the heating step, confirming the more rapid evolution of
the cubic product in the sample with Te incorporation. This result confirms the influence of

tellurium in lowering the temperature formation of LLZO.
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Figure 6.1. a) Compared evolution of in situ XRD patterns for precursors mix with and without
Te addition during the heating process of LLZO precursors in a range of temperature from 25
to 855 °C and during the hold step; b) highlighted XRD patterns during the heating step (555—
755 and 755-855°C) compared with the reference patterns for LLZO and synthesis
intermediates.
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6.2.4.2. Effect of Tellurium Content

To observe in more detail the direct effects of Te incorporation, powders with different
tellurium amounts were prepared by increasing Te content Liz.oxLasZroxTexO12 (X = 0.1, 0.25,
0.375, 0.5). The different compositions were synthesized with a single annealing step at 750 °C
for 6 h, following a process already reported in literature (Deviannapoorani et al., 2013). An
undoped sample was prepared following the same procedure as reference. The compared X-ray
diffraction patterns for the resulting powders are reported in Figure 6.2a. The pattern for the
undoped sample displays a singular behavior, showing the characteristic peaks of a tetragonal
LLZO phase, such as the bicuspid peak at 20 = 19.5°. This may indicate that the absence of
tellurium in the precursor mix hampers the formation of the cubic phase for a low temperature
synthesis process. This aspect is further confirmed by the XRD patterns for the different Te-doped
compositions, all of which manifest the characteristic peaks of a cubic phase, without showing the
typical peak splitting of the tetragonal phase (20 = 19.5° and 30°). Such a display points out the
proper crystallization of the expected cubic phase even for relatively low incorporation of tellurium
in the structure. The samples with higher Te content (x = 0.25 and higher) revealed some
identifying peaks corresponding to a secondary phase of lithium tellurate (LisTeOg, R3, ICDD 04-
015-4293). In particular, the XRD patterns for x = 0.375 and x = 0.5 manifest intense peaks at 26
=21.1°,33.8° and 50.9°. This could indicate a partial phase segregation in presence of exceedingly
high tellurium content in the material, which can depend on the nature of the synthesis process
itself as observed by the absence of corresponding peaks in the in situ patterns. Moreover, the
XRD pattern for x = 0.5 shows an additional minor peak at 20 = 34.9° indicating the presence of
La2Os impurities. The graph reports the values of the average crystallite size, and we can observe
a general trend showing a decrease in size with the increment of Te content, with the significant
exception of Te0.375 which shows the highest value of 418 A. Scanning electron micrographs of
the Te-doped powders (Figures 5.2b-e) revealed the typical rounded shape of LLZO particles and
the images seem to display a slight but visible diminution in the surface particle size for the
specimens with higher Te presence. A similar behavior has recently been observed by our group
with the incorporation of graphite in LLZO (Campanella, Bertoni, et al., 2023).
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Figure 6.2. a) XRD patterns for powders of with different Te content, annealed at 750 °C for 6
h, compared with the PDF cards. The image reports the value of the average crystallite size for
the Te-doped samples; b-e) SEM images for the synthesized powders with different carbon
content: b) Te 0.1, ¢) Te 0.25, d) Te 0.375 and e) Te 0.5.
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The calculated lattice parameters of all Li7-2xLasZr.xTexO12 compositions are found in the
table reported in Table 6.1. The continuous decrease in the value of cell parameters, going from
12.9921 A for x = 0.1 to 12.9585 A for x = 0.5, is in accordance with previous literature results
(Deviannapoorani et al., 2013; El-Shinawi et al., 2017). A possible reason for this phenomenon
may be found in the diminution in Li content along with the concurrent substitution of large Zr**
cations (r = 0.72 A) with much smaller Te®* ions (r = 0.56 A). The results of the XRD analysis
therefore confirm the successful formation of a cubic LLZO after a low temperature sintering for
all stoichiometries due to the partial introduction of Te in the garnet structure. The XRD reports
the average crystallite size, and we can observe a general trend showing a decrease in size with the
increment of Te content, with the significant exception of Te0.375 which shows the highest value
of 418 A,

Table 6.1. Calculated lattice parameters for the
Te-doped LLZO samples

XTe a(d)
0.1 12.9921
0.25 12.9822
0.375 12.9672
0.5 12.9585

6.2.4.3. Modelling

To better understand the influence of tellurium on cubic structure stability of LLZO,
modelling experiments were performed. These allowed to heuristically infer the impact from
doping on the change of configurational entropy, and henceforth on the phase transition. For the
pristine LLZO, there are 24 d-sites, 48 g-sites and 96 h-sites for 56 Li ions in a unit cell (F. Chen
et al., 2018). Nevertheless, it is almost impossible for more than one Li* ions to simultaneously
occupy two or all of the three adjacent h- and g-sites due to the strong Coulomb repulsion. Hence,

the number of possible configurations is given by (4):
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= 324 (3")(28,)3%1 ~ 1.5696 x 10%* (4)

-Qpristine
which gives an entropy of (5)
Spristine = kBlog-Qpristine ~ 6.79 meV/K (5)

When LLZO is doped with higher valence elements, the number of Li ions in a unit cell is
reduced. In our case (Figure 6.3) with 48 Li ions in a unit cell, the number of possible
configurations, and consequently the configurational entropy, increase, as stated by (6).

Quoped = Limo (1) (422 )38 ~ 1.3644 x 10%5 (6)

and (7)
Sdoped = kglogQgoped = 6.97 meV/K (7)

In the tetragonal phase, however, the Li* ions do not have partial occupancy in the pristine
LLZO. Although doping could create some Li* vacancies, the hopping energy barrier of 0.4 eV in
tetragonal phase effectively makes the hopping of Li* ions a rare event, therefore tetragonal phases
are safely considered to have zero configurational entropy. Generally, a phase with higher entropy
is preferred at higher temperatures while a phase with lower entropy appears at lower temperature.
Although doped LLZO does not always have tetragonal phases, it is still interesting to observe
that, since the difference in (configurational) entropy between doped cubic phase and doped
tetragonal phase is larger than that between the two pristine phases, the phase transition
temperature of cubic to tetragonal is expected to be lower than that of the pristine LLZO, aside
from other factors. In this regard, doping LLZO is beneficial to keeping it in its highly conducting

cubic phase.
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Figure 6.3. Distribution of Li ion sites in the cubic LLZO unit cell

6.2.4.4. lonic Conductivity Measurements

To electrochemically evaluate the effect of Te incorporation on the total ionic conductivity
of the garnet, the different samples were hot-pressed at different temperatures (600, 650 and 700
°C). Electrochemical impedance spectroscopy tests were subsequently performed on coin cells and
the resulting pellets were sandwiched between stainless steel electrodes. The analyses took place
in the temperature range from 20 to 80 °C and Figure 6.4a reports the resulting Nyquist plots
collected at 20 °C for the pellets hot-pressed at 650 °C. The spectra show an important difference
in the values of resistance for the materials, represented by the amplitude of the depressed
semicircle. In particular, Te0.1 exhibits values of resistance of 4.5 kQ at RT, about twice as large
as the values for the samples with higher Te content while the lower value is reported for Te0.25
(x = 0.25). A subsequent data fitting of the Nyquist plots permitted to derive the values of ionic
conductivity. The corresponding Arrhenius plots reported in Figure 6.4b show a similar behavior
in the values of conductivity for all the different samples, for which an increase in the hot-pressing
temperature is followed by an increment of the ionic conductivity. In contrast for the Te0.1 sample,
the conductivities at different annealing temperatures are similar and, surprisingly, slightly higher
for the pellet densified at 650 °C (1.76 x 10° S cm™) compared to the one treated at 700 °C (1.45
x 10° S cm™). This may indicate that the incorporation of low amounts (x < 0.1) of Te in the
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structure does not have a significant impact on the final conductivity. On the other hand, the highest
values are reported for the Te0.25 sample, showing a RT conductivity of 5.15 x 10° S cm™ for Te
0.25 sintered at 700 °C, about 1.5 times higher than that of Te0.25 sintered at 600 °C (2.95 x 107
S cm™). In general, it can be observed that Te insertion can positively influence the stabilization
of the cubic-LLZO phase during low temperature hot-pressing. To better understand the effects, a
comparison between Te-LLZO and commercial samples of Al and Ta-doped LLZO was carried
out. Te0.25 was chosen for the comparison due to its overall better performance. The results
presented in Figure 6.4c show that the performance for Te-LLZO is much better than the ones for
commercial LLZO treated at the same working conditions. Low temperature treatment does not
help achieving good densification in commercial samples and this reflects in the average
conductivity being astoundingly lower than that of Te-LLZO, about one order of magnitude lower
for Ta-doped LLZO (6.70 x 10® vs. 5.15 x 10° S cm™* for samples densified at 700 °C) and two
orders of magnitude for Al-doped LLZO (3.05 x 107 vs. 5.15 x 10° S cm™). All ionic conductivity

values are reported in Table 6.2.

The results further confirm the major influence of Te incorporation on the electrochemical
performance of LLZO solid electrolyte and its advantages in improving the material densification
at lower temperatures. In Figure 6.4d, the values of apparent density of the different Te-LLZO
samples are reported. An irregular behavior of the density values is observed, and the samples
generally exhibit lower values of density after densification at 700 °C, compared to 650 °C, with
the exception of Te0.5. A precise evaluation of the effective values proves rather difficult because
of the nature of the hot-pressing process itself. High temperature treatment in strict conditions
often causes partial loss of material and the sintering of the pellets is affected, leading to inaccurate
density values. In the graph we can however observe the highest values of density associated with
Te0.25 sample, exceeding 90 % of the theoretical value (LLZO density = 5.1 g cm™3), which reflect

the better electrochemical performance of the specimen.

161



R, R, o
a |~ =,/ 2°C
41 4 c, G
3]
G
X
—
£ /
N 21 f Te 0.25
. / | Te 0.375
4. ——Te05
[ /
14 f f
e ]
5 N VYN
0 1 2 3 4
Z. 1 kQ
c Temperature / °C
80 70 60 50 40 30 20
! ‘ I Te(;.ZSGOO“C ‘ Al 600 “CI Ta 600 °C
103‘ 4+ Te0.25650°C = AI650°C = Ta650°C
+ + . 4 Te0.25700°C —4— AI700 °C—4—Ta700°C
b
) * A + $ 4 3
-+ b L
g 10 | = L SN
w "  p—
—_ = -
21058 ] N
= s ¢ T . * "
6 - - T x " -
3 L] I &
2 10 e ¢ ‘
o . e L
Q . .
107 T
! | ‘ A
10° 3,0 3.2 34
1000/T / K

O

Conductivity / S cm

d

Apparent Density / g cm™

52

5,0

4.8

4,6

4.4

4,2

4,0

38

Temperature / °C

80 70 60 50 40 30 20

T T T T T T
600 °

650 °

= : 700 °

OO0

4 & 600 ©

W 850"
A—700°

[shsXs!
QZ'Ue-L

600 °C
A 650 °C
T A T700°C

912'091

*>
”»
>

800 °C
+650°C
A c

B

S'Oal

T T T

T T T T
29 3,0 31 3,2 3.3 3,4

1000/T / K™
LLZO theoretical density - 5,1 g cm™
-------------------------------------------------------------------- — 100
I ® Te0.25
® Te 0.375 -4 95
- ® TelS5
] =
o
L @ [ 490 __|"
=
- @
-85 z
I ¢ . g
= 80
| e [ ]
e
i ® 175
T T T
600 650 700

Densification Temperature / °C

Figure 6.4. a) Nyquist plots of the impedance for different Te-doped LLZO densified at 650
°C samples measured at 20 °C. The image reports the equivalent circuit used for data fitting; b)
Arrhenius plots of the total ionic conductivity of the different Te-doped LLZO samples
densified at different temperatures in the temperature range from 20 to 80 °C. ¢) Compared
Arrhenius plots of the total ionic conductivity of Te0.25 samples and commercial Al and Ta
doped LLZO densified in the same working conditions; d) Graph of apparent density of Te-
LLZO samples densified at different temperatures.
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Table 6.2. Values of ionic conductivity at different temperatures of the different Te-doped
LLZO samples, compared with commercial samples

o (25°C)/Scm?

e Te0.1 Te0.25 Te0.375 Te0.5 Al-LLZO Ta-LLZO
600 °C 1,21 x 10 2,95 x 10 1,61 x 10 2,33 x10° 3,88 x10® 2,64 x 107
650 °C 1,76 x 10° 4,64 x 10 327x10° 4,24 x10° 1,04 x 107 2,29 x 108
700 °C 1,45 x 10°° 5,15 x 10°® 4,66 x 10° 4,83 x10° 3,05 x 107 6,70 x 108

Figure 6.5a-c reports the SEM cross section images of Te0.25 pellets after hot-pressing along with
the EDS mapping for the main elements. A more uniform distribution of the elements is observed
for the sample densified at 600 °C (HP600), with the presence of small areas of Te segregation
(Figure 6.5a). On the other hand, the elemental distribution for the pellets hot-pressed at higher
temperature display wide spots with a significantly higher occurrence of Te and a lower
concentration of La and Zr, which may indicate a higher degree of segregation of Te-rich phases
after high temperature treatment. HP700 (Figure 6.5c) shows vast areas of Te segregation with
almost absent presence of La and Zr, and these areas are reflected in the electron image showing
large voids between the particles. The formation of separate phases abundant in Te may have a
notable impact on the densification of the material. Figure 6.5d reports the XRD patterns of the
powders of the different Te0.25 pellets after densification and the material manifests a similar
pattern before and after hot-pressing. HP600 shows an additional peak at about 31° indicating the
presence of carbon, possibly due to small traces of the carbon conductor used for annealing. The
patterns show the absence of additional phases compared with the powder before hot-pressing,
with the presence of the Te-rich secondary phase of LisTeOs, which most likely constitutes the
segregating phase observed in the EDS maps of Figures 6.5a-c. The formation of LisTeOs at the
grains interphase is consistent with previous observations reported in literature for other dopants,

such as aluminum or gallium (EI Shinawi & Janek, 2013a; Zhuang et al., 2021).
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Figure 6.5. a-c) Cross section SEM images and EDS elemental mapping for La, Zr and Te of
LLZO Te0.25 at different hot-pressing temperatures: a) 600 °C (HP600), b) 650 °C (HP650)
and ¢) 700 °C (HP700); d) a) XRD patterns for the powders of hot-pressed LLZO Te0.25 pellets
compared with the pristine powder before hot pressing.
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6.2.5 Conclusions

In this work, we investigated the effects of tellurium insertion in the synthesis process of garnet
LLZO prepared via solid-state reaction. Incorporation of Te affects the reaction mechanism of the
electrolyte synthesis during the calcination, enabling the formation of cubic LLZO at lower
temperatures. Even relatively low amounts of Te in the material have a positive impact in obtaining
a cubic polymorph and tellurium incorporation helps stabilizing the structure and reducing the
average particle size, possibly improving the densification of the ceramic electrolyte. Te-ions show
a positive effect in the electrochemical properties of the material, as confirmed by electrochemical
impedance spectroscopy. Te doped LLZO showed promising values of ionic conductivity after
low-temperature hot-pressing, with the highest values of 5.15 x 10° S cm™ reported for Te0.25
densified at 700 °C. This value is reported as the highest value achieved at this densification
temperature, much higher than commercial Ta-doped or Al-doped LLZO densified in the same
temperature and pressure conditions. The present work reports a promising method to obtain
highly conductive LLZO at lower temperature and to improve the electrochemical properties of

garnet solid electrolytes.
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CHAPTER VII
GENERAL CONCLUSIONS

The quest for new-generation electrochemical energy storage systems has led to the
development of solid-state batteries, which are considered a viable alternative to conventional
lithium batteries and a chance to overcome the major limitations of current technologies. The
physical features of the materials are crucial in establishing the final performances of the battery;
for this reason, several families of materials have been explored as feasible candidates for
applications in batteries and the most important of them are discussed in Chapter I. The content of
this thesis focused in particular on the development and optimization of ceramic materials for
applications as solid electrolytes in lithium batteries. The research was centered on inorganic
oxides and, more in particular, on two main families of materials: NASICONs and garnets.
NASICON structures typically display an improved stability to moisture and a large
electrochemical stability window, along with a lower synthesis temperature with respect to other
oxide compounds, but they show a lower total conductivity. On the other hand, garnet oxides show
inferior reactivity towards metallic lithium, good mechanical resilience and a higher ionic
conductivity than NASICONS, but they are more susceptible to moist atmosphere and display poor
interfacial contact with electrodes. The synthesis conditions for garnets are more demanding as
well, usually requiring very high temperatures to achieve a conductive phase. These materials were
chosen in this thesis with the purpose of better understanding their properties and clarifying their
behavior through experimental investigations. A common thread linking all the research activities
described in the thesis is the application of the hot-pressing technique for the preparation of the
materials. Use of hot-pressing is fairly common in the engineering of ceramic materials, allowing
to achieve denser products with improved mechanical properties, but the use of this fabrication
approach is not explored as much in the field of solid electrolytes, therefore this work deals with

the issue in an original fashion.

The first results reported in Chapter Il are the fabrication and characterization of ceramic
pellets of NASICON-type LiisAlosTiis(POs4)3 (LATP). An in-depth structural investigation
unveiled important information on the nature of the formation mechanism: in situ XRD analysis

displayed a fast kinetics for the evolution of LATP structure, showing a first presence of the desired
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phase at temperatures as low as 400 °C and a steady increase in the relative intensity up to a
maximum observed at 700 °C. The LATP phase is stabilized upon cooling, but the resulting
samples showed the presence of secondary phosphate phases, such as LisPO4 and LisP207, as
impurities. Optimization of the manufacturing process enabled the production of densified LATP
samples via hot-pressing at 750 °C under inert atmosphere. A series of samples were synthesized
at different temperatures and SEM observations were carried out to determine the powder
microstructure: a lower annealing temperature (550 °C) led to powders with a higher amount of
nanometric particles, whereas increasing the temperature to 950 °C saw the formation of larger
micrometric grains. The finer microstructure of the low-temperature sample allowed a more facile
sintering, due to the larger intrinsic surface area, producing ceramic pellets with a higher relative
density. Conversely, the larger particles of the high-temperature sample slowed down the
densification, leading to a prominent presence of pores and voids in the hot-pressed pellet. The
best compromise between particle size and density was obtained after densification for a sample
calcined at 700 °C, which exhibited the highest values of ionic conductivity (3.45 x 10* S cm™)
evaluated by electrochemical impedance spectroscopy (EIS).

Analysis of the powders via XRD before hot-pressing revealed the presence of AIPO4
impurities for the samples prepared at lower temperatures, further confirmed by 2’ AI-NMR spectra
showing a well-defined peak associated with the tetrahedral Al of AIPO.. Calculation of the
diffusion coefficients via PFG-NMR reveal higher values for the material synthesized at 950 °C,
due to the faster Li* ion motion within the larger grains, but the poor densification has a negative
impact on the final conductivity. The high porosity and the presence of voids reduce the contact
area between the particles and creates longer diffusion paths, reflecting in a lower conductivity
and a higher activation energy. Low-temperature powders present a lower diffusion coefficient
with a strong influence of grain boundaries, but the improved contact given by the small-sized
particles during densification is shown to overcome this issue and produce more conductive
samples with a lower activation energy to ion transfer. Density functional theory (DFT)
calculations were performed to inquire the stability of LATP with respect to high applied pressures
and temperatures. The values of free energy point out an inevitable formation of AIPO4 impurities
after densification and indicate a less favorable evolution of the LATP phase with simple
application of external pressure. The working conditions for the hot-pressing, however, make the

enthalpy shift negligible in the economy of the reaction; a proper tuning of the sintering
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temperature can reduce the impact of impurities, and a limited amount of these phases act as an

inert filler, improving the densification and the ionic conductivity.

The modification of garnet materials is explored in the following chapters and, in particular,
Chapter 111 is centered on the hot press-driven densification of LisLazBi>O1> (LLBO), which can
be achieved at significantly lower temperature than other garnets such as LizLasZr,01. (LLZO).
Fabrication of the material was carried out via a solid-state route at 775 °C, followed by direct
quenching at room temperature. This process involves a thermal shock of the ceramic and has been
shown to stabilize the garnet structure at room temperature, allowing the production of smaller
particles and improving the conductivity of the electrolyte. Different ceramic samples underwent
densification in a temperature range from 550 to 650 °C and electrochemical impedance
spectroscopy tests revealed the highest values of conductivity of 1.2 x 107 S cm™ for the sample
sintered at 600 °C. An ulterior increase in the sintering temperature (700 °C) led to a partial
decomposition and the production of brittle pellets. Examination of the chemical affinity of LLBO
towards metallic lithium presented an irreversible reaction at high potentials (> 5 V vs Li*/Li),
associated with the Bi**/Bi®* redox process, but the material reports a long-term stability profile in
a Li/Li symmetric cell. The metastable behavior of LLBO is explored and an increase in LiLaO>
content is observed on parallel with an increment in sintering temperature from 650 to 700 °C.
This behavior is confirmed by the EDS mappings, which point out a partial segregation of Bi rich
phases with the increasing temperature, confirming the decomposition reaction of LLBO, whereas
the elements are distributed homogeneously in the sample densified at 600 °C. DFT calculations
confirmed the metastability of the garnet and indicated a more intense decomposition along with
the increase in temperature, which can however be partially mitigated by increasing the external

pressure, as shown by the higher calculated free energy values.

Following these observations, a subsequent investigation involved the use of LLBO as a
sintering agent for garnet Ta-doped LLZO. Incorporation of small amounts of LLBO (<30 % wt.)
is observed to improve the densification of the ceramic, leading to values of apparent density above
90% of the theoretical value. Samples with 5-10 % wt. of LLBO exhibited a notable increment in
conductivity up to 1.5 x 10™* S cm™* after low-temperature sintering at 600 °C, about two orders
of magnitude higher than pure LLZO undergoing the same thermal process (1 x 10 S cm™).

Stability tests in symmetrical cells displayed a higher polarization compared with pure LLBO,
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mainly due to the more resistive character of LLZO. Morphological characterization via SEM and
EDS reported a limited segregation of Bi-rich phases dispersed throughout a LLZO bulk, with
preservation of the cubic structures of both LLZO and LLBO. The ionic transport in the composite
is determined via NMR analysis, which revealed values of diffusion coefficient for LLBO
compatible with Li motion inside particles and at the grain boundaries; hence, an increment in
densification temperature can promote a more intimate contact and diminish the grain boundary
effect. The distribution of LLBO within LLZO can help keep the particles tighter and increase the

density of the ceramic.

Chapters IV and V shift their attention to the thermal treatment of LLZO, dealing with the
application of sintering agents and the structural stabilization of the electrolyte. In Chapter 1V the
role of additive was taken by carbonaceous materials, whose application is shown to directly
influence the formation mechanism of the garnet phase. Observations by in situ XRD and TGA
analysis demonstrate the effect of carbon supplements on decreasing the decomposition
temperature of Li.COz precursor in the mix, from 750 to 680 °C, allowing for an improved
reactivity of the coalescent mass and for a faster formation of garnet via a direct mechanism. In
the presence of carbon, the desired phase is observed at temperatures as low as 720 °C and
negligible presence of impurities. The incorporation of carbon activates the evolution of CO upon
heating, with a more rapid generation of melted Li.O at temperatures below those of formation of
Li-free intermediates such as La>Zr.0O7. Carbon materials with diverse structures were employed,
including graphitic carbons (MAG) and acetylene-black nanometric carbons (DENKA) and XRD
observations revealed for all the different samples a pure cubic LLZO phase after thermal treatment
in air atmosphere. However, a difference can be seen in the average crystal size, which is
significantly smaller for the samples with the additives (10 to 20 % less) and shows an ever-
increasing behavior with a higher carbon content. SEM analysis confirmed the results of the XRD,
presenting a preserved morphology for LLZO particles and a decrement in particle size for samples
with higher carbon content. A regular trend is observed for increased amounts of MAG carbon
(from 10 % to 100 % wt. with respect of Li>COs precursor) but, surprisingly, a smaller
incorporation of DENKA carbon, with a reduced particle dimension, has an influence comparable
with larger quantities of MAG carbon. The distribution of distinct additives in the mix is proven
then to have a different impact on the formation of the garnet particles and TEM images confirmed

the supposition, displaying, for MAG carbon, a thin layer at the edges of the LLZO particles
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obtained by graphite exfoliation during milling, and, for DENKA carbon, a homogeneous

distribution of nanoparticles around the ceramic.

The results exposed in Chapter 11l demonstrated the effect of particle size on the
densification of LLBO, and here a consistent behavior can be observed for LLZO. A smaller
particle size obtained by carbon addition is definitely positive for enhancing pellet densification,
as confirmed by cross-section images of sintered LLZO pellets which display a decrease in void
spaces and a reduction in grain dimension for samples supplemented with carbon. The improved
compactness is reflected on the electrochemical performances, reporting an increment in
conductivity of about 40 % for samples with carbon compared with pristine LLZO (5.95 x 10 S

cm tvs. 3.53 x 107° S cm™?) after low-temperature sintering at 800 °C.

Finally, the experiences in Chapter V concern a different approach for the low-temperature
densification of LLZO, involving elemental doping with tellurium. Structural substitution is a
fairly common method for improving the performances of ceramic electrolytes, and the
experiments aim at understanding the influence of doping on the evolution of LLZO itself. The
addition of Te-ions in the lattice is shown to affect the reactivity of the precursors, inducing a
variation in the formation mechanism with a direct reaction between the precursors. This reaction
enables a faster formation of the LLZO phase at temperatures between 550 and 750 °C, compared
with the undoped material where the reaction between intermediates retards the formation well
above 750 °C. A series of Te-doped samples with different stoichiometries were prepared
following a conventional solid-state synthesis at 750 °C. XRD compared analysis revealed a major
cubic phase for all the compositions, whereas the undoped sample undergoing the same process
displayed a tetragonal LLZO phase with presence of impurities. A partial segregation of Te-rich
byproducts was detected for higher amounts of Te in the mix, as well as a decrement in the average
particle size and a small but present decrease in the cell parameters. This is possibly due to the
decrease in Li content in parallel with the replacement of large Zr** ions with smaller Te®* ions.
Molecular modelling and calculations ulteriorly confirmed the positive influence of doping in the
stabilization of the cubic phase, following a variation in the configurational entropy between the
cubic and tetragonal polymorphs in their pristine and doped compositions.
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Low-temperature hot-pressing was subsequently undertaken on the doped samples in the
temperature range from 600 to 700 °C, and the best values of ionic conductivity derived from EIS
tests were reported for samples with 0.25 molar content of Te. The highest value of 5.95 x 107° S
cm ™ was exhibited by the pellet sintered at 700 °C, and despite being definitely lower than the
values reported in literature for Te-doped LLZO, it still remains the highest reported value for
LLZO densified at such a low temperature. Moreover, the advantages of Te doping were confirmed
by a comparison with commercial Al and Ta-doped samples. The synthesized Te-LLZO presented
an increment in conductivity of more than one order of magnitude with respect to the commercial
materials undergoing a similar low-temperature densification. EDS mapping allowed to observe a
visible segregation of Te-abundant phases in the LLZO matrix following the hot-pressing

treatment and the phenomenon is intensified with an increase in the sintering temperature.

Based on the results exposed in this thesis, some interesting questions remain open and can
form the basis of future studies. Low-temperature densification of ceramic electrolytes has been
proven possible and this can define a novel approach to solid-state synthesis, enabling less strict
working conditions and reducing the time and the costs of the conventional electrolyte
manufacturing. This method can be tested for other families of inorganic materials, such as
perovskites or new superionic conductors, and their performance can be enhanced as well. The
implementation of the distinct modifications, including elemental doping or additive supplement,
combined with hot-pressing allows tailoring and simplify the fabrication process. Furthermore, the
lower working temperature significantly decreases the risk of thermal decomposition and chemical
deterioration of the electrolytes. Focusing on the materials explored in these studies, future
experiments on LATP and NASICON materials can concern the incorporation of carbon additives
like the ones employed for LLZO. This research can allow us to observe the behavior of the
modified materials concerning low temperature synthesis and improved densification. A complete
overhaul of the fabrication process, combining additives and dopants, can enable improved
stability and performance. Reaching an even lower densification temperature is another future
endeavor, which could be undertaken by varying the starting synthesis precursors or employing
different sintering aids.

Given the promising results in adjusting the particle size of the products, an alternative

modification can involve the use of liquid additives. lonic liquids allow for the preparation of
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composites with ceramics, reducing the effects of poor surface contact. A finer particle distribution
in the product is desired for the liquids to imbue the ceramic bulk more homogeneously, increasing
the interfacial contact even more. Interesting observations would regard the modified ion motion
with presence of liquid conductive species. Interfacial modifications can decrease the area-specific
resistance and allow a better ion transport. The modified structure can also limit even more the
evolution of lithium dendrites, which can have negative effects on the cell performance even when

using solid electrolytes.

A possible modification can concern the fabrication of ceramic electrolyte thin films,
decreasing the volume of the solid electrolyte in the cell. The improved density given by the
smaller particles is the perfect starting point for these attempts and it would be interesting to see if
a similar approach could work for the engineering of thin layers. Another future prospect
concerning this research can be related to the hot-pressing of a full cell comprising of both
electrolyte and electrodes combined. This may prove a much more complicated challenge than the
simple sintering of pellets since the control of interfacial contact is somehow difficult in the
working conditions of hot-pressing. The possibility of reaction and decomposition between the
different elements has to be considered as well. For this reason, in parallel with these studies, an
effort should be undertaken in looking for new cathode chemistries showing improved
compatibility with ceramic electrodes. Research on new electrodes can also incorporate alternative

elements, reducing their cost and increasing their environmental compatibility.

The doctorate experience has given me a lot from a personal standpoint. It has broadened
my horizons and given me a deeper knowledge about a field of study | was familiar with. It has
helped me develop a working method and organizing my research in a more practical and efficient
fashion. More practically, it provided me with a broad set of capabilities in the laboratory,
including numerous techniques and characterization methods. During the hard times lived through
the pandemic, this experience helped me become more resolute towards my goals and more
positive in my capacities, making me hold on and carry on despite the hardships | have faced.
Thanks to this experience | have become more confident about undertaking my future projects, so

I should look positively at what comes next, wherever it may take me.
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