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Résumé

Pour réduire notre dépendance aux combustibles fossiles et tirer le meilleur parti des sources d'énergie
renouvelables, le développement de dispositifs de stockage et de conversion d'énergie plus
performants est essentiel. Les batteries au lithium a I'état solide (ASSLB) sont probablement I'une des
technologies les plus prometteuses. Leur fonctionnement est basé sur les mémes principes que les
batteries lithtum-ion (LIB), toutefois, les ASSLB présentent un électrolyte solide, qui remplace tant le
séparateur que l'électrolyte liquide. L'électrolyte solide permet l'utilisation tant d'une cathode dense
que de Li métallique comme anode, obtenant ainsi des densités d'énergie plus élevées et une meilleure
sécurité par rapport aux LIB. Malgré cela, les ASSLB ne sont pas encore prétes pour la distribution
commerciale, car elles présentent des problemes intrinseques qui doivent étre résolus, tels que la
formation d'interfaces électrolyte/électrode homogenes ou la faible conductivité ionique a
température ambiante.

Cette these porte sur I'étude de diverses propriétés des matériaux NASICON (Natrium Superionic
Conductor) a base de lithium. Nous nous sommes initialement concentrés sur l'optimisation de la
synthese a 1'état solide de Lii+AlLTi«(POs)s (LATP), en évaluant les effets de l'utilisation des
précurseurs TiO, rutile et anatase sur la cristallisation du LATP et sur la conductivité ionique des
pastilles préparées par hot-pressing.

Une stratégie alternative pour synthétiser LATP est la méthode sol—gel, qui peut étre couplée a la
technique d'électrospinning pour fabriquer des nanofibres céramiques. Dans ce travail, nous
rapportons qu'une pression de 150 MPa appliquée a une membrane nanofibreuse de LATP avant la
calcination est une méthode efficace pour améliorer sa conductivité ionique, ce qui en fait un bon
candidat pour le développement d'électrolytes céramiques et de polymeres composites.

Devant l'impossibilité d'adapter directement la méthode de préparation du LATP a la synthese des
nanofibres de LiisAlosGeis(PO4); (LAGP), nous avons développé une nouvelle méthode de synthese
basée sur des précurseurs a base de chlorures. Les nanofibres de LAGP ont été caractérisées sous
forme d'une membrane céramique nanofibreuse et d'une charge pour électrolytes polymeres a base
d'oxyde de polyéthyléne, montrant des résultats prometteurs en termes de propriétés physiques et

électrochimiques.

Enfin, l'influence d'une substitution partielle de Ge par Ti sur la synthese et les propriétés des

nanofibres électrofilées de LAGP a été étudiée. L'ajout de Ti s'est avéré étre une stratégie efficace pour



améliorer tant la pureté que la morphologie des nanofibres. De plus, la conductivité ionique au-dessus

de 40 °C est améliorée lorsque des nanofibres LAGP avec Ti sont utilisées comme charges.

Mots-clés : Batteries an lithinm a ['état solide; Electrolyte solide; Flectrolyte polymere composite; 1 ATP; LAGP; NASICON; Conductivité

ionique; Electrospinning; Sol—gel; Hot-pressing

vi



Abstract

To reduce our addiction to fossil fuels and better exploit the renewable sources of energy, more
efficient electrochemical storage and conversion devices must be developed. All-solid-state lithium
batteries (ASSLBs) are presumably one of the most promising technologies. Their operation is based
on the same principles of lithium-ion batteries (LLIBs), however, ASSL.Bs feature a solid electrolyte,
which replaces both the separator and the liquid electrolyte. The solid electrolyte enables the use of
both a dense cathode and metallic Li as anode, thus achieving higher energy densities and better safety
than LIBs. However, ASSLBs are not yet ready for commercial deployment, as they come with
intrinsic issues that must be addressed, such as the formation of homogeneous electrolyte/electrode
interfaces or the low ionic conductivity at room temperature.

This thesis is focused on the investigation of several properties of Li-based NASICON (Natrium
Superionic Conductor) materials. We initially focused on the optimization of the solid-state synthesis
of Lii+Al{Ti2«(PO4); (LATP), by studying the effects of the use of rutile and anatase TiO; precursors
on LATP crystallization and on the ionic conductivity of the resulting pellets, prepared by hot-
pressing.

An alternative strategy to synthesize LATP is the sol-gel method, which can be coupled with the
electrospinning technique to fabricate ceramic nanofibers. In this work, a 150 MPa pressure applied
on a nanofibrous LATP membrane before calcination is proposed as an effective method to improve
its ionic conductivity, thus making it a good candidate for the development of ceramic and composite
polymer electrolytes.

Since LATP preparation method could not be directly adapted to the synthesis of LiisAlosGeis(PO4);
(LAGP) nanofibers, we developed a new synthesis route, based on chloride precursor materials.
LAGP nanofibers were characterized in the form of full-ceramic nanofibrous membrane and of fillers
for polyethylene oxide-based polymer electrolytes, showing promising results in terms of physical and

electrochemical properties.

Finally, the influence of a partial substitution of Ge with Ti on the synthesis and properties of
electrospun LAGP fibers was investigated. The addition of Ti proved to be an effective strategy to
improve both the purity and the morphology of the nanofibers. Moreover, the ionic conductivity
above 40 °C is enhanced when Ti-substituted LAGP nanofibers are used as fillers.

Keywords: All-solid-state lithium batteries (ASSLBs); Solid electrolyte; Composite polymer electrolyte; LATP; I AGP; NASICON, Ionic
conductivity; Electrospinning; Sol—gel; Hot-pressing.
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1 Introduction

1.1 Overview

Fossil fuels, including coal, oil and natural gas, have powered global economy since industrial
revolution, and currently supply about 80% of the world’s energy requirement. However, their
extraction and combustion have increased the amount of anthropogenic greenhouse gases, such as
CO,, which are the major responsible for global warming. Global energy-related CO, emissions
decreased by 5.8 % in 2020, owing to the major economic recession due to the Covid-19 pandemic
(Figure 1.1). Despite the small and temporary decline, however, current projections for 2022 foresee
an increase of the global energy demand above pre-Covid-19 levels, driving CO, emissions towards
the largest single increase of the last decade as soon as the demand for coal, oil and gas rebound with
economy." According to the last assessment report of the Intergovernmental Panel on Climate
Change, in the absence of major action to reduce emissions, global mean temperature is set to rise by
3.7 to 4.8 °C by 2100. Even by reducing the emission of greenhouse gases, global warming would
continue to happen for at least several more decades, and the risk of potential overshoots in
temperature is concrete. Maintaining a global temperature increase below 1.5 °C as compared to pre-
industrial levels is vital, since it would limit the frequency and intensity of extreme events, such as
heavy precipitations, droughts, floods, ocean acidification, species extinctions. Moreover, human

adaptation will be less difficult.”

In this framework, a shift towards a low-carbon economy is mandatory. Demand for renewables
energies increased by 3% in 2020 and kept increasing during 2021 across all key sectors, i.e. power,
heating, industry and transport. The power sector is growing of about 8% in terms of demand for
renewables reaching 8300 TWh, the largest year-on-year growth on record in absolute terms.'
Although fossil fuels are set to remain a significant source of energy and materials for decades, a
technological revolution is needed to transit to affordable, accessible and sustainable energy sources.
Renewable energies are good candidates to gradually replace fossil fuels, however, their
unpredictability and unreliability prevented their unquestioned use. Solar radiation, wind, and waves
are arguably the most tangible energy sources at our disposal, despite being variable in time and diffuse
in space. Nuclear reactors provide a constant energy source with associated problems of radioactive

waste disposal. Geothermal energy is restricted in location. All these energy sources require or at least



benefit from energy storage.’ The development and integration of energy storage devices is thus crucial

for an efficient use and a widespread diffusion of renewable energies.
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Figure 1.1 (a) Evolution of global energy-related CO; emissions from 1990 to 2021 and (b) their change compared to the
previous year. The impact of every fuel is shown. Reproduced with permission.!

Energy storage for large-scale applications can be carried out with four different technologies:
mechanical, electrical, chemical, and electrochemical. Pumped hydroelectric systems account for
around 95% of all active storage installations worldwide, corresponding to a throughput capacity of
over 181 GW with an energy efficiency of 70-80%. However, pumped hydroelectric is a location-
dependent storage system, as needs both geographical height and water availability. Its characteristics
along with those of other energy storage systems are displayed in Figure 1.2 in terms of power rating,
which identifies potential applications, and duration of discharge. In general, electrochemical energy
storage is characterized by several advantageous features, including pollution-free operation, high
efficiency, flexible power and energy to meet different grid functions, long cycle life, and low
maintenance. Batteries represent an excellent energy storage technology for the integration of

renewable resources. Their compact size makes them well suited for transportation and application,



they can reduce variations in local solar output and mitigate output fluctuations at wind farms.
Although the high cost is limiting the market penetration, the modularity and scalability of different
battery systems will certainly lead to a drop in costs in the coming years. Today, sodium/sulfur (Na/S)
battery technology is the only commercially mature, large-scale battery technology available for power
plants and residential applications, with a few hundred installations worldwide, accounting for 530
MW of discharge power capacity. Other interesting battery technologies are currently emerging or
being revived for stationary applications because of their potential low cost (redox-flow) and enhanced

performance (lithium-ion) (Figure 1.2).*
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Figure 1.2 Comparison of discharge time and power rating for various EES technologies. Reproduced with permission.*
(Copyright 2011 Science).

1.1.1 Lithium-ion batteries

The lithium-ion battery (LIB) first commercialized by Sony in 1991, was formerly known as “rocking
chair” or “shuttle” battery because of the Li* ions moving back and forth between the electrodes.’
Commercial LIBs are composed of a graphite (Li.Cs) anode and a layered-oxide (Li;.MO:) cathode,
where M is most of the time Co but can also be Ni or Mn. Between the electrode, a polyolefin-based
separator soaked in a liquid electrolyte is placed to prevent short-circuits and ensure Li-ion transport.

A schematical illustration of a conventional LIB is depicted in Figure 1.3.
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Figure 1.3 Schematic illustration of a conventional lithium-ion battery.

Conventional LIBs store about 180 Wh kg™ at an average voltage of 3.8 V, which is only 5 times higher
than typical energy densities of older lead-acid batteries. To achieve such a marginal improvement, an
actual revolution in materials science was required. Nowadays, billions of lithium-ion cells are
produced and regularly used to power smartphones, tablets, laptops and several other portable
electronic devices. The state-of-the-art LIBs, can deliver volumetric and gravimetric energy up to 770
Wh L' and 260 Wh Kg'', respectively. However, the energy density of conventional LIBs is already
close to the limit, as predicted by Janek et al. (Figure 1.4).° LIBs are expected to be the leading
technology for electric vehicle applications during the next years, with their manufacturing going from
747 GWh (2020) to about 2500 GWh by 2025.” With current technology however, this is not
sustainable as cobalt is expensive and not so abundant in the earth crust. It also presents political and
ethical issues because of the way it is mined in Africa. However, LIBs’ major issues concern the safety,
as the presence of both a combustible electrolyte and an oxidizing agent poses a risk of thermal run-
away reactions resulting in fires or explosions. Lithium-ion batteries would also need to reduce their
carbon footprint, which is currently between 60 and 170 kg CO; per kWh.* The use of lithium is
another aspect to consider when moving to a so important increase of LIBs production. The
replacement of all the world’s 1.2 billion cars and lorries with electric or plugin hybrid vehicles would
use up to 30% of the world’s known reserves of lithium. But lithium is also unlimitedly accessible in
sea water and obtaining it from there is also a more environmental-friendly process than conventional

mining. New and efficient recycling processes could also ease lithium exploitation.”

At the current state, LIB is the only concrete and mature technology available to answer the energy

storage demand during the next decade. However, all the issues cited above must be overcome to



achieve such a universal deployment and this is not an easy task. The research community has already
started looking beyond LIBs, thus confirming that the quest for the next-generation energy storage

technology is ongoing.
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Figure 1.4 Energy density of the standard cylindrical 18650 LIB cell from 1991 to 2016. Reproduced with permission.®
(Copyright 2016 Nature Publishing Group).

1.1.2 Next-generation lithium metal batteries

From the performance point of view metallic lithium is the ultimate choice for the anode in Li"-based
rechargeable batteries (Figure 1.5). It is indeed characterized by the highest theoretical capacity (3860
mAh g'; 2061 mAh cm”) and the lowest electrochemical potential (-3.04 V versus the standard
hydrogen electrode) compared to all the other anode materials."’ The advantages of employing metallic
Li as anode material for the development of secondary batteries were well known way before the first
LIB was commercialized. In fact, graphite was used as host material for lithium ions specifically to
solve the issues that came up with metallic lithium. During the 1970s Stanley Whittingham developed
the first Li-based secondary battery while working at Exxon."' Then, in the late 1980s, Moli Energy
was the first company that developed and commercialized Li metal batteries. The technology was
based on a MoS; cathode and excess Li as anode. The device proved to be stable for hundreds of
cycles, thus millions of cylindrical-type cells were sold to the market. However, several accidents began
to occur, including fires caused by dendrite formation, which finally led to the recall of all the marketed

cells."" As a result, the commercialization of Li metal batteries has been suspended. Since then, several



scientific studies tried to solve the safety issues affecting this technology, but without success. Only
the introduction on the market of polymer electrolyte-based batteries by Bolloré in 2011 has partially

revived the quest for novel battery technologies based on Li metal."
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Figure 1.5 Voltage versus capacity for positive- and negative-electrode materials commercially employed in LIB or proposed
as candidates for next-generation Li-metal batteries. Reproduced with permission.'3 (Copyright 2001 Nature Publishing
Group).

As mentioned in the previous subchapter, LIBs are approaching their intrinsic limits and a new
paradigm for secondary batteties is becoming a necessity.® Currently, state-of-the-art Li-ion batteties
can deliver specific energies up to 260 Wh kg™ Just by replacing the graphite-based anode with metallic
Li and maintaining the same layered-oxide cathode, the specific energy results doubled, reaching about

440 Wh kg'. Moving to new chemistries, such as Li-S and Li-air systems, can further boost the

specific energy to ~650 Wh kg and ~950 Wh kg, respectively (Figure 1.6a)."

Despite the performance improvements, Li metal is still far from being the perfect anode material.
Several challenges characterize the use of Li in secondary batteries, most of which are related to safety
and stability over cycling. Both these aspects are fundamentally associated with the deposition of Li,
which similarly to many other metals, can occur in dendritic form." Dendrite formation is reported as
the main cause of cell short-circuit, which often leads to thermal runaways, fires and explosions. The
Liuneven deposition is also detrimental for achieving a stable cyclability of the cell over time. It indeed
leads to an increase of cell resistance and a decrease of Coulombic efficiency over cycling, which

correspond to an ongoing capacity fading.'*"



A profound knowledge of Li interface and its electrochemical deposition is needed to make metallic
Li a suitable anode for next-generation devices. That is why studies have been oriented towards the
understanding of the solid electrolyte interphase (SEI) formation. The SEI is a passivation layer
formed on the anode surface during cell’s first cycles and is mostly made of decomposition products
of the electrolyte. Hence, a crucial aspect of a stable and safe Li metal battery is the formation of a
stable SEI and its endurance throughout the whole battery life. Another major issue of Li anode is the
dendrite growth, which is a typical occurrence during high-current electroplating of metals, such as Li,
Cu, Ni and Zn. Dendritic deposition inevitably leads to the perforation of the thin LIB’s separator,
thus short-circuiting the cell and causing its thermal runaway and potential explosion. Additionally,
while most of the intercalation anodes used in commercial LIBs, such as graphite, feature a relatively
small volume change (c.a. 10%), Li metal undergoes a virtually infinite volume change during
operation. All the phenomena cited above are strongly connected one to each other (Figure 1.6c).
During plating, metallic Li undergoes a significant volume expansion, which can produce fractures in

the fragile SEI (step 1). Li dendrite growth is thus promoted through the SEI’s cracks (step 2).
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Figure 1.6 (a) Bar chart showing the gravimetric (pink) and volumetric (blue) energy densities of petrol (gasoline) and typical
Li batteties. (b) Schematic showing the steps of Li stripping/plating process, including the initial formation of cracks (step
1) and dendrites (step 2) during plating, and the formation of dead Li (step 3) during stripping. Continuous cycling results
in accumulated dead Li, thick SEI and porous Li electrode (step 4). (c) Correlations among the different challenges in the
Li metal anode. Reproduced with permission.'’ (Copyright 2017 Nature Publishing Group).

During Li stripping, volume contraction further stresses the SEI, which fractures even more. Once
dendrites are formed, subsequent stripping from the dendrites themselves or from their roots can

produce ‘dead’ Li, which is electrically isolated from the substrate; hence non-reactive (step 3). During



continuous cycling, the process is repeated several times, thus leading to a porous electrode, a thick
SEI and a significant amount of dead Li, which all cause the irreversible capacity fading of the cell."
To deal with these issues, various strategies have been proposed during the last few decades. Several
studies focused on the optimization of liquid electrolytes, especially using additives to improve the
formation of the SEI. Fluorinated compounds, such as HF, have been used as additives to form a
dense and uniform layer on Li surface, however the protective effect tends to wear off after some
cycles. LiNOs has been widely reported as additive for ether electrolytes, especially for Li-S

applications."’

Combined with Li polysulfide proved to be effective at stabilizing Li deposition and
preventing dendrites formation in ether electrolytes.'” Electrolytes with a high Li salt concentration
have been also proposed as a strategy to suppress dendrite formation. At the same time, they have
been effective at reducing the dissolution of Li polysulfide, which is a major problem in Li—S batteries.

However, increasing the amount of Li salt greatly affect the total cost of the electrolyte.

Another interesting approach is the interface engineering, such as fabricating an artificial SEI that acts
as a strong physical barrier against dendrite propagation or using chemically stable and mechanically

strong scaffolds to reinforce the SEI formed during electrochemical cycling.

While all the strategies proposed above aim to optimize the current technology by modifying the liquid
electrolyte or the anode surface, a more fundamental approach consists into replacing the liquid
electrolyte with a solid ion-conductive material, which can mechanically hinder the dendrite growth as
well as Li volume changes without affecting the SEI. However, shifting from the current commercial
LIB technology towards an all-solid-state device is certainly a significant leap, which requires deep

theoretical studies as well as profound experimental investigations.

1.2 All-solid-state lithium batteries

The replacement of the commercial liquid electrolyte with a solid equivalent is the first step towards
next-generation all-solid-state lithium batteries (ASSLBs). The lack of flammable media is certainly
beneficial for the safety of the battery, which as described above is the major concern of LIBs.
However, flammability and potential explosion are not the only issues characterizing LIBs. Both
organic solvents and Li salt, which are the main components of the liquid electrolyte, are often
responsible for side reactions during cycling that lead to capacity fading and aging. On this aspect,
using a solid electrolyte is expected to be beneficial for achieving longer device lifetimes. Solid

materials are indeed characterized by a slower reactivity compared to liquids. This aspect enabled solid-



state microbatteries to successfully complete more than 10000 cycles," however there is no guarantee
that this property can be maintained scaling up the device. Other aging phenomena observed in LIBs,
such as gas evolution from the cathode materials, can occur in solid-state cells as well.”*’ Moreover,
the solid nature of the electrolyte itself can introduce or intensify other aging mechanisms, e.g.
mechanical degradation, which can greatly affect the cell lifetime.”’ From the economical point of
view, electrolyte filling and wetting process and the subsequent formation procedure have a great
impact on the final cost of the device.”” Thus, using a solid electrolyte can also simplify the assembly
procedure and reduce the costs. Shifting to a solid-state electrolyte, however, is not only advantageous
for the absence of a flammable liquid material, but also for the final performance of the device. Using
a solid material that acts as both an electrical insulator and a Li-ion conductor, thus replacing both the
separator and the electrolyte, hugely decreases both the weight and the volume of the cell. Additionally,
as mentioned in the previous subchapter, it enables the use of metallic Li as anode, which doubles, at
least, the gravimetric energy density of the cell. The higher electrochemical stability of some solid
electrolytes compared to the commercial liquid counterparts, also allows the use of high-capacity
(sulfur; oxygen) or high-voltage (LiNiosMn; 50,4, LiNizMn,Co,0>) cathodes, which can further increase
the energy density. Cathode formulation is also relatively different compared to the conventional ones
used in LIBs. In a LIB the cathode is usually porous to a certain degree, thus enabling the permeation
of the liquid electrolyte, which acts as bridge among all the cell elements. In an ASSLB the cathode is
dense, hence it must contain an additive able to create ionic pathways to effectively connect all the
cathode particles to the electrolyte. This additive is often made of the same material as the solid
electrolyte. This aspect is also beneficial to improve the interface compatibility between cathode and
solid electrolyte. This leads to a different assembly design if compared to LIBs, as displayed in Figure
1.7. Commercial LIBs are characterized by a parallel stacking of single galvanic cells to form a cell
stack. Several cell stacks are then serially connected to achieve the battery pack. ASSLBs however can
be assembled by serially stacking the galvanic cells and then doing parallel connection of the cell stacks
into a denser battery pack. This approach leads to a minor use of current collectors and to an optimized
packaging design. In addition, pressure vents and cooling systems are not required in ASSLBs, since
no flammable materials are involved, therefore no gas generation is expected. Also, the ionic
conductivity of solid electrolyte materials is usually higher when the temperature increases.”
Additionally, the thermal properties as well as chemical and electrochemical stabilities and mechanical

resistance of most solid electrolytes are in general better than those of liquid media. Therefore, the



ASSLB technology will not only go beyond the intrinsic limits of LIBs, but it will boost the

development of new battery architectures, such as integrated and flexible batteries.**
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Figure 1.7 Comparison of conventional LIB and next-generation ASSLB at the galvanic cell, cell stack, and battery pack
levels. Reproduced with permission.?> (Copyright 2018 Elsevier).

1.3 Solid electrolytes

1.3.1 Historical outline

The solid electrolytes developed for battery applications mainly fall into two categories: inorganic
ceramics and organic polymers. The first has presumably been the first to be discovered. In 1960, the
fast transport of a Na-ions was observed for the first time in a ceramic-based B-alumina
(Na20O-11ALO3), which was then successfully used in high-temperature sodium-sulfur batteries for
stationary applications, belonging to molten-salt battery category.”” In 1973, Fenton et al. studied
polymer electrolytes for the first time. They found that the complex formed between poly(ethylene
oxide) (PEO) and alkali metal salts had the property of conducting ions.” Since then, several theories
have been proposed to explain the mechanism of ion-conduction in PEO-based electrolytes, and

several other polymer electrolytes have been developed.”
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The ZEBRA (Zeolite Battery Research Africa) cell, developed during the 1980s by Zeolite Battery
Research Africa Project group, was a lower-temperature variant of previously developed molten-salt
batteries, based again on Na-ion conductive B-alumina.”® Since the 1990s, several inorganic materials
displaying a fast ionic conduction have been discovered and later proposed for LIB applications, such
as lithium-phosphorus oxynitride (LiPON) fabricated as a thin-film electrolyte by Bates et al.”’ Several
other ion-conducting ceramics were investigated during the same years, like perovskite-type,” sodium
superionic conductor (NASICON)-type,” garnet-type,” and sulfide-type® materials. After Fenton’s
discovery in 1973, the research of a polymer-based electrolyte advanced. Various polymer materials,
such as poly(vinylidene fluoride) (PVdF),***poly(vinylidene fluotide-co-hexafluoropropylene) (PVdF-
HFP),*”" poly(methyl methacrylate) (PMMA),** and poly(actylonitrile) (PAN)*** have been
increasingly investigated for the development of either all-solid-state polymer or gel polymer
electrolytes for lithium-ion batteries. More recently, several hybrid formulations featuring both organic
and inorganic materials have been investigated. Both passive and ion-conductive fillers have been
reported to enhance the properties of polymer electrolytes, hence introducing a new class of materials
usually referred to as composite or hybrid electrolytes.

The main features of the three different classes of solid Li"-conductive materials, i.e. ceramic, polymer
and composite electrolytes, are displayed in Figure 1.8 and compared with liquid counterparts

commercially used in LIBs.
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Figure 1.8 (a) Common electrolyte systems for liquid, ceramic, polymer and composite electrolytes for lithium-based
batteries. (b) Main physico-chemical properties of liquid, ceramic, polymer and composite electrolytes. Reproduced with
permission.'? (Copyright 2018 Royal Society of Chemistry).
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1.3.2 Ceramic inorganic electrolytes

In general, the main advantage of ceramic electrolytes resides in the mechanical properties. The
excellent mechanical strength and the extreme hardness make them the safer option when metallic
lithium is used as anode. They easily prevent the dendritic growth as well as any potential short circuit.
From the safety point of view, they are usually characterized by a good thermal stability thus keeping
the electrodes separate even in case of thermal runaway. Regarding the ionic conductivity, important
progress has been made in the last decades. While most proposed materials are characterized by a
room-temperature ionic conductivity in the order of 107°=10* S cm™, values closer and closer to liquid
electrolytes have been reported for sulfide-based materials (10°~107 S ecm™). Nevertheless, ceramic
electrolytes have still some major drawbacks that need to be addressed. The chemical and
electrochemical stability is often a major concern. Ti-containing compounds, such as LiossLaoss7TiO3
(LLTO) and Li1 3AlosTi17(POs)s (LATP), are electrochemically unstable at low potential, since Ti" can

be easily reduced to i

. The synthesis process of sulfides is often challenging, since they are
reportedly reactive towards moisture, thus hindering the industrial upscale. However, the main issue
of all inorganic electrolytes is arguably the interfacial compatibility with the electrodes. From a
mechanical point of view, finding a good surface contact between two solid materials is very
challenging, and requires the use of high pressure and high temperature treatments, which greatly
increases the costs. From a chemical and electrochemical point of view, several reactions at the

interface with high-voltage cathode materials and metallic lithium have been reported for various

ceramic electrolytes.
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Figure 1.9 Reported total ionic conductivity of solid-state lithium-ion conductors at room temperature. Reproduced with
permission.¥ (Copyright 2016 American Chemical Society).
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A brief description of the main families of ceramic materials investigated as solid electrolyte is reported
below. Before going through them, however, it is worth noting that at present no material has still
been elected as the ultimate solid electrolyte for future batteries, since all the compounds investigated

to date possess advantages and disadvantages.

Nitride materials. Glassy lithium-phosphorous-oxynitride (LiPON) solid electrolyte was introduced
by Bates et al. in 1992.* Thin-film batteries with Li anodes and LiPON electrolytes demonstrated

4546

thousands of cycles,™" hence it still represents a good candidate to develop future thin-film batteries.

However, the poor mechanical stability and the low ionic conductivity of LIPON at room temperature

(2 X 10° S cm™) greatly hinder its practical use in batteries.””*"*

Single-crystal lithium nitride (LisN) consists of hexagonal Li>N layers connected by pure Li layers
through N-Li-N bridges.” The ionic conductivity of single-crystal LizN is in the order of 10° S cm™
at room temperature. This high value is mainly due to the presence of Li" vacancies within the planar
LiN layers. In recent years, only a few researchers have focused on LizN as a solid-state electrolyte
because of its low electrochemical decomposition potential (0.445 V) and poor stability, which prevent

its practical application in batteries.*

LISICON and thio-LISICON materials. Li" super ionic conductors (LISICON) and thio-
LISICON compounds are characterized by structures similar to y-Li;PO,, with an orthorhombic unit
cell and Puma space group, where all cations are tetrahedrally coordinated. Lithium ions diffuse
between LiOy tetrahedra, where they are located, and interstitial sites present in the PO4 network.
Aliovalent substitution of PV by Si'" or Ge'" giving rise to new compositions such as Lizx(P1Six)Os, !
can lead to fast lithium-ion conduction.”” LISICON-type electrolytes are characterized by a high
thermal stability and near-zero vapor pressure in addition to stability in the presence of water and
aqueous electrodes.” Despite the marked stability, few LISICON electrolytes have been reported
compared with other ceramic electrolytes. The main reason is their ionic conductivity at room
temperature, which is too low for practical applications (107 S cm™).”! Additionally, they suffer from
instability when in contact with Li and air.” Substituting O by S in Lisx(P14Siy)Os to form Liz(P:-
Slx)S4, leads to the thio-LISICON family. This substitution is reported to further increase lithium-ion
conductivity by 3 orders of magnitude at room temperature.” In fact, materials like LijoMP2S12 (M =
Si, Ge, or Sn)™>* and Li1;1Si;PS12 possess the highest reported lithium-ion conductivities for ceramic

solid electrolytes, above 107 S cm™ at room temperature.”’ These values are in the same order of

magnitude as those of commercial liquid electrolytes currently used in LIBs. However, sulfide in thio-
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LISICON materials easily reacts with the moisture in the atmosphere, producing harmful H,S gas.

Additionally, Ge-based compounds ate prone to be reduced at low potentials.*’

Argyrodite. Lithium argyrodite is a recently proposed class of fast Li-ion conductors, isostructural to
Cu- and Ag-argyrodite materials and best described by the general formula LisPS;X (with X = CI, Br,
ot I). The structure is characterized by tetrahedral close packing of anions (cubic unit cell with space
group F43n). Phosphorus atoms are located in tetrahedral interstices, forming a network of PS,
tetrahedra, as observed in the thio-LISICON structure. Li ions are randomly distributed over the
remaining tetrahedral interstices, i.e. 48h and 24g sites, and rapidly diffuse through them. The highest
ionic conductivity has been reported by Deiseroth et al.,”® corresponding to 7 X 10 S cm™ at room
temperature. It is worth noting that the substitution of sulfur by oxygen tends to decrease the ionic
conductivity, as already observed for LISICON and thio-LISICON materials. First reported data on
LisPSsX (X = Cl, Br, I) argyrodite structures show that the electrochemical stability windows are as

wide as 0—7 V versus Li/Li".”

Perovskites. Perovskite structure can be described with a general formula ABOj, with a cubic unit
cell and space group Pm3m. Alkaline-earth or rare-earth elements are usually found in A-sites at the
corners of a cube while B ions, which are typically transition metals are located at the center. Oxygen
atoms occupy the face-center position. Lithium can be introduced through aliovalent doping on the
A site of the perovskite structure.” Inaguma et al. developed several materials with the general formula
LisJas/3,TiO3 by means of aliovalent substitution of both metal ions, thus reporting high bulk Li-ion
conductivities of 10° S cm™ and total conductivities as high as 7 X 10° S em™ at room temperature,
attracting considerable interest.”’ Despite its high conductivity at room temperature, LL.TO is not
suitable to be used as solid electrolyte in Li-based batteries, since it rapidly undergoes Li" insertion
with the simultaneous reduction of Ti"" to Ti"! when in direct contact with metallic Li, thus giving rise

to high electronic conductivity.*

Garnet. Several oxides materials derived from the ideal garnet structure and characterized by the
general formula A3;B2(XO4)s (cubic unit cell and space group Iz34) have been reported.” Garnet-like
compounds were studied for the first time as solid electrolytes by Weppner et al.”" Especially,
LizLa;Z1:012 (LLZO) has been given much attention because of its high stability in contact with
metallic Li.”” LLZO structure is characterized by dodecahedral L.aOs and octahedral ZtOs. Li ions can
be located in two different sites, corresponding to tetrahedral 24d site and distorted octahedral 96h

site and usually referred to as Lil and Li2, respectively. The Li2 site is vacant in the ideal garnet
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structure. The disordering and partial occupation of the Li atoms at the Li2 site is a crucial factor for

62

having fast Li-ion conduction.”® Besides high bulk Li-ion conductivity, corresponding to 5 X 10* S
cm’ at room temperature, this material also exhibits excellent thermal performance and chemical

stability against molten lithium, air and moisture.”

NASICON. The expression “Na’ super ionic conductors” (NASICON) was firstly introduced by
Hong and Goodenough in 1976 to denote the Na' transport abilities of the solid solution
Nai+:Z1:8i:P3:O1.% During the years, the term has been broadly used to indicate a family of
phosphates materials characterized by the general formula AMM’(PO4)s, where the A-site is usually
occupied by alkali ions or alkaline-earth ions while M and M’ stand for transition metal ions with
oxidation states between II and V. Given the growing interests over the last decades in finding a
performing Li" conductor to be used as solid electrolyte for electrochemical applications, lithium was

soon substituted for sodium as a charge carrier.®®

The general formula of Li-based NASICON compounds cotresponds to Lii+M"M"5(PO4); with
M" = Cr, Al Ga, Sc, Y, In, or La and M"Y =Ti, Ge, Sn, Hf, or Zr. The structure is generally
characterized by a thombohedral unit cell and space group R3¢, as shown in Figure 1.10, consisting
of isolated MOs octahedra, which share a corner with PO, tetrahedra.”™* Li ions can occupy two
different sites in the structure: the Lil sites (Wyckoff position 6b) that are 6-fold coordinated located
directly between two MOy octahedra, and the Li2 sites (Wyckoff position 18¢) that are 8-fold
coordinated and located between two columns of MOg octahedra. In LiM",(PO4); compounds Li ions
are located exactly at the Lil sites. Partial substitution of M" with M"! leads to additional occupation
of further positions by Li ions. It was commonly assumed that these positions corresponded to Li2
sites, however Li2 cavity is very large compared to the ionic radius of Li’. Recent research identified
a new Li3 site (Wyckoff position 36f) within Li2 cavity, which is in better agreement with experimental
results.” Lithium migration occurs via hopping between Lil and 1i3 sites, and partial occupancies of
lithium ions on those two sites are crucial for fast lithium-ion conduction, especially as vacancies are
required at the intersection of the conduction pathways to enable three-dimensional diffusion within

the structure.®®®
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Figure 1.10 Rhombohedral structure of LiisAlysTi15(POs)3, Red spheres: O, blue octahedra: (Al/Ti)Og, putple octahedra:
PO,. Top half shows Li2 sites occupied, while in the bottom half additional lithium occupy Li3. Reproduced with
permission.” (Copyright 2018 Elsevier).

The strategies for improving ionic conductivities usually fall into two different paths. First, modifying
the size of the network can greatly influence lithium-ion transport. Given that the bottleneck of
lithium-ion conduction resides between Lil and Li3 sites, a common approach involves increasing the
bottleneck size by using larger M ions, e.g. shifting from M = Ge" (0.53 A), to Ti'" (0.605 A) and HFY
(0.71 A) can increase lithium-ion conductivity up to 4 orders of magnitude (Figure 1.11a).
Additionally, the activation energy of lithium-ion conduction decreases linearly while increasing the
bottleneck size between the Lil and Li3 sites, which further supports the importance of achieving an
optimal bottleneck sizes for mobile ions. Second, the aliovalent substitution of M"Y with M"' cations
such as Al and Sc™ can greatly enhance the ionic conductivity by increasing both the Li ions
concentration and their mobility (Figure 1.11b).” That is why the most studied Li-based NASICON
structures are Al-doped LiTi2(PO4); and LiGex(PO4);. While the undoped compounds have relatively
poor Li-ion conductivities, in the order of 10° S cm™ at room temperature, the aliovalent substitution
of Ti"V and Ge" by Al" proved to be an effective strategy to increase the ionic conductivity of 2-3
orders of magnitude.” The highest conductivities at room temperature reported to date are 1.3 X 10
>S em™ for Lij3AlosTis(PO4)s (LATP) and 2.8 X 10" S ecm™ for LiisAlosGers(POy)s (LAGP), as
displayed in Table 1.1.97"7
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Table 1.1 Ionic conductivities of NASICON Lij+ MII,MIV,_ , (PO4)3; materials.”

GelV (53 pm) HfV (71 pm) TilV (60.5 pm) ZrV (72 pm)
AIUI (53,5 pm) 2.8 X104 - 1.3 X103 -
CrllI (61.5 pm) 1.2 X 104 5.3 X 107 3.9 x 104 5.9 x 107
Eulll (117 pm) - - 6 % 105 -
Felll (64.5 pm) 3 %105 1.7 x 104 52 %104 1.4 x 107
Galll (62 pm) 4.4 x 105 - 2.6 X 104 -
In'T (80 pm) 9.2 X106 1.4 x 104 4 X104 8.2 %108
Lalll (103.2 pm) - - 5.3 x 104 -
Lulll (86.1 pm) - 9.8 X 105 - -
ScllI (74.5 pm) 2.6 X 105 8.6 X 105 8.8 X 10+ -
YII (90 pm) - 9.2 X105 6.1 X 104 7.1 X105

The aliovalent substitution is effective only to a certain extent, in fact stoichiometries with higher Al
contents (= 0.6) often leads to the formation of non-conductive secondaty phases, e.g. AIPO4.>"*%"
Besides the good ionic conductivity, LATP and LAGP are characterized by high chemical stability,
being unaffected by the presence of both air and water.”" They are also electrochemically stable at high
potentials, thus being suitable for coupling with high-voltage cathode materials.”* However, both

materials have still some drawbacks that need to be addressed.
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Figure 1.11 (a) Lithium-ion conductivity and activation energy of NASICON Li;+ MUILMIV,  (PO,); with different cationic
radii at room temperature as a function of lattice volume per lithium atom. Reproduced with permission.®3 (Copyright 2016
American Chemical Society). (b) Variation of the ionic conductivity of Lij+ MU Ti; (PO4); at room temperature with the
degree of substitution (X). Reproduced with permission.?' (Copyright 1990 IOP Publishing).
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The presence of Ge" or Ti" make them susceptible to the electrochemical reduction when low
potentials are employed. This is a major concern when they are in contact with metallic Li, which
easily causes their reduction to Ge'"' and Ti", respectively, thus generating electrical conduction
between the electrodes.” While the electrochemical reduction of Ti" in contact with Li is universally

accepted, Ge' reactivity seems to still be an ambiguous topic.””

Several different synthesis methods have been developed to achieve LATP and LAGP solid
electrolytes. They can be generally divided into two main categories: solid- and liquid-based

approaches.

Solid-state synthesis is a conventional method to prepare LATP and LAGP electrolytes, and more in
general inorganic materials. Aono et al. used it for the first time to achieve Li-based NASICON
materials.””””"® Generally, the chemical precursors are mixed and ball milled. Then several heat
treatments (calcination and sintering) enable the achievement of pure and dense solid electrolyte.
However, very high temperatures (700-1200 °C) and long dwell times (>12h) are often necessary to
reduce the impurity content and maximize the density. Solid state reactions are indeed intrinsically
slow because, although an optimal mixing of precursor materials at the level of individual particles can
be achieved, thanks to several milling steps, on the atomic level they are usually very inhomogeneous.
A good atomic level mixing of the reactants can be achieved either by counterdiffusion of ions
between different particles or by liquid- or gas phase transportt, thus to enable atoms of the different
elements in the correct ratio to react and form the desired product. In a typical solid-state synthesis,
four aspects must be optimized: 1) the starting materials, which ideally should be of accurately known
stoichiometry, pure and reactive; 2) mixing of reactants. As mentioned above, reactants must be
brought into contact as efficiently as possible. Reducing the particle size of the reactants and achieving
an intimate mixing by a high-energy mechanical milling technique (ball milling, planetary milling, etc.);
3) the container must be inert towards the reactants and thermally stable at the temperature employed
for the heat treatment in order to avoid contaminations; 4) the firing schedule, which should avoid
the volatilization of one or more reactants and should feature temperatures at which the precursors
react on a reasonable timescale.” The samples prepared with a solid-state method are usually
characterized by a highly crystalline structure, large grains, fewer grain boundaries, great ionic
conductivity, and high density. However, the high temperatures used often cause lithium loss and the

formation of secondary phases,” which have a negative impact on the Li-ion conductivity.
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Another standard solid-based synthesis approach to prepare NASICON-type electrolytes is the melt-
quenching method.** This enables the achievement of a glass-ceramic material characterized by a
very high ionic conductivity, as reported for a LAGP electrolyte displaying a value of 4.22 X 10° S cm’
" at room temperature.” However, this method requires even higher temperatures (<1500 °C)
compared to solid-state synthesis in order to melt the precursors. The melt is then quenched at room
temperature to obtain an amorphous glass. Final sintering crystallizes the material. Besides the high
temperatures needed, this method is greatly affected by the chemical precursors and the sintering

conditions.

Among liquid-based methods, sol-gel provides an efficient synthetic path for the achievement of
crystalline LATP and LAGP solid electrolytes.”*™ The precursors materials are dissolved in a
suitable solvent to obtain first a colloidal solution, then a gel network. The heat treatment of the gel
removes volatile components and organic side groups, enabling the crystallization of the final product.
The major advantage of the sol—gel synthesis is the possibility to achieve pure materials employing
lower temperatures and shorter time than those needed for solid-state and melt-quenching methods.
Sol—gel method has been largely employed in this thesis, thus it will be described in detail in Chapter
1.4.1.

A variation of the sol—gel approach, known as Pechini process, is characterized by the dissolution of
the precursor materials in water and most importantly by the introduction of an alpha-
hydroxycarboxylic acid, such as citric acid.”"” Citric acid acts as chelating agent to form a cross-linked

network. After subsequent polymerization and calcination, nano-sized particles can be achieved.

The coprecipitation method has been reported as valid synthetic path for the LATP and LAGP solid
electrolytes.” It is based on the dissolution of the precursor materials in an aqueous solution and
their simultaneous precipitation upon pH adjustment or freeze drying. The obtained powder is then
treated at intermediate or high temperature to crystallize the final product. The use of water instead
of organic solvents lowers the costs of the process, and as the other liquid-based methods is
characterized by lower calcination and sintering temperature. However, the high costs associated with
the required chemicals and the relatively common secondary phases detected using this approach,

often prevent its application.

Another liquid-based synthesis is represented by the hydrothermal/solvothermal method. Generally,
the precursor materials are placed in a PTFE-lined cylinder along with water or an organic solvent;

their solubility is P,T-dependant. The sealed cylinder is then heated in a temperature range of 100—
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500 °C; its pressure is controlled either externally or by the degree of filling to achieve the
crystallization of the final materia.” Few studies report the successful use of

hydrothermal/solvothermal methods for the synthesis of NASICON-type LATP.”*”

1.3.3 Organic polymer electrolytes

A polymer electrolyte comprises at least a polymer matrix and a lithium salt, which is needed to provide
ionic conductivity. To be suitable for practical applications in lithium polymer batteries, a polymer

electrolyte must possess some specific properties:'"""'"" 1)

High ionic conductivity. While liquid
electrolytes are usually characterized by an ionic conductivity of 10°-10° S cm™, polymer electrolytes
should possess conductivities approaching 10* S cm™ at room temperature. 2) High Li" transference
number. A Li" transference number close to unity is ideal for electrolyte systems, since it can reduce
the polatization during the charge/discharge process."” An effective strategy to increase the Li*
transference number is to reduce the mobility of anions. This can be achieved by anchoring the anions

to the polymer backbone, thus achieving single-ion conducting polymer electrolyte,'”™"*

or by
introducing anion receptors that selectively complex them in the electrolyte."””'” 3) Good mechanical
strength. Polymer electrolytes should be strong enough to oppose to lithium dendrite growth without
being brittle like ceramics. Moreover, they should be able to elastically cushion the stress due to the
process of manufacture, cell assembly, storage and usage. Adding inorganic fillers or physical supports
and crosslinking, are all feasible strategies to improve the dimensional stability of polymer electrolytes.
4) Wide electrochemical stability window. The oxidation potential of the electrolyte must be higher
than the insertion potential of Li” in the cathode and the reduction potential must be lower than that
of metallic lithium in the anode. 5) Optimal chemical and electrochemical stability. Polymer
electrolytes should be inert to the materials employed for other battery components, such as anode,

cathode, current collectors, additives, and battery packaging. They should also be thermally stable even

in case of electrical abuse, such as short-circuit and overcharge, and in case of fire.”’

Dry polymer electrolytes. Conventional solid polymer electrolytes, made of a lithium salt dissolved
into a polymer matrix, are often referred to as dry polymer electrolytes. A dry polymer electrolyte is a
typical ion-coupled system, in which ion transport only occurs in amorphous regions above the glass-
transition temperature (T,), assisted by the segmental motion of chains. The ion transport in an ion-
coupled system is affected by two factors: 1) the amount of amorphous phase in the polymer matrix,

since several polymers are semi-crystalline; 2) the T, of the polymer employed, since the mobility of
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polymeric chains increases above the glass transition. Moreover, the polymer employed should be able
to effectively dissolve lithium salts. From this perspective, some of the best candidates are presumably
the polyethers, which are also characterized by a good electrochemical stability. Polyethers dissolve
lithium salts by interacting with the metal ions through the ether oxygens. In this class of polymers,
PEO, which is based on a -CH,—CH,—O— chemical structure, is undoubtedly the most promising
material thanks to the flexibility of its chains, enabled by the low T,, which is equal to -64 °C. In
addition, the strong donor character of the oxygen atoms enables a prompt solvation of Li" ions. The
ionic conductivity of PEO-based electrolytes significantly improves after 65 °C, which corresponds
to the melting point of PEO. PEO is also commercially available in a relatively pure state and at
reasonable cost. However, being a semi-crystalline polymer at room temperature, the crystalline
domains greatly hinder the transport of Li" ions. That is why the ionic conductivity at room
temperature of PEO-based electrolytes is relatively low, usually around 10°-10® S cm”. Adding
plasticizers, forming cross-linked or blocked polymers and incorporating inorganic ceramic fillers are
all effective strategies to decrease the crystallinity of PEO and thus improve the ionic conductivity at
room temperature of PEO-based solid electrolytes. Other polymers with a low T, have also been
investigated, such as  poly(propylene  oxide)  (PPO),"™"  poly[bis(methoxy-ethoxy-
ethoxy)phosphazene] (MEEP),""'" polysiloxane (PSi),""*!'* etc., which remain completely amorphous
at ambient temperature. PPO is commonly used as a polymer matrix for ionic conduction, similarly
to PEO. The solvation of lithium ions in MEEP is attributed to both the ether oxygens and the

nitrogen atoms in the polymer backbone.”'>!"¢

In polymer electrolytes, the choice of the lithium salt is crucial. Lithium salts employed for the
development of polymer electrolytes have usually been already tested in liquid media, since the
requirements are similar, i.e. high solvability, good electrochemical stability, high thermal stability and
a pronounced ability for form a stable SEI. The most studied ones are LiClO4, LiBF,, LiPFs, LiAsF,
LiCF;SO; and LiN(CF;SO,),. The mobility of the ions of these lithium salts is in the following order:
LiBF,>LiClO4>LiPF¢>LiAsF>LiCF;SO3>LiN(CF;SO,),, while their dissociation constants follow
this order: LiN(CF;SO,),>LiAsFs>LiPF>LiClO,>LiBF,>LiCF;SOs."”

Gel polymer electrolytes. Gel polymer electrolytes (GPEs) are prepared by incorporating a certain
amount of liquid plasticizer and/or solvent into a dry polymer electrolyte. This was first attempted by
Feuillade et al. in 1975,"® by adding an aprotic solution containing an alkali metal salt to a polymer

matrix. Given the addition of a liquid component, the major contribution to Li" transport is not related
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to the segmental motion of polymer chains and Li" hopping mechanism as in dry polymer electrolyte,
but it mainly occuts in the gelled and/or liquid phase. Especially when the material is charactetized by
a connected porosity, the ionic conductivity of the GPE depends almost entirely by the properties of
the trapped liquid medium. Since the ionic conductivity of the GPE no longer depends by the
polymer’s ability to complex Li" ions, several other polymers can be selected, since they mostly act as
supporting network. Polymers reported in the literature include PEO,'"”'’ polyvinyl chloride (PVC),"!
PAN,"” PMMA,"® PVdF,"* and PVdF-HFP copolymer.'” However, often GPEs based on a single
polymer matrix are not able to fulfill all the requirements listed above. For example, PMMA-base
electrolytes are characterized by low mechanical strength, PAN-based electrolytes undergo passivation
at the interface with metallic lithium,"” fluorine groups in PVdF- and PVdF-HFP-based electrolytes
react with metallic lithium, thus producing LiF, which is responsible for safety hazard.'”” Several
strategies to improve the properties of the polymer matrices have been proposed, such as blending,
copolymerizing, crosslinking and compounding. The addition of inorganic fillers is presumably the
most effective and versatile strategy to improve the mechanical strength and interfacial stability of
polymer electrolytes in general. This approach leads to a new class of electrolyte commonly referred

to as composite or hybrid electrolyte, which are described in detail in the next subchapter.

1.3.4 Composite electrolytes

Although several studies report the use of purely inorganic solid electrolytes or organic polymer
electrolytes for ASSLBs, in the last few decades a growing research interest has been turned to the
composite electrolytes, which aim to combine the advantages and eliminate the drawbacks of both
inorganic and organic solid electrolytes. Usually, the addition of inorganic ceramic components to
polymer electrolytes leads to enhanced mechanical strength and improved ionic conductivity. Several
polymers, such as PEO, PAN, PMMA and PVdF, have been employed as polymer matrices to achieve
composite electrolytes for lithium batteries. Using a polymer to develop composite materials is
advantageous for several reason: 1) because of their mechanical properties, polymers can help
increasing the flexibility and reducing the brittleness of solid electrolytes; 2) the presence of the
polymer enables the achievement of a better interface with the electrodes thus reducing the interfacial
resistance; 3) polymers are usually easier to process and more cost-effective, thus being more

convenient for future large-scale manufactures.''*'*
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Inorganic fillers. The key advantages of adding inorganic fillers to polymer electrolytes arise from
the following specific aspects: 1) the reduction of polymer’s crystallinity in favour of the more
conductive amorphous phase; 2) the enhancement of the interfacial stability between electrolyte and
electrodes; 3) the improvement of the Li" transference number. During the last forty years, several
materials have been tested as filler in polymer electrolytes, but in general, they can be classified into

two main categories, according to their ability of conducting Li" ions: inert and active fillers.

Most of the inert fillers reported to date are spherical particles made of oxide ceramics, such as
aluminum oxide (ALO3), silicon dioxide (SiO;) and titanium oxide (T1Oy). In 1982, Weston et al. were
the first investigating the application of ALOj as filler in a PEO-LiClOy4 polymer electrolyte.'” They
reported that the addition of 10 vol.% of a-alumina greatly improved the mechanical stability of the
polymer electrolyte. Later, Croce and coworkers noted that the addition of Al,Os and TiO, particles
to a PEO-LiClIO;4 polymer electrolyte positively affects the ionic conductivity of the electrolyte.””
Following studies further investigated the interaction between the inorganic fillers and PEO, which is
behind the ionic conductivity improvement. It has been observed that both Al,Os and TiO; could act
as cross-linking centers for the polymeric chains of PEO, which hinder its recrystallization and
decreases its crystallinity. Hence, inorganic fillers behave like plasticizer, decreasing the crystallinity of
PEO and enhancing its ability of transporting Li" ions."” However, another phenomenon involving
the interface particle-polymer, could contribute to the ionic conductivity improvement of the
composite electrolyte. This has been explained using Lewis acid-base theory: given that polyether
matrix and Li counterion (e.g. ClOy) can act as Lewis base centers and both Lewis acids and bases are
present on the surface of ceramic particles, various acid-base interactions may involve the Li" ion,
which is considered a hard acid.”*'"* SiO; has also been reported as filler to effectively improve the
ionic conductivity of PEO- LiClO, polymer electrolytes. Thanks to the numerous hydroxyl groups on
the surface, SiO, particles can form a stable interface with the polymer matrix, thus reducing its
crystallinity and consequently increasing the Li" conductivity and transference number of the

electrolyte. Moreover, a wider electrochemical stability window (up to 5 V) could be achieved."”**

Active fillers are usually made of ceramic materials characterized by an ionic conductivity comparable

ot higher than the one of the polymer-Li salt system. They can actively contribute to the Li" ions

transport, thus further boosting the ionic conductivity of composite electrolytes, especially at room
: 137,138 139-147 148-156 :

temperature. Perovskite-type, garnet-type, and NASICON-type ceramics have been

widely used as fillers to develop composite polymer electrolytes for ASSLBs. For example, Xu et al.
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reported that the addition of LissSt/16Ta3/4211/403 perovskite to a PEO-LITEFSI polymer electrolyte
enables the achievement of an ionic conductivity of 5.4 X 10 and 3.5 X 10* S cm™ at 25 and 45 °C,
respectively, thanks to the strong interaction between the F~ of TFSI anion and the surface Ta>" of
the perovskite particles.”” Garnet-type fillers received particular attention during recent years, as they
provided deep insight on the understanding of the preferential Li* ions path through the composite
electrolyte. Zheng et al. observed that the dominant ionic path is strongly connected to the amount
of Li;LasZ1;0O1; ceramic phase used for the preparation of a PEO/LLZO/LiCIO; composite
electrolyte. When small amounts of ceramic filler are used (e.g. 5 wt.%) Li" ions preferentially migrate
through the PEO phase, while increasing the inorganic content to 20 wt.% leads to a more balance
transport, i.e. in both the polymeric and inorganic phases. A 50 wt.% addition of LLZO enables a
preferential migration of Li" ions in the ceramic phase, because of the continuous network provided
by LLZO fillers."””'* Particle size has also a significant impact on the conductivity of the composite
electrolyte, as demonstrated by Zhang et al.'""’ They investigated the addition of LLZTO particles of
different size, i.e. 40 nm, 400 nm, and 10 pm to a Li-salt-free PEO electrolyte, reporting room-

temperature ionic conductivities of 2.1 X 10* S em”, 1.3 X 10° S cm’, and 3.8 X 10° S cm’,

respectively. PEO-LITFSI-LLZTO composite electrolytes from “ceramic-in-polymer” to “polymer-
in-ceramic” ratios have been also reported, particularly emphasizing their optimal dendrite-
suppressing capability.'*'* NASICON-type ceramics were the first active fillers to be tested in a
composite polymer electrolyte in 2002. Specifically, Zhang et al. added glassy LATP to a PEO-based
polymer electrolyte, reporting a room-temperature conductivity of 1.7 X 10* S cm™."** More recently,
the effect of the addition of LATP fillers to a PEO-LICIOy electrolyte has been compared to that of
inert fillers, such as TiO: and fumed silica.'*’ After excluding a potential effect of a different PEO’s
crystallinity, the authors proved that the improvement in terms of ionic conductivity is related to an
active role of LATP particles in Li" ion transport. Moreover, they observed that the maximum in
conductivity occurs at the interphase between particles and polymer, which can form a fast percolation
path for Li" ions when the LATP content is relatively low (10 wt.%). Another interesting approach
consists in vertically aligning LATP nanoparticles in a PEO matrix. With this strategy, Zhai et al.
achieved an ionic conductivity 3.6 times higher than that of the composite electrolyte with randomly
dispersed nanoparticles.”™ Similar results have been reported by the same research group with
vertically aligned LAGP nanoparticles blended into a flexible PEO/PEG matrix, achieving an ionic
conductivity 6.9 times higher than that with randomly dispersed LAGP." All these findings revealed

that a specific amount of fillers is necessary to propetly boost the ionic conductivity of the composite
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electrolyte. If the inorganic content is too low, the ionic transport prevalently occurs in the polymer-
Li salt system, since the repeated hopping between polymeric phase and inorganic particles results in
a slower conduction path. On the contrary, too high inorganic content could lead to the formation of
agglomerates, thus being unable to hinder the crystallization of the polymer phase. The proper amount
of fillers must be identified in order to form continuous ion-conductive paths through the electrolyte

and at the same time favour the formation of the polymer amorphous phase.

1.4 Coupling sol-gel and electrospinning: a strategy to achieve inorganic ion-
conductive fibers
Coupling the sol—gel method with the electrospinning technique enables a facile approach to achieve
fibers made of potentially any inorganic material.”””"*® This approach has been and is currently used to
prepare ion-conductive fibers for different applications. We described this technique and its potential
applications in a small review entitled “Electrospun ceramic nanofibers as 1D solid electrolytes for lithinm
batteries”,'” in which the main focus was the fabrication of nanofibers made of Li-ion conductive
materials and their application as dense ceramic electrolytes or inorganic fillers for composite polymer

electrolytes. Before further exploring this approach, some theoretical notions of the sol-gel method

and the electrospinning technique must be introduced.

1.4.1 Sol-gel

The main drawback of solid-state syntheses is that reactants are not mixed on an atomic scale.
However, various methods that allow to achieve atomic scale mixing of reactants exist. Most of them
require low-temperature treatments to synthesize the desired phase, thus they are often referred to as
chimie douce (soft chemistry) methods, although a final treatment at high temperature may be needed to
improve purity and crystallinity, especially for ceramic products. A significant advantage, compared to
other synthetic routes, is the achievement of products possessing high homogeneity, which often leads
to improved properties and better understanding of their dependence on structure, compositions and
dopants. In addition, non-powder precursors can be used, so as to not constrain the synthetic path in
terms of morphology and application of the final product. For example, it is possible to achieve fibers
or coatings, directly from the synthesis. Soft chemistry methods, however, have some drawbacks that
often limit their use. The reactants can be costly and difficult to handle, for example; several waste
products are often produced, such as processing solvents and by-products; additionally, the

optimization of a specific synthetic route is not always directly applicable to the synthesis of a parent
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structure. These aspects often hinder the employment of such methods in large-scale production.”
Sol—gel approach belongs to this category, being based on the preparation of an initial solution that

enables a close mixing of all reactants in a liquid phase.

The first reported examples of sol—gel processing are the studies on silica gels carried out by
Ebelmen'™'"" and Graham'® in the mid-1800s. They observed that the hydrolysis of tetraethyl
orthosilicate (Si(OC:Hs)s), under acidic conditions, produced SiO; in the form of a “glass-like
material”.'" Additionally, the viscous gel could be manipulated to obtain fibers, monolithic optical
lenses or composites.'”’ However, drying times of 1 year or more were necessary to avoid the silica
fracturing into a fine powder, which greatly lowered the technological interests. Between the 1950s
and 1960s, Roy and co-workers used the sol—gel method to successfully synthesize several ceramic
oxide compositions, based on Al, Si, Ti, Zr, etc. and characterized by a very high chemical
homogeneity.'*"* Meanwhile, Iler’s work on silica chemistry paved the way to the development of

the commercial Ludox spheres made of colloidal silica powders and produced by DuPont’s.'*"'*®

While several definitions of sol—gel synthesis have been proposed during years, a more general one is
universally accepted today. This definition states that a sol-gel process is a colloidal route used to
synthesize ceramics with an intermediate stage including a sol and/or a gel state. Nowadays, the sol—
gel term is not used to describe a unique path but a vast category of synthetic approaches based on

common principles, as schematically illustrated in Figure 1.12.'”

The first step of any sol—gel synthesis is the choice of precursors materials. Since sol—gel is a synthetic
method based on chemical interactions, selecting different precursors and procedures can promote
different synthetic routes, thus achieving different products. Afterword, a common option is
dispersing the colloidal particles into a stable sol before transforming it into a gel. A polymer could
also be used to achieve a stable polymeric gel. Both sols and gels can be processed in various ways to
achieve different morphologies and applications: they can be spinned into fibers or transformed by
several techniques into coating materials. Colloidal particles can also be conventionally treated by cold-
pressing, hot-pressing and sintering to produce the desired ceramic. Additionally, controlled gelation
and drying can be employed to avoid fractures in the final material. The size of the pores can be

controlled as well by supercritical drying or by the use of surfactants.
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Figure 1.12. Simplified chart of sol—-gel processes.!®

Sol-gel method possesses several advantages compared to conventional solid-state synthesis
techniques. It enables the production of hybrid organic/inorganic materials, which do not exist
naturally and are impossible to obtain with conventional synthetic paths. More importantly, the
temperatures employed in the very first steps of the process are considerably lower than those of
conventional solid-state methods. This aspect is crucial for achieving pure products, since it greatly
reduces the interactions between the material and the container walls, thus minimizing the risk of
contaminations and by-products. Therefore, products characterized by a high purity can be easily
achieved by using pure precursor materials. Other fundamental advantages characterize the sol-gel
process, such as the control on the kinetics of each step of the chemical reaction, due to the low
temperatures and the dilute conditions employed. This enables a high degree of control on the
nucleation and growth of the material, which is crucial to achieve particles with a desired shape, size
and size distribution. Moreover, the structure of the material can be easily controlled to achieve
amorphous or semi-vitreous states. Several glasses, impossible to achieve by the standard melt-quench

method, have been easily achieved by sol—gel, which allows to also tailor the distribution of pores and
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crystalline domains to a certain extent. The greatest drawback of the sol—gel approach is probably the
cost of precursor materials. Especially high-purity alkoxides, which are probably the most used
reactants for this technique. Some of them however can be synthesized quite easily, while some others,
such as Zr and Ti ones, are already employed industrially, which greatly lowered their cost. For most
of the large-scale productions, sol-gel method can not compete with conventional high-temperature
processes, which can usually rely on very inexpensive raw materials and well optimized procedures.
However, sol-gel approach becomes more and more interesting when used in the field of highly
advanced ceramics. Additionally, it can be coupled with several other techniques to tailor the
morphology, the structure and the corresponding properties of the final product. For example, a
casting or a spinning technique can be integrated into the synthetic process to easily achieve ceramic

coatings or fibers, respectively.'®”

1.4.2 Electrospinning

Electrospinning is currently the only fabrication technique that enables the achievement of continuous
fibers with diameters in the order of nanometers. While the technique mainly employs natural and
synthetic polymers, polymeric alloys and solutions, it can also feature the addition of chromophores,
nanoparticles, active agents, precursor materials, ceramics and metals to the electrospinning solution.
Moreover, the electrospinning setup can be easily modified to achieve complex structures, such as

core—shell or hollow fibers, or specific fiber alignments on a substrate.'”

The term “electrospinning’ is a blend word from “electrostatic” and “spinning” and was introduced
around 1993. However, the initial studies and patents on this technique date to the beginning of the
1900s. Among them, Formhals developed and patented an apparatus for producing artificial
filaments."”" A milestone for the development of electrospinning was the work conducted in 1969 by
Taylor on the conical shape of electrically driven jets,'” later referred to by following researchers as
“Taylor cone”. Only in the late 1900s and eatly 2000s an upsurge of research on electrospinning has
been recorded, as a result of the growing interest in nanotechnology. Electrospinning thus became a
simple and versatile technique to prepare polymeric fibers with high surface area and nano-sized

diameter, breaking new grounds for future technologies and applications."”’

The process. Electrospinning appears as a very simple, thus easily controllable technique for
fabricating fibers with diameters down to the nanometer range. In a typical electrospinning process

(Figure 1.13), a solution or melt is pushed through a nozzle with an inner diameter of about 100 um,
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using a syringe connected to a syringe pump in order to control the flow rate. By means of a power
supply, a high voltage, up to 30 kV, is applied to the nozzle, which thus acts as electrode. In a
laboratory setup, a counter electrode is then placed at about 8-25 cm from the nozzle, to collect the
electrospun fibers, thus also referred to as collector. The voltage applied to the nozzle causes a cone-

shaped deformation of the drop of solution on the nozzle, the Taylor cone.'”

/ Voltage power supply \

Electrospun mat

Nozzle *

\‘ﬂ Collector

Taylor cone

Syringe pump
)

Figure 1.13 Schematic illustration of a typical electrospinning setup.

When the electrical field applied reaches a critical value the cone becomes a rapid whipping jet, which
moves towards the collector while being continuously stretched during an unstable and chaotic flight.
During this process, the solvent evaporates quickly (or the melt solidifies), resulting in the deposition
of dry, randomly distributed polymeric fibers on the collector. After a prolonged deposition period, a
nonwoven mat is obtained. Hence, the electrospinning process is not as simple as appears, but it is as
a matter of fact a very complex balance of physical instabilities. One of them derives form the liquid
strand itself, known as Rayleigh instability.'” Others are induced by the coupling of the liquid strand
with the electric field, thus related to the transport of charges into the liquid strand, i.e. the
axisymmetrical instability and the whipping instability. The axisymmetrical instability causes a
modulation of the surface charge density, which results in the formation of beads, aligned along the
fiber as pearls on a string (Figure 1.14a). This can be prevented by changing the spinning parameters.
Whipping (or bending) instabilities cause a lateral deformation relative to the axis of the fiber, which

results into the formation of loops in the horizontal plane (Figure 1.14b). This kind of instability can
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be enhanced by increasing the electrical conduction of the solution, thus minimizing the formation of

170

high charge densities along the fibers.

b I I

. —F

Figure 1.14 (a) SEM micrographs of PBS electrospun products (solvent: chloroform). Reproduced with permission.'’
(Copyright 2008 John Wiley and Sons). (b) Schematic illustration of perturbations causing the bending instability. A, B, and
C represent three similarly charged parts of the jet where B has been perturbed from the symmetrical axis. Reproduced with
permissions.'’> (Copyright 2017 Elsevier).

Parameters. The effect of the parameters on the formation of fibers is a crucial aspect of the
electrospinning process. Usually, we can distinguish three different categories of parameters: solution
(or molecular) parameters, process parameters and ambient parameters. The first category embraces
all the variables related to the physico-chemical properties of the spinned solution, such as
concentration and molecular weight of the polymer, viscosity of the solution and rheological and
electrical properties of the solvent system. For fiber formation to occur, a minimum polymer
concentration is needed. Increasing the concentration usually results in the increase of fiber diameters,
until the formation of the fibers is hindered by the inability of maintaining a constant flow at the tip
of the needle. The same observations have been reported for the viscosity of the solution, which is
directly correlated to its concentration. The molecular weight of the polymer is a measure of the
number of entanglements of polymer chains in a solution, thus reflecting its viscosity. Hence, even at
low concentrations, increasing the molecular weight of the polymer can ensure a sufficient level of
viscosity to produce a uniform jet during electrospinning. However, the molecular weight also affects
the rheological and electrical properties of the solution, such as surface tension, conductivity and
dielectric strength. In the second group, all the parameters we can change by directly acting on the
electrospinning setup are included, such as the solution flow rate, the applied voltage and the distance
between the nozzle and the collector, but also the collector shape and motion, the nozzle inner
diameter and the angle between the nozzle and collector. The flow rate of the solution, controlled by

the syringe pump, is an important process parameter since it affects the jet velocity. A lower flow rate
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is usually preferable as the solvent can evaporate more easily before reaching the collector. High flow
rates can result in the formation of beads and in wet fibers. A slight influence of the flow rate on the
morphological properties of the collected fibers has also been reported. A crucial process parameter
is the voltage applied to the nozzle. A threshold voltage must indeed be attained to observe the
formation of fibers. However, the influence of higher voltages on the fiber diameter is ambiguous. An
increase of diameters was reported in several studies, since higher voltages can lead to more polymer
ejection. Other researchers however reported that high voltages can favour the narrowing of the jet,
thus a decrease of fiber diameter. While certainly an influence exists, it is presumably related to the
electrical properties of the spinned solution. While the nozzle to collector distance does not affect the
electrospinning as significantly as other parameters, a minimum distance must be ensured to give the
solvent enough time to evaporate. Also, beads have been observed when the collector is either too
close or too far from the tip of the nozzle. Finally, the collector material, shape and motion can greatly
influence the morphology of the fibers. For example, a cylindrical collector rotating at high speed can
lead to aligned fiber. The ambient parameters, which can be controlled too in some specific conditions,
include temperature and humidity. Since an inverse relationship between temperature and viscosity
exists, increasing the ambient temperature can lead to smaller fiber diameters. The ambient humidity

can affect the evaporation of the solvent as well as the electrical properties of the spinning solution.
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Figure 1.15. Number of scientific publications and patents per year (2001-2021) with the keyword “electrospinning”. (Source:
Scopus)
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1.4.3 Inorganic ion-conductive nanofibers as electrolytes and fillers

An effective method to achieve ion-conductive ceramic fibers by electrospinning is to employ a sol—
gel approach.””” To use sol-gel for electrospinning, a solution with both sol—gel precursors and a
polymer carrier is prepared. All the components must be perfectly soluble in the selected solvent
system to obtain a homogeneous distribution of the precursors and stable electrospinning. Therefore,
after the solution parameters and the ratio between the polymer and precursor materials are optimized,
the prepared solution is electrospun to obtain precursor nanofibers. In the sol—gel synthesis, a high-
temperature calcination step is finally performed to remove the polymer and all the organic side groups
and crystallize the product. Owing to the void space within the fibrous network, product crystallization
is confined within each fiber; thus, the final product retains the nanostructured morphology. The

typical steps are displayed in Figure 1.16.
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Figure 1.16 Schematic illustration of the synthesis process of ceramic fibers by electrospinning.

Since 2015, several Li'-conductive ceramic fibers have been fabricated by this synthetic approach.
Their synthetic conditions and main properties are summarized in Table 1.2. Perovskite-type' """
and garnet-type'¥ ™ fibers have been widely investigated, especially in the last few years, as both
inorganic fillers and as base for dense inorganic electrolytes. Some studies on NASICON materials

have also been reported.m*m
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Table 1.2. Synthesis parameters and properties of ceramic Li-conductive fibers fabricated by electrospinning and employed in solid electrolytes.

Inorganic material Polymer carrier' Solvent system® [COZ{‘ZZ:Z” Fiber diameter Electrolyte composition Tonic conductivity (S cnr’) Refo
Lio33La0557Ti03 PVP H>0O/iPrOH/AcOH 1000 °C (3h) 100-200 nm LLTO pellet 4.37 X 10 (RT) 176
PVP DMF/AcOH 800 °C (2h) 140 nm PAN/LiClO4+15 wt% LLTO 2.4 X 10+ (RT) 1
PVP DMF/AcOH 800 °C (2 h) 138 nm PAN/LiCIO4+3 wt% LLTO 6.05 X 105 (30 °C) 178
PVP DMF/AcOH 800 °C (2 h) 1 pum PEO-LITFSI+5 wt% LLTO 5.53 X 10 (25 °C) 1
PVP DMF/AcOH 800 °C (2 h) 110 nm PEO/LITFSI+15 wt% LLTO 2.4 x 104 (25 °C) 180
PVP DMF/AcOH 800 °C (2 h) 500 nm PEO/PPC/LITFSI+8 wt% LLTO 5.66 X 105 (25 °C) 181
PVP DMF/AcOH 900 °C (3 h) 199 nm PEO-LITFSI+LLTO mat 1.6 X 10* (24 °C) 182
PVP DMF/AcOH 800 °C (2 h) 140 nm PAN/LiClIO4+10 wt% LLTO 3.6 X 10+ (RT) 184
PVP H>0O/iPrOH/AcOH 900 °C (3 h) 260 nm PEO/LiClO4+3 wt% LLTO 3.1 X 10 (RT) 183
PVP DMF/AcOH 900 °C (3 h) 200-300 nm PVdF/LiClOs+10 wt% LLTO NTs 1.7 X 10 (20 °C) 185
PVP DMF/AcOH 800 °C (2 h) 250 nm PEC/LITFSI+5 wt% LLTO 7.91 x 105 (25 °C) 186
PVP DMF/H20/iPrOH/AcOH 900 °C (2 h) 92 nm PVAF-HFP/LiTFSI+30 wt% LLTO 3.8 X 104 (RT) 187
Lio.33La0.557 Ti1xALO3 PVP DMF/H20/iPrOH/AcOH 900 °C 155 nm PVAF-HFP/LiTFSI+30 wt% LLATO 4 x 104 (25 °C) 188
LisLa;Zr2012 PVP H20/iPrOH/AcOH 700 °C (2.5 h) - - - 189
PVP DMF/AcOH 800 °C (2 h) 138 nm PEO/LITFSI+LLZO mat 2.5 X 10+ (RT) 190
PVP DMF/iPrOH/AcOH 700 °C (1h) 100-276 nm PAN/LiCIO4+5 wt% LLZO 1.31 X 10+ (20 °C) 191
PVP DMF 700 °C (2 h) 100-200 nm PEO/LITFSI+10 wt% LLZO 2.39 x 10+ (25 °C) 192
PVP DMF/H0/EtOH/AcOH 700 °C (3 h) 200 nm - - 193
PVP DMF/AcOH 750 °C (2.5 h) 100 nm PVAF-HFP/LiTFSI+10 wt% LLZO 9.5 X 10+ (20 °C) 194
PVP DMF 850 °C 2 h) - PPC/LITFSI+7.5 wt% LLZO 1.59 X 10+ (RT) 195
Lis2sLasZir2Aly 24012 PVP DMF/AcOH 800 °C (3 h) - PVdAF/PEC/LITFSI/SN+20 wt% Al-LLZO 3.91 x 10+ (25 °C) 196
LicZ1,07 PVP H2O/EtOH 750 °C (1 h) 100 nm Ceramic fibers 1.27 X 10 (200 °C) 200
LaZr,07 PVP DMF 1000 °C (8 h) 200-300 nm PPC/LiTFSI+10wt% LZO 1.2 X 104 (RT) 201
Li4Alo4Ti16(PO4)3 PVdAF-HFP DMF/THF/acac 850 °C (2 h) 270 nm Ceramic mat 3 X 107 (RT) 197
Liy3Alo3Ti17(PO4)3 PVdAF-HFP DMF/THF/acac 850 °C (2 h) 0.4-1 pm Ceramic mat 3 X105 (25 °C) 198
Li15Alo.sGe1s(PO4)3 PVP EtOH 700 °C (2 h) 300-800 nm PEO/LITFSI+10 wt% LAGP 7.14 X 106 (20 °C) 199
LiisAlosGe12Tios3(PO4)s PVP EtOH/acac 700 °C (2 h) - PEO/LITFSI+10 wt% LAGTP 5.3 X 10 (20 °C) 202

* PVP: poly(vinylpyrrolidone) ; ® DMF: N,Ndimetyformammide; H>O: deionized water, EtOH: ethyl alcohol; iPrOH: isopropyl alcohol; AcOH: acetic acid; THF: tetrahydrofuran; acac: acetylacetone; < NTs:

nanotubes; PEC: poly(ethylene carbonate); PPC: poly(propilene carbonate)



Lio33La0s57Ti0s. Liu et al. investigated the properties of LLTO nanowires for use as a ceramic filler
for polymer electrolytes.'”” As reported in Table 1.2, they used poly(vinylpyrrolidone) (PVP) as a
polymer carrier and a binary solvent consisting of dimethylformamide (DMF) and acetic acid (AcOH).
The optimal condition for calcination were found to be 2 h at 800 °C. The average diameter of the
calcined fibers decreased from 520 in the as-spun fibers to 140 nm by heating at 800 °C. A 15 wt.%
nanowire content improved the ionic conductivity of a polyacrylonitrile-lithium perchlorate (PAN-
LiClO,) electrolyte by approximately three orders of magnitude, whereas an LLTO-nanoparticle-filled
PAN-LiClOj electrolyte exhibited an improvement of only one order of magnitude. In contrast to the
case of nanoparticles, ceramic nanofibers created a 3D ion-conducting pathway, which improved the

long-range Li" transport (Figure 1.17).

\
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Figure 1.17 (a) Possible Li-ion conduction pathways in composite polymer electrolyte. Reproduced with permission.'’s
(Copyright 2017 Nature Publishing Group). (b) Cross-sectional SEM image of pellet made of conventional sol-gel LLTO
(top) and LLTO nanofibers (bottom). Reproduced with permission.'® (Copyright 2015 Elsevier). (c) Morphology of
composite polymer electrolyte with 15 wt% nanowire filler. Reproduced with permission.'”” (Copyright 2015 American
Chemical Society).
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According to Wieczorek et al.,"”

the ionic conductivity enhancement may be partly attributed to the
strong affinity between ClO4 and acidic groups on the surface of nano-oxides, which facilitates the
LiClIO4 dissociation and increases the concentration of Li". Moreover, Liu et al. proposed that the
high number of vacancies on the LLTO sutface is beneficial for Li" hopping mechanism, thus further
improving its ionic transport.'”” In the same year, Yang et al. reported the potential application of

LLTO nanowires as an inotganic solid electrolyte for lithium batteries.'” They synthesized them by
electrospinning a water-based sol and performing a calcination step for 3 h at 1000 °C. The resulting
polycrystalline fibers, which consisted of the pure tetragonal phase, had diameters of 100-200 nm.
Yang et al. successfully prepared pellets from LLTO nanowires; they reported higher density and
improved ionic conductivity compared to those of pellets made of LLTO particles synthesized by a
conventional sol—gel route. Cross-sectional images are shown in Figure 1.17b. Interesting results on
LLTO nanofibers were reported by Liu et al.,'” who investigated the effect of fiber alignment on the
ionic conductivity of composite polymer electrolytes using interdigitated Pt electrodes (Figure 1.17a).
They synthesized the LLTO nanofibers by spinning the precursor solution directly onto the Pt
electrode and then calcined the fibers for 2 h at 800 °C. They showed that when well-aligned
perpendicularly oriented nanowires were used, the conductivity was one order of magnitude larger
than that of randomly oriented nanowires. The calculated surface conductivity of the nanowires was
on the order of 10° S cm™ at 30 °C, which is close to the typical values for liquid systems, indicating
that the improved conductivity results from the absence of crossing junctions in the aligned sample.
Moreover, they confirmed the previously proposed effect of LLTO surface vacancies on Li
transport.'”” They observed a smaller ionic conductivity enhancement when using inert ceramic fillers
(ZrO; nanowires) instead of LLTO nanowires, thus showing the benefits of using highly ion-
conductive fillers.'™ Recently, several other studies on the use of LL.TO nanowites as a ceramic filler
for the development of PEO,'™*"*!'¥ PEO/PPC,"*' PAN,™ PVdF,"” PEC' and PVdF-HFP'"
based electrolytes have been reported. All the fiber-filled electrolytes showed improved ionic
conductivity and Li" transference number, wider electrochemical stability window and enhanced
mechanical strength compare to pristine or particle-filled electrolytes.

Li;La;Z1,01;. Few studies on the preparation of LLZO nanowires by electrospinning have been

19719 A water-based sol was electrospun using either nitrate or acetate precursor salts

reported to date.
and PVP; then, after electrospinning, the effect of calcination time on the morphology and structure

of the LLZO fibers was investigated. The optimal time was found to be 2.5 h; at shorter times, the
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main phase was still LaxZrO-, whereas the fibers started to coalesce to form larger ligament-like

structures after 3 h (Figure 1.18a).'”

However, it takes at least 3 h to produce a pure cubic LLZO
phase. Later studies reported the electrospinning of a DMF-based sol with nitrate precursors and PVP
as a polymer cartier.”*"”" Unlike the previous work, the pure cubic LLZO phase was obtained after

only 1-2 h of calcination. Moreover, despite the short calcination time, a good fiber morphology was

maintained, and no coalescence into the ligament-like structure was observed (Figure 1.18b).

Figure 1.18 SEM images of electrospun LLZO calcined at 700 °C. (a) Ligament-like structure obtained by using aqueous
precursors after a 3 h calcination step; (b) nanofibers prepared using DMF-based precursors and calcined for 1 h. Reproduced
with permission.'”! (Copyright 2017 American Chemical Society).

Fu et al. then poured a solution of PEO-LiTFSI onto the ceramic mat to achieve a hybrid ceramic-
polymer electrolyte with enhanced mechanical properties and fast Li* conduction. In addition, they
demonstrated effective suppression of lithium dendrite growth by successfully cycling Li symmetric
cells for 1000 h."” Yang et al. added various quantities of LLZO nanowires to a PAN-LiClO,
electrolyte, and the highest ionic conductivity was obtained when 5 wt.% of the filler was used; this
value is approximately three orders of magnitude higher than that of plain PAN-LIiClO,.""" Al- and
Ta-doped LLZO were also synthesized and investigated, yet the ionic conductivity of the
corresponding composite polymer electrolytes was similar to that of electrolytes prepared with
undoped LLZO. A recent study of LLLZO nanowires as a ceramic filler for a PEO-LiTFSI electrolyte
was reported by Wan et al."”? The resulting hybrid electrolyte was characterized by a better ionic
conductivity and an effective suppression of lithium dendrite growth. LL.ZO fibers have been used as
filler for PVAF-HFP and PPC based electrolytes as well. Improved room-temperature ionic

conductivity and electrochemical stability window have been reported.'”*!”

NASICONSs. An interesting work that features the synthesis of a NASICON-based nanofibrous
material with high ionic conductivity is that of Lancel et al.'”” They reported the synthesis of

Li14Alo4Ti16(PO4)s (LATP) nanofibers to fabricate a composite membrane for lithium air batteries.
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Here a DMF/tetrahydrofuran (THF) binary solvent was used to dissolve the precursors and polymer
carrier. As in the other cases, PVP has been investigated as a polymer carrier, but when it was used,
the microstructure of the electrospun fibers was too dense, resulting in coalescence and morphology
loss after calcination.”” Hence, PVAF-HFP was used as the polymer cartier, and the electrospun fibers
were then calcined for 2 h at 800-950 °C to obtain a pure LATP phase. The ionic conductivity of the
resulting nanofibrous mat was 3 X 107 S cm™, which is lower than that of the bulk material. This is
because of the mat porosity, which was estimated to be close to 60%. The mat was then impregnated
with a solution of PVAF-HFP to obtain a watertight membrane for use as a separator in aqueous

lithium air batteries (Figure 1.19).

Figure 1.19 (a) Cross-sectional SEM image of self-standing LATP membrane after electrospinning and calcination. (b)
Transmission electron microscopy images of isolated fibers (c) Cross-sectional field emission gun SEM image of a hybrid
LATP/PVJF-HFP membrane. Reproduced with permission.'”’ (Copyright 2017 American Chemical Society).

Despite it does not involve the electrospinning technique, the work carried out by He et al. deserves
to be mentioned.”™ The authors fabricated a flexible Li* conductive glass-ceramic LAGP fiber by a
melt-spinning technique. They claimed a significant reduction of pores and defects of the crystalline
phase, compared to conventional solid-state and electrospinning methods. The LAGP glass-ceramic
fibers, annealed at 825 °C for Gh, showed an ionic conductivity of 8.8 X 10° S cm™ at room
temperature. We investigated NASICON nanofibers fabricated by electrospinning based on both

LATP and LAGP. The results are reported in details in Chapters 5, 6 and 7.
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Others. Lithium zirconate is a class of materials studied mainly for energy and environmental
applications owing to their good ionic conductivity and high lithium content. Precursor salts and PVP
were dissolved in a binary solvent of water and ethanol (4:6 mass ratio), which was then electrospun
to obtain LisZr,0; nanofibers.”” Pure-phase LisZr-O- nanofibers were obtained after the precursor
fibers were calcined for 1 h at 750 °C. The authors of this study reported a negligible grain boundary
resistance; thus, they speculated that the ionic conductivity of the nanofibers will be higher than that
of the bulk material. Jing et coworkers reported the synthesis of ceramic lanthanum zirconate
(La,Z1,04, LZO) fibers by calcining the electrospun precursor fibers at 1000 °C for 8 h. Compatred to
LLZO, ILZO is has higher thermal and chemical stability, while maintaining the strong Lewis-acidity
nature. The CE based on PPC and, cellulose and LZO fibers showed improved mechanical properties

and room-temperature electrochemical performamce.201
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2 Aim of the thesis

As discussed in Chapter 1 the global energy crisis needs prompt interventions. Batteries and other

energy storage and conversion systems can certainly be instrumental for better exploiting sustainable

energy resources, thus reducing our addiction to fossil fuels. However, more efficient and safe devices,

such as ASSLBs, are necessary to perform a plausible replacement of fuel-based engines and furnaces

in the automotive and stationary field, respectively. In this work, Li-based NASICON-type ceramic

materials are synthesized with various methods to achieve different morphologies. Then, they are

proposed as basis to develop solid electrolytes in order to address some of the main issues that are

still affecting ASSLBs.

The aim of the thesis is described below as a list of different objectives, which however are part of the

same optimization work made on NASICON materials.

1. Improvement of the solid-state synthesis of LATP. LATP is a valid Li" ion-conductive

material to develop dense fully-inorganic electrolyte for lithium-based batteries. However,

some fundamental aspects of its crystallization are still unknown; therefore, its synthesis can

still be optimized by reducing calcination time and temperature and improving the density of

the pellets with different techniques. This part of the work evolved through the following

steps:

Optimization of the precursor materials. The effects of using different precursors, such as
rutile and anatase TiO, as source of Ti for the solid-state synthesis of LATP, were
investigated.

Optimization of the calcination temperature. Different calcination temperatures were tested
to identify the value at which the highest density and ionic conductivity are achieved.
Characterization of the powders. In-sitn high-temperature X-ray diffraction (HTXRD) was
used as main characterization technique to thoroughly understand the crystallization
mechanism of LATP.

Preparation of dense ceramic electrolytes. Dense pellets were prepared by hot-pressing at
different temperatures.

Evaluation of the ionic conductivity. 'The ionic conductivity was measured by
electrochemical impedance spectroscopy (EIS) to evaluate bulk and grain-boundary

contributions.



2. Effect of the fiber morphology on the properties of LATP. A synthesis approach to

fabricate LATP nanofibers, which consists of coupling sol-gel and electrospinning, was

selected after a thorough research in the literature. From reported works, fiber morphology

has proven to be beneficial to achieve denser inorganic pellets, as well as to enhance the

properties of polymer electrolyte when ceramic fibers are used as fillers. The work proceeded

through the following steps:

Optimization of stoichiometry and electrospinning process. The most conductive stoichiometry
was selected and the electrospinning parameters have been adapted to the
composition.

Influence of the density on the conductivity. A pressing step was introduced in the fabrication
process of the nanofibrous ceramic mat in order to control the porosity and evaluate
the impact of the density on the ionic conductivity of the sample.

Influence of the fiber morphology on the properties of LATP. By means of different
characterization techniques, the effect of the arrangement of LATP crystallites into a

nanofibrous network was investigated.

3. Enhancing PEO-based polymer electrolytes through the addition of LAGP nanofibers.

The method used for the fabrication of LATP nanofibers was not directly applicable to LAGP,

thus a novel chloride-based synthetic approach was developed. LAGP nanofibers were tested

as both nanofibrous ceramic mat and as fillers for polymer electrolytes, showing promising

results. This project proceeded through the following points:

Optimization of synthetic method and electrospinning process. Several Ge precursors were tested
to directly apply the synthetic approach used for the fabrication of LATP fibers;
however, all the attempts were unsuccessful. A novel chloride-based synthesis was
developed, which entailed deep modifications of the electrospinning parameters.
Evaluation of the influence of the calcination temperature. Different calcination temperatures
were tested to evaluate their effects on the morphology and purity of LAGP
nanofibers.

Investigation of the properties of porous nanofibrous mats. The ceramic nanofibrous mats
achieved using different calcination temperatures were characterized by different
techniques. The relation between calcination temperature, density and ionic

conductivity was assessed.
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o LAGP nanofibers as fillers for PEO-based composite electrolytes. The addition of different
amounts of LAGP nanofibers to a PEO-based electrolyte was performed. The ionic

conductivity of the composite electrolytes was measured by EIS.

4. Improving the purity and morphology of LAGP nanofibers by Ti substitution. The
purity and morphology of the previously synthesized LAGP nanofibers could be improved.
Therefore, we investigated the effect of a partial substitution of Ge with Ti. The addition of
stabilized Ti butoxide, thanks to its high viscosity, can be beneficial for the stability of the
electrospinning process, thus leading to an improved fiber morphology. Moreover, it could
help the crystallization of the NASICON phase during the calcination step. The following
steps were carried out:

o Optimization of synthetic method and electrospinning process. By combining the method used
for the preparation of LAGP nanofibers and the stabilization of Ti precursor, LAGTP
nanofibers were successfully synthesized.

o Investigation of different amounts of 17 doping. Different amounts of Ti precursor were added
to the spinning solution to achive different stoichiometry.

o Characterization of LAGTP nanofibers. The structural and morphological properties have
been investigated and compared to those of the undoped LAGP.

o [ AGTP nanofibers as fillers for PEO-based composite electrolytes. The same amount of
different samples of LAGTP nanofibers were added to a PEO-based electrolyte. The
ionic conductivities of the composite electrolytes were measured by EIS and compared

to that of the LAGP-filled electrolyte.

2.1 Thesis organization
The thesis is divided into eight chapters, which are organized as follows:

Chapter 1 The energy crisis issue is introduced. Background information on the state-of-the-art
LIBs and ASSLBs are provided, with particular focus on the use of ceramic ion-conductive fibers to

develop solid electrolytes.

Chapter 2 The aim and the objectives of the thesis are presented.
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Chapter 3 The experimental details are provided. The materials as well as the different synthetic
methods are thoroughly described. Finally, the characterization techniques employed for all the steps

of this project are listed.

Chapter 4 The influence of the use of rutile and anatase TiO; on the solid-state synthesis of LATP

is investigated.

Chapter 5 The effect of pressure on the properties of LATP nanofibers prepared by

electrospinning and subsequent calcination is described.

Chapter 6 A novel synthetic method to fabricate LAGP nanofibers by electrospinning is
introduced. The characterization of the achieved ceramic nanofibers as both ceramic mat and fillers

in PEO-based polymer electrolytes is described.

Chapter 7 The effect of the partial substitution of Ge with Ti on the properties of electrospun
LAGTP fibers is presented. Then, Ti-substituted LAGP nanofibers were added as fillers in PEO-based

polymer electrolytes and their effects are also discussed.

Chapter 8 Here the conclusions and some perspectives on the subjects of the thesis are reported.

Moreover, an outlook on potential future studies related to the thesis results is proposed.
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3 Experimental

3.1 Materials

For the solid-state synthesis of LATP, lithium carbonate (Li2COs3), aluminum oxide (ALOs3),
ammonium phosphate dibasic (INH4).HPOy), rutile and anatase titanium oxide (TiO,) were purchased

from Sigma Aldrich and used as precursor materials.

For the synthesis of LATP fibers, lithium nitrate (LiNOj3, reagent grade, Sigma-Aldrich), aluminum
nitrate nonahydrate (AIINO;); - 9H,O, 298%, Sigma-Aldrich), titanium butoxide (CicHsO4T1, 97%,
Sigma-Aldrich), and phenylphosphonic acid (PPA) (C¢H-O3P, 98%, Sigma-Aldrich) were used as
precursor materials. Poly(vinylidene fuoride-co-hexa-fluoropropene) (PVDF-HEP) (Sigma Aldrich)
was used as polymer carrier for the electrospinning process. N,N-Dimethylformamide (DMF)
(CsHsNO, anhydrous, 99.8%, Sigma-Aldrich), tetrahydrofuran (THF) (C4HsO, anhydrous, =99.9%,
Sigma-Aldrich) were used to dissolve the materials above, while acetylacetone (CsHsO.,, Sigma-

Aldrich, 299%) was use to stabilize titanium butoxide and prevent its hydrolysis reaction.

To synthesize LAGP fibers, lithium chloride (LiCl, anhydrous, 99%, Alfa Aesar), aluminum chloride
(AICls, anhydrous, 99.99%, Sigma-Aldrich), germanium(IV) chloride (GeCly, 99.99%, Sigma-Aldrich),
and phenylphosphonic acid (PPA) (CsH;OsP, 98%, Sigma-Aldrich) were used as precursor materials.
Polyvinylpyrrolidone (PVP) (Mw ~1,300,000, Sigma-Aldrich) and ethanol (EtOH) (C.HsOH,

anhydrous, <0.005% H,O, Sigma-Aldrich) were used as polymer carrier and solvent, respectively.

For the synthesis of LiisAlosGeisyTi(PO4)s (LAGTP) fibers, the materials employed for LAGP
synthesis have been used, with the addition of titanium butoxide (CisH3sO4T1, 97%, Sigma-Aldrich),
previously stabilized in acetylacetone (CsHsO», Sigma-Aldrich, 299%).

Polyethylene oxide (PEO) (Mw 100,000, Sigma-Aldrich), lithium bis(trifluoromethylsulphonyl)imide
(LITEFSI) (LiCoFsNOLS2, >98%, 3M HQ-115) and acetonitrile (ACN) (CH5CN, 99.8% anhydrous,

Sigma-Aldrich) were used to prepare the composite polymer electrolyte.

3.2 Solid-state synthesis of Li1.5Alo.sTi1.5(PO4)3 ceramic electrolytes

In a standard solid-state synthesis, stoichiometric amounts of Li»COs, ALLO3, TiO,, (rutile or anatase)
and (NH4),HPO, were placed in a zirconia vial together with four zirconia balls (diameter: 12.7 mm)

and ball milled in a SPEX mixer for 15 minutes. The fine powder was then heated in an alumina



crucible at 550 °C for 2 hours and subsequently at 700 °C for 2 hours with a heating rate of 5 °C min’

"in air atmosphere.

3.3 Characterization of Lij15Alo.sTi1.5(PO4)3 powders and pellets

The morphological characterization was carried out using a Lyra 3 scanning electron microscope
(SEM) by Tescan. Elemental composition analysis was performed using a windowless energy
dispersive spectrometer (EDS) Extreme by Oxford instruments. To acquire cross section SEM
images, pellets have been prepared with an Ar Ion Milling IM4000 Plus (Hitachi), using a 6 kV ion

beam energy and a fast 30 ° rotation for 4 hours.

X-ray diffraction was performed using a high temperature X-ray diffractometer (HTXRD) by Rigaku,
equipped with a CuKa radiation source. A mixture of Li»COj;, ALO;, TiO,, and (NH4).HPO4 was
heated at 3 °C/min from room temperatute to 700 °C (dwelling time: 2 houts) in ambient atmosphere.

Scanning was performed in 0.04 © steps at a 6.14 °/min rate.

Electrochemical impedance spectroscopy (EIS) was carried out using a BiolLogic VMP
potentiostat/galvanostat by applying an AC perturbation of 5 mV in a frequency range of 1 MHz-50
mHz from 20 to 80 °C. Prior to EIS measurements, pellets have been prepared by hot-pressing 0.75
g of LATP powders at 56 MPa and 750 °C for 1 hour between graphite foils using a titanium-
zirconium-molybdenum die. They were then placed between stainless steel blocking electrodes in

2032-type coin cells.

Density values of aLATP and tLATP hot-pressed pellets were calculated using the following equation:

d (%) = (2’—”) x 100

th

where » and » are the weight and the volume of the sample respectively, and dj is the theoretical

density of LATP (estimated to be equal to 2.9 g cm™).

3.4 Synthesis of electrospun NASICON nanofibers

First, the precursor materials and a polymer carrier are dissolved in a suitable solvent system to achieve
a stable and clear precursor solution. Then, the solution is electrospun by a NanoNC eSrobot machine

to deposit the precursor fibers onto a collector. Finally, the precursor fibers are calcined to crystallize
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the final product in the form of ceramic fibers and simultaneously remove the remnant volatile

components, the organic side groups and the polymer carrier.

3.4.1 Synthesis of Lii3Al3Ti17(PO4)s nanofibers

In a typical procedure, 160 mg of PVDF—HFP and stoichiometric amounts of lithium nitrate (3.64
mmol, 0.276 g), aluminum nitrate (0.84 mmol, 0.315 g), and PPA (8.40 mmol, 1.328 g) were added to
8 mL of DMEF:-THF (1:1 v/v) and dissolved by magnetically stitring the solution overnight. A
stoichiometric amount of titanium butoxide (4.76 mmol, 1.62 ml) was then added to the main
solution, after being previously stabilized in 2 equivalents of acetylacetone (0.93 mL). For the sake of
reproducibility, all the steps have been carried out inside a dry room. The viscous so/ was then loaded
in a plastic syringe and electrospun by using a 20 uL./min flow rate and applying 15 kV to the needle
by means of a high voltage power supply. The fibers were deposited onto a cylindrical rotating
collector (300 rpm rotation angular speed) wrapped in aluminum foil and connected to a secondary
high-voltage power supply, to apply -2 kV to favor the fiber deposition. A distance of 10 cm between
needle and collector was used to let the solvents evaporate. After about 6 hours, a dry white yellowish
membrane was collected and dried at 75 °C overnight to remove potential solvent traces. Several
circular samples with 20 mm diameter were cut from the dried membrane using a puncher and stacked
to achieve a suitable thickness (150-200 um). The stacked samples were then pressed using a hydraulic
press at 150 MPa to reduce their porosity. Both the pressed and the non pressed samples were calcined
at 850 °C for 2 h with a heating rate of 5 °C min" between quartz plates to achieve pressed LATP

nanofibers, hereafter referred to as LATPnf and pLLATPnf, respectively.

3.4.2 Synthesis of Li;sAlysGe15(PO,); nanofibers

To prepare LAGP nanofibers, 300 mg of PVP and stoichiometric amounts of lithium chloride (3.9
mmol, 0.174g), aluminum chloride (1.3 mmol, 0.173 g), and PPA (7.8 mmol, 1.233 g) were added to
10 mL of EtOH and dissolved by magnetically stirring the solution overnight. A 5 % excess of lithium
chloride, compared to the stoichiometric amount, has been used to compensate the lithium loss during
high-temperature treatments. A stoichiometric amount of germanium chloride (3.9 mmol, 445 uL)
was then added to the precursor solution. All the steps have been carried out inside a glove box (Ar
atmosphere, HO = 0.1 ppm, Oz = 0.1 ppm). The obtained viscous solution appeared clear and
homogeneous with a viscosity suitable for electrospinning. The solution was then loaded in a plastic

syringe and electrospun. A flow rate of 15 uL./min was used to push it through a 27-gauge needle, to
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which 13 kV were applied by means of a high voltage power supply. The fibers were deposited onto
a cylindrical rotating collector (50 rpm rotation angular speed) wrapped in aluminum foil and placed
at 10 cm from the needle to let the solvent evaporate. To favor fiber deposition, -2 kV were applied
to the rotating collector by means of a secondary high-voltage power supply. After about 6 hours, a
dry white membrane was collected and dried at 50 °C overnight to remove potential solvent traces.
Several circular samples with 20 mm diameter were cut from the dried membrane using a puncher,
stacked to achieve a suitable thickness (100-200 um), placed between SisN, plates and then calcined
at 700, 800 and 900 °C for 2 h with a heating rate of 5 °C min" under constant air flow. The samples
are hereafter referred to as LAGP 700, LAGP 800 and LAGP 900.

3.4.3 Synthesis of LiisAlysGe1s. Ti(PO4); nanofibers

Stoichiometric amounts of lithium chloride (1.95 mmol, 0.0868 g), aluminum chloride (0.65 mmol,
0.0867 g), and PPA (3.9 mmol, 0.6165 g) were added to 5 mLL of EtOH and dissolved by magnetically
stirring the solution overnight. A 5 % excess of lithium chloride, compared to the stoichiometric
amount, has been used to compensate the lithium loss during high-temperature treatments.
Stoichiometric amounts of germanium chloride and titanium butoxide were then added to the
precursor solution to achieve 3 different Ge:Ti molar ratios, i.e. 1.4:0.1, 1.3:0.2 and 1.2:0.3. Titanium
butoxide has been previously stabilized in 2 equivalents of acetylacetone. All the steps have been
carried out inside a glove box (Ar atmosphere, H,O < 0.1 ppm, O, =< 0.1 ppm). The obtained pale-
yellow solution appeared clear and homogeneous with a viscosity suitable for electrospinning. The
solution was then loaded in a plastic syringe and electrospun at a flow rate of 10-15 uL./min. A 25-
gauge needle was used, to which a 13-15 kV voltage was applied by means of a high voltage power
supply. The fibers were deposited onto a cylindrical rotating collector (50 rpm rotation angular speed)
wrapped in aluminum foil and placed at 10 cm from the needle to let the solvent evaporate. To favor
fiber deposition, -2kV were applied to the rotating collector by means of a secondary high-voltage
power supply. Electrospinning has been catried out at a constant temperature of 20 °C and a relative
humidity of 40%. After about 4 hours, a dry white to pale-yellow membrane was collected and dried
at 50 °C overnight to remove potential solvent traces. Several circular samples with 16 mm diameter
were cut from the dried membrane using a puncher, stacked and placed between SisNy plates. Then
they were calcined at 700 °C for 2 h with a heating rate of 5 °C min™ under constant air flow. According
to the Ti content, i.e. 0.1, 0.2 or 0.3, the ceramic samples are referred to as LAGTP01, LAGTP02 and
LAGTPO3.
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3.5 Fabrication of PEO-LiTFSI-NASICON nanofibers composite polymer
electrolytes
First, 0.6 g of PEO and 0.3 g of LiTFSI were dissolved in 3.1 g of ACN, resulting in an EO/Li+ ratio
of 13:1. Then, various amounts of LAGP 700 nanofibers, i.e. 1, 5, 10 and 20 wt.% of the weight of
the final dry product, were added as fragments and magnetically stirred until completely dispersed in
the form of fibers. The viscous solution was then cast onto a stainless-steel foil using an automatic
film coater and dried at 50 °C for 12 h to achieve a PEO-LITFSI-LAGP nanofibers composite
electrolyte, hereinafter referred to as CE-LLAGPf followed by the percentage amount of fibers. A filler-
free PEO-LITFSI electrolyte as well as a PEO-LITFSI-LAGP particles composite electrolyte were
prepared by following the same procedure for the sake of comparison. They are hereinafter called PE
and CE-LAGPp respectively. The same procedure has been used to prepare also composite polymer
electrolytes based on LAGTP fibers. A 10 wt.% amount of LAGTP01, LAGTP02 and LAGTPO3 (in
respect to the weight of the final dry product) was added to the polymer matrix, to achieve PEO-
LITFSI-LAGTP nanofibers composite electrolytes, hereinafter referred to as CE-LAGTP followed
by the content of Ti. For the sake of comparison, PE, CE-LAGPf and a specifically prepared
composite electrolyte with LiisAlosTi15(PO4); nanofibers, were selected. All the steps needed to

prepare the electrolytes have been carried out inside a dry room.

Ceramic fibers Casting
—_—

PEO:LIiTFSIsolution Composite polymer electrolyte

Figure 3.1 Schematic illustration of the preparation of a composite polymer electrolyte with ceramic fibers as fillers.

3.6 Characterization of ceramic nanofibers and composite electrolytes

Porosity values of ceramic nanofibrous samples were calculated using the following equation:

p(%) = 100 — [(:—:) X 100]
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where w and » are the weight and the volume of the sample respectively, and 4 is the theoretical

density of the materials, estimated to be equal to 2.9 and 3.49 g cm” respectively for LATP and LAGP.

X-ray diffraction (XRD) patterns were acquired using a Rigaku SmartlLab or a Rigaku MiniFlex X-ray
diffractometer equipped with a Cu K, rotating anode (operating at 40 kV and 15-150 mA) and D\teX
Ultra 1D silicon strip detector. The diffraction patterns were collected at room temperature in the
Bragg—Brentano geometry over the angular range: 20 = 10°-100°, with a step size of 0.01°. XRD data

analysis was carried out using PDXL 2.8.4.0 software from Rigaku.

Scanning electron microscopy (SEM) images and energy dispersive X-ray spectra (EDS) were acquired
using a Hitachi FlexSEM SU1000 scanning electron microscope and a Hitachi SU7000 equipped with
an Ultim Max Oxford Instrument EDS at different accelerating voltages (5 kV-20 kV). Prior to the
observation with the FlexSEM SU1000, the samples were sputter-coated with a thin layer of gold (ca.

3 nm) to increase the electronic conductivity.

Li, Al and *'P solid-state Magic Angle Spinning (MAS) NMR spectra were recorded at room
temperature in 500 MHz WB Bruker AVANCE NEO NMR spectrometer (Larmor frequency of
194.38,130.33 and 202.48 MHz for 'Li, *’Al and *'P, respectively) equipped with 4 mm triple resonance
probe. Single pulse NMR experiments were used to acquire MAS NMR spectra at a spinning speed of
4 kHz for "Li and of 15 kHz for *’Al and *'P. 16 scans with /2 pulse of 3 us and relaxation delay of
10 s were collected for 'Li NMR. 64 scans with /2 pulse of 2.85 us and relaxation delay of 10 s were
collected for Al NMR. 16 scans with /2 pulse of 2.3 us and relaxation delay of 100 s were collected
for >'P NMR. The fitting of 'Li NMR spectra was done with the Bruker Topspin 4.1 build-in module
SOLA.

High-resolution transmission electron microscopy (HRTEM) images and annular dark-field scanning
electron microscopy (ADF-STEM) images were carried out using a Talos F200S G2 microscope
(Thermo Fischer Scientific) working at 200 kV. Energy-dispersive X-ray spectroscopy (EDS) maps

were acquired with a double windowless silicon drift detector.

Three-dimensional electron diffraction (3D ED)* data were collected with a Zeiss Libra TEM
operating at 120 kV and equipped with a LaB¢ source. Data acquisition was performed in STEM mode
after defocusing the beam to achieve parallel illumination of the sample. A beam size of about 150 nm
in diameter was obtained by inserting a 5 pm C2 condenser aperture.” The data was recorded using

an ASI Timepix detector, able to register the arrival of single electrons and to deliver a pattern that is
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virtually background-free. 3D ED data were taken from six fragments belonging to the main trigonal
phase. Fragments had a typical pseudo-hexagonal platelet habit and diameter comparable with the
beam size. 3D ED data were collected with a precessing beam (precession angle 1°), in fixed steps of
1° and for a total range from 90° to 116°. The camera length was 180 mm, corresponding to a
maximum resolution of 0.75 A. The data was analyzed using ADT3D software.* The ab initio structure
solution was obtained by direct methods implemented in the software SIR2014,* using a kinematical

approximation: Jwu proportional to Fu.

X-ray photoelectron spectra (XPS) were acquired using a VG Escalab 220i-XL spectrometer equipped
with a hemispherical analyzer, applying a Twin Anode X-Ray Source. The binding energy was
calibrated by reference to the C 1s peak (284.8 V).

Thermogravimetric analyses (TGA) have been performed using a TA instruments TGA 550 analyzer

in a temperature range of 25-640 °C with a heating rate of 10 °C/min under N, atmosphere.

Electrochemical impedance spectroscopy (EIS) was carried out on three samples of each kind with a
BioLogic VMP potentiostat/galvanostat by applying an AC perturbation of 5mV in a frequency range
of 1 MHz-50 mHz from 20 to 80 °C. Prior to EIS measurements, ceramic samples were sputtet-
coated with a thin layer of Pt (ca. 30 nm) on both sides to improve the electrical contact. All the

samples were then placed between stainless steel blocking electrodes in 2032-type coin cells.
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4 Influence of rutile and anatase TiO: precursors on the solid-state synthesis
of a Li;5Aly5Ti1.5(PO4)3 ceramic electrolyte

This chapter is based on the paper “Influence of rutile and anatase 1iO; precursors on the synthesis of a
Ly s Al sTii5(POy)s electrolyte for solid-state lithinm batteries” published on the Journal of the Electrochenrical
Society, 2022, 169, 040515

4.1 Background

As largely discussed in Chapter 1, the replacement of flammable liquid electrolyte with inorganic solid
electrolytes is beneficial not only for the safety of the final battery, but also for its energy density, since
enables the use of metallic lithium as anode. Among all the ceramic materials proposed, the
NASICON:-like Al-doped LiTi>2(PO4); (LATP) is one of the most promising because of a high ionic
conductivity, in the order of 10* S cm™, and a good chemical stability in ambient conditions. Moreovet,
it can be synthesized starting from relatively inexpensive precursor materials through different
processes. A facile method to synthesize NASICON-like LATP is by a solid-state approach, which
consists in mixing oxide-based precursor materials and alternate ball-milling and high temperature
steps until achieving a high purity phase. This category of synthesis methods is characterized by high-
energy and expensive steps; hence, they are considered less suitable for a potential industrial

production. It is thus desirable to optimize the procedure to achieve a more efficient synthesis.”*"

In this chapter, we investigated how different polymorphs of TiO, can affect the synthesis and the
properties of a LijsAlosTiis(POys)s electrolyte. Specifically, we synthesized LATP by a solid-state
method using anatase TiO, as Ti source, and hereafter referred to as alLATP. We replicated the same
synthesis except using rutile TiO, instead (the final product denoted rLATP). We studied the
crystallization of both materials using 7 sit HIXRD. By combining HTXRD data, SEM images and
EIS results, we evaluated the influence of the two phases of TiO, on the synthesis, and on the

properties and performance of the synthesized LATP electrolytes.

4.2 Results and discussion

SEM imaging was used to investigate the morphology of tLATP and alLATP (Figure 4.1). Both
samples consist of cubic and irregular crystallites, which tend to form agglomerates of several microns

in size. The irregular shape is related to the temperature used for the synthesis, i.e. 700 °C.*""*"* When



a temperature of 950 °C is used, resulting crystals are predominantly cubic shaped in both samples
(Figure 4.1c,f). EDS analysis of both samples confirmed the formation of LATP with an even

elemental distribution without apparent segregation of secondary phases (Figure 4.1g,h).

Figure 4.1 SEM images of aLATP synthesized at (a,b) 700 °C and (c) 950 °C and rLATP synthesized at (d,e) 700 °C and (f)
950°C. SEM-EDS analysis and corresponding elemental mapping of (g) aLATP and (h) rLATP.

HTXRD has been performed on both samples to have a deep insight on LATP crystallization and
how it is influenced by the presence of rutile and anatase phases. The evolutions of XRD patterns of
both samples are displayed in Figure 4.2. The initial XRD patterns differ because of the Ti precursor
used (Figure 4.3). When the temperature increases, the XRD patterns of both samples evolve: the
peaks ascribed to intermediate product, such as LisPO4 and biphosphammite (NH4)H,POy, start to

appear between 100 and 200 °C in the patterns of both samples.

Then, peaks corresponding to precursor materials, rutile and anatase included, start to decrease in
intensity and LATP rhombohedral phase appears. Specifically, in the diffractogram of alLATP acquired
at 378 °C, peaks corresponding to the NASICON phase (space group R3¢) of Lii2Alo2Ti1s(PO4)s (PDF
card: 01-084-5450) started appearing. In a similar temperature range, no peaks are detected in the
tLATP pattern, as displayed in Figure 4.4a. When the temperature reaches 583 °C, we observed the
appearance of the LATP phase also in the rLATP pattern, while in the alLATP pattern collected in the
592-622 °C range the corresponding peaks are already very intense (Figure 4.4b).
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Figure 4.2 HTXRD analyses of (a) aLATP and (b) rLATP performed in a temperature range of 30-700 °C with a dwell time
of 2 hours. XRD patterns acquired while cooling down the samples from 700 to 50 °C are displayed too.

When the temperature reached 700 °C, aLATP phase is characterized by a higher degree of crystallinity
and less impurity phases than tLATP. However, after dwelling at 700 °C for 2 hours, tLATP become
purer and more crystalline, displaying only a few low-intensity peaks ascribable to LisP,O7 and LisPO4
while, several peaks associated with AIPO4 and Li,P,O; have been identified in the alLLATP
diffractogram acquired after the 2-hour dwelling at 700 °C (Figure 4.4c,d). Both samples were cooled
down to room temperature for the final XRD analyses. The patterns did not change significantly from

their 700 °C counterparts, and this verifies their stability (Figure 4.4c,d).
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Figure 4.3 XRD patterns of the precursor materials used for the synthesis of aLATP and tLATP.
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At 300 °C, only TiO, XRD patterns appear in the samples. This indicates that at 300 °C all the
precursors have become amorphous except for TiO,, and that TiO, is the last one to react (Figure
4.5). The use of anatase or rutile phase of TiO; does not affect the reaction routes of the synthesis.
Between 127-327 °C, the formation enthalpy and Gibbs energy of anatase TiO, are about 6.2k]/mol
higher than those of rutile TiO2.*” Assuming an Arrhenius-type reaction rate, this difference causes a
four-fold faster kinetics for anatase TiO, reactions at 327 °C, in good agreement with our observation

that LATP appears sooner with anatase TiO; than with rutile TiOs.
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Figure 4.4 XRD patterns acquired in a temperature range of (a) 378-408 °C for aLATP and 370-400 °C for rLATP, and (b)
592-622 °C for aLATP and 583-613 °C for tLATP. ((*): TiO; rutile; (+): TiO; anatase; Pt peaks derive from the crucible). XRD
patterns acquited on (c) aLATP and (d) tLATP, when the temperature just reached 700 °C, after dwelling at the same
temperature for 1 and 2 hours, and after cooling down.

Pellets have been prepared with both aLATP and rLATP by hot-pressing the corresponding powders
at 750 °C under 56 MPa. The density of both alLATP and tLATP pellets, estimated by using their
weight and dimensions, resulted equal to 90 % of the theoretical value. To evaluate the ionic
conductivity, each sample has been painted with silver ink and placed in a coin cell between stainless

steel blocking electrodes (Figure 4.6a).
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Figure 4.5 XRD patterns acquired in a temperature range of 285-315 °C for aLATP and 277-307 °C for rLATP. ((*): platinum).

EIS spectra were acquired in the 20-80 °C temperature range. The resulting Nyquist plots consist of
two semicircles: the first one was acquired at high frequency, while the second one, can be observed
in the mid-low frequency region and appears small and partly convoluted with the double layer
capacitance arising at the electrodes. Similar findings were reported for hot-pressed LLZO by
Tenhaeff et al., who were not able to associate this small semicircle with any distinct phenomenon.*’
Thus, we selected an equivalent circuit made of resistors (R) and constant phase elements (CPE),
which represent the resistive and the non-ideal capacitive contributions of each phenomenon.
Specifically, the equivalent circuit Ro(RgCPEg) (RiowCPEiow) CPE. depicted in Figure 4.6b, was used
to model the experimental data of both samples, where Ry is the circuit resistance, external to the
sample, Ry, and CPEy, are associated with the ionic transport at grain boundaries, Riow and CPEiqy
represent the low-frequency unidentified semicircle and CPEL is related to the double layer capacitance
of the electrodes. We can confidently exclude the presence of intra-grain contributions, since it appears
as a scientific consensus that the bulk conductivity of NASICON materials can be identified only at
very low temperatures, from -100 to 10 °C.*>*"*'"*'> Moreover, the capacitive contribution of the first
semicircle is equal to 10” F, which is within the typical range of grain boundary phenomena.”””> On
these premises, we can evaluate the total ionic conductivity (o), which mainly derive from the ionic
transport occurring at grain boundaries for both samples. Figure 4.6¢ displays the representative
Nyquist plots resulting from EIS analyses carried out at 20, 50 and 80 °C. By fitting them, we can

calculate the total ionic conductivity of both alLATP and tLATP pellets. From the resulting values,
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shown in Figure 4.6d in the form of Arrhenius plot, aLATP appears more conductive than rLATP
throughout the temperature range. The slope of the Arrhenius plot expressed in the linear form In(o)
= In(A) — E./RT, has been used to calculate the activation energy, which corresponds to 0.44 (+0.01)
eV and 0.40 (£0.02) eV for aLATP and rLATP, respectively (Table 4.1). Both values are in good
agreement with those reported in the literature.”’**"* The ionic conductivity of aLATP at 20 °C is equal

to 1.5 X 10* S cm, about twice that of tLATP (8.5 X 10° S cm™).
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Figure 4.6 (a) Scheme of the setup used for EIS analysis of aLATP and rLATP. (b) Equivalent circuit used for EIS data

fitting. Representative (c) EIS spectra at 20, 50 and 80 °C and (d) Arrhenius plot in a temperature range of 20-80 °C of aLATP
and tLATP.

This difference is mainly due to a less efficient ionic conduction at the grain boundaries of tLATP.
The origin of this different contribution could be related to a slightly different morphology of the
particles. As discussed above, no significant differences in the morphology of the crystallites of the
two samples have been observed. However, as displayed in Figure 4.1, aLATP crystallites appear

slightly more uniform in the shape, which could be beneficial to achieve a tighter packing.

Table 4.1 Average grain size, density and ionic conductivity with cotresponding activation energy measured at 20 °C of
aLATP and rLATP pellets.

Average grain size (A) Density (S en?) E, (1)
aLATP 76 90 % 1.5 X 104 0.44 (£0.01)
rLATP 197 90 % 8.5 %105 0.40 (£0.02)

To verify this hypothesis, we took cross-section SEM images on both aLATP and rLLATP hot-pressed
pellets. At low magnification (Figure 4.7a,b), we did not observe any significant difference between
the two pellets. Hence, we acquired high magnification images by selecting the most representative

areas of both samples. This allowed us to estimate the local porosity of the pellets, which is strongly
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related to the effectiveness of the densification process. Moreover, we can observe the potential
presence of fractures, which are detrimental for the achievement of fast ionic conduction. After
investigating several areas of both samples, the most representative ones are shown in Figure 4.7c,d.
While the local porosity is similar in both samples, i.e 9-10 %, which well correlates with the pellets’
density, aLATP densification appears more uniform, which ensures a better contact between particles
and consequently a more effective Li conduction at the interface. Meanwhile, tILATP is characterized
by fractures and larger pores, probably arising from a less efficient packing of the particles during the
hot-pressing step. Pores and fractures could stem from the different average particle size calculated
from the diffraction data of the pellets. In fact, rLATP is characterized by slightly bigger particles
(Table 4.1), which can negatively affect its densification process. This phenomenon generates several
bottlenecks along the path of Li ions, thus slowing down their transport between the electrodes and
negatively affecting the final conductivity of the rLATP pellet. To exclude any potential influence of
pellets’ composition on the ionic conductivity values, we acquired XRD patterns of both aLATP and

rtLATP pellets (Figure 4.7e).

e - alLATP pellet
‘ rLATP pellet
|
— 1 |
3 |
s | T A
P - P N Vw"*w‘ A L\\.J‘ \esmesarod M “\r-ﬁ&.w«.,‘f'wf \
2
L
£

| n\ u

h
! fi . fi i
PN L,J W) ‘-...Jﬂ‘-h"u |V N (O S WAV

Liy 5Alg 5 Tiy o(PO,), 01-084-5450
A i

| Li,PO, 00-048-0956

l I LiTiOPO, 01-077-0789
) | Y

L 1 11
T T T T T

10 20 30 40 50 60 70

Figure 4.7 Cross-section SEM images of (a,c) aLATP and (b,d) rLATP pellets densified at 750 °C by hot-pressing, acquired
after EIS analyses, and (e) corresponding XRD patterns.

We did not observe any unexpected evolution of LATP peaks, however peaks associated with the
impurity phases of LiTiIOPO, and LisPO4 were detected in both samples. The peaks appear slightly
more intense in the rLATP pattern, which correlates well with its low ionic conductivity measured by
EIS. Hupfer et al. reported that small percentages of LiTiOPO, can be beneficial for the ionic

conductivity of LATP, especially when low sintering temperatures are used;*” however, this
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phenomenon was observed with the simultaneous presence of AIPO, impurity phase, which we did
not detect. Since, in our study, both aLATP and rLLATP display a similar composition, we can assert
that the main contribution to the difference observed in the ionic conductivity behavior is presumably

associated with their morphology as demonstrated by cross-section SEM analysis.

4.3 Conclusions

In summary, we investigated the effects of anatase and rutile as T1 source for the solid-state synthesis
of a LATP electrolyte. From a morphological point of view, no significant differences were observed
in the crystallites of the prepared samples. The crystallization of LATP has been then studied by 2 situ
HTXRD. We observed that alLATP starts forming at a lower temperature while rLATP displays less
impurity phases. After hot-pressing the corresponding powders, the ionic conductivity of the densified
pellets has been measured: alLATP has a higher conductivity, mainly because of a lower grain boundary
resistance. Hence, anatase TiO, should be chosen for lower synthesis temperature and higher
conductivity, while rutile TiO is the choice for purer crystals. Current trends focus on optimizing
known solid electrolyte materials rather than searching for alternatives. In this framework, every
achievement and detail, e.g. selecting the best precursor materials as well as the proper synthesis
temperature, can be helpful to lower the cost and improve the current methods. This aspect is crucial
for the industrial scale up of solid electrolyte synthesis, which is a mandatory step for the future
deployment of all-solid-state batteries. We thus believe that our findings can represent an important
contribution towards the development of more efficient and less expensive syntheses for Ti-based

solid electrolytes.
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5 Effect of pressure on the properties of solid electrolyte made of electrospun
ceramic Lii3Alo3Ti17(POs4); nanofibers

This chapter is based on the paper “Effect of pressure on the properties of a NASICON Liy 3.4k 5T7:.7(POy)s
nanofiber solid electrolyte” published on Journal of Materials Chemistry A, 2021, 9, 13688-13696.""

5.1 Background

As introduced in Chapter 1.4, recently ceramic one-dimensional (1D) structures have been widely
investigated for developing novel solid electrolytes for ASSLBs (Table 1.2). Specifically, nanofibers
and nanowires have been mainly employed as inorganic fillers for polymer-based composite
electrolytes, exhibiting better lithium-ion conduction and mechanical properties compared to their
nanoparticle counterparts. Additionally, they have been studied as basis to develop fully ceramic
pellets, resulting in denser and better conductive electrolytes. Lancel et al. reported the synthesis of
ceramic Lii 4Alo4T11.6(POy)s fibers by electrospinning and subsequent calcination, which have been then
used as inorganic component into a hybrid membrane for lithium—air batteries.””” The ionic
conductivity reported for the ceramic membrane (3 X 107 S cm™) is significantly lower than the bulk
conductivity value previously achieved for the same structure (10* S cm™),” because of the typical
high porosity of electrospun materials. Here we adapt the synthetic procedure employed by Lancel et
al. to achieve the most conductive Lij3AlosT117(POy); stoichiometry. With the aim of reducing the
porosity of the ceramic membrane, the effect of applying a 150 MPa pressure to the electrospun
membrane, prior to the heat treatment has been investigated. We thus report how the pressing process
affects the morphology of the membrane as well as the structure and the physico/chemical properties
of the ceramic material. Despite the presence of some impurity phases and a less homogeneous
substitution of Ti*" by AI’*, the pressed LATP nanofibers showed an increased ionic conductivity and

a much smaller activation energy compared to pristine LATP fibers.

5.2 Results and discussion

Using a hydraulic press, various loads have been applied to stacked samples of precursor fibers to
identify the value at which the porosity is being reduced without compromising fiber morphology and
mechanical integrity of the sample during the heat treatment. A trade-off value was identified at 150

MPa, which reduces the porosity of the ceramic sample from 85 % to 60 % without affecting its



integrity and morphology. Applying a pressure higher than 150 MPa results in a denser sample, which
is however more prone to fracture during the heat treatment (Figure 5.1). Fractures could arise from
a reduced ability to accommodate the decrease in volume, as well as from gaseous side products
generated at high temperature trying to escape from the sample. After the pressing step, pLATPnf
samples were calcined at 850 °C for 2h with a heating rate of 5 °C min"'. The selected temperature
and time allowed to achieve an almost pure LATP phase with the sought NASICON structure,
without compromising the fiber shape. The fibers tend to coalesce when severe heating conditions

are used, as already reported.'®

The area of the sample has halved during the heating treatment. The
observed shrinkage is due to the decomposition and loss of the polymer and organic side products,
and to the simultaneous crystallization of LATP. The results presented and discussed below for
pLATPnf are compared to those of non-pressed LATP nanofibers samples, simply referred to as

LATPnf, which have been prepared by following the same procedure, except for the pressing step.

Figure 5.1 LATP fiber sample pressed at 300 MPa and calcined at 850 °C for 2h.

SEM images of LATP precursor fibers, LATPnf and pLATPnf are displayed in Figure 5.2. The as
spun precursor fibers are characterized by a diameter ranging from 700 nm to 2 um (Figure 5.2a).
After calcination, the fiber diameter decreased to a range of 0.4-1 pm (Figure 5.2b). LATPnf
maintained the 1D morphology because the separation of the fibers ensures that crystal growth occurs
only inside each single fiber. This also allows to control the crystallites’ size by using the fiber
confinement as a template. Figure 5.2¢ clearly shows how the pressure applied to pLATPnf greatly
decreases the porosity and thus increases the number of contact points among the fibers, which is
beneficial for the ionic conductivity of the final material. In terms of morphology, the nanofibers are

still easily discernible, and the coalescence is minimized. However, there is almost no spatial separation
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among the nanofibers, hence crystal growth is not as confined as for LATPnf. Figure 5.2d,e shows
how this affects the final dimension of crystalline domains composing the fibers, ranging from 100 to
250 nm in LATPnf while reaching 600 nm in pLATPnf. A different crystal shape can also be noticed:
while LATPnf are composed of cubic-shaped crystallites, typical of the NASICON phase,”**'**!
pLATPnf are mostly made of spherical crystallites. These structures were previously observed by
Schell et al. when temperatures lower than or equal to 800 °C are employed for a 10h calcination step
of sol—gel synthesized LATP. Although the temperature used for pLATPnf is higher than the reported
one, the lower time of calcination (2h) could have played an important role in the crystal growth, thus

affecting the shape of crystalline domains.*”

XRD patterns of both LATPnf and pLATPnf are shown in Figure 5.2f. The main peaks in both
samples are ascribable to the rhombohedral NASICON-like structure (space group R3¢ of
Lii3AlosTi17(POys)s (PDF card 00-066-0868). The absence of an Al-containing secondary phase is the
first evidence of the successful aliovalent substitution of Ti** by AI’". The substitution is also
confirmed by the lattice parameters, shown in Table 5.1, which are lower than those reported for
LiTi>(POy)3, due to the smaller size of AI** compared to Ti*".”! In particular, the lattice parameters
measured for pLATPnf are in excellent agreement with those reported by Aono et al. for
Lii5AlosT117(POy)s stoichiometry, while for LATPnf, the ¢ parameter is larger. Since the variation of ¢
parameter with Al content is more important than that of a/b parameter, a higher value could suggest

a slightly lower degree of substitution.’!

Table 5.1 Cell parameters of LATPnf and pLATPnf compared to LiTi;(PO4).

aA), HA) (A
LiTi(PO,); 3! 8.512 20.858
LATPnf 8.4906(3) 20.8518(10)
pLATPnf 8.49266(18) 20.8068(7)

As shown in Figure 5.2f, neither secondary phases nor impurity phases were detected in the LATPnf
pattern, which thus consists of pure LATP fibers. Low intensity peaks were instead detected in the
pLATPnf pattern and can be attributed to small amounts of TiP.O- and LiTiPOs. They are common
side products in LATP high temperature synthesis procedures, resulting both from the decomposition
and incomplete reaction of starting materials.'””?'**'? LiTiPOs has a similar stoichiometry and is often

considered a reaction intermediate of LiTi(POy)s;.**"*!
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Figure 5.2 SEM images of (a) LATP precursor fibers, (b) LATPnf and (c) pLATPnf (corresponding magnification in the
inset). High magnification SEM images of crystallites composing (d) LATPnf and (e) pLATPnf. (f) XRD patterns of
pLATPnf and LATPnf. (}: LiTiPOs; §: TiP205). (g) "Li MAS NMR spectra of pLATPnf and LATPnf.

The formation of TiP,Oy, along with TiO,, could be also ascribed to a partial volatilization of Li,O
during the heating process,”® however the mild conditions used are not sufficient to cause such loss
of lithium. No peaks related to AIPO4 and TiO, were detected, in accordance with previous reports
on sol-gel syntheses of LATP.**** This aspect confirms the successful aliovalent substitution and
suggests that no thermal decomposition of LATP structure occurred. As reported elsewhere, the high
porosity of electrospun precursor fibers is beneficial for decreasing the time and temperature of
calcination.'”**** This was also confirmed by LATPnf synthesis, which required a calcination step of 2
hours at 850 °C to achieve a pure NASICON-like phase, meaning a less severe heat treatment
compared to reported studies on sol—gel synthesis of bulk LATP.***** The impurity phases detected
in pLATPnf are probably related to its higher density, which requires more severe heating conditions
to complete the synthesis of the final product. Increasing temperature and/or time of calcination
would have surely been beneficial in terms of purity, however, as mentioned above, fibers undergo
coalescence when severe heating conditions are used, leading to the complete loss of their
morphology. For the sake of comparison, we decided to maintain the same heating conditions for

both samples, as a trade-off between morphology and purity.
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To investigate the lithium location within the NASICON structure, 'Li MAS NMR spectra of LATPnf
and pLATPnf were recorded (Figure 5.2g). Spectra of both samples can be described as a
combination of two components centered at -1.1 ppm with quadrupolar coupling constant (Cq) values
equal to 45 kHz and 5 KHz and n = 0.1. Based on data reported by Arbi et al. those signals can be
assigned to Li ions located at M1 and M3 sites.”” The relative integral intensities of the components
in both samples are 85:15, respectively. We did not observe any substantial differences between
LATPnf and pLATPnf, thus the pressure does not appear to affect lithium location within the

structure.

To better understand how the different phases are arranged in the pLATPnf fiber morphology, we
acquired EDS maps of both LATPnf and pLATPnf and the results are displayed in Figure 5.3. More
in detail, Figure 5.3a shows the morphology of a single LATP fiber with the corresponding mapping
of the main elements, namely Al, Ti, P and O, showing that an even elemental distribution and thus a
homogenous phase were obtained for the LATPnf sample. Conversely, a less uniform elemental
distribution is observed in the pLATPnf one (Figure 5.3b,c). Specifically, Al and Ti content vary
widely, meaning that different stoichiometry and/or phases are present in the sample, in agreement
with XRD patterns. Given that no Al-containing phase has been detected by XRD analysis, the uneven
Al distribution discernible in Figure 5.3b is presumably related to different degrees of aliovalent

substitution of Ti*" by AI*".

Figure 5.3 SEM-EDS analysis and corresponding elemental mapping of (a) LATPnf and (b,c) pLATPnf.
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This is confirmed by the opposite pattern displayed for the Ti distribution in the corresponding
mapping. The Al-content across the sample is greatly influenced by the density of the fibers. Figure
5.3b proves that Al substitution is less significant in denser areas, where consequently, a higher Ti
content is observed. Thus, less dense areas are mainly made of Al-rich LATP, whereas denser ones,
which are poor in Al, presumably contain also TiP,O-; and LiTiPOs impurity phases. As already
reported, the confined space of the fiber reduces the diffusion distance of precursor materials, thus
being beneficial to achieve an even distribution of the ionic species during the calcination step.'” This
advantageous effect is minimized by some margin in the pressed areas, where fibers are often clustered,

thus partially resembling the bulk material.

HAADF-STEM imaging was performed to investigate the morphology of the individual fibers, and
the results are shown in Figure 5.4, which displays a single LATP polycrystalline fiber, composed of
small cubic-shaped crystallites as already detected by SEM imaging (Figure 5.2d). Darker areas are
attributed to pores formed along the fiber during the calcination step. A small cluster of fibers, isolated
from the pLLATPnf sample, has also been investigated (Figure 5.4b). Crystalline domains are less
evident here, probably due to the larger thickness of the cluster compared to single fibers. No dark
spots are observed in the analysis, proving that the pressure applied before the calcination step affects
both intra-fiber and inter-fiber porosity. Figure 5.4c shows a HRTEM image acquired on the border
of a LATPnf crystallite. The good crystallinity for the whole sample as observed by XRD is here
confirmed within a single grain. The fast Fourier transform (FIF'T) pattern (inset in Figure 5.4c) shows

the reflections corresponding to the [1,1,1] orientation of the NASICON structure.

Three-dimensional electron diffraction data, displayed in Figure 5.4d,e, confirmed a rhombohedral
structure. No reflection indicating lattice modulation was observed. Extinctions were consistent with
the R3¢ space group. Crystal structure solution confirmed the model reported by Aono et al.,” based
on a framework of TiOs octahedra and POy, tetrahedra. Potentials likely corresponding to Li atoms in

position 64 (0,0,0) were clearly visible in the ab initio solution.

XPS spectra were acquired to further explore the elemental composition of LATP fibers. Survey
spectra of LATPnf and pLATPnf samples (Figure 5.5a) show the presence of the base elements, i.e.
Ti, Al, P and O. Al doping in LATPnf sample corresponds to the desired stoichiometry, since the
ratio of the atomic concentrations of Al and Ti is close to 1:5, while a 2:5 ratio results from pLATPnf

analysis.
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Figure 5.4 HAADF-STEM image of (a) an isolated fiber of LATPnf and (b) a cluster of fibers of pLATPnf. (b) HRTEM
image of a crystallite close to [1, 1, 1] orientation and corresponding FFT image (inset). Reconstruction of a 3D ED data set
projected along (d) h*and (e) c* Projections of the reciprocal vectors are sketched in white and cell edges are sketched in
yellow. Extinctions okl 1= 2n are due to the c-glide plane.

Since XPS provides quantitative information of the sample’s surface composition, the higher Al:Ti
ratio observed for pLATPnf could result from the uneven elemental distribution already observed
during the EDS analysis. This unevenness is presumably related to the pressure step which locally
increased the density of the sample. The higher density hinders the substitution of Ti*" by AI’*, causing
the presence of Al-free impurity phases, i.e. TiP,O; and LiTiPOs. Accordingly, less dense areas are
richer in Al. High-resolution spectra of Al 2p and Ti 2p are displayed in Figure 5.5b. As expected, Al
2p spectra show only one peak at a binding energy of ~74 eV.” For both samples the Ti 2p spectrum
shows two evident peaks. Each of them has been deconvoluted into two peaks. Those at higher
binding energy, centered at ~460 eV and ~466 eV, correspond to Ti*" 2ps» and Ti*" 2pis
respectively.*” At lower binding energies, i.e. ~463 eV and ~458 eV, two small peaks can be
attributed to Ti*".*»** According to the intensity of the peaks, in both samples the amount of Ti** was
about 10% and presumably originates from the surface reduction of Ti*" to T’" by reducing gases
produced during the calcination step.* Since we did not further anneal, Ti’* formed during calcination

does not oxidize back to Ti*".%
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Figure 5.5 XPS survey spectra of LATPnf and pLATPnf samples. (b) High resolution spectra of Al 2p and Ti 2p regions. (c)
Schematic illustration of the effect of the pressure on the Al content and distribution in pLATPnf.

EIS analysis of both LATPnf and pLATPnf samples was performed to measure the ionic conductivity.
Each sample was placed in a coin cell between stainless steel blocking electrodes (Figure 5.6a) and
EIS data have been acquired at a temperature ranging from 20 °C to 80 °C. The fitting of EIS spectra
was performed by using the equivalent circuit depicted in Figure 5.6b. The resulting total impedance
was used to calculate the ionic conductivity of both samples at different temperatures, displayed as
Arrhenius plot in Figure 5.6d. The slope of the Arrhenius plots has been used to calculate the
activation energy of both LATPnf and pLATPnf, yielding 0.37 = 0.02 ¢V and 0.19 * 0.02 eV
respectively. Both results are in good agreement with the values reported in the literature for
LATP.“2%72% The lowest value of pLATPnf could be related to the locally higher degree of Al
substitution as well as to the better connection between LLATP grains.”” ' Regarding the ionic
conductivity, LATPnf sample showed a value equal to 5 X 107 S cm™ at 25 °C, which is slightly higher

than the one reported by Lancel et al.’’

The pressure applied to pLATPnf proved to be highly
beneficial for the ionic conductivity of the final electrolyte. Because of the higher density and the
increased number of contact points, the pLATPnf sample is characterized by a two order of magnitude

higher ionic conductivity at 25 °C, i.e. 3 X 10° S cm™.

Four-point probe measurements were acquired to rule out a potential electronic contribution to the
total conductivity due to the presence of Ti’* (Figute 5.5b). The data shows that the electronic
conductivity of pLATPnf is negligible when compared to the total conductivity of the sample (Figure
5.7a). Equivalent measurements on LATPnf were not possible as this sample is not mechanically
suitable for testing with this technique (Figure 5.7b). Al-rich LATP areas and LiTiPOs impurity
phases could play a role in enhancing LATP’s ionic conductivity. Al contents higher than 0.3 indeed
proved to be beneficial for the ionic transport, as showed by both computational methods and single

crystal impedance studies.”"**
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Figure 5.6 (a) Scheme of the EIS analysis setup. (b) Equivalent circuit used to fit EIS data. (c) EIS spectra of LATPnf and
PLATPnf at 25 °C, 50 °C and 80 °C; a magnification of pLATPnf high frequency data is shown in the inset. (d) Arrhenius
plot comparing LATPnf and pLATPnf ionic conductivities in the 20-80 °C temperature range. Two consecutive scans in
opposite directions have been performed.

Additionally, Hupfer et al. reported that a 5% addition of LiTiPOs improves LATP’s conductivity of

215

almost one order of magnitude.”” The direct ion conduction pathways provided by the fiber

morphology, the numerous fiber contact points due to the pressing step and the potential contribution
of impurity phases resulted in a more effective Li-ion transport in pLATPnf. Li ions are not restricted
to move inside a single fiber as mostly happens in LATPnf sample, but they can hop more frequently

between fibers leading to a more efficient conducting mechanism.

Figure 5.7 (a) Fout-point probe test of pLATPnf. The value is out of the range of the instrument (>108 Q/sq). (b)
Indentations made by the PSP probe on LATPnf.

5.3 Conclusions and perspectives

LATP nanofibers have been synthesized by electrospinning and subsequent calcination at 850 °C for
2h. A 150 MPa pressure was applied on the pristine membrane, prior to the calcination step, and the

effects on the properties of the final sample have been investigated. The morphological
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characterization of LATPnf and pLATPnf samples showed that the density of the pristine membrane
affects crystal growth during the calcination step. Different crystal shapes and sizes were detected in
the pLATPnf sample as well as some impurity phases. These last evidences correlate with an uneven
substitution of Ti with Al along pLATPnf sample. Whereas, Ti and Al contents are constant in
LATPnf, they vary with the density by moving along the pLATPnf surface. Although the high
porosity, typical of electrospun materials, proved to be beneficial for decreasing temperatures and
times of calcination, the lower value measured for pLATPnf could be responsible for the impurity
phases and the uneven elemental distribution. The higher density, coupled with the mild calcination
conditions, presumably hinders the homogeneous diffusion of ions during crystal growth. Al ions
appeared to be particularly affected by the local density of the sample, giving rise to Al-rich areas as

well as Al-free impurity phases.

Even though the pressing step negatively affected the purity and homogeneity of LATP, it proved to
be very beneficial for ionic transport across the solid electrolyte. The presence of impurity phases as
well as the decrease of porosity (from 86% to 60%) led to a two order of magnitude higher ionic
conductivity. The pLATPnf sample displayed a conductivity value equal to 3 X 10° S cm™ at room
temperature, which is only one order of magnitude lower than the one reported for bulk LATP.
Despite this, LATPnf and pLLATPnf are not suitable to be tested in a solid-state battery configuration,
since their performance will not be comparable to that of a dense LATP pellet. However, the results
achieved are promising for future application of NASICON fibers as both a base for developing
ceramic electrolytes and an active filler/scaffold for composite polymer electrolytes. The mild
conditions that allowed to achieve a pure and homogenous NASICON phase, compared to the
synthesis of bulk materials by sol—gel processes, confirmed the beneficial effect of the high porosity
and the fiber morphology. Most importantly the great influence that the applied pressure and thus the
density of the precursor material have on the crystal growth can be, in our view, a significant
contribution to the optimization of soft-chemistry methods (e.g. sol-gel, Pechini, hydrothermal),
which aim to develop synthesis processes featuring less severe calcination steps, and thus more suitable

for industrial upscale.
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6 Properties and performance of electrospun NASICON Lii5Al5Ge15(PO4)s
fibers and their application as fillers in PEO-based electrolytes.

This chapter is based on the paper “Synthesis of Electrospun NASICON LiysAlsGers(POy)s Solid
Electrolyte Nanofibers by Control of Germanium Hydrolysis” published on Journal of the Electrochemical Society,
2021, 168, 110512."”

6.1 Background

The synthesis of Li-based NASICON materials is often performed by a solid-state method which
exploits several long and high-temperature steps to achieve a pure and homogeneous phase, making
the process very expensive and often unsuitable for scale-up. For this reason, a sol—gel approach has
been proposed as a soft-chemistry alternative, even if occasionally yields less pure products. Other
challenges are often encountered in the pelletizing step, where high pressure and sintering temperature
are needed to achieve suitable densities. Some of these issues have already been addressed by coupling
the sol-gel approach with electrospinning (Chapter 1.4), thus obtaining ceramic nanofibers and
nanowires which often exhibit unusual properties. Moreover, ceramic fibers can be employed as active
fillers to successfully improve the performance of composite polymer electrolyte, as already
extensively reported.'” #5170 1219190201 Previous studies on the sol—gel synthesis of LAGP employed
various precursor materials, both organic and inorganic, as Ge source.””****'2%2% Among them,
germanium oxide has the advantage of being relatively inexpensive and stable at atmosphere
conditions however, its low solubility in both water and organic solvents makes it unsuitable for
electrospinning techniques.”** Ge alkoxides are the most frequently used precursors for LAGP sol—
gel syntheses, thanks to their good solubility in various organic solvents, which allows to easily obtain
a homogeneous solution.”*”*1??#42729 However, their reactivity towards even small traces of water
greatly limits the use of other aqueous precursor salts, such as nitrates and acetates. Alkoxides
instantaneously undergo hydrolysis and polycondensation reaction in the presence of even small
amounts of water, leading to the formation and precipitation of Ge-O-Ge oligomers. These
polycondensation products rapidly form a suspension which is not suitable for electrospinning since
it negatively affects the homogeneity of the solution, hence the purity of the final material.**
Germanium chloride has also been investigated as a source of Ge for soft chemistry methods. It is a

valid alternative to alkoxides especially because of its low cost, however, it also reacts with water.*

LAGP sol—gel syntheses reported in the literature were not directly applicable to electrospinning for



a variety of reasons, such as low concentration and viscosity, large amounts of additives,
inhomogeneous solution, incompatibility with spinnable polymers. After testing different Ge-based
materials, we succeeded in preparing a homogeneous and stable solution based on chloride precursors
and suitable for the synthesis of LAGP nanofibers. Here we report a procedure to achieve LAGP
nanofibers by electrospinning, as well as their application as filler to enhance the performance of a

PEO:LiTFSI based electrolyte.

6.2 Results and discussion

197,198

Initially, the process used to synthesize LATP fibers was adapted to achieve LAGP nanofibers.
Ti butoxide was replaced with a stoichiometric amount of Ge butoxide, however, its addition to the
precursor solution resulted in an opaque and viscous solution, as displayed in Figure 6.1a (right) along
with the clear chloride-based one (left). This confirms the already observed instability of Ge alkoxides
and reported previously in the presence of small traces of water.”* Ge butoxide spontaneously
underwent hydrolysis and condensation reaction because of the water contained in the used precursor
salts (lithium and aluminum nitrates), leading to the formation of insoluble Ge-O-Ge oligomers.*’
Moreover, unlike several metal alkoxides,”'* Ge ones cannot be stabilized by chelation using
acetylacetone, because of their lower tendency to form coordination compounds. The oligomers
suspension makes the solution unsuitable for the electrospinning process, which is unstable, leading
to coalesced fibers and beads (Figure 6.1b,d). Moreover, the material achieved exhibits a high content
of GeO; after calcination due to Ge-O-Ge groups (Figure 6.1e). Conversely, the chloride-based

approach led to a clear and homogeneous solution suitable to perform a stable electrospinning process

thus achieving uniform beadless fibers.

Circular samples cut from the pristine electrospun membrane (Figure 6.1c) were calcined at 700 °C,
800 °C, and 900 °C for two hours under constant air flow. The temperature had a significant effect
on the size and porosity of the ceramic samples. LAGP 700 samples displayed porosity values ranging
from 79 to 83% and their area was about 50% that of the corresponding pristine ones. LAGP 800
porosities were 60% ca. while their area became 25% of what it was before the calcination step. A
higher temperature is also detrimental for the mechanical integrity of calcined samples: while a
temperature of 700 °C did not have any relevant effect on the integrity of the samples, at 800 °C two
out of three samples displayed some fractures after heat treatment. At 900 °C all treated samples were

damaged or broken. Hence the higher the temperature the faster and more significant is the shrinkage
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during the calcination step, thus leading to smaller and less porous samples which are also more likely

to break.
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Figure 6.1 Pictures of (a) vials containing LAGP precursor solutions based on GeCl4 (left) and Ge butoxide (right) and (c) a
circular sample made of LAGP electrospun nanofibers. SEM images of (b) LAGP precursor fibers and (d) LAGP ceramic
fibers prepared by adapting the synthesis used for LATP (Section 2.2.1 and [1,2]) by replacing titanium butoxide with
germanium butoxide. (e) Corresponding XRD pattern of LAGP fibers.

Figure 6.2 shows the morphological and structural evolution of LAGP fibers calcined at 700 °C, 800
°C and 900 °C. The diameter of as spun precursor fibers (Figure 6.2a) ranges from 300 to 800 nm.
The range of diameters does not change after heat treatment at 700 °C. Using higher calcination
temperatures (800 °C and 900 °C) is detrimental for the morphology of the sample, as the fibers start
to coalesce. At 800 °C several fibers can still be identified by SEM imaging, as displayed in the inset
in Figure 6.2c, while a temperature of 900 °C yields a dense sample following almost total coalescence
of the fibers (Figure 6.2d). Although higher calcination temperatures tend to damage the fiber
morphology, they are beneficial for the material crystallization and corresponding purity shown by the
XRD patterns displayed in Figure 6.2e. The main peaks in each pattern can be attributed to the
NASICON:-like structure (space group R3¢) of LiisAlysGers(POs)s (PDF card 04-022-7674). They
become sharper by increasing the calcination temperature, meaning that LAGP crystallinity improves.
Minor peaks in LAGP 700 and LAGP 800 patterns are related to impurity phases of AIPO,, GeP,O»,
and LisAl3(PO4)2(P,O-)s, while only traces of AIPO, and GeP,Os resulted when 900 °C temperature is
employed. The Li-rich LiyAl3(PO4)>(P20O7); phase has been reported when Al-doping of 0.7 and higher
are employed. However, its peaks are more intense when the temperature used for the heat treatment
is decreased.*’” AIPO, is 2 common impurity phase for the sol—gel synthesis of LAGP,*******7 while

GeP;Os is an intermediate product of LAGP crystallization.”*® These aspects are consistent with the
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decrease of impurity peaks intensity when the calcination temperature is increased. Given the presence
of impurity peaks in LAGP 700 and their decrease when higher temperatures are employed, a

calcination temperature lower than 700 °C has not been tested.

*AIPO, 1GeP,0, 1LIAL(PO,)L(P.0,
PN H |
. - ) 900 °C
_.."._.__.“L... . — _I\J\_J\ S

. 800 °C
A S0 U W R | WSINE | DA | I SR W

700 °C

Intensity (a.u.)

LiGe,(PO4)3 01-080-1922
||

L T

I
|
10 20 30 40 50 60

Figure 6.2 SEM images of (a) LAGP precursor fibers, (b) LAGP 700, (c) LAGP 800 and (d) LAGP 900 (high magnification
details of the fibers in the inset). (¢) XRD patterns of LAGP 700, LAGP 800 and LAGP 900. ((*): AIPOg; (1): GeP2O7; (f):
LisAl3(PO4)2(P207)3). (f) SEM-EDS analysis and cotresponding elemental mapping of LAGP 700.

Increasing the calcination time proved to not be an effective strategy for improving the purity of the
materials (Figure 6.3a). Furthermore, the effect of a two-hour annealing step at 800 °C and 900 °C
on LAGP 700 has been investigated. No major differences resulted when comparing SEM and XRD
data to the sample directly calcined at the same temperature (Figure 6.3b,d). The measured values of
the lattice parameters are in good agreement with those reported in the PDF card 04-022-7674 for
LiisAlosGei5(PO4); and are displayed in Table 6.1. A marginal increase of parameter « with the
increase of calcination temperature is observed. As expected, changes in parameter ¢ are more
relevant,”” which results higher than the value reported for LiGe2(PO,); in all three samples, which is
ascribable to the substitution of Ge*" (0.530 A) by the larger AP’ (0.535 A). However, it is lower than
the one reported for LiisAlosGe15(POy)s (PDFE card 04-022—7674), which could be related to a slightly

lower than expected degree of substitution.?’
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Figure 6.3 (a) Comparison of XRD patterns of LAGP fibers calcined at 700 °C for 2h and for 4h. SEM images of LAGP 700
after further annealing at (b) 800 °C and (c) 900 °C. XRD patterns of annealed LAGP 700-800 and LAGP 700-900 compared
to LAGP 700. ((*): AIPOy; (T): GeP207; (1): LisAl;(PO4)2(P207)3).

To investigate the elemental distribution and localization of the phases detected by XRD, EDS
mapping of Al, Ge, P and O was performed for LAGP 700 and is displayed in Figure 6.2f. The
elemental distribution appears homogeneous across the sample. The impurity phases resulting from
XRD peak assighment cannot be identified in the elemental maps, as no local concentration of Ge or
Ti is evident. Since they did not form any cluster or agglomeration, their formation is probably not
related to the local morphology and density of the sample, but they are only reaction intermediates of
LAGP crystallization. They presumably could not be identified using this technique because of the
resolution limit of the instrument. Additionally, EDS analysis excluded the possible presence of CI
ions stemming from the decomposition of the chloride-based precursor materials used for the

synthesis, which could have remained in the final sample (Figure 6.4).

Table 6.1. Cell parameters of LAGP 700, LAGP 800, and LAGP 900 compared to LiGe2(PO4)3 and Lij 5Aly5Ge1s(PO4)s.

a(A) b (A) ¢(A)

LiGe(PO4); (PDF card 01-080-1922) 8.275 20470
Li1 sAlysGey.5(PO4); (PDF card 04-022-7674) 8.261 20.621
LAGP 700 8.2591 20.482
LAGP 800 8.2676 20.562
LAGP 900 8.2725 20.545

We thus decided to further investigate the morphology and elemental distribution by TEM imaging
and corresponding EDS mapping of smaller portions of LAGP samples, which are displayed in
Figure 6.5.

73



M spectrum 1

Fitted Spectrum
Wt% o

346 02

32.7 02

02

0.1

00 0.1

. Spectrum 2
Fitted Spectrum
Wit%

409

299

Ge 233
Al 59
00

p
(o}

M Spectrum 3

Fitted Spectrum
Wt% o
351 02
336 02
268 02
45 01
00 01

Figure 6.4 SEM/EDS analysis of LAGP 700 to exclude the presence of Cl- ions.

Specifically, Al mapping correlates well with XRD results. Areas with higher Al concentration can be
easily identified for all three samples (circled in white) and arguably correspond to the Al-rich impurity
phases already identified in the XRD spectra, namely AIPO4 and LisAl;(PO4)2(P2O-)s. This is also
confirmed by the lower intensity displayed in the very same spots of Ge maps. In addition, by
integrating EDS maps, we were able to quantify the elemental composition of all three samples.
Particular attention has been devoted to the Al/Ge ratio. While LAGP 700 shows a value ranging
from 0.15 to 1.40 by moving across the sample, LAGP 800 and LAGP 900 both feature a constant
Al/Ge ratio of 0.33 as expected by the sought stoichiometry. These data certainly relate well with the
impurity phases detected in the samples whose quantities are considerably higher in LAGP 700.
Hence, the substitution of Ge by Al was effective and the sought stoichiometry was achieved, but the

amount of impurities present in LAGP 700 is responsible for the inhomogeneous mapping of Ge and

Al

A comparison of 'Li MAS NMR spectra of the three samples is shown in Figure 6.6a. All spectra can
be described as a combination of three components centered at ~0 ppm. Similar to what was observed
for LATP in previous work,'” Cq values of the first two components are equal to 50 kHz and 5 kHz.
Those signals can be assigned to Li ions located at M1 and M3 sites of LAGP. The third component
has significantly higher Cq (165 kHz). Its relative population in the sample decreases with an increase
of calcination temperature, as demonstrated by the decrease of spinning sidebands intensity from

LAGP 700 to LAGP 900 in the region taken far from the central line (see insert in Figure 6.6a).
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Figure 6.5 TEM-EDS characterization (first column) and corresponding elemental mapping of (a) LAGP 700, (b) LAGP 800
and (c) LAGP 900.

It can be assigned to LisAl;(PO,)2(P20O-)s, taking into account that signals of this compound are also
detected in “’Al and *'P NMR spectra (Figure 6.6b,c)**’ and demonstrate the same trend with respect
to the calcination temperature. Two small peaks at ~38 ppm (labeled A1 and A2) are observed in Al
NMR spectra of LAGP 800 and LAGP 900 in addition to signals of AlOs (LAGP) and
LisAl;(PO4)2(P20O7);5. These two peaks may correspond to the two AIPO, phases.195 There is a
significant overlap of the peaks in >'P NMR spectra. Nevertheless, signals of P(OGe)sm(OAl)., with
m = 0, 1, 2 and 3 can be identified at —42, —37, —32 and —27 ppm respectively. *>** The PO peak in
LAGP 900 sample has a much higher intensity than the same peak in the other two samples. A signal
originating from LisAl;(PO4)2(P20O5); is also visible in the spectrum at —16 ppm. In addition to that, a

#9230 is observed at —4 ppm. Its intensity increases

small resonance, which can be assigned to LisP,O5,
with the increase of the calcination temperature. The signal of AIPO; (observed in *’Al NMR) should
be located between —25 and —35 ppm and probably overlap with P2 and P3 peaks, which agrees with
the structure, being all characterized by crystallographically independent orthophosphate groups®
Additionally, the GeP>O7 phase detected in XRD patterns should generate two signals in the same
region, despite being characterized by a pyrophosphate group. This has been previously attributed to
the small P-O-P value of the bridging angle, which displaces the peaks towards the Ge-ortophosphate

range.m
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Figure 6.6 (a) "Li, (b) 27Al and (c) 3P MAS NMR spectra of LAGP 700, LAGP 800 and LAGP 900.

To evaluate the ionic conductivity of ceramic LAGP fibers, EIS analysis was performed on LAGP
700 and LAGP 800. The impossibility of achieving an intact LAGP 900 sample prevents us from
assessing its electrochemical performance. Each LAGP ceramic sample was placed in a coin cell
between stainless steel blocking electrodes (Figure 6.7a) to acquire EIS data between 20 °C and 80
°C. EIS spectra were fitted by using the equivalent circuit depicted in Figure 6.7b and the resulting

impedance was used to calculate the ionic conductivity values displayed in Figure 6.7c. The ionic

conductivity of both samples follows the Arrhenius law:
E
o= Ae(_R_’IA")
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Where o, A, Ea, R, and T are the ionic conductivity, the pre-exponential factor, the activation energy,
the gas constant, and the temperature, respectively. The slope of the Arrhenius plot expressed in the
linear form In(o) = In(A) — EA/RT, has been used to calculate the activation energy, which corresponds
to 0.407 (+£0.003) eV for LAGP 700 and 0.349 (£0.007) eV for LAGP 800. Both values are in good
agreement with those reported in the literature.” As demonstrated by Delaizir et al. the activation
energy appears to be independent of the density,” while Yang et al. observed that a higher density

corresponds to a slightly lower activation energy.””
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Figure 6.7 (a) Scheme of the setup used for EIS analysis of LAGP 700 and LAGP 800. (b) Equivalent circuit used for EIS
data fitting. (c) Representative Arrhenius plot of LAGP 700 and LAGP 800 in a temperature range of 20 °C—80 °C. (d) Ionic
conductivity at 20 °C vs density of LAGP 700 and LAGP 800 samples compared to data achieved with LAGP pellets by
Delaizir et al.33 (e) EIS spectra of LAGP 700 and LAGP 800 at 20 °C, 50 °C, and 80 °C.

Hence, the value we report for LAGP 800 is certainly related to its higher density (40% ca.) compared
to LAGP 700 (20% ca.), as well as to its higher purity as observed in XRD data (Figure 6.2¢). Higher
density and purity are beneficial for the formation of numerous percolation pathways, thus leading to
more effective Li-ion conduction. EIS spectra of LAGP 700 and LAGP 800 acquired at 20 °C, 50 °C,
and 80 °C are shown in Figure 6.7e for comparison. Ionic conductivity values at 20 °C correspond
t0 1.9 X 10 Scm™ and 1.5 X 1077 S ecm™ for LAGP 700 and LAGP 800 respectively. At 50 °C they
respectively become 8.5 X 107 S cm™ and 5.9 X 1077 S cm™', while at 80 °C they are equal to 2.8 X
107 S em™ and 1.6 X 107° S ecm™". Although the low ionic conductivity at room temperature makes
them unsuitable to be used as solid electrolyte as-is, their low density must be considered. As evidenced
by data displayed in Figure 6.7d, where the ionic conductivity at 20 °C is plotted against the material

density, LAGP 700 and LAGP 800 conductivity values are above the ones estimated by a linear fitting
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of data reported by Delaizir et al. for LAGP pellets having densities ranging between 50 and 100% of

LAGP’s theoretical value.”’

Among all the potential applications of ceramic ion-conductive nanofibers, one of the most interesting
is as filler in composite polymer electrolytes. We thus investigated the effect of LAGP nanofibers
when used as filler in PEO-based electrolytes. We selected LAGP 700 despite its lower purity because,
being characterized by a more pronounced fiber morphology, it allows to emphasize the effects
attributed to the elongated shape when compared to a conventional particle-shaped filler. After
magnetically stirring selected amounts of LAGP nanofibers and nanoparticles into the polymer
electrolyte slurry and coating them onto stainless-steel foils, SEM images were acquired (Figure 6.8a-
f). A mix of secondary and back scattered electrons has been collected to emphasize the presence of
ceramic fillers. As Figure 6.8a-d show, LAGP nanofibers are evenly distributed in the polymer matrix,
hence their dispersion in the polymer slurry was homogeneous. Conversely, LAGP particles have a
lower tendency to disperse well, thus forming some aggregates in the coatings visible as brighter spots
(Figure 6.8e,f). An even distribution of the filler in the composite electrolyte is crucial to obtain good
and reproducible values of ionic conductivity, since fillers can effectively hinder the crystallization of

PEO. Their agglomeration however is often considered the cause of lower conductivity values.'*"*>**

The thermal stability of fiber-based composite electrolytes was evaluated by TGA and compared to
that of PE. The resulting data are displayed in Figure 6.8g. No weight losses related to residual solvent
or to previously adsorbed water release have been detected before the actual thermal degradation. A
typical two-step curve characterizes all the samples. The first step corresponds to the thermal
degradation of PEO, whose onset in the filler-free electrolyte was estimated at 378 °C. Low amounts
of LAGP nanofibers, such as 1 and 5%, do not appear to affect the degradation temperature of PEO,
whereas in CE-LAGPf10 and CE-LAGPf20 the degradation onset decreased to 372 °C and 366 °C,
respectively. This aspect is even more evident when the first derivative of the weight loss is plotted
since the first peak, corresponding to the point of the greatest rate of PEO thermal degradation,
shifted at lower temperature values for both CE-LAGPf10 and CE-LAGPf20. As reported, the
addition of active fillers greatly affects PEO’s crystallinity, which in turn can significantly affect its
thermal degradation.”” A second weight loss was detected just below 450 °C and we attribute it to the
LiTFSI degradation process. Since the analyses have been carried out under a constant flow of N, the
residual weight can be partly attributed to carbonaceous products, deriving from the thermal

degradation of both PEO and LiTFSI in a non-oxidative atmosphere. Nevertheless, the residual
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weight is proportional to the amount of LAGP fibers added to the polymer matrix, thus confirming

their stability within the temperature range employed for the analysis.
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Figure 6.8 SEM images of (a) CE-LAGPfl, (b) CE-LAGPf5, (c) CE-LAGPf10, (d) CE-LAGP{20, (¢) CE-LAGPp10 and (f)
CE-LAGPp20 acquired by detecting both secondary and back-scattered electrons. (g) TGA/DTG cutves of CE-LAGP{20,
CE-LAGPf10, CE-LAGPf5, CE-LAGPf{l and PE.

EIS analyses were performed on composite electrolytes and on the LAGP-free polymer electrolyte to
investigate the effect of the filler presence and morphology on Li-ion transport. The electrolyte was
placed in a coin cell between stainless steel blocking electrodes before testing (Figure 6.9a). EIS
spectra have been acquired in the 20 °C-80 °C temperature range and fitted using the equivalent
circuit depicted in Figure 6.9b. As shown in Figure 6.9¢c, the impedance value of CE-LAGPf10 at
20 °C is about half of that of PE, while CE-LAGPp10 displays the same value as the filler-free
electrolyte. The data acquired between 20 and 80 °C was used to draw the corresponding Arrhenius
plots. CE-LAGPf10, CE-LAGPp10, and PE plots are compared and shown in Figure 6.9d to better
emphasize the benefits of using fibers instead of particles as filler. LAGP particles are characterized
by a purity higher than that of LAGP fibers (Figure 6.10a), which usually corresponds to an improved
ionic conductivity. The three electrolytes here shown feature the typical 2-slope behavior due to the
PEO transition from semi-crystalline to amorphous.”**" The first section—below the PEO melting
point—is characterized by a linear relationship between conductivity and temperature, which means
Li-ion conduction obeys the Arrhenius law, whereas the second region is related to segmental motion
of PEO chains and is better fitted using the Vogel-Tammer-Fulcher equation.” The ionic

conductivity of CE-LAGPf10 is higher than that of PE and CE-LAGPp10 in the whole temperature

79



range, but especially at 20 °C whete corresponds to 7.14 X 107° S cm™, i.e. double that of PE (3.42 X

107°S em™).
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Figure 6.9 (a) Scheme of the setup used for EIS analysis of polymer and composite electrolytes. (b) Equivalent circuit used
for EIS data fitting. Representative (c) EIS spectra at 20 °C and (d) Arrhenius plot in a temperature range of 20 °C—80 °C of
CE-LAGPf10, CE-LAGPp10, and PE. (e) Ionic conductivity at 20 °C and 80 °C vs LAGP weight ratio.

The improvement observed is certainly due to the high conductivity at room temperature of LAGP
NASICON material, reported as 2.8 X 107* S cm™ for a 100% dense pellet (Figure 6.7d).”*”
Additionally, this aspect well correlates with the results of both SEM imaging and TGA. The even
distribution of fibers has proven to be beneficial to hinder the crystallization of PEO and thus
achieving faster Li-ion conduction."”"****" In the 20 °C—40 °C range the ionic conductivity of CE-
LAGPp10 is about the same as the one of PE, meaning that the use of 10% LAGP particles as filler
had no effect on the conduction mechanism. Unlike fibers which provide a continuous conduction
path, a constant hopping of Li-ions from the polymer chain to the particles is needed when particle
shaped fillers are used."””'™® In the 50 °C—80 °C temperature range, the ionic conductivity is lower than
that of PE. This can be attributed to the agglomeration observed before (Figure 6.8e), which leads
to inhomogeneous Li-ion conduction across the composite electrolyte when PEO becomes
amorphous.'””"”>*% The absence of agglomerates in CE-LAGPf10 allows to achieve conductivity
values that are slightly higher than those of PE since evenly dispersed fibers do not hinder the mobility
of PEO chains. When the amount of LAGP fibers is increased to 20% (Figure 6.9e), the ionic
conductivity at 80 °C is comparable to the one of CE-LAGPp20 and both are lower than that of PE,
which means that further increasing the amount of filler (both fibers and particles) has a negative
effect at high temperature where polymer chains of amorphous PEO are very mobile and probably
hindered by relatively large amounts of filler. However, at 20 °C the ionic conductivity of CE-
LAGPf20 is still as high as the one of CE-LAGPf10, whereas the value recorded for CE-LAGPp20
is lower than that achieved by CE-LAGPp10. This could be again related to the tendency of LAGP

particles to agglomerate. Arrhenius plots of all the electrolytes as well as the comparison of CE-
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LAGPf20 and CE-LAGPp20 to PE are displayed in Figure 6.10b,c. The ionic conductivity values

all the electrolyte tested, acquired at 20, 50 and 80 °C are reported in Table 6.2.
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Figure 6.10 (a) XRD pattern of commercial LAGP particles (MSE). (b) Representative Arrhenius plots of (a) CE-LAGP£20,
CE-LAGPf10, CE-LAGPf5, CE-LAGPfl, CE-LAGPp20, CE-LAGPp10 and PE and (b) of CE-LAGP{20, CE-LAGPp20 and
PE in a temperature range of 20-80 °C.

Table 6.2 Ionic conductivity values at 20, 50 and 80 °C of all the electrolytes tested.

Tonic conductivity (S enr?)

20 °C 50 °C 80 °C
CE-LAGP{20 6.83 X 10-6 4.31 X 104 1.06 x 10-3
CE-LAGPf10 7.14 X 106 9.61 X 104 422 x 103
CE-LAGPf5 4.34 x 106 6.97 X 104 3.12 x 103
CE-LAGPf{1 2.75 X 106 4.82 X 104 1.06 x 10-3
PE 3.42 X 106 6.99 X 104 2.35 x 103
CE-LAGPp20 241 x 106 3.86 X 104 1.56 x 10-3
CE-LAGPp10 3.39 x 106 4.31 X 104 1.28 x 10-3

6.3 Conclusions and perspectives

We report the successful synthesis of NASICON-like LAGP nanofibers by electrospinning. GeCl,

was selected as Ge source to achieve a stable and homogeneous solution suitable for the

electrospinning process. The subsequent calcination step led to full-ceramic nanostructured samples

whose ionic conductivity proved to be above the expected value. We then used LAGP nanofibers as

filler to develop PEO:LiTFSI-based composite electrolytes. The addition of 10% LAGP nanofibers
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doubled the room temperature ionic conductivity of the filler-free polymer electrolyte, as the fibers
provide longer ion-conductive paths and decrease PEO crystallinity. We expect that the conductivity
can be further increased by optimizing the synthesis thus achieving LAGP nanofibers with a higher
degree of purity. We believe that the process reported here can be a significant contribution to further
optimizing the conditions of LAGP sol-gel synthesis methods. Sol-gel products are often
characterized by a lower purity, however shorter heat treatments and lower temperatures are usually
required to synthesize them. This last aspect is crucial to develop synthetic protocols suitable for
largescale production. The integration of electrospinning into sol—gel syntheses proved to be a facile
method to achieve ceramic ion-conducting LAGP fibers. Moreover, the addition of LAGP nanofibers
to a PEO-based polymer electrolyte further evidenced that elongated fillers are able to provide
enhanced performance compared to their particle-shaped counterpart, thus being suitable candidates

to develop composite electrolytes for next-generation solid-state batteries.
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7 Properties and performance of LiisAlpsGe1s5«Tix(PO4); (0.1=5x=0.3)
nanofibers: influence of Ti'"V substitution.

This chapter is based on the paper “Influence of Ti" substitution on the properties of a LissAlysGers(POy)s
nanofiber-based solid electrolyte” , published on Nanoscale, 2022, 14, 5094-5101.°%

7.1 Background

Recently, materials with 1D morphology have been employed as a filler for composite electrolytes,
proving to be more effective than their particle-like counterparts.”” Nanofiber and nanowire fillers
can reduce the number of particle/polymer junctions that lithium ions have to cross between the
electrodes by forming longer ion-conductive continuous pathways.'””'” Moreover, 1D fillers greatly
improve the mechanical strength of the electrolyte, by acting as supporting scaffold."”*** Most of the

works reported up to date were about the use of 1D fillers based on ga1rnet190‘192’194’195’260

materials,'”" ¥ 520 while only few studies have focused on NASICON fibers."”™*** On the

or perovskite

basis of the results of our previous work on the synthesis of electrospun LAGP nanofibers'” and
reported data on LATP fibers,""'”® we successfully synthesized pure and stable LiisAlosGe15:Tix(PO4)s3
(0.1=x=0.3) (LAGTP) nanofibers. We aim to gain insights on the effect of a partial substitution of
Ge by Ti on the synthesis and the properties of a Li; sAlosGe15(PO4); (LAGP) fiber-based electrolytes.
Thus, the morphological and structural properties have been investigated and compared to those of
plain LAGP fibers. In addition, we also propose their application as filler to enhance the performance

of a PEO-based composite electrolyte for lithium metal batteries.

7.2 Results and discussion

Previous works on electrospun LATP nanofibers showed that pure NASICON-like materials can be
casily achieved in the form of elongated structures by using a sol-gel approach coupled to the
electrospinning technique.””®*’ We recently developed a new chloride-based synthesis for LAGP
nanofibers (Chapters 3.4.2 and 6), which enables the facile achievement of Ge-based 2-dimensional

" However low calcination temperatures need to be

materials starting from a stable solution.
employed to maintain the sought morphology, thus compromising the purity of the final product, as
we observed that temperature = 800 °C are crucial to minimize the presence of impurity phases.

Hence, we studied how a partial substitution of Ge with Ti can affect both morphology and purity of



the final product. We prepared a precursor solution for LAGP, referred to as solution A in Figure
7.1. Then, we added Ti butoxide previously stabilized in acac (solution B in Figure 7.1). The addition
of solution B makes the precursor solution more viscous, mainly because of the high viscosity of Ti
butoxide. Increasing its amount results in even higher viscosities, which can certainly affect the
electrospinning technique. Thus, process parameters have been slightly tuned to optimize the process
for each precursor solution. The typical instabilities of the electrospinning process appear to be better
balanced by the higher viscosities; thus, a more efficient formation of continuous fibers can be
achieved. The acac used to chelate T1 butoxide did not significantly affect the electrospinning process,
given the low amount used and the fact that its dielectric constant is similar to the one reported for

E tO H 262,263

Solution B
® Ti(C,H0),
acac
Solution A
> LAGP
®, .0
@ Precursors {..,3:-5
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Figure 7.1 Schematic illustration of the fabrication process of LAGTP fiber.

After achieving the electrospun membranes, circular samples have been cut and calcined at 700 °C for
2 hours under constant air flow. As already observed for plain LAGP," the temperature affects the
mechanical integrity of the samples. After the heat treatment at 700 °C, all the samples remain intact,
whereas increasing the temperature at 800 °C tends to cause fractures. No intact samples have been
achieved at 900 °C. All three LAGTP ceramic samples calcined at 700 °C are characterized by a
porosity equal to 931+3%.

Figure 7.2 displays the SEM images acquired on the pristine membranes and on LAGTPO1,
LAGTPO02 and LAGTPO3 calcined at 700, 800 and 900 °C. SEM images of LAGP nanofibers from
our previous work were also included (Figure 7.2a) for the sake of comparison. No relevant
differences can be observed in the morphology of the pristine membranes, which means the
optimization of the parameters for electrospinning LAGTP precursor solutions has been successful.
The effect of Ti addition can be observed in the calcined samples. As for LAGP, no coalescence

occurs by calcining the samples at 700 °C. However, the coral-like structures that characterize LAGP
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morphology disappear when Ti is added, resulting in well distinct fibers. Differences are even more
obvious when the calcination temperature is increased: at 800 °C LAGP is characterized by fibers
partially fused together and some coalesced areas, which lead to a closed porosity, while the
morphology of all LAGTP samples appears unaltered. At 900 °C, the coalescence phenomenon
appears in LAGTP samples too, however fibers are still easily discernible, conversely to what observed
for LAGP, where only few fibers can be identified."”” This phenomenon could be associated with a
higher thermal and dimensional stability of LAGTP precursor fibers compared to LAGP ones, which

prevents their coalescence at high temperature.

The structure of LAGTP samples was investigated by XRD analysis. Corresponding patterns are
shown in Figure 7.3a and compared to that of LAGP nanofibers. The main phase in all LAGTP
samples corresponds to the typical rhombohedral structure (space group R3¢ of NASICON-like

materials.

pristine 700 °C 800 °C 900 °C

Figure 7.2 SEM images of pristine and calcined (a) LAGP, (b) LAGTP01, (c) LAGTP02 and (d) LAGTP03 (high
magnification details of the fibers in the inset).
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Minor peaks can be assigned to phosphate-based compounds, such as LisAl;(PO4)2(P207)s, AIPO,,
TiP,O; and LisP,O;. Considering the low temperature and short time of calcination, a great
improvement in terms of purity has been achieved. Comparing the XRD patterns of LAGTP samples
with the one of LAGP prepared under the same conditions, we can see that, although some impurity
phases (LiyAl3(PO4)2(P207); and AIPOy) are still present, their peaks are fewer and less intense. No
peaks associated with GeP,O- have been detected. A small peak around 24° is probably due to the
presence of Li,P,O traces, as confirmed later by 'Li MAS-NMR. In LAGPTO03 the small peak detected
around 32.6° is ascribable to an impurity phase of TiP,O-, probably due to the increased Ti content,
which caused a minor phase segregation. Both Li,P,O; and TiP,O; are often reported as common
secondaty phases of Li-based NASICON materials.**"***** Moreover, by increasing the amount of Ti
addition, the samples become less crystalline as suggested by the broadening of the peaks and the
appearance of a small hump at about 14°. Although increasing the calcination temperature proved to
be beneficial for both purity and crystallinity of the NASICON phase, as shown in Figure 7.3b,c, the

amorphous peak still grows with Ti content.
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Figure 7.3 XRD patterns of LAGP, LAGTP01 LAGTP02 and LAGTPO03 calcined at (a) 700 °C, (b) 800°C and (c) 900 °C. ((*):
Li9A13(PO4)2(P207)3; (1‘) A1P04; (i) TiPzO7; (o): Li4P207).

EDS analysis was carried out to assess how the distribution of the elements, particularly of Al, Ge and
Ti, changes across the sample when Ti content increases. Figure 7.4a,b show the elemental maps of
LAGTPO1 and LAGTPO02. All the elements are uniformly distributed across both samples, except Al

which seems to be more concentrated in fiber junctions. This could be related to a potentially lower
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mobility of Alions during LAGTP crystallization, which, associated with the fiber confinement, makes
the three-dimensional diffusion less effective. These Al-rich areas could be also related to the
impurities observed in the XRD patterns of both LAGTP01 and LAGTPO02, specifically
LisAl;(PO4)2(P2O7); and AlIPO.. Comparing LAGTPO1 and LAGTPO02, the latter appears to be
characterized by fewer Al-rich areas, and thus a more homogeneous Al distribution. This aspect is in
good agreement with what we observed in the XRD characterization, where LAGTP02 appeared as
the purest sample. The elemental mapping of LAGTPO3 is displayed in Figure 7.4c. Some Al-rich
areas are noticeable, as observed for the other samples. Furthermore, some fibers appear rich in Ge
and poor in Ti, which can be related to a competitive behaviour of the two elements during the

crystallization process.

Figure 7.4 SEM/EDS analysis of (a) LAGTP01, (b) LAGTP02 and (c) LAGTPO03. (d) Cross-sectional TEM image of a hollow
LAGTPO1 fiber.

This result correlates well with the presence of the TiP,O; impurity observed in the XRD pattern of
LAGTPO03, which indicates a partial segregation of Ti in the form of a secondary phase. Ge-rich fibers
are mostly visible in Ge and O mapping. We can speculate that they are mostly composed of an
amorphous phase of germanium oxide, which is in good agreement with the hump observed in all the

XRD patterns, especially in the LAGTPO3 one.

During SEM analysis several hollow fibers have been detected in all three LAGTP samples. We thus
acquired high-magnification cross-sectional TEM images on a single hollow fiber, as displayed in
Figure 7.4d for LAGTPO1. This phenomenon could be related to a high polymer content in the core
part of some specific fibers, which coupled with a potentially low three-dimensional ionic diffusion
due to the short calcination times employed, can produce cavities and hollow structures. The hollow
structure of the fiber could derive from the crystallization mechanism of the NASICON phase;
therefore, it could be also associated with different purity and elemental distribution on the material
surface. To better assess these effects, we performed a local EDS analysis on both the inner and the
outer surface of the same fiber. Different Ge/Ti ratios have been recorded, i.e. 18 and 5, in the inner

and outer surface respectively. This can be ascribed to a higher concentration of Ti on the outer
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surface of the fibers. The uneven distribution of Ge and Ti observed in a single hollow fiber could be
related to a different mobility of the metal ions throughout LAGTP crystallization. Conversely, Al

content appears constant throughout the fiber.

A comparison of the 'Li MAS NMR spectra of the three LAGTP samples is shown in Figure 7.5a.
All spectra can be described as a combination of three components centered at ~0 ppm. Cq values of
the first two components are equal to 50 kHz and 10 kHz. The corresponding signals can be assigned
to the Li ions located at M1 and M3 sites of the NASICON structure. The third component is
characterized by a significantly higher Cq (165 kHz). Probably it’s ascribable to some impurities, such
as LisP>O7 and LisAl3(PO4)2(P2O-)s whose signals have been also detected in >'P NMR. Two peaks at
-18 and 38 ppm are observed in ’Al NMR spectra of all the samples (Figure 7.5b).** The first signal
corresponds to AlOg units of LAGP (and, probably, of LiyAl;(P207)3(POy)2), while the second signal
can be ascribed to AlO, units, typical of AIPO, structure. As opposed to what we previously observed
with LAGP," a single phase of AIPO, is presumably present as impurity in LAGTP samples. The
amount of AlO; is slightly higher in LAGTP02, than in LAGTP01 and LAGTP03. In *'P NMR,
displayed in Figure 7.5c, signals of P(OGe)4m(OAl)m with m = 0, 1, 2 and 3 can be identified at -42,
-37,-32 and -27 ppm respectively.”” The fraction of PO site is reducing with the increase of Ti content,
from 40% in LAGTPO1 to 27% in LAGTPO02 and 18% in LAGTPO3. Signals of Li,P,O; and
LisAl;(P20O7)3(POy), are also visible in the spectrum at -4 ppm and -16 ppm, respectively. Potential
signals of AIPOs, which resulted in *’Al NMR spectra, should be located around -30 ppm and probably

overlap with the peaks of P> and P; present in the same area.
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Figure 7.5 (a) 7Li, (b) 2’Al and (c) 3'P MAS NMR of LAGTP01, LAGTP02 and LAGTP03.
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It is worth noting that P, and P; signals are sharp and well-spaced, in contrast to what we observed in
the *'P NMR spectrum of LAGP." This is probably due to the lower content of impurity phases
detected in LAGTP samples, which results in a lower number of signals in that region. No relevant
differences have been noticed in the spectra of the three samples analyzed, except for the expected
reduction of PO site (P(OGe)s) with the increase of Ti content (fraction of PO in LAGTPO1,
LAGTPO02, and LAGTPO3 equals to 40%, 27% and 18% respectively).

To estimate the ionic conductivity of ceramic LAGTP fibers, we performed EIS analysis on
LAGTPO1, LAGTP02 and LAGTPO3 nanofibrous pellets. They have been placed in a coin cell
between stainless steel blocking electrodes (Figure 7.6a) and tested in a temperature range of 20-80

°C. The corresponding Arrhenius plot is shown in Figure 7.6b, where the ionic conductivity values



are compared with those of plain LAGP. LAGTPO02 is the only one displaying a conductivity higher
than that of LAGP, while the values achieved for LAGTP01 and LAGTPO03 are about 1/5 and 1/3
of LAGP’s one. However, it is worth noting that the porosity values of LAGTP samples (931+3%),
are significantly higher than the value reported for LAGP (81+2%)."” The higher porosity is certainly
detrimental for the final ionic conductivity of the samples, however, achieved values are in line with
what we previously observed by plotting LAGP ionic conductivity against its density. Hence, it is
plausible to assert that at equal porosity the ionic conductivity of LAGTP is higher than LAGP one.
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Figure 7.6 (a) Scheme of the setup used for EIS analysis of LAGTP nanofibrous pellets. (b) Arrhenius plot in a temperature
range of 20-80 °C of ceramic LAGTP nanofibers compared to LAGP ones.

To evaluate the potential application of LAGTP nanofibers as fillers they have been added to a matrix
of PEO:LITFSI to achieve the corresponding composite electrolytes, i.e. CE-LAGTPO1, CE-
LAGTPO02 and CE-LAGTPO03. Only LAGTP nanofibers prepared at 700 °C were tested as fillers in
otrder to compare the results with those we previously reported for LAGP nanofibers. Moreover,
essential properties, such as density and ionic conductivity, were impossible to measure for the
nanofibrous pellets prepared at 800 and 900 °C because of the formation of fractures during the
calcination step. The dimensions of the nanofibers and their distribution into the polymer matrix have
been investigated by SEM. The images are shown in Figure 7.7a-e along with those of CE-LAGP
and CE-LATP. As mentioned above, while discussing the SEM images of ceramic LAGTP fibers
(Figure 7.2), the addition of Ti has been beneficial for the morphology of the fibers. This improved
morphology, allows them to maintain their integrity while dispersing them in the electrolyte slurry.
LAGTP fillers are indeed characterized by a pronounced elongated shape that better resembles fibers

when compared to LAGP ones (Figure 7.7a). Moreover, LAGTP fibers appear longer than LAGP
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counterpart, approaching a length of 20 pm. These aspects are of great significance in regards of the
electrochemical performance of the electrolytes. Longer and more uniformly shaped fibers can
provide fast and continuous paths for ionic transport between the electrodes, thus improving the

performance of the electrolyte at room temperature.
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Figure 7.7 SEM images of (a) CE-LAGP, (b) CE-LAGTP01, (c) CE-LAGTP02, (d) CE-LAGTP03 and (e) CE-LATP. (f)
Scheme of the setup used for EIS analysis of composite and polymer electrolytes. (g) Equivalent circuit used for EIS data
fitting. Representative Arthenius plot in a temperature range of 20-80 °C of (h) CE-LAGTP electrolytes and (i) LAGTP03
compared to PE, CE-LAGP and CE-LATP. (j) Ionic conductivity at 20, 40 and 80 °C vs. Ti content.

To investigate if the improved morphology and purity resulted in a faster ionic conduction, EIS
analyses were performed on LAGTP based composite electrolytes. The results have been compared
with those achieved with CE-LAGP and PE we previously reported,” and with CE-LATP,
specifically prepared as reference. Each electrolyte was placed in a coin cell between stainless steel
blocking electrodes, as per the setup shown in Figure 7.7f. EIS spectra, acquired between 20 and 80
°C, have been fitted using the equivalent circuit depicted in Figure 7.7g. Resulting data are displayed
in the form of Arrhenius plot in Figure 7.7h,i. Figure 7.7h shows how the ionic conductivity of
LAGTP samples changes with the temperature. All the plots have the characteristic two-slope
behaviour, typical of PEO-based polymer electrolytes, where the two sections are divided by the PEO
melting point. The best performing of the three LAGTP-based composite electrolytes, i.e. CE-
LAGTPO3 has been selected and compared with CE-LAGP, CE-LATP and PE (Figure 7.7i). At 20
°C, CE-LAGP, appears to be the most conductive, while CE-LAGTP03 is, as expected, right between
CE-LAGP and CE-LATP, with an ionic conductivity of 5.3 X 10° S em™. At 40 °C, CE-LAGTPO03 is
characterized by a higher ionic conductivity (2.2 X 10* S cm™) compared to both CE-LAGP and CE-
LATP, which remains higher up to 80 °C, where it equals 7.5 X 107 S cm™. The presence of Ti appears
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to positively affect the ionic transport above 40 °C. This aspect is more apparent in Figure 7.7j, where
the ionic conductivity at 20, 40 and 80 °C is plotted against the Ti content per formula unit. While
CE-LAGTPO1 and CE-LAGTPO02 are characterized by ionic conductivities lower than those of CE-
LAGP, especially at low temperatures, the substitution of 20% of Ge by Ti improve the ionic
transport. The effect is even more marked at higher temperatures and confirmed by the values
achieved with CE-LATP. The partial substitution of Ge by Ti did not cause any significant
improvement in ionic conductivity, compared to the unsubstituted LAGP. This was expected since,
most of the reported Lil+xAlxGeyTi2-x-y(PO4)3 structures are characterized by ionic conductivity
values lower or comparable to those reported for the Lil.5Al0.5Gel.5(PO4)3 and
Li1.3Al0.3Ti1.7(PO4)3 parent structures.””’>*** Moreover, while the improvement of the fillers” ionic
conductivity could be beneficial for the conductivity of the composite electrolyte, it is not a foregone
conclusion. In a composite polymer electrolyte, several other aspects can affect the final ionic
conductivity, such as the interactions between fillers and polymer as well as the influence of the fillers’
addition on the crystallinity of the polymer. Modifying the chemistry and the morphology of the

ceramic fillers can have a significant impact on these phenomena.

7.3 Conclusions and perspectives

In summary, we investigated the effect of the partial substitution of Ge by Ti on the properties of
LAGP nanofibers. We successfully synthesized ceramic LAGTP nanofibers by electrospinning and
subsequent calcination. Regarding the morphology we observed more uniform and defined fibers with
no coral-like structures. LAGTP fibers are also characterized by a higher purity when compared to
plain LAGP ones. Ceramic fibers have been then dispersed in a polymer matrix to achieve composite
polymer electrolytes. Ti substitution did not significantly affect the final ion-conduction properties of
the composite electrolytes, although a minor increase of conductivity was observed above 40°C for
CE-LAGTPO03. While no big improvements are observed from the performance point of view, we
believe that a partial substitution of Ge with Ti can be a suitable strategy to improve the purity of
LAGP synthesized by solution-based methods, such as sol-gel. Moreover, the presence of Ti affects

the crystallization of the NASICON phase, as demonstrated by the improved fiber morphology.

While most of the research efforts are dedicated to the discovery of the ultimate solid electrolyte for
ASSLBs, the optimization of the already known materials is currently a valid alternative. In this

framework, every detail enabling a more effective and efficient synthesis can boost progress along the
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path towards the industrial production. We thus believe that the findings reported in this work can be
a significant contribution for the ongoing optimization and the future development of the synthesis

methods of NASICON based electrolytes.
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8 Summary and outlook

In this chapter some general conclusions of this thesis are provided. In addition, some perspectives

and suggestions for future works related to the projects of this thesis are discussed.

Solid electrolytes, either polymeric, ceramic or hybrid, proved to be a promising alternative to liquid
electrolytes. Their development can certainly boost the technological achievement of all-solid-state
devices, which can revolutionize the energy storage field. The integration of a solid layer between the
battery’s electrodes can be advantageous for the safety of the device, since it can mechanically prevent
the growth of dendrites due to the uneven deposition of lithium. Moreover, replacing the organic and
flammable liquid electrolyte, currently used in commercial LIBs, eliminates the risk of fire and
explosion. However, the advantages are not only in terms of safety, but they concern the performance
too. The potential introduction of metallic lithium as anode, which is safely feasible only in presence
of a solid electrolyte, can at least double the energy density of the cell. Another improvement at the
single cell level corresponds to the cathode formulation, which in LIBs must be porous to let the liquid
medium penetrate in order to ensure a homogeneous ionic transport. In presence of a solid electrolyte,
however, the cathode can be fabricated as a dense layer, with the addition of just an additive that
ensures a good ionic conduction, such as particles of the electrolyte material itself. With this strategy,
a generally denser cell can be achieved, which is significantly beneficial for the volumetric energy
density of the device. As shown in Figure 1.7, the all-solid-state technology is advantageous also at
cell stack and battery pack levels, since the removal of current collectors, cooling system and safety

devices enables the achievement of a more compact device.

Polymer electrolytes have been continuously studied for decades; however, they compare
unfavourably with the commercial liquid counterparts. Specifically, the performance at room
temperature is lower than that provided by liquid electrolytes. Hence, polymer electrolytes are
promising candidates for application at medium-high temperature, at which the polymer softens or

melts, thus delivering better performance.

In this framework, inorganic electrolytes based on ceramic materials attracted considerable attentions.
Despite the ultimate ceramic electrolyte has not been discovered yet, several promising classes of
materials are currently under scientific investigation. All of them present several interesting properties,
but they are still characterized by significant issues that hinder their commercial deployment. A

common challenge with ceramic electrolytes is certainly the formation of a homogeneous and stable



interface with both electrodes. Additionally, the preparation of pure and dense pellets usually involves

steps at high temperatures and pressures, which are complex and costly.

An interesting family of ion-conductive ceramics is represented by Li-based NASICON materials.
Especially, LATP and LAGP structures have been investigated for their high ionic conductivity, good

chemical stability and relatively low cost.

In this thesis, we focused at first on the optimization of the solid-state synthesis of LATP (Chapter
4). By using HTXRD technique, we investigated the effect of two different TiO; phases as precursor
materials. We observed that, when anatase TiO is used as Ti source, LATP starts crystallizing at a
lower temperature, while the use of rutile TiO; ensures a purer product. These aspects, along with the
morphology of the particles, affect the densification process during the hot-pressing step and thus the
ionic conductivity of the resulting pellets. All these findings are crucial for the optimization of the
synthetic process. Selecting the best precursor material and the proper synthesis temperature can lower
the cost and improve the current methods, which are fundamental aspects for the achievement of the

industrial upscale and the future deployment of all-solid-state batteries.

In the second part of this thesis, described in Chapter 5, we investigated the effects of the morphology
on the properties of LATP electrolytes. On the basis of a synthetic approach, which combines sol—
gel method and electrospinning technique, we optimized the stoichiometry to enhance the ionic
conductivity. Then, we investigated the effects of a 150 MPa pressure, applied on the pristine
membrane, prior to the calcination step. We observed that the higher density negatively affects purity,
morphology and homogeneity of LATP. However, it resulted beneficial for achieving a high ionic
conductivity of 3 X 10° S cm™, i.e. only one order of magnitude lower than that of the bulk material.
LATP nanofibers thus proved to be a promising candidate as both a base for developing ceramic

electrolytes and an active filler/scaffold for composite polymer electrolytes.

The promising results achieved in the previous part of the project led us to perform various attempts
to directly adapt the method employed for the preparation of LATP to the synthesis of LAGP
nanofibers. However, a suitable Ge precursor could not be found. Thus, we developed a novel
synthesis, based on GeCly as Ge source, to fabricate ceramic LAGP nanofibers. The full-ceramic mat
showed an ionic conductivity above the expected value. LAGP nanofibers were then used as fillers
for PEO:LiTFSI-based electrolytes, leading to an ionic conductivity that was double that of the filler-

free polymer electrolyte, since they can provide long ion-conductive paths and decrease PEO
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crystallinity. These findings confirmed that NASICON nanofibers are suitable fillers for the

development of composite polymer electrolytes for lithium batteries.

In the last part of the project, we merged the interesting results achieved with both LATP and LAGP
nanofibers, thus investigating the effect of the partial substitution of Ge by Ti on the properties of
LAGP nanofibers. We observed that Ti-substitution enables the achievement of more uniform and
defined fibers, as well as higher purity when compared to plain LAGP fibers. Hence, the addition of
a Ti precursor evidently affects both the electrospinning process and the crystallization of LAGTP
during the calcination step. Finally, LAGTP nanofibers were added to a PEO:LiTFSI-based
electrolyte. Compared to the LAGP-filled electrolyte, the addition of LAGTP nanofibers did not lead
to any significant improvement in terms of room-temperature ionic conductivity. However, above 40
°C a minor enhancement of the conductivity has been observed. While no big improvements are
observed from the performance point of view, we believe that a partial substitution of Ge with Ti can
be a suitable strategy to improve the purity of LAGP synthesized by solution-based methods, such as

sol—gel.

8.1 Perspectives

Nowadays the research effort is mainly focused on the discovery of the ultimate solid electrolyte
material. However, all the materials proposed up to now have advantages but also drawbacks that
need to be addressed. This means that more resources should be invested into the optimization of
currently known materials, and especially into finding suitable solutions to all the issues and challenges
they present. While ceramic solid electrolytes are the most promising class of Li-ion conductive
materials for the next-generation energy storage devices, they are still characterized by intrinsic issues
that must be solved in order to achieve the commercial deployment of ASSLBs. Recently, materials
characterized by ionic conductivities comparable to liquid media have been reported, which represent
breakthrough discoveries; however, other aspects are crucial for achieving their industrial production
as well as a perfectly operational battery, which are often overlooked. For example, while most
researchers are racing towards reaching the highest ionic conductivity, more attention should be
oriented towards improving the interface between solid electrolyte and electrodes, which is probably
the most serious problem of the all-solid-state technologies. On this aspect, an effective strategy to
achieve a better contact between the electrolyte and the electrodes, is the development of a composite

polymer electrolyte. Polymers, for their intrinsic physical properties, such as flexibility and mechanical
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strength, are optimal to achieve a stable and homogenous interface with the electrode’s surface. Apply
coatings of different materials on the ceramic pellet to form an interlayer between electrolyte and

electrode can also be a suitable strategy.

In this framework, 1D or, more generally, nanostructured materials, can provide peculiar properties
towards the development of advanced functional materials. The use of nanofibers and nanowires as
active fillers for the development of composite polymer electrolytes is already a common practice.
They proved to be beneficial for the improvement of the mechanical and the electrochemical
properties of the electrolyte. However, there are several potential applications for ceramic
nanostructured materials. Ceramic nanofibrous mats, for example, can be used as reinforcing scaffold
in both electrolytes and electrodes, and at the same time they can provide fast and continuous paths
for Li ions conduction. Nanowires can be used as basis to develop dense full-ceramic electrolytes,

since they proved to be effective for achieving more efficient packings and thus higher densities.

Furthermore, various synthesis processes should be reconsidered while having in mind their potential
industrial upscale. Most of the methods used for the synthesis of ceramic materials involve long high-
temperature steps and high-energy mixing techniques, which are not suitable for large scale
productions. Hence, already known synthetic routes should be optimized, while novel approaches

involving easier and less expensive steps should be developed.
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10 Appendix I: Sommaire récapitulatif

Nanofibres ¢électrofilées de NASICON comme ¢électrolytes solides pour batteries au
lithium

10.1 Introduction

Les combustibles fossiles, notamment le charbon, le pétrole et le gaz naturel, alimentent I'économie
mondiale depuis la révolution industrielle et fournissent actuellement environ 80 % des besoins
énergétiques mondiaux. Cependant, leur extraction et leur combustion ont augmenté la quantité de
gaz a effet de serre anthropiques, tels que le CO, (Figure 10.1), qui sont les principaux responsables

du réchauffement climatique.
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Figure 10.1 Evolution des émissions mondiales de CO; liées a 1'énergie de 1990 a 2021 et (b) leur évolution par rapport 4
I'année précédente. L'impact de chaque carburant est indiqué. Reproduction autorisée.!

Selon le dernier rapport d'évaluation du Intergovernmental Panel on Climat Change, en 1'absence d'action
majeure pour réduire les émissions, la température moyenne mondiale est appelée a augmenter de 3,7
24,8 °C d'ici 2100. Méme en réduisant les émissions de gaz a effet de serre, le réchauffement climatique
continuerait de se produire pendant encore au moins plusieurs décennies, et le risque de dépassements
potentiels de température est concret. Maintenir une augmentation de la température mondiale en
dessous de 1,5 °C par rapport aux niveaux préindustriels est vital, car cela limiterait la fréquence et
l'intensité des événements extrémes, tels que les fortes précipitations, les sécheresses, les inondations,

l'acidification des océans, les extinctions d'espéces. De plus, I'adaptation humaine sera moins difficile.”



Bien que les combustibles fossiles soient appelés a rester une source importante d'énergie et de
matériaux pendant des décennies, une révolution technologique est nécessaire pour passer a des
sources d'énergie abordables, accessibles et durables. Les énergies renouvelables sont de bons
candidats pour remplacer progressivement les combustibles fossiles, cependant, leur imprévisibilité et
leur manque de fiabilité ont empéché leur utilisation. Par conséquent, ils auraient besoin ou au moins
bénéficieraient de dispositifs de stockage d'énergie.” Le développement et l'intégration de dispositifs
de stockage d'énergie sont cruciaux pour une utilisation efficace et une diffusion capillaire des énergies
renouvelables, et parmi eux, les batteries représentent un excellent choix pour l'intégration avec des
ressources renouvelables. Leur taille compacte les rend bien adaptés au transport; ils peuvent réduire
les variations du rayonnement solaire local et atténuer les fluctuations du rendement dans les parcs
¢oliens. Bien que le cott élevé limite la pénétration du marché, la modularité et 1'évolutivité des
différents systemes de batteries entraineront certainement une baisse des cotts dans les années a venir.
Plusieurs technologies de batteries intéressantes sont actuellement en train d'émerger ou d'étre
relancées pour des applications stationnaires en raison de leur faible cout potentiel (redox-flow) et de

leurs performances améliorées (lithium-ion).*

De nos jours, des milliards de batteries lithium-ion (LIB) sont produites et régulicrement utilisées pour
alimenter les smartphones, tablettes, ordinateurs portables et plusieurs autres appareils électroniques
portables. Les LIB de pointe peuvent fournir une énergie volumétrique et gravimétrique jusqu'a 770
Wh L' et 260 Wh Kg, respectivement. Cependant, la densité d'énergie des LIB conventionnelles est
déja proche de la limite (Figure 10.2a).° De plus, la sécurité des LIB est une préoccupation majeure,
car la présence a la fois d'un électrolyte combustible et d'un agent oxydant présente un risque de
réactions d'emballement thermique entrainant des incendies ou des explosions. Par conséquent, le
milieu de la recherche a déja commencé a regarder au-dela des LIB, confirmant ainsi que la quéte pour
une technologie de stockage d'énergie de nouvelle génération a commencé. Le remplacement de
l'anode a base de graphite, couramment utilise dans les LIB, par du Li métallique peut doubler I'énergie
spécifique, atteignant environ 440 Wh kg™ Le passage a de nouvelles chimies, telles que les systémes
Li-S et Li-air, peut encore augmenter l'énergie spécifique a ~ 650 Wh kg’ et ~ 950 Wh kg,

respectivement (Figure 10.2b)."

Cependant, plusieurs défis caractérisent l'utilisation du Li dans les
batteries secondaires, dont la plupart sont liés a la sécurité et a la stabilité pendant le cycle de charge

et de décharge, tels que le dépot irrégulier et la formation de dendrites.
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Figure 10.2 (a) Densité d'énergie de la cellule LIB cylindrique standard 18650 de 1991 a 2016. Reproduction autorisée.5
(Copyright 2016 Nature Publishing Group). (b) Diagramme a batres montrant les densités d'énergie gravimétrique (rose) et
volumétrique (bleu) de 1'essence et des batteries au Li conventionnelles. Reproduction autorisée.\" (Copyright 2017 Nature
Puplishing Group).

Une stratégie efficace pour surmonter ces problemes consiste a remplacer 1'électrolyte liquide par un
matériau solide conducteur d'ions, qui peut empécher mécaniquement la croissance dendritique ainsi
que les changements de volume de Li. L'utilisation d'un électrolyte solide peut également simplifier la
procédure d'assemblage et réduire les cotts, en plus d’étre bénéfique pour diminuer a la fois le poids
et le volume de la cellule. Le Li métallique peut étre utilisés en toute sécurité comme anode et, associé
a des morphologies de cathode plus denses, peut encore augmenter la densité d'énergie de la batterie.
Les électrolytes solides destinés a des applications de batteries se répartissent principalement en deux
catégories : les céramiques inorganiques et les polymeres organiques. En général, le principal avantage
des électrolytes céramiques réside dans les propriétés mécaniques. L'excellente résistance mécanique
et la dureté extréme empéchent facilement la croissance dendritique ainsi que les éventuels courts-
circuits. Ils se caractérisent également par une bonne stabilité thermique qui maintiennent ainsi les
¢lectrodes séparées méme en cas d'emballement thermique. Concernant la conductivité ionique, des
valeurs de plus en plus proches de ces des électrolytes liquides (10°-107 S cm™) ont été rapporté au

cours des dernieres décennies (Figure 10.3).
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Figure 10.3 Conductivité ionique totale des conducteurs d'ions de lithium a 1'état solide a température ambiante.
Reproduction autorisée.”’ (Copyright 2016 American Chemical Society).

Toutefois, les électrolytes céramiques présentent encore quelques inconvénients majeurs qui doivent
étre résolus, par exemple, la stabilité chimique et électrochimique. Les processus de synthése peuvent
étre tres compliqué, car plusieurs matériaux seraient réactifs a I'humidité, mais le principal probleme
est sans doute la compatibilité interfaciale avec les électrodes. D'un point de vue mécanique, trouver
un bon contact de surface entre deux matériaux solides est tres difficile, et nécessite 1'utilisation de
traitements a haute pression et a haute température, qui augmentent considérablement les couts. Sur
cet aspect précis, les électrolytes polymeres sont certainement plus efficaces, car leur flexibilité est
bénéfique pour réaliser une interface optimale avec les électrodes. Toutefois, leur conductivité ionique
a température ambiante est encore trop faible par rapport aux milieux liquides et leur résistance
mécanique n'est pas suffisamment élevée pour empécher la croissance dendritique de Li. Clest
pourquoi, au cours des dernieres décennies, un intérét croissant de la recherche s'est tourné vers les
électrolytes composites, qui visent a combiner les avantages et a éliminer les inconvénients des

¢lectrolytes solides inorganiques et organiques.

10.2 Obijectives

Dans ce travail, des matériaux NASICON (Na superionic conductors) a base de Li sont synthétisés avec
diverses méthodes pour obtenir différentes morphologies. Ensuite, ils sont proposés comme base
pour développer des électrolytes solides afin de résoudre certains des principaux probléemes qui
affectent encore les batteries au lithium a I'état solide. e but de la these est décrit ci-dessous sous la

forme d'une liste de différents objectifs:
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1. Amélioration de la synthése al'état solide du LATP. e LATP est un matériau conducteur
d'ions Li" adapté au développement d’électrolytes denses entierement inorganiques pout les
batteries a base de lithium. Cependant, certains aspects fondamentaux de sa cristallisation sont
encore inconnus et sa synthese peut encore étre optimisée, en réduisant par exemple le temps
et la température de calcination et en améliorant la densité des pastilles avec différentes
techniques.

2. Effet de la morphologie des fibres sur les propriétés du LATP. Une approche synthétique
pour fabriquer des nanofibres de LATP, qui consiste a coupler sol-gel et électrospinning, a été
sélectionnée apres une recherche approfondie dans la littérature. Des études antérieures
rapportent que la morphologie des fibres s'est avérée bénéfique pour obtenir des pastilles
inorganiques plus denses, ainsi que pour améliorer les propriétés de I'électrolyte polymere
lorsque des fibres céramiques sont utilisées comme charges.

3. Amélioration des électrolytes polymeéres a base de PEO par I’addition de nanofibres
de LAGP. La méthode utilisée pour la fabrication des nanofibres de LATP n'était pas
directement applicable au LAGP, ainsi une nouvelle approche synthétique a base de chlorure
a été développée. Les nanofibres de LAGP ont été testées en tant que pastilles céramique
nanofibreux et comme charges pour les électrolytes polymeéres, montrant des résultats
prometteurs.

4. Amélioration de la pureté et de la morphologie des nanofibres de LAGP par
substitution de Ge par Ti. La pureté et la morphologie des nanofibres de LAGP
précédemment synthétisées pourraient étre améliorées. Par conséquent, nous avons étudié
l'effet d'une substitution partielle de Ge par Ti. L'ajout de butoxyde de Ti stabilisé, grace a sa
viscosité élevée, peut étre bénéfique pour la stabilité du processus d'électrospinning,
conduisant ainsi a une morphologie améliorée des fibres. De plus, cela pourrait aider a la

cristallisation de la phase NASICON lors de I'étape de calcination.

La these est divisée en huit chapitres, qui sont organisés comme suit :

Chapitre 1  Le sujet de la crise énergétique est introduit. Des informations générales sur les LIB et
les batteries a I'état solide sont fournies, avec un accent particulier sur l'utilisation de fibres céramiques

conductrices d'ions pour développer des électrolytes solides.

Chapitre 2 Le but et les objectifs de la thése sont présentés.
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Chapitre 3  Les détails expérimentaux sont fournis. Les matériaux ainsi que les différentes
méthodes de synthese sont décrits en détail. Enfin, les techniques de caractérisation employées pour

toutes les étapes de ce projet sont listées.

Chapitre 4  L'influence de l'utilisation des phases TiO; rutile et anatase sur la synthese a I'état solide

du LATP est étudiée.

Chapitre 5  L'effet de la pression sur les propriétés des nanofibres de LATP préparées par

électrospinning et calcination subséquente est décrit.

Chapitre 6 Une nouvelle méthode de synthese pour fabriquer des nanofibres de LAGP par
électrospinning est introduite. La caractérisation des nanofibres céramiques obtenues en tant que

pastille céramique nanofibreux et charges dans des électrolytes polymeres a base de PEO est décrite.

Chapitre 7 L'effet de la substitution partielle de Ge par Ti sur les propriétés des fibres de LAGP
est présenté. Ensuite, des nanofibres LAGP avec Ti ont été ajoutées comme charges dans des

électrolytes polymeres a base de PEO et leurs effets sont également discutés.

Chapitre 8  Ici, les conclusions et quelques perspectives sur les sujets de la these sont rapportées.

De plus, un apercu des futures études potentielles liées aux résultats de la these est proposé.

10.3 Partie expérimentale
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Figure 10.4 Illustration schématique du processus de synthése des fibres céramiques par électrospinning.
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Figure 10.5 Illustration schématique de la préparation d'un électrolyte polymére composite avec des fibres céramiques
comme charges.

10.4 Influence des précurseurs TiO: rutile et anatase sur la synthése a 1'état solide
d'un électrolyte céramique de LiisAlo.sTi1.5(PO4)3
Dans cette étude, nous avons évalué comment différents polymorphes de TiO: peuvent affecter la
synthese et les propriétés d'un électrolyte LiisAlysT115(POs)s. Plus précisément, nous avons synthétisé
le LATP par une méthode a I'état solide en utilisant l'anatase TiO, comme source de Ti, et ci-apres
dénommé alLATP. Nous avons reproduit la méme synthese, sauf en utilisant du rutile TiO; a la place
(Ie produit final est désigné par rILATP). Nous avons étudié la cristallisation des deux matériaux en
utilisant 7z sitn HTXRD. En combinant les données obtenues par diffraction de rayon X a haute
température (HTXRD), les images acquises par le microscope électronique a balayage (MEB) et les
résultats de la spectroscopie d'impédance électrochimique (EIS), nous avons évalué l'influence des
deux phases de TiO; sur la synthése, ainsi que sur les propriétés et les performances des électrolytes

de LATP synthétisés.

L'imagerie MEB a été utilisée pour étudier la morphologie de tLATP et aLATP (Figure 10.6). Les
deux échantillons sont constitués de cristallites cubiques et irrégulieres, qui ont tendance a former des
agglomérats de plusieurs microns. La forme irrégulicre est liée a la température utilisée pour la
synthése, c'est-a-dire 700 °C.*"** Lorsqu'une température de 950 °C est utilisée, les cristaux résultants
sont principalement de forme cubique dans les deux échantillons (Figure 10.6¢,f). L'analyse EDS des
deux échantillons a confirmé la formation de LATP avec une distribution élémentaire uniforme sans
ségrégation apparente des phases secondaires (Figure 10.6g,h). L'analyse HTXRD a été réalisé sur les
deux échantillons pour avoir un apercu approfondi de la cristallisation du LATP et de la manicre dont
elle est influencée par la présence de phases rutile et anatase. Lorsque la température augmente, les

profils XRD des deux échantillons évoluent : les pics attribués au produit intermédiaire, comme le
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Li;PO; et le biphosphammite (NH4)H,PO4 commencent a apparaitre entre 100 et 200 °C dans les

profils des deux échantillons.

Figure 10.6 Images MEB d'aLATP synthétisé a (a,b) 700°C et (c) 950°C et de rLATP synthétisé a (d,e) 700°C et (f) 950°C.
Analyse MEB-EDS et cartographie élémentaire correspondante de (g) aLATP et (h) rLATP.

Ensuite, les pics correspondant aux matériaux précurseurs, rutile et anatase inclus, commencent a
diminuer d'intensité et la phase rhomboédrique de LATP apparait. Plus précisément, dans le
diffractogramme d'alLATP acquis a 378 °C, des pics correspondant a la phase NASICON (groupe
d'espace R3c) de Lii2Alo2Ti1s(PO4)s (carte PDF : 01-084-5450) ont commencé a apparaitre. Dans une
plage de température similaire, aucun pic n'est détecté dans le profil de rLATP, comme illustré a la
Figure 10.7a. Lorsque la température atteint 583 °C, nous avons observé l'apparition de la phase de
LATP également dans le profil de rILATP, tandis que dans le profil de aLATP collecté dans la gamme
592-622 °C, les pics correspondants sont déja tres intenses (Figure 10.7b). Lorsque la température
atteint 700 °C, la phase de alLATP est caractérisée par un degré de cristallinité plus élevé et moins de
phases d'impuretés que le tLATP. Cependant, apres 2 heures a 700 °C, le rLATP devient plus pur et
plus cristallin, n'affichant que quelques pics de faible intensité attribuables a LisP,O7 et LisPOs, tandis
que plusieurs pics associés a AIPOy et LiyP,O7 ont été identifiés dans le diffractogramme d'alLATP
acquis apres le plateau de 2 heures a 700 °C (Figure 10.7c,d). Les deux échantillons ont été refroidis
a température ambiante pour les analyses XRD finales. Les profils n'ont pas changé de manicre

significative par rapport a leurs homologues a 700 © C, ce qui vérifie leur stabilité (Figure 10.7c,d).
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Figure 10.7 Profils XRD acquis dans une plage de température de (a) 378-408 °C pour aLATP et 370-400 °C pour rLATP, et
(b) 592-622 °C pour aLATP et 583-613 °C pour rLATP. ((¥) : TiO; rutile ; (+) : TiO; anatase ; les pics de Pt proviennent du
creuset). Profils XRD acquis sur (c) aLATP et (d) rLATP, lorsque la température vient d'atteindre 700 © C, aprés 1 et 2 heures
ala méme température et aprés refroidissement.

A 300 °C, seuls les profils XRD de TiO, apparaissent dans les échantillons. Ceci indique qu'a 300 °C
tous les précurseurs sont devenus amorphes a l'exception de TiO,, et que le TiO; est le dernier a réagir.
L'utilisation de la phase anatase ou rutile du TiO, n'affecte pas les voies réactionnelles de la synthese.
Entre 127 et 327 °C, I'enthalpie de formation et I'énergie de Gibbs du TiO, anatase sont supérieures
d'environ 6,2 k] /mol a celles du TiO; rutile.*” En supposant une vitesse de réaction de type Arrhenius,
cette différence entraine une cinétique quatre fois plus rapide pour les réactions de TiO; anatase a 327
°C, en bon accord avec notre observation selon laquelle le LATP appatait plus tot avec TiO; anatase
qu'avec TiO; rutile. Des pastilles ont été préparées avec alLATP et tLATP en pressant a chaud les
poudres correspondantes a 750 °C sous 56 MPa. La densité des pastilles d'aLATP et de tLATP,
estimée en utilisant leur poids et leurs dimensions, s'est avérée égale a 90 % de la valeur théorique.
Pour évaluer la conductivité ionique, chaque échantillon a été peint avec de I'encre d'argent et placé
dans une pile bouton entre des électrodes blocants en acier inoxydable (Figure 10.8a). Les spectres
EIS ont été acquis dans la plage de température de 20 a 80 °C. Les diagrammes de Nyquist résultants

se composent de deux demi-cercles : le premier a été acquis a haute fréquence, tandis que le second
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peut étre observé dans la région des fréquences moyennes et basses et apparait petit et partiellement

convoluté avec la capacitance double couche des électrodes.
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Figure 10.8 (a) Schéma de la configuration utilisée pour I'analyse EIS de aLATP et tLATP. (b) Circuit équivalent utilisé pour
I'ajustement des données EIS. (c) Spectres EIS a 20, 50 et 80 ° C et (d) diagrammes d'Arrhenius dans une plage de
température de 20 2 80 ° C de aLATP et tLATP.

Des résultats similaires ont été rapportés pour le LLZO pressé a chaud par Tenhaeff et al., qui n'ont
pas pu associer ce petit demi-cercle 2 un phénomeéne distinct.”’ Ainsi, nous avons sélectionné un
circuit équivalent composé de résistances (R) et d'éléments a phase constante (CPE), qui représentent
les contributions résistives et capacitives non idéales de chaque phénomeéne. Plus précisément, le
circuit équivalent Ro(RgpyCPEg) (RiowCPEiow) CPE représenté sur la Figure 10.8b, a été utilisé pour
modéliser les données expérimentales des deux échantillons, ou Ry est la résistance du circuit, externe
a l'échantillon, Ry, et CPEy, sont associés au transport ionique aux joints de grains, Riow et CPEioy
représentent le demi-cercle non identifié a basse fréquence et CPEq est lié a la capacitance double
couche des électrodes. Nous pouvons exclure avec confiance la présence de contributions intra-grain,
car il apparait comme un consensus scientifique que la conductivité globale des matériaux NASICON
ne peut étre identifiée qu'a de trés basses températures, de -100 a 10 °C.*>¥?""** De plus, la
contribution capacitive du premier demi-cercle est égale 2 10” F, ce qui se situe dans la plage typique
des phénoménes aux joints de grains.””’ Sur ces prémisses, nous pouvons évaluer la conductivité
ionique totale (0), qui dérive principalement du transport ionique se produisant aux joints de grains
pour les deux échantillons. La Figure 10.8c affiche les diagrammes de Nyquist représentatives
résultant d'analyses EIS effectuées a 20, 50 et 80 °C. En les ajustant, nous pouvons calculer la
conductivité ionique totale des pastilles de alLATP et rLATP. D'apres les valeurs résultantes,
présentées a la Figure 10.8d sous la forme d'un diagramme d'Arrhenius, aLATP apparait plus

conducteur que tLATP sur toute la plage de températures. La pente du diagramme d'Arrhenius
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exprimée sous la forme linéaire In(c) = In(A) — Ea/RT, a été utlisée pour calculer I'énergie
d'activation, qui correspond a 0,44 (+0,01) eV et 0,40 (£0,02) eV pour aLATP et rLATP,
respectivement. Les deux valeurs sont en bon accord avec celles rapportées dans la littérature.”>*' La
conductivité ionique de alLATP a 20 °C est égale 2 1,5 X 10* S cm™, soit environ le double de celle du
tLATP (8,5 X 10” S cm™). Cette différence est principalement due a une conduction ionique moins
efficace aux joints de grains de rLATP. L'origine de cette contribution différente pourrait étre liée a
une morphologie légérement différente des particules. Comme discuté ci-dessus, aucune différence
significative dans la morphologie des cristallites des deux échantillons n'a été observée. Cependant,
comme le montre la Figure 10.6, les cristallites d'alLATP semblent légerement plus uniformes dans la
forme, ce qui pourrait étre bénéfique pour obtenir un tassement plus serré. Pour vérifier cette
hypothése, nous avons pris des images MEB en coupe transversale sur des pastilles pressées a chaud
de alLATP et rLATP. A faible grossissement (Figure 10.9a,b), nous n'avons observé aucune différence
significative entre les deux pastilles. Par conséquent, nous avons acquis des images a fort grossissement
en sélectionnant les zones les plus représentatives des deux échantillons. Cela nous a permis d'estimer
la porosité locale des pastilles, qui est fortement liée a 'efficacité du processus de densification. De
plus, on peut observer la présence potentielle de fractures, préjudiciables a la réalisation d'une
conduction ionique rapide. Aprés avoir étudié plusieurs zones des deux échantillons, les plus

représentatives sont présentées a la Figure 10.9c,d.
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Figure 10.9 Images MEB en coupe transversale de pastilles de (a,c) aLATP et (b,d) rLATP densifiées a 750 °C par pressage
a chaud, acquises aptes analyses EIS, et (e) profils XRD correspondants.
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Alors que la porosité locale est similaire dans les deux échantillons, c'est-a-dire 9-10%, ce qui est bien
corrélé a la densité des pastilles, la densification de alLATP apparait plus uniforme, ce qui assure un
meilleur contact entre les particules et par conséquent une conduction de lithium plus efficace a
l'interface. Par ailleurs, le rtLATP est caractérisé par des fractures et des pores plus grands,
probablement dus a un tassement moins efficace des particules lors de I'étape de pressage a chaud.
Les pores et les fractures pourraient provenir de la taille moyenne différente des particules, calculée a
partir des données de diffraction des pastilles. En fait, tLATP est caractérisé par des particules
légérement plus grosses que celles de alLATP, c'est-a-dire 197 A contre 76 A, ce qui peut affecter
négativement son processus de densification. Ce phénomene génere plusieurs goulots d'étranglement
le long du trajet des ions Li, ralentissant ainsi leur transport entre les électrodes et affectant
négativement la conductivité finale de la pastille de rLATP. Pour exclure toute influence potentielle
de la composition des pastilles sur les valeurs de conductivité ionique, nous avons acquis les profils
XRD des pastilles de alLATP et tLATP (Figure 10.9¢). Nous n'avons observé aucune évolution
inattendue des pics de LATP, cependant des pics associés aux phases d'impuretés de LiTiOPOy et
LisPO, ont été détectés dans les deux échantillons. Les pics apparaissent légerement plus intenses dans
le profil de rLLATP, ce qui correspond bien a sa faible conductivité ionique mesurée par EIS. Hupfer
et al. ont rapporté que de petits pourcentages de LiTiOPOs peuvent étre bénéfiques pour la
conductivité ionique du LATP, en particulier lorsque de basses températures de frittage sont
utilisées;”” cependant, ce phénomeéne a été observé avec la présence simultanée de AIPO,4 comme
phase d'impureté, que nous n'avons pas détectée. Etant donné que, dans notre étude, alLATP et rLATP
affichent une composition similaire, nous pouvons affirmer que la principale contribution a la
différence observée dans le comportement de conductivité ionique est probablement associée a leur

motphologie, comme le démontre 1'analyse MEB en coupe transversale.

Pour conclure, le TiO, anatase doit étre choisie pour une température de synthese inférieure et une
conductivité plus élevée, tandis que le TiO rutile est le choix pour les cristaux plus pur. Les tendances
actuelles se concentrent sur 'optimisation des matériaux électrolytiques solides connus plutot que sur
la recherche d'alternatives. Dans ce cadre, chaque réalisation et chaque détail, par ex. la sélection des
meilleurs matériaux précurseurs ainsi que la température de synthése appropriée, peuvent étre utiles
pour réduire le cout et améliorer les méthodes synthétiques actuelles. Cet aspect est crucial pour
l'échelle industrielle de la synthese de I'électrolyte solide, qui constitue une étape obligatoire pour le

déploiement futur de batteries entierement solides.
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10.5 Effet de la pression sur les propriétés de 1'électrolyte solide constitué de
nanofibres céramiques électrofilées de Lii3Aly3Ti1.7(PO4)3
Nous adaptons ici la procédure de synthése employée par Lancel et al. pour obtenir la stcechiométrie
la plus conductrice : Lii 3Alo3T17(POy4)s. Dans le but de réduire la porosité de la membrane céramique,
l'effet de l'application d'une pression de 150 MPa sur la membrane électrofilée, avant le traitement
thermique a été étudié. Nous rapportons comment le processus de pressage affecte la morphologie de
la membrane ainsi que la structure et les propriétés physico-chimiques du matériau céramique. Malgré
la présence de certaines phases d'impuretés et une substitution moins homogéne de Ti** par Al’*, les
nanofibres de LATP pressées ont montré une conductivité ionique accrue et une énergie d'activation

beaucoup plus faible par rapport aux fibres de LATP non pressées.

A T'aide d'une presse hydraulique, diverses charges ont été appliquées a des échantillons empilés de
fibres précurseurs pour identifier la valeur a laquelle la porosité est réduite sans compromettre la
motphologie des fibres et I'intégrité mécanique de I'échantillon pendant le traitement thermique. Une
valeur de compromis a été identifiée a 150 MPa, qui réduit la porosité de 1'échantillon céramique de
85 % a 60 % sans affecter son intégrité et sa morphologie. L'application d'une pression supérieutre a
150 MPa donne un échantillon plus dense, qui est cependant plus susceptible de se fracturer lors du
traitement thermique. Les fractures pourraient provenir d'une capacité réduite a s'adapter a la
diminution de volume, ainsi que de sous-produits gazeux générés a haute température essayant de
s'échapper de I'échantillon. Apres I'étape de pressage, les échantillons de pLATPnf ont été calcinés a
850 °C pendant 2h avec une vitesse de chauffage de 5 °C min™. La température et le temps sélectionnés
ont permis d'obtenir une phase LATP presque pure avec la structure NASICON recherchée, sans
compromettre la forme des fibres. Les résultats présentés et discutés ci-dessous pour pLATPnf sont
comparés a ceux d'échantillons de nanofibres de LATP non pressés, simplement appelés LATPnf, qui
ont été préparés en suivant la méme procédure, a l'exception de l'étape de pressage. Les images
acquises par le microscope électronique a balayage (MEB) des fibres précurseurs de LATP, LATPnf
et pLATPnf sont rassemblées dans la Figure 10.10. Les fibres précurseurs tel que filées se caractérisent
par un diametre allant de 700 nm a 2 pm (Figure 10.10a). Apres calcination, le diamétre des fibres a
diminué jusqu'a 0,4-1 pm (Figure 10.10b). LATPnf a conservé la morphologie 1D car la séparation
des fibres garantit que la croissance cristalline ne se produit qu'a I'intérieur de chaque fibre. Cela permet
également de controler la taille des cristallites en utilisant le confinement des fibres comme matrice.
La Figure 10.10c montre clairement comment la pression appliquée sur pLATPnf diminue fortement

la porosité et augmente ainsi le nombre de points de contact entre les fibres, lesquels sont bénéfiques
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pour la conductivité ionique du matériau final. En termes de morphologie, les nanofibres sont encore
facilement discernables et la coalescence est minimisée. Cependant, il n'y a presque pas de séparation

spatiale entre les nanofibres, la croissance cristalline n'est donc pas aussi confinée que pour LATPnf.
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Figure 10.10 Images MEB de (a) fibres précurseurs de LATP, (b) LATPnf et (c) pLATPnf (grossissement correspondant
dans l'encadré). (d) Profils XRD de pLATPnf et LATPnf. (} : LiTiPO5 ; } : TiP207). (e) Analyse MEB-EDS et cartes
élémentaires correspondantes de pLATPnf.

Les profils XRD de LATPnf et pLATPnf sont rassemblés dans la Figure 10.10d. Les principaux pics
dans les deux échantillons sont attribuables a la structure rhomboédrique de type NASICON (groupe
d'espace R3¢) de Lii3AlosTiiz(POys)s (carte PDF 00-066-0868). 1'absence d'une phase secondaire
contenant de I'Al est la premiére preuve de la réussite de la substitution aliovalente de Ti*" par AI’".
Ni des phases secondaires ni des phases d'impuretés n'ont été détectées dans le profil de LATPnf, qui
se compose donc de fibres LATP pures. Des pics de faible intensité ont plutot été détectés dans le
profil de pLATPnf et peuvent étre attribués a de petites quantités de TiP.O; et LiTiPOs. Ce sont des
produits secondaires fréquents dans les procédures de synthese a haute température de LATP,
résultant de la décomposition et de la réaction incompléte des matériau de départ.”"*'**" TiTiPOs a
une steechiométrie similaire et est souvent considéré comme un intermédiaire réactionnel de
LiTi>(PO4)5.2"**' La formation de TiP.O, si TiO; est également détecté, pourrait étre attribuée a une
volatilisation partielle de Li>O pendant le processus de chauffage,”™® cependant les conditions douces
utilisées ne sont pas suffisantes pour provoquer une telle perte de lithium. Aucun pic lié a AIPO, et
P2

TiO; n'a été détecté, conformément aux rapports précédents sur les synthéses sol-gel de LAT

Cet aspect confirme la substitution aliovalente réussie et suggere qu'aucune décomposition thermique
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de la structure du LATP ne s'est produite. Comme indiqué précédemment, la porosité élevée des fibres
précurseurs préparés par électrospinning est bénéfique pour réduire le temps et la température de
calcination."**** Cela a également été confirmé par la synthése de LATPnf, qui a nécessité une étape
de calcination d’a peine 2 heures a 850 °C pour obtenir une phase pure de NASICON, ce qui signifie
un traitement thermique moins sévere par rapport aux études sur la synthese sol-gel de LATP en
vrac.””?*” Les phases d'impuretés détectées dans pLLATPnf sont probablement liées a sa densité plus
élevée, qui nécessite des conditions de chauffage plus séveres pour obtenir le produit final. Augmenter
la température et/ou le temps de calcination aurait sirement été bénéfique en termes de pureté,
cependant les fibres subissent une coalescence lorsque des conditions de chauffage séveres sont
utilisées, conduisant a la perte complete de leur morphologie. A des fins de comparaison, nous avons
décidé de maintenir les mémes conditions de chauffage pour les deux échantillons, en tant que
compromis entre la morphologie et la pureté. Pour mieux comprendre comment les différentes phases
sont disposées dans la morphologie des fibres pLATPnf, nous avons acquis des cartes EDS. Nous
avons observé une distribution élémentaire inégale dans le pLATPnf (Figure 10.10e). Plus
précisément, la teneur en Al et Ti varie considérablement, ce qui signifie qu’il existe des différentes
steechiométries et/ou phases dans 'échantillon, en accord avec les profils XRD. Etant donné
qu'aucune phase contenant de I'Al n'a été détectée par analyse XRD, la distribution inégale d'Al est
vraisemblablement liée a différents degrés de substitution aliovalente de Ti** par AI’". Ceci est
confirmé par la tendance opposée affichée pour la distribution de Ti dans la carte correspondante. La
teneur en Al dans I'échantillon est fortement influencée par la densité des fibres. La Figure 10.10e
montre que la substitution d'Al est moins significative dans les zones plus denses, ou par conséquent,
une teneur en Ti plus élevée est observée. Ainsi, les zones moins denses sont principalement
constituées de LATP riche en Al, tandis que les plus denses, pauvres en Al, contiennent
vraisemblablement des phases d'impuretés TiP.O7 et LiTiPOs. Comme déja rapporté, I'espace confiné
de la fibre réduit la distance de diffusion des matériaux précurseurs, ce qui est bénéfique pour obtenir
une distribution uniforme des espéces ioniques lors de 1'étape de calcination.' Cet effet avantageux
est minimisé par une certaine marge dans les zones pressées, ou les fibres sont souvent fusionnées,
ressemblant ainsi partiellement au matériau en vrac. L'analyse EIS des échantillons LATPnf et
pLATPnf a été effectuée pour mesurer la conductivité ionique. Chaque échantillon a été placé dans
une pile bouton entre des électrodes blocants en acier inoxydable (Figure 10.11a) et les données EIS
ont été acquises a une température allant de 20 °C a 80 °C. L'ajustement des spectres EIS a été effectué

en utilisant le circuit équivalent représenté sur la Figure 10.11b. Nous avons utilisé 'impédance totale
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résultante pour calculer la conductivité ionique des deux échantillons a différentes températures,
affichée sous forme de diagramme d'Arrhenius sur la Figure 10.11d. La pente des tracés d'Arrhenius
a été utilisée pour calculer I'énergie d'activation de LATPnf et pLATPnf, donnant respectivement 0,37
+ 0,02 eV et 0,19 = 0,02 eV. Les deux résultats sont en bon accord avec les valeurs rapportées dans
la littérature pour le LATP.****"?* T a valeur la plus faible de pLATPnf pourrait étre liée 2 un degré
de substitution d'Al localement plus élevé ainsi qu'a la meilleure connexion entre les grains de
LATP.**" En ce qui concerne la conductivité ionique, LATPnf a montré une valeur égale 2 5 X 10°
7S em™ a 25 °C, ce qui est légérement supérieur a celui rapporté par Lancel et al.”’ La pression
appliquée a pLATPnf s'est avérée trés bénéfique pour la conductivité ionique de I'électrolyte final. En
raison de la densité plus élevée et du plus grand nombre de points de contact, pLATPnf est caractérisé

par une conductivité ionique supérieure de deux ordres de grandeur a 25 °C, c'est-a-dire 3 X 10° S cm’
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Figure 10.11(a) Schéma de la configuration d'analyse EIS. (b) Circuit équivalent utilisé pour ajuster les données EIS. (c)
Spectres EIS de LATPnf et pLATPnf 4 25 °C, 50 °C et 80 °C; un grossissement des données de pLATPnf 4 haute fréquence
est montré dans l'encadré. (d) Diagramme d'Arrhenius comparant les conductivités ioniques de LATPnf et pLATPnf dans
la plage de température de 20 a 80 °C. Deux balayages consécutifs dans des directions opposées ont été effectués.

Etant donné que les performances de LATPnf et pLATPnf ne sont pas comparables a celles d'une
pastille dense de LATP, elles ne conviennent pas pour étre testées dans une configuration de batterie
a 'état solide. Cependant, les résultats obtenus sont prometteurs pour l'application future des fibres
de NASICON a la fois comme base pour le développement d'électrolytes céramiques et comme

charge/échafaudage actif pour les électrolytes polymeres composites.
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10.6 Propriétés et performances des fibres électrofilées de LiisAlosGer5(PO4)s et leur
application comme charge dans des électrolytes a base de PEO.

Des études antérieures sur la synthese sol-gel de LAGP utilisaient divers matériaux précurseurs, a la

O O O " (o . .
09.86.88.9091,2332% Parmi eux, 'oxyde de germanium

fois organiques et inorganiques, comme source de Ge.
a l'avantage d'étre relativement peu couteux et stable dans les conditions atmosphériques, cependant,
sa faible solubilit¢ dans l'eau et les solvants organiques le rend inadapté aux techniques

d'électrospinning.”>**

Les alcoxydes de Ge sont les précurseurs les plus fréquemment utilisés pour
les synthéses sol-gel de LAGP, grace a leur bonne solubilité dans divers solvants organiques, ce qui
permet d'obtenir facilement une solution homogene.®#7*71232342723 Toytefois, leur réactivité a
I'égard de I'eau limite fortement l'utilisation d'autres sels précurseurs aqueux, par exemple nitrates et
acétates. Les alcoxydes subissent instantanément une réaction d'hydrolyse et de polycondensation en
présence méme de petites quantités d'eau, conduisant a la formation et a la précipitation d'oligomeéres
Ge-O-Ge. Ces produits de polycondensation forment rapidement une suspension qui n'est pas
adaptée a I'électrospinning car elle affecte négativement 'homogénéité de la solution, donc la pureté
du matériau final.** Le chlorure de germanium a également été étudié comme source de Ge pour les
méthodes de chimie douce. C'est une alternative valable aux alcoxydes surtout en raison de son faible
colit, toutefois, il réagit avec I'eau aussi.** Les synthéses sol-gel de LAGP rapportées dans la littérature
n'étaient pas directement applicables a I'électrospinning pour diverses raisons, par exemple la faible
concentration et viscosité, les grandes quantités d'additifs, le manque d’homogénéité de la solution,
I'incompatibilité avec les polymeres filables. Apres avoir testé différents matériaux a base de Ge, nous
avons réussi a préparer une solution homogene et stable a base de précurseurs chlorures et adaptée a
la synthese de nanofibres de LAGP. Nous rapportons ici une procédure pour obtenir des nanofibres
de LAGP par électrospinning, ainsi que leur application comme charge pour améliorer les

performances d'un électrolyte a base de PEO:LiTFSI.

Des échantillons circulaires découpés dans la membrane électrofilée vierge ont été calcinés a 700 °C,
800 °C et 900 °C pendant deux heures sous un flux d'air constant. La température a eu un effet
significatif sur la taille et la porosité des échantillons céramiques. Les échantillons de LAGP 700
affichaient des valeurs de porosité allant de 79 a 83% et leur aire s'est réduit d'environ 50% par rapport
a celle des échantillons vierges correspondants. Les porosités du LAGP 800 étaient d'environ 60 %
tandis que leur surface est devenue 25% de ce qu'elle était avant I'étape de calcination. Une température
plus élevée s'est révélée préjudiciable a l'intégrité mécanique des échantillons calcinés : alors qu'une

température de 700 °C n'a pas eu d'effet significatif sur l'intégrité des échantillons, a 800 °C, deux
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échantillons sur trois présentent des fractures apres traitement thermique. A 900 °C, tous les
¢chantillons traités étaient endommaggés ou cassés. Par conséquent, plus la température est élevée, plus
la contraction est rapide et importante pendant I'étape de calcination, conduisant a des échantillons
plus petits et moins poreux qui sont également plus susceptibles de se casser. La Figure 10.12 montre
l'évolution morphologique et structurale des fibres de LAGP calcinées a 700 °C, 800 °C et 900 °C. Le
diameétre des fibres précurseurs filées (Figure 10.12a) varie de 300 a 800 nm. I.a gamme de diameétres
ne change pas apres traitement thermique a 700 °C. L'utilisation de températures de calcination plus
élevées (800 °C et 900 °C) est préjudiciable a la morphologie de l'échantillon, car les fibres
commencent a coalescer. A 800 °C, plusieurs fibres peuvent encore étre identifiées par imagerie MEB,
comme le montre l'encadré de la Figure 10.12¢c, tandis qu'une température de 900 °C donne un
échantillon dense causé par la coalescence presque totale des fibres (Figure 10.12d). Bien que des
températures de calcination plus élevées aient tendance a endommager la morphologie des fibres, elles
sont bénéfiques pour la cristallisation du matériau et sa pureté, comme le montrent les profils XRD
rassemblés dans la Figure 10.12e. Les principaux pics de chaque profil peuvent étre attribués a la
structure de type NASICON (groupe d'espace R3c) de LiisAlosGe1s(POy)s (carte PDF 04-022-7674).
Ils deviennent plus aigus en augmentant la température de calcination, ce qui signifie que la cristallinité
du LAGP s'améliore. Des pics mineurs dans les profils de LAGP 700 et LAGP 800 sont liés aux
phases d'impuretés de AIPO4, GeP2O7 et LisAl3(PO4)2(P,07)3, tandis que seules des traces de AIPO,
et GeP,Oy ont été obtenues lorsque la température de 900 °C est utilisée. La phase LisAl;(PO4)2(P2O-)s,
riche en Li, a été rapportée antérieurement lorsqu'un dopage en Al de 0,7 et plus est utilisé. Cependant,
ses pics sont plus intenses lorsque la température utilisée pour le traitement thermique est diminuée.*"’

[Pe6.88.239.247

AIPOy est une phase d'impureté courante pour la synthese sol-gel du LAG tandis que

GeP,O5 est un produit intermédiaire de la cristallisation du LAGP.**

Ces aspects sont compatibles
avec la diminution de l'intensité des pics d'impuretés lorsque la température de calcination est
augmentée. Pour étudier la distribution élémentaire et la localisation des phases détectées par XRD,
une cartographie EDS de Al, Ge, P et O a été réalisée pour LAGP 700 et est affichée sur la Figure
10.12e. La distribution élémentaire apparait homogene sur l'ensemble de I'échantillon. Les phases

d'impuretés résultant de l'attribution des pics XRD ne peuvent pas étre identifiées dans les cartes

élémentaires, car aucune concentration locale de Ge ou Ti n'est évidente.
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Figure 10.12 Images MEB de (a) fibres précurseurs de LAGP, (b) LAGP 700, (c) LAGP 800 et (d) LAGP 900 (détails a fort
grossissement des fibres dans 1'encadré). (e) Profils XRD de LAGP 700, LAGP 800 et LAGP 900. ((*) : AIPOy ; (1) : GeP20O7;
(%) : LisAl3(PO4)2(P207)3). (f) Analyse SEM-EDS et cartographie élémentaire correspondante du LAGP 700.

Pour évaluer la conductivité ionique des fibres céramiques de LAGP, une analyse EIS a été réalisée
sut LAGP 700 et LAGP 800. L'impossibilité d'obtenit un échantillon de LAGP 900 intact nous
empéche d'évaluer ses performances électrochimiques. Chaque échantillon céramique de LAGP a été
placé dans une pile bouton entre des électrodes blocants en acier inoxydable (Figure 10.13a) pour
évaluer l'impédance entre 20 °C et 80 °C. Les spectres EIS ont été ajustés en utilisant le circuit
¢quivalent représenté sur la Figure 10.13b et l'impédance résultante a été utilisée pour calculer les
valeurs de conductivité ionique affichées sur la Figure 10.13c. La conductivité ionique des deux
échantillons suit la loi d'Arrhenius. La pente du diagramme d'Arrhenius exprimée sous la forme linéaire
In(o) = In(A) — EA/RT, a été utilisée pour calculer I'énergie d'activation, qui correspond a 0,407
(£0,003) eV pour LAGP 700 et 0,349 (£ 0,007) eV pour LAGP 800. Les deux valeurs sont en bon
accord avec celles rapportées dans la littérature.”* Comme l'ont démontré Delaizir et al. 1'énergie
d'activation semble étre indépendante de la densité, tandis que Yang et al. observé qu'une densité
plus élevée correspond a une énergie d'activation légérement inférieure.” Par conséquent, la valeur
que nous rapportons pour le LAGP 800 est certainement liée a sa densité plus élevée (env. 40 %) par
rapport au LAGP 700 (env. 20 %), ainsi qu'a sa pureté plus élevée, telle qu'observée dans les résultats
XRD (Figure 10.12e). Une densité et une pureté plus élevées sont bénéfiques pour la formation de
nombreuses voies de percolation, conduisant ainsi a une conduction d'ions de lithium plus efficace.
Les spectres EIS de LAGP 700 et LAGP 800 acquis a 20 °C, 50 °C et 80 °C sont rassemblés dans la
Figure 10.13e a titre de comparaison. Les valeurs de conductivité ionique a 20 °C correspondent a
1,9 x 10* S em™ et 1,5 X 107 S ecm™ pour LAGP 700 et LAGP 800 respectivement. A 50 °C elles
deviennent respectivement 8,5 X 10® S cm™ et 5,9 X 107 S cm™, tandis qu'a 80 °C elles sont égales 2

28x107Scm” et 1,6 X 10°S cm™.
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Figure 10.13 (a) Schéma de la configuration utilisée pour 1'analyse EIS des LAGP 700 et LAGP 800. (b) Circuit équivalent
utilisé pour 1'ajustement des données EIS. (c) Diagramme d'Arrhenius représentatif de LAGP 700 et LAGP 800 dans une
plage de température de 20 °C a 80 °C. (d) Conductivité ionique a 20 °C en fonction de la densité de LAGP 700 et LAGP 800
par rapport aux données obtenues avec les pastilles de LAGP par Delaizir et al.>33 (e) Spectres EIS de LAGP 700 et LAGP
800 a 20 °C, 50 °C et 80 °C.

Bien que la faible conductivité ionique a température ambiante les rende impropres a étre utilisés tels
quels comme électrolyte solide, leur faible densité doit étre prise en compte. Comme en témoignent
les données affichées sur la Figure 10.13d, ou la conductivité ionique a 20 °C est tracée en fonction
de la densité du matériau, les valeurs de conductivité LAGP 700 et LAGP 800 sont supérieures a celles
estimées par un ajustement linéaire des données rapportées par Delaizir et al. pour les pastilles de
LAGP ayant des densités comprises entre 50 et 100 % de la valeur théorique du LAGP.*” Parmi toutes
les applications potentielles des nanofibres céramiques conductrices d'ions, I'une des plus intéressantes
est celle de charge dans les électrolytes polymeres composites. Nous avons donc étudié 'effet des
nanofibres de LAGP lorsqu'elles sont utilisées comme charge dans des électrolytes a base de PEO.
Nous avons sélectionné le LAGP 700 malgré sa plus faible pureté car, étant caractérisé par une
morphologie des fibres plus prononcée, il permet de souligner les effets attribués a la forme allongée
par rapport a une charge conventionnelle en forme de particules. Des analyses EIS ont été effectuées
sur des électrolytes composites (dénommes CE-LAGPf si avec fibres et CE-LAGPp si avec particules)
et sur I'électrolyte polymere sans LAGP (dénommes PE) pour étudier I'effet de la présence de la charge
et de la morphologie sur le transport d'ions lithium. L'électrolyte a été placé dans une pile bouton entre
des électrodes blocants en acier inoxydable avant le test (Figure 10.14a). Les spectres EIS ont été
acquis dans la plage de température de 20 °C a 80 °C et ajustés a I'aide du circuit équivalent illustré a

la Figure 10.14b. L'addition de 10 % en poids de fibres de LAGP entraine une valeur d'impédance
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réduite de moitié a 20 °C, comme le montre la Figure 10.14c en comparant CE-LAGPf10 et PE,
tandis que CE-LAGPp10 affiche la méme valeur que l'électrolyte sans charge. Les données acquises
entre 20 et 80 °C ont ét¢é utilisées pour tracer les diagrammes d'Arrhenius correspondantes. Les tracés
de CE-LAGPf10, CE-LAGPp10 et PE sont comparés et illustrés a la Figure 10.14d pour mieux
souligner les avantages de l'utilisation de fibres au lieu de particules comme charge. Les trois
électrolytes montres ici présentent le comportement typique a 2 pentes en raison de la transition du

PEO de semi-cristallin 2 amorphe.**’

La premicére section, en dessous du point de fusion du PEO,
est caractérisée par une relation linéaire entre la conductivité et la température, ce qui signifie que la
conduction des ions de lithium obéit a la loi d'Arrhenius, tandis que la deuxieme région est lie au
mouvement segmentaire des chaines de PEO et est mieux ajustée en utilisant le équation de Vogel-
Tammer-Fulcher.” La conductivité ionique du CE-LAGPf10 est supérieure a celle du PE et du CE-
LAGPp10 dans toute la gamme de température, mais surtout a 20 °C ot correspond a 7,14 X 10° S
cm™, soit le double de celui de PE (3,42 X 10° S cm™). L'amélioration observée est certainement due
a la conductivité élevée a température ambiante de LAGP, rapportée a 2,8 X 10* S cm™ pour une
pastille dense 2 100 % (Figure 10.13d).”*” La distribution uniforme des fibres s'est avérée bénéfique
pour empécher la cristallisation du PEO et ainsi obtenir une conduction des ions de lithium plus
rapide.'™"”>*** Dans la plage de 20 °C a 40 °C, la conductivité ionique du CE-LAGPp10 est a peu
pres la méme que celle du PE, ce qui signifie que l'utilisation de particules de LAGP comme charge
n'a eu aucun effet sur le mécanisme de conduction. Contrairement aux fibres qui fournissent un
chemin de conduction continu, un saut constant d'ions Li de la chalne polymere aux particules est
nécessaire lorsque des charges en forme de particules sont utilisées.”””'”® Dans la plage de température
de 50 °C a 80 °C, la conductivité ionique est plus faible que celle du PE. Cela peut étre attribué au
phénomene d'agglomération des particules, qui conduit a une conduction Li-ion inhomogene a travers

171192256 1 'absence d'agglomérats dans le CE-

I'électrolyte composite lorsque le PEO devient amorphe.
LAGPf10 permet d'atteindre des valeurs de conductivité légerement supérieures a celles du PE

puisque les fibres uniformément dispersées n'entravent pas la mobilité des chaines de PEO.
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Figure 10.14 Schéma de la configuration utilisée pour 1'analyse EIS des électrolytes polymeéres et composites. (b) Circuit
équivalent utilisé pour I'ajustement des données EIS. (c) Spectres EIS a 20 °C et (d) diagrammes d'Arrhenius dans une plage
de températures de 20 °C 4 80 °C de CE-LAGPf10, CE-LAGPp10 et PE. (e) Conductivité ionique a 20 °C et 80 °C en fonction
du rapport de pourcentage pondéral de LAGP.

Nous nous attendons a ce que la conductivité puisse étre encore augmentée en optimisant la syntheése,
obtenant ainsi des nanofibres de LAGP avec un degré de pureté plus élevé. Nous pensons que le
processus rapporté ici peut étre une contribution significative a l'optimisation des conditions des
syntheses sol-gel de LAGP. De plus, l'ajout de nanofibres de LAGP a un électrolyte polymere a base
de PEO a en outre démontré que les charges de forme allongée sont capables de fournir des
performances améliorées par rapport a leur homologue en forme de particules, étant ainsi des
candidats approprié¢s pour développer des électrolytes composites pour les batteries a 1'état solide de

nouvelle génération.

10.7 Propriétés et performances des nanofibres de LiisAlysGersxTix(PO4)s
(0.1=x<0.3) : influence de la substitution de GelV par TilV
Sur la base des résultats de nos travaux précédents sur la synthése de nanofibres de LAGP par

P,”"'"® nous avons réussi a

électrospinning'” et des données rapportées sur les fibres de LAT
synthétiser des nanofibres de LiisAlosGers Tii(PO4); (0.1=x=0.3 ) (LAGTP) pures et stables. Nous
visons a mieux comprendre l'effet d'une substitution partielle de Ge par Ti sur la synthese et les
propriétés d'électrolytes a base de fibres LiisAlosGeis(PO4)s (LAGP). Ainsi, nous avons étudié et
comparé leur propriétés morphologiques et structurelles a celles des fibres de LAGP non substitué.
De plus, nous proposons leur application comme charge pour améliorer les performances d'un

électrolyte composite a base de PEO pour batteries au lithium métallique.

Apres la réalisation des membranes électrofilées, des échantillons circulaires ont été découpés et

calcinés a 700 °C pendant 2 heures sous flux d'air constant. Comme déja observé pour le LAGP
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brut,"” la température affecte l'intégrité mécanique des échantillons. Aptés le traitement thermique a
700 °C, tous les échantillons restent intacts, alors que I'augmentation de la température a 800 °C tend
a provoquer des fractures. Aucun échantillon intact n'a été obtenu a 900 °C. Les trois échantillons de
céramique LAGTP calcinés a 700 °C sont caractérisés par une porosité égale a 93 = 3 %. La Figure
10.15 affiche les images MEB acquises sur les membranes précurseur et sur LAGTPO01, LAGTPO02 et
LAGTPO3 calcinées a 700 °C. Des images SEM de nanofibres LAGP de nos travaux précédents ont
également été incluses (Figure 10.15g) a des fins de comparaison. Aucune différence pertinente ne
peut étre observée dans la morphologie des membranes précurseurs, ce qui signifie que les parametres
pour I'électrospinning des solutions précurseurs a été bien optimisé. L'effet de l'ajout de Ti peut étre
observé dans les échantillons calcinés. Comme pour le LAGP, aucune coalescence ne se produit en
calcinant les échantillons a 700 °C. Cependant, les structures semblables a du corail qui caractérisent
la morphologie du LAGP disparaissent lorsque Ti est ajouté, ce qui donne des fibres bien distinctes.
La structure des échantillons de LAGTP a été étudiée par analyse XRD. Les profils correspondants
sont rassemblés a la Figure 10.15i et comparés a ceux des nanofibres de LAGP. La phase principale
de tous les échantillons de LAGTP correspond a la structure rhomboédrique typique des matériaux
de type NASICON (groupe d'espace R3c). Des pics mineurs peuvent étre attribués a des composés a
base de phosphate, tels que LisAl;(PO4)2(P207);, AIPO4, TiP2O7 et LisP2O7. Compte tenu de la basse

température et du court temps de calcination, une grande amélioration en termes de pureté a été

obtenue.
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Figure 10.15 Images MEB des échantillons précurseurs et calcines de (a,b) LAGTPO01, (c,d) LAGTP02, (e,f) LAGTPO03 et
(g,h) LAGP (détails a fort grossissement des fibres dans 1'encadré). (i) Profils XRD de LAGP, LAGTP01 LAGTP02 et
LAGTPO03 calcinés a 700 °C. ((*) : LisAl3(PO4)2(P207)3 5 (1) : AIPOs 5 (}) : TiP207 ; (°) : LisP207).

En comparant les profils XRD des échantillons de LAGTP avec celui du LAGP préparé dans les
mémes conditions, on peut voir que, bien que certaines phases d'impuretés (LisAl;(PO4)2(P2O-)s et

AIPO,) soient toujours présentes, leurs pics sont moins nombreux et moins intenses. Aucun pic
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associé a GeP,O; n'a été détecté. Un petit pic autour de 24° est probablement du a la présence de
traces de LisP>O7. Dans le profil de LAGPTO03, le petit pic détecté autour de 32,6° est attribuable a
une phase d'impureté de TiP,O-, probablement en raison de 'augmentation de la teneur en Ti, qui a
provoqué une faible ségrégation de phase. Li,P,O- et TiP,O sont souvent signalés comme des phases

24720420 De plus, en augmentant la

secondaires communes des matériaux NASICON a base de Li.
quantité de Ti ajouté, les échantillons deviennent moins cristallins comme suggéré par I'élargissement
des pics et l'apparition d'une petite bosse a environ 14°. Pour évaluer l'application potentielle des
nanofibres de LAGTP en tant que charges, elles ont été ajoutées a une matrice de PEO:LITFSI pour
obtenir les électrolytes composites correspondants, c'est-a-dire CE-LAGTPO01, CE-LAGTPO02 et CE-
LAGTPO3. Les dimensions des nanofibres et leur distribution dans la matrice polymeére ont été
étudiées au MEB. Les images sont rassemblées dans la Figure 10.16a-e avec celles de CE-LAGP et
CE-LATP. Comme mentionné ci-dessus, tout en discutant des images MEB des fibres céramiques de
LAGTP (Figure 10.15), I'ajout de Ti a été bénéfique pour la morphologie des fibres. Cette
morphologie améliorée, leur permet de conserver leur intégrité lors de la dispersion dans la bouillie
d'électrolyte. Les charges de LAGTP sont en effet caractérisées par une forme allongée prononcée qui
ressemble mieux aux fibres par rapport aux charges de LAGP (Figure 10.16a). De plus, les fibres de
LAGTP semblent plus longues que leurs homologues de LAGP, approchant une longueur d'environ
20 pm. Ces aspects sont d'une grande importance en ce qui concerne les performances
électrochimiques des électrolytes. Des fibres plus longues et de forme plus uniforme peuvent fournir
des chemins rapides et continus pour le transport ionique entre les électrodes, améliorant ainsi les
performances de I'électrolyte a température ambiante. Pour déterminer si la morphologie et la pureté
améliorées entrainaient une conduction ionique plus rapide, des analyses EIS ont été effectuées sur
des électrolytes composites a base de LAGTP. Les résultats ont été comparés a ceux obtenus avec

CE-LAGP et PE que nous avons précédemment rapportés,'”

et avec CE-LATP, spécifiquement
préparé comme référence. Chaque électrolyte a été placé dans une pile bouton entre des électrodes
blocants en acier inoxydable, conformément a la configuration illustrée a la Figure 10.16f. Les spectres
EIS, acquis entre 20 et 80 °C, ont été ajustés a l'aide du circuit équivalent représenté sur la Figure
10.16g. Les données résultantes sont affichées sous la forme d'un diagramme d'Arrhenius dans la
Figure 10.16h,i. La Figure 10.16h montre comment la conductivité ionique des échantillons de
LAGTP change avec la température. Tous les tracés ont le comportement caractéristique a deux

pentes, typique des électrolytes polymeres a base de PEO, ou les deux sections sont divisées par le

point de fusion du PEO. Le plus performant des trois électrolytes composites a base de LAGTP, c'est-
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a-dire CE-LAGTPO03, a été sélectionné et comparé avec CE-LAGP, CE-LATP et PE (Figure 10.16i).
A 20 °C, CE-LAGP, semble étre le plus conducteur, tandis que CE-LAGTPO3 est, comme prévu,
juste entre CE-LAGP et CE-LLATP, avec une conductivité ionique de 5,3 X 10° S cm™. A 40 °C, le
CE-LAGTPO3 se caractérise par une conductivité ionique plus élevée (2,2 X 10* S cm™) par rapport

au CE-LAGP et au CE-LATP, qui reste supérieure jusqu'a 80 °C, ou elle est égale 2 7,5 X 10° S ecm™.
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Figure 10.16 Images MEB de (a) CE-LAGP, (b) CE-LAGTP01, (c) CE-LAGTP02, (d) CE-LAGTPO03 et (¢) CE-LATP. (f)
Schéma de la configuration utilisée pour 1'analyse EIS des électrolytes composites et polymeres. (g) Circuit équivalent utilisé
pour l'ajustement des données EIS. Diagrammes d'Arrhenius représentatives dans une plage de température de 20 2 80 ° C
des électrolytes (h) CE-LAGTP et (i) LAGTP03 comparé a PE, CE-LAGP et CE-LATP. (j) Conductivité ionique a 20, 40 et
80 °C en fonction de la teneur en Ti.

La présence de Ti semble affecter positivement le transport ionique au-dessus de 40 °C. Cet aspect
est plus apparent sur la Figure 10.16j, ou la conductivité ionique a 20, 40 et 80 °C est tracée en fonction
de la teneur en Ti par unité de formule. Alors que CE-LAGTPO01 et CE-LAGTPO02 se caractérisent
par des conductivités ioniques inférieures a celles de CE-LAGP, notamment a basse température, la
substitution de 20% de Ge par Ti améliore le transport ionique. L'effet est encore plus marqué a des
températures plus élevées et confirmé par les valeurs obtenues avec CE-LATP. La substitution
partielle de Ge par Ti n'a pas entrainé d'amélioration significative de la conductivité ionique, par
rapport au LAGP non substitué. Ceci était attendu puisque la plupart des structures Lij+ AlGe Tl
«(POy); rapportées sont caractérisées par des valeurs de conductivité ionique inférieures a celles

70,72,266

rapportées pour LiisAlosGers(PO4)s et LiisAlosTii7(POy)s structures parents.

Bien qu'aucune amélioration significative ne soit observée du point de vue des performances, nous
pensons qu'une substitution partielle de Ge par Ti peut étre une stratégie appropriée pour améliorer

la pureté du LAGP synthétisé par des méthodes en solution, telles que le sol-gel. De plus, la présence
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de Ti affecte la cristallisation de la phase NASICON, comme le démontre la morphologie améliorée
des fibres, ce qui peut étre bénéfique pour le développement futur des méthodes de synthese des

électrolytes a base de NASICON.

10.8 Conclusions et perspectives futures

De nos jours, l'effort de recherche est principalement axé sur la découverte de l'électrolyte solide
définitif. Cependant, tous les matériaux proposés jusqu'a présent se caractérisent par des avantages
mais aussi des inconvénients qui doivent étre abordés. Cela signifie que davantage de ressources
devraient étre investies dans l'optimisation des matériaux actuellement connus, et en particulier dans
la recherche de solutions adaptées a tous les problemes et défis qu'ils présentent. Malgré les électrolytes
solides céramiques sont la classe la plus prometteuse de matériaux conducteurs de Li pour les
dispositifs de stockage d'énergie de nouvelle génération, ils sont toujours caractérisés par des
problemes intrinseques qui doivent étre résolus afin de parvenir au déploiement commercial des
ASSLB. Récemment, des matériaux caractérisés par des conductivités ioniques comparables aux
électrolytes liquides ont été signalés, ce qui représente des découvertes révolutionnaires ; cependant,
d'autres aspects sont cruciaux pour parvenir a leur production industrielle ainsi qu'une batterie
parfaitement opérationnelle, qui sont souvent négligés. Par exemple, alors que la plupart des
chercheurs s'efforcent d'atteindre la conductivité ionique la plus élevée, une plus grande attention
devrait étre accordée a I'amélioration de l'interface entre I'électrolyte solide et les électrodes, ce qui est
probablement le probleme le plus grave des technologies a I'état solide. Sur cet aspect, une stratégie
efficace pour obtenir un meilleur contact entre I'électrolyte et les électrodes, est le développement d'un
électrolyte polymere composite. Les polymeres, pour leurs propriétés physiques intrinseques, telles
que la flexibilité et la résistance mécanique, sont optimaux pour obtenir une interface stable et
homogene avec la surface de I'électrode. Appliquer des revétements de différents matériaux sur la
pastille de céramique pour former une couche intermédiaire entre l'électrolyte et l'électrode peut

également étre une stratégie appropriée.

Dans ce cadre, les matériaux 1D ou, plus généralement, les matériaux nanostructurés, peuvent fournir
des propriétés particulieres pour le développement de matériaux fonctionnels avancés. L'utilisation de
nanofibres et de nanofils comme charges actives pour le développement d'électrolytes polymeres

composites est déja une pratique courante. Ils se sont avérés bénéfiques pour l'amélioration des
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propriétés mécaniques et électrochimiques de I'électrolyte. Par ailleurs, il existe plusieurs applications
potentielles pour les matériaux céramiques nanostructurés. Les tapis nanofibreux en céramique, par
exemple, peuvent étre utilisés comme échafaudage de renforcement dans les électrolytes et les
électrodes, et en méme temps, ils peuvent fournir des chemins rapides et continus pour la conduction
des ions Li. Les nanofils peuvent étre utilisés comme base pour développer des électrolytes denses
enticrement en céramique, car ils se sont avérés efficaces pour obtenir des tassements plus efficaces

et donc des densités plus élevées.

Par ailleurs, divers procédés de synthese doivent étre repensés en tenant compte de leur potentiel de
montée en gamme industrielle. La plupart des procédés utilisés pour la synthése des matériaux
céramiques impliquent de longues étapes a haute température et des techniques de mélange a haute
énergie, qui ne sont pas adaptées aux productions a grande échelle. Par conséquent, les voies de
synthése déja connues doivent étre optimisées, tandis que de nouvelles approches impliquant des

étapes plus simples et moins couteuses doivent étre développées.
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