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General introduction

In 2015, the Paris Agreement adopted at COP21, involves limiting global warming well
below 2 °C by reducing greenhouse gas emissions. Reports from the UN's Intergovernmental
Panel on Climate Change (IPCC) indicate that crossing the 1.5 °C threshold is likely to trigger
much more severe climate change impacts, including more frequent and severe droughts,
heatwaves and precipitation. In 2019, members of the European Parliament therefore adopted
a resolution calling on the European Union to set carbon neutrality by 2050 as a long-term
climate target under the Paris Agreement. The resolution calls for the emissions reduction target
to be raised to 55% by 2030. To this end, the Members of the European Parliament and Member
states have agreed to stop the sale of new CO2 emitting vehicles by 2035. To achieve this goal,
it is necessary to develop the fleet of electric vehicles and therefore to design high-performance
(non-CO2 emitting) energy storage systems®.

Today, Li-ion batteries have become a key technology in the transition to electric
vehicles. With an estimated 3.1 million electric vehicles on Europe's roads by 2025, the demand
for efficient, sustainable and environmentally-friendly energy storage solutions has never been
greater. Today, Li-ion batteries have an energy density of around 300 Wh.kg™, which was
unthinkable just ten years ago?. Despite this, electric vehicles are not yet competitive with
combustion vehicles, with a range of only 100 to 600 km. To solve this issue, it is essential to
increase the energy density of Li-ion batteries. Unfortunately, they have reached their limits.
One possible strategy for improving energy density is the use of Li-metal technology (to reach
400 Wh.kg™), which would enable the lowest possible potential to be reached (0 V vs. Li*/Li).
The integration of Li-metal in Li-ion batteries is not possible, as the use of Li-metal causes the
formation of Li dendrites, resulting in short-circuits in the battery. Another strategy for
increasing energy density is to augment the potential by using high-potential cathodes materials
(4.5 V vs. Li*/Li). However, the liquid electrolyte oxidizes at this potential, and it is then
essential to use another electrolyte that can withstand the high potential of the active materials
and block/avoid the growth of Li dendrites. Additionally, the liquid electrolytes present
flammability problems that cause safety issues®.

Research has therefore focused on the manufacture of a solid electrolyte (SE) to design
all solid-state batteries (ASSB) that would improve safety by being non-flammable and having

a wider window of potential. Today, many SEs are referenced generally two families: Solid



Polymer electrolytes (SPE) and Solid Inorganic electrolytes (SIE). Each family has its
advantages and disadvantages. The polymer most commonly used is poly(ethylene oxide)
(PEO) for its ability to dissolve Li-salts*. The corresponding SPEs are easily transposable to
current Li-ion battery manufacturing processes, but their ionic conductivity at room temperature
(RT) remains limited®. SIE are composed of two subfamilies, sulfide and oxide. Both have ionic
conductivities comparable to those of liquid electrolytes (102 S.cm™ at RT)®. But, sulfides
present problems of moisture stability and give off an extremely dangerous gas (H2S)’. Oxides,
on the other hand, are more chemically stable. For example, LizLa2Zr3O12 (LLZO) has a wide
electrochemical window and is not dangerous when exposed to humidity®. Unfortunately,
shaping this electrolyte requires costly manufacturing processes, as it has to be sintered at high
temperature (+ 1000 °C) to achieve its excellent ionic conductivity®.

As the various families mentioned above do not fully meet the requirements of SEs, a
new family of SE has emerged the solid composite electrolytes (SCE). Indeed, by mixing SPE
and SIE, it is possible to combine their respective advantages in a positive way, while masking
their shortcomings. This opens up the possibility of many new material compositions. SCE can
be essentially polymeric or, on the contrary, essentially inorganic. The expectations for these
SCE are a conductivity equal to that of current liquid electrolytes (102 S.cm™ at RT), an
electrochemical stability window of higher than 4.5 V vs. Li*/Li, chemical compatibility with
the cathode materials, a transport number of 1 to avoid the build-up of the ion concentration
gradient and the dendrites growth'®!! and a manufacturing process that can be transposed to the
current fabrication chains of Li-ion battery?.

When designing an SCE, the key to achieve good performance is the assembly of the
inorganic and organic materials. It is important to control interfaces and the (electro)chemical
reactivity between the two materials. Thus, understanding the mechanisms of transport at the
interface is crucial to designing the best assemblies and thus obtaining the lowest possible
resistance to the passage of Li* from one material to the other. To address this issue, this PhD
will be focused on processing methodology to design SCE and on the understanding of
mechanism of Li* transport in the SCE by impedance spectroscopy. Depending on processing
methodologies, we have designed a predominantly polymeric SCE, or a predominantly
inorganic SCE. This work has been funded by the RS:E (Réseau sur le stockage
¢lectrochimique de I’énergie) and RESPORE (Réseau d’excellence en solides poreux)

networks, and is being carried out in collaboration between the LCMCP (Laboratoire de Chimie



de la Matiere Condensée de Paris) at Sorbonne University and the LPPI (Laboratoire de
Physicochimie des Polymeéres et des Interfaces) at Cergy University.

Chapter | reviews the state of the art in SCE design. After a brief introduction on the
reasons for the transition from Li-ion batteries to ASSBs, the functioning of the latter has been
discussed, as well as the technological challenges involved in the various interfaces present in
these batteries. The different families of SEs were examined in detail. This study enabled us to
identify PEO for the polymer matrix and the inorganic material, LLZO as good candidates for
the development of SCEs. The focus was on SCEs, their assemblies, the mechanisms involved
in Li* conduction and the study of the PEOJ||LLZO interface.

To design the SCE with the best performance, the focus was on the manufacture of an
original SPE. Chapter Il (article submitted at ACS Applied Materials & Interfaces and under
revision) describes the solvent-free synthesis and the characterization of SPEs based on an
amorphous PEO network. Mechanical and thermal properties have been analyzed using
dynamic mechanical thermal analysis and differential scanning calorimetry, respectively. lonic
conductivity measurements were carried out using electrochemical impedance spectroscopy
(EIS). Finally, the parameters affecting mechanical properties and ionic conductivity were
discussed.

The design of a predominantly polymeric CSE will be discussed in Chapter Ill. The
SCE based on PEO network and LLZO were elaborated using either a two-stage
manufacturing process involving electrospinning and impregnation or a single-stage process.
In the one-step process, LLZO particles were pre-dispersed in the polymer precursors which
are then polymerized to give the final CSE. In the two-step process, 3D LLZO scaffold was
first synthesized using the electrospinning method, followed by a high-temperature heat-
treatment. Different parameters related to electrospinning and post-treatment (temperature and
pressure) were studied to produce a continuous and porous LLZO scaffold. This latter was then
impregnated by capillary force with the polymer precursor solution. The polymerization was
then carried out. The impact of SCE morphology on ionic conductivity was studied using
impedance spectroscopy.

Chapter IV, which takes the form of an article, then explores the transport of the Li ion
at the polymer]|inorganic interface. To do this, we specifically designed a multilayer design
using in-situ or ex-situ PEO network synthesis on dense LLZO ceramics. The interfacial
response was identified by EIS. Data, were analyzed with an innovative model for multilayers

using an element of the Transmission Line Model.



Chapter V is devoted to the fabrication of a predominantly inorganic SCE using the
cold sintering process (CSP). This process, described as a ‘one-pot' approach, allowed the
PEO network in-situ synthesis during powder compaction. EIS was used to estimate the ionic
conductivity of this SCE.
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Chapter 1.



State of the Art

Introduction: Transition to All Solid-State Batteries

The first Li-ion battery was commercialized by Sony in 1991. These batteries consist of
a positive electrode, a polymer separator and a negative electrode, as well as a liquid electrolyte
that transports Li* ions. The electrolyte consists of a mixture of organic carbonates in which a
Li-salt (LiPFs) is dissolved®. The materials found in the positive electrode are lamellar oxide
LiCoO22 or spinel LiMn204® or a polyanionic LiFePO4*. The negative electrode is made of
graphite®. The main problem with Li-ion batteries is the use of liquid electrolyte, which is not
only flammable but can also degrade if exposed to moisture and form an extremely toxic gas.
It therefore needs to be replaced.

The transition from Li-ion batteries to All Solid-State Batteries (ASSB) represents a
significant advancement in the field of energy storage technologies. ASSB use a solid
electrolyte (SE), thereby eliminating potential issues related to leakage and flammability. This
transition is driven by the search for greater safety, higher energy density (400 Wh.kg* vs. 300
Wh.kg* for Li-ion), and longer battery life®. To increase energy density, one solution is to use
Li-metal as a negative electrode but also the assembly of the more compact cells. It is also
possible to use high-potential cathode materials that cannot be used in Li-ion batteries due to
the electrochemical stability windows of liquid electrolytes. The cathode materials most
commonly used in ASSBs are LTO (Li4Tis012), LCO (LiC00Oz2), NMC (LiNixMnyCo0:02) and
LMO (LiMn202Y)’.
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Figure 1-1. The architecture of Li-ion batteries (middle), Li-metal solid-state batteries (left), and
Li-ion solid-state batteries (right). Purple circles represent cathode materials, grey circles graphite and

orange circles SEs®.



Figure 1-1 represents the architecture of Li-ion batteries (middle), it is composed of two
porous electrodes filled with liquid electrolyte (discussed above) coated on thin aluminum
(positive electrode) and copper (negative electrode) foils, which collects the current. The grey
band between the two electrodes represents the separator, which is soaked in the liquid
electrolyte. On the right of Figure I-1 is shown the architecture of the Li-ion solid-state battery.
The difference with the Li-ion battery is that the liquid electrolyte is replaced by a SE in both
electrodes. This SE also takes the place of the separator. Replacing the electrolyte liquid with
SE does not change the volumetric energy density. In addition, SEs have a higher density than
liquid electrolytes, resulting in a lower gravimetric density. SEs are more chemically resistant
to high voltages, which would increase the chemical stability window from 4.2 to 5 V. As far
as safety is concerned, it's a mixed subject, because while some SEs are not reactive to air or
humidity, others are. The latest architecture shown in the Figure I-1 (left) is the Li-metal solid-
state batteries. Compared with the Li-ion solid-state batteries, the negative electrode (composed
of graphite) is replaced by a layer of Li-metal. It is this change that will enable a significant
increase in energy density, as Li-metal has a very high theoretical energy density (3,700 mA.g°
1. Its use involves other problems, such as the thermodynamic instability of many SEs with
respect to Li-metal. In this work, we will focus on Li-metal solid-state batteries.

Understanding the fundamental workings of ASSBs and the different types of SE is
essential to unlocking the potential of next-generation energy storage systems. In the following
sections, we will detail the operating mechanisms of ASSBs and the different families of ES

presented in the literature, their advantages and limitations.
Il.  All solid-state batteries

During the operation of the ASSB, for example, during discharge, Li* diffuses through
the Li-metal||SE interface, along the electrolyte and then to the SE||cathode interface. To ensure
electro-neutrality, the simultaneous transport of electrons takes place in an external circuit.
During charging, these processes are reversed. The energy source in ASSBs is the oxidation-
reduction reactions that take place at the SE||electrode interface. These interfaces are therefore

crucial to the performance of ASSBs.



Figure I-2. Illustration of the various interfacial phenomena in ASSBs®. The yellow sphere
represents the electrolyte, blue is the cathode material and black is the carbon. The grey band represents

the Li-metal.

By replacing the liquid electrolyte with SE, the guarantee of good contact between the
electrolyte and the electrodes is compromised. Solid||solid contact is trickier to achieve due to
the presence of asperities, roughness and irregularities on their surfaces. Figure 1-2 is a fairly
general representation of the interfacial phenomena that can be encountered during the
manufacture of an ASSB. The interface phenomenon that can be encountered in all battery
components is the presence of voids, despite the pressure that can be applied when
manufacturing the cell, (numbers 5, 7, 8, 9, 10, and 12 in Figure I-2) between the particles,
despite the high pressure that can be applied when manufacturing the cell. They can also be
created during its operation because some cathode is known to exhibit changes in volume,
which can lead to pores, cracks, and loss of contact at the cathode||electrolyte interface but also
on the Li-metal side with dendrite growth. This leads to an increase of interfacial resistance®. It
is possible to observe chemical reactions (numbers 1 and 6 in Figure 1-2) at the
electrodel|electrolyte interface if the materials have different chemical potentials. This will
induce the appearance of interphase, which can be beneficial if it conducts Li* but not electrons.
On the other hand, it can be disadvantageous if it allows both species to pass through. The
interface can also be hindered by electrochemical reactions as most SEs have a well-defined

electrochemical stability window with respect to the anode and cathode. This can also induce
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the appearance of an interphase which will increase the charge transfer resistance (numbers 2,
3, 6, and 13 in Figure 1-2). Finally, grain boundaries can also reduce ionic conduction at the
interface if two particles are in contact and have different electrochemical potentials (numbers
4 et 11in Figure 1-2). The choice of SE will have a major impact on interfaces. My work focused
on the design of an SE. There are several families of SE, which will be discussed in the next
section. Depending on their chemical composition, they will have specific properties that can

help solve interface problems with electrodes.
I11.  Solid Electrolyte

Since the manufacture of polyethylene oxide (PEO) materials as SE in the 1980s and
the Lithium phosphorus oxynitride (LiPON) in the 1990s, a lot of studies have been devoted to
the development of solid electrolytes®°. The target for the ionic conductivity is the one
achieved for the current liquid electrolyte in Li-ion batteries (10° S.cm™ at 25 °C). The SE
should also exhibit a sufficiently wide electrochemical stability window (> 4.5 V vs. Li*/Li) to
use Li-metal and high-potential positive electrodes. Importantly, they should have sufficiently
high mechanical strength to prevent the growth of dendrites (Young modulus > 7 GPall), the
lowest value of electrode||electrolyte interface resistance, high thermal stability (> 100 °C), and
a manufacturing process that can be transposed to current battery manufacturing methods and
at lower cost!2,

In the literature, it can be found different families of solid electrolytes including oxide,
sulfur, and polymer (Figure 1-3).

Oxide Sulphur Polymer

ertie ¥t propertie

Figure 1-3. Performance of different classes of solid electrolyte®,

Solid inorganic electrolytes (SIE) composed mainly of oxides and sulfides exhibit high
ionic conduction at room temperature (RT) (~ 102 S.cm™)8. Oxides are stable over a wide range

of temperatures and stable with respect to Li-metal. However, they do have some disadvantages,
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as their manufacture requires high temperatures. They are not mechanically soft4, which is
difficult to integrate into current battery manufacturing processes®. Finally, despite their
rigidity, dendrites can penetrate the joints and cause short circuits®.

Sulfides have the advantage of being easier to process, but they have very poor chemical
stability, being unstable in air and decomposing into a highly toxic gas®®. Solid polymer
electrolytes (SPE) are easy to integrate into existing manufacturing processes. Unfortunately,
they have poor conductivity at RT, low chemical, electrochemical, and thermal stabilities.
Finally, no SE compound known to date meets all the above expectations.

.1 Solid Polymer Electrolyte
.11, Linear polymer

Solid polymer electrolytes have played a key role in the development of ASSB. In 1975,
Wright et al.'” demonstrated that PEO was sufficiently solvating to solubilize alkaline salts
without the use of solvents. Then in 1978, Armand suggested the possibility of making a SPE
from PEO where Li-salts are dissolved®. Indeed, PEO is able to solvate Li* ions thanks to its
ether function'®. As shown in Figure I-4 the interaction of Li* with 4 to 5 oxygens allows
dissociation of the salts in the PEO and Li* can diffuse within the material by hopping from one
chain to another in the polymer®. However, this mechanism is only possible if the polymer is
in an amorphous state, so it must be used above its melting temperature (Tr) which is around 60
°C?. Below 60 °C, PEQ is semi-crystalline, and the crystalline domains block ion transfer, thus
lowering its ionic conductivity (between 10°-10% S.cm™ at RT)%.
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Figure 1-4. Schematic of the segmental motion-assisted diffusion of Li* in the PEO matrix. The

circles represent the ether oxygens of PEOZ,

Bolloré  Group has even used a PEO with the Lithium
bis(trifluoromethylsulphonyl)imide (LiTFSI) salt in the batteries that equip the BlueCar.

However, batteries utilizing PEO-based electrolyte technology operate at high temperatures
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because, as explained above, at low temperatures, PEO exhibits crystalline domains that
significantly reduce ionic conductivity. In addition, conduction in PEO-based electrolytes
depends on numerous parameters affecting the dynamics of the polymer chains?*. For example,
PEOs with high chain mobility have good ionic conductivity but poor mechanical properties.
Chain mobility decreases as the molecular weight of PEO increases. There is a critical
molecular weight beyond which polymer chains can entangle, known as the critical
entanglement mass. When the chains become entangled, the mechanical strength improves, but
the chain mobility decreases, resulting in a reduction in ionic conductivity?®. Studies were
carried out to understand the impact of end chain groups and the molar mass of PEO on
mechanical properties and ionic conductivity (Figure 1-5). Devaux et al.?® have shown that the
conductivity and viscosity of PEO-LiTFSI are dependent on the molecular weight (Mn) as well
as the end chain groups. The main impact of end-chain groups is to modify the available free
volume, which in turn governs segment dynamics. In addition, they show that at low Mn there
is a real impact of end groups on ionic conductivity by modifying the free volume. In contrast,
at high Mn, the limiting step is the jump of the Li* from one coordination site to another. The
segment dynamic decreases with increasing Mn, which leads to a decrease in viscosity and
therefore a decrease in mechanical properties. There's a compromise between mechanical
strength and ionic conductivity. The higher the molar mass of the PEO the better the mechanical

strength, but the lower the ionic conductivity?.
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Figure I-5. (a) lonic conductivities of PEO-LITFSI (EO/Li = 25) complexes as a function of the

inverse of temperature. PEO molecular weights: 200 (diamond). (b) Variations of the ionic conductivity

at 60 °C of PEO (green), Poly(ethylene glycol) methyl ether (red), and Poly(ethylene glycol) dimethyl

ether (blue) doped with LiTFSI (EO/Li = 25) versus molecular weight.?

Another direction of research being investigated to improve the performance of PEO-
LiTFSI SPEs is the optimization of the EO/Li ratio. Maurel et al.?” have studied the impact of

13



the EO/Li ratio on ionic conductivity as a function of temperature (Figure 1-6). They
demonstrated that the electrolyte with the best ionic conductivity (3.8.10° S.cm™at 20 °C) is
for an EO/Li ratio equal to 10. But, the conductivity at RT is still low and the use of PEO-
LiTFSI is considered at 90 °C. At this temperature, the best ionic conductivity (3.9.10* S.cm
1) is achieved for an EO/Li ratio equal to 20. The ionic conductivity as a function of the EO/Li
ratio at 90 °C takes the form of a parabola. For a salt concentration higher than EO/L.i equal to
20, the conductivity decreases due to reduced ionic mobility caused by the elevated Tg with
increasing salt concentration, leading to higher viscosity. Additionally, this reduction is
attributed to the formation of ion-ion pairs or triplets. The formation of ion-ion pairs or triplets
with LIiTFSI refers to the trend of ions present in the electrolyte to associate with each other,

thereby forming aggregates of two or three ions?,
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Figure 1-6. Arrhenius plots of the ionic conductivity for different EO/Li of PEO-LiTFSI polymer

electrolyte.”

Other linear polymers have been studied for their use as SPEs such as polyacrylonitrile
(PAN)?, poly(methyl methacrylate) (PMMA)®3, poly(vinylidene fluoride) (PVDF), and
poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP)*. PAN with its nitrile group
(C=N) has a typical strong electron withdrawing group with high electrochemical stability (4.5
V vs. Li*/Li 3. PMMA provides a stable interface for Li-metal and, thanks to the carbonyl group
(C=0), coordination with Li-salts enables rapid transport of Li*3*. PVDF and PVDF-HFP have

functional groups (CFs) with strong electron-withdrawing which is beneficial for dissolving Li-
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salts®®. Unfortunately, these polymers also present problems of crystallinity or high Tg
temperature.

The choice of salt to be used in the PEO matrix was also an important area of research.
The focus on designing new Li-salts is to improve the dissociation of the ion pair by
delocalizing the negative charge. The greater the dissociation, the better the conductivity
performance. The most common being LiTFSI®, lithium-bis(fluorosulfonyl)imide (LiFSI)*,
and lithium-bis(oxalate)borate (LiBOB) *. LiFSI enhances the delocalization of the negative
charge as fluorine is directly bonded to SO2, but it comes with a very high manufacturing cost.
LiBOB exhibits adequate delocalization of the negative charge, but it has lower electrochemical
stability compared to LiTFSI (4.2 vs. 5.0 V respectively).

In conclusion, PEO-LITFSI has many qualities as a solid electrolyte, but unfortunately,
it operates at high temperatures (2.10° S.cm™ at 100 °C)*®, at which point it loses its mechanical
strength. In addition, it is necessary to increase its transport number (t*). This value represents
the mobility of ions within the SE. If the value of t* is close to 1, it means that only Li* are
mobile in the SE. The value of t* in a PEO-LIiTFSI material can vary from 0.2 to 0.6 depending
on its salt concentration. Unfortunately, for t* values of 0.6 in these systems, the ionic
conductivity is limited (10° S.cm™ at 100 °C)%*. In the following, different strategies will be

discussed for improving the performance of PEO-based SPEs.
11.1.2. Block copolymer

Block copolymers like SPE have made their emergence to improve mechanical strength.
PEO is coupled to one or two other blocks. Polymers studied in diblocks with PEO include
alkyl polymethacrylate®, polyacrylonitrile*!, and poly(4-vinyl pyridine)*? but the one that has
attracted the most interest is polystyrene (PS).

Balsara's group has had a major impact on the study of poly(PEO-b-PS). This group
studied the impact of molar mass, tortuosity, and domain size (small regions of characteristic
size) on ionic conductivity*“. PS is a promising candidate because it has a high Tq and is
immiscible with PEO. In contrast to PEO alone, they demonstrated that ionic conductivity
improved as the molar mass of PEO in the diblock increased (10®° to 10* S.cm at 100 °C for
Mn of PEO ranging from 7 to 98 kg.mol respectively)*. It has been shown that conductivity
decreases as domain size increases (1.10* to 8.10° S.cm™ for domain size increases from 20 to
80 nm respectively)®.
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Research has gone one step further by using polymer triblock, bringing even more
nanostructuring. The addition of nanostructured domains strengthens the polymer
mechanically, thus limiting dendrite growth. Unfortunately, the evolution of these two
properties has been shown to be at odds with each other?>#*’. Finally, this diblock and triblock
with PEO and PS manufacturing strategy does not significantly increase ionic conductivity and
Li transport number (diblock 2.10° S.cm™ at 60 °C*® and triblock 2.10* S.cm™at 60 °C and t*
= 0.15 with LiTFSI*).

11.1.3. Cross-linking polymer

One of the strategies employed to improve the mechanical properties at high
temperatures is the development of cross-linked polymers. Cross-linking produces a 3D
network that is mechanically harder than linear PEO. Furthermore, as the cross-linked polymer
can be imagined as a “cage”, it is possible that it reduces the diffusion of the anion, which has
a larger size than Li* and therefore improves the number of transports*®. With the aim of
improving both mechanical strength and conductivity, cross-linking strategies have been
developed.

Two strategies can then be adopted, the first is the use of a polymer network where the
linear PEQ chains are dispersed throughout the network, this is a semi-interpenetrating network
(semi-IPN). Zeng et al.*® have developed a semi-IPN with promising conductivity (2.2.10°
S.cm™ at 25 °C), high Young's modulus (12 GPa), and Li transport number (t* = 0.65) thanks
to the cross-linking of branched acrylate and the dispersion of PEO chains within. The use of
the branched acrylate prevents crystallization of the PEO and thus improves t* and ionic
conductivity at RT. Mechanical properties are improved (12 GPa vs. 0,1 to 2 GPa for PEO) by
the fact that poly(ether-acrylate) is rigid.

The second strategy is to integrate the PEO chain into the network by cross-linking
them. Zhang et al.>! produced a low-PEO network with tetraglyme (TEGDME), tetraethylene
glycol dimethacrylate (TEGDMA), and with addition of LiTFSI (Figure 1-7). To achieve this
network, a dual in-situ reaction is conducted. Ultra-violet (UV) exposure induces the auto-
polymerization of the methacrylate of TEGDMA. Simultaneously, the photo-initiator is
activated to attract protons from the methylene groups of PEO and TEGDME (or TEGDMA).
This generates free radicals that can link different compounds to another. As a result, it triggers
the rearrangement of PEO chains, the cross-linking of PEO and TEGDME.
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Figure I-7. Diagrams of the IPN structure®..

This made it possible to reduce the crystallinity of PEO with TEGDME, while retaining
the strength mechanics with TEGDMA. The formation of this network results in a highly
disordered structure, with a decrease in PEO crystallinity due to the cross-linking reaction,
shown by X-ray diffraction (XRD). At the same time, the formation of an oligomer by the self-
polymerization of TEGDMA could preserve the (unquantified) mechanical strength of the solid
polymer electrolyte (SPE) without compromising ionic conductivity. The result is a
conductivity of 2.7.10* S.cm™ at 24 °C and a t* of 0.56, thanks to the decrease in Tq (-78 °C).
In addition, the stability window is increased to 5 V vs. Li*/Li.

These networks have improved the RT conductive and mechanical properties of PEO-
based SPEs. The number of transports has been increased, but has not yet reached 1. To achieve

this, another strategy has emerged.
11.1.4. Single ion polymer

This new mono-ionic electrolyte, called single-ion SPE (si-SPE), has been the subject
of much research for use in ASSBs. Si-SPEs have the anion grafted to the polymer chains and
therefore a t* close to 1, thus avoiding concentration gradient build-up and limiting dendrite
growth52%3,

Bouchet et al.>* have developed a triblock copolymer combining poly(styrene
trifluoromethane-lithium sulfonylimide) (P(STFILi)) with a central block of PEO chains
(Figure 1-8).
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Figure 1-8. Chemical structure of the single-ion conductor triblock copolymer®*.

The t* of up to 0.85 is very promising because it is higher than the systems studied
previously. Unfortunately, the copolymer shows a low ionic conductivity of 1.5.10° S.cm™ at
60 °C. Unfortunately, attaching the anion greatly reduces ionic dissociation, which in turn
decreases conductivity. Similarly, Porcarelli et al.>® have developed a cross-linked polymer
based on a PEO-based with a t* of around 0.9 at 70°C. If unity is not reached for t*, this can be
explained by the short-range motion of the anion's carrier chain, as well as the motion of the
negative charges, which may be due to the segmental motion of the polymer backbone, as the
measurements were taken above Tg (-69 °C). However, they obtained a better ionic conductivity

than the previous study (~10* S.cm™ at 25 °C) with the addition of propylene carbonate, which

acts as a plasticizer. Numerous other studies have been carried out on si-SPEs, but will be
discussed in greater depth in Chapter Il. The grafting of the anion therefore implies a drop in
ionic conductivity, and to compensate for this it is necessary to add solvents or plasticizers. The
ability to modulate ionic conductivity, while maintaining a transport number close to unity, and
the possibility of integrating the single ion strategy into the different groups of polymers

mentioned above (diblock, triblock, cross-linked) make it very attractive in SPE manufacture.
1.2, Solid Inorganic Electrolyte

It exists several families of SIEs including LISICON, Argyrodite, Garnet, NASICON,
Li-Nitride, Li-hydride, Perovskite, and Li-Halide.*® Figure 1-9 shows the ionic conductivities
of several electrolytes. It can be seen that the highest conductivities are achieved for the sulfide

(Argyrodite) one. In addition to their high ionic conductivity, sulfide electrolytes can easily
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accommodate volume changes in electrode materials due to their Young modulus (10-30 GPa)
and their elastic behavior®”. In 2011 Kamaya et al.® proposed the LiioGeP2S12 (LGPS)
component that exhibits a conductivity of 1.2.102 S.cm™ at RT and a Young modulus of 20
GPa. This component has the best ionic conductivity reported so far. However, LGPS is not
stable in the air and has a narrow electrochemical stability window (1.7 to 2.1 V vs. Li*/Li)%.
Argyrodites containing halide (LisPSsX with X=CI, Br or I) are very good conductors
(7.10 S.cm™)® with a Young modulus of around 20 GPa, and compared with LGPS, they
exhibit a wider stability window (0 - 7 V vs. Li*/Li)%. Unfortunately, their chemical instability
in the air makes them difficult to handle and manufacture. Their synthesis and processing
require work in an inert environment®?. Accordingly, works have been devoted to oxide-based

families that are more stable in air.
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Figure 1-9. Reported total ionic conductivity of SIE at RT*®.

What distinguishes the oxide family from the sulfide family is its well-ordered
crystalline structure compared to the amorphous or partially ordered structure of sulfides, which
results in a higher Young’s modulus (100 — 200 MPa). Additionally, oxides have a non-
hazardous nature when exposed to air. The family of oxides can be divided into several families,
most of which will be discussed briefly below.

Sodium Superionic Conductors (NASICON): a superconductor of sodium ions with
structure NaM2(PO4)3 (M = Ge, Ti, Zr), was introduced by Goodenough et al.®® in 1976. Later
on, the substitution of Na by Li was explored aiming to develop advanced Li-ion conductors.
The most known are Lii2Alo2Tirg(PO4)s (LATP) and LiisAlosGers(PO4)s (LAGP). The
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migration of Li* in these compounds occurs via a jump between the two coordination sites that
Li can occupy in the structure. The partial occupation of Li* at these two sites is crucial for
rapid Li* conduction, especially as vacancies are required at the intersection of the conduction
pathways to give access to three-dimensional diffusion in the structure®. LATP has a
conductivity of up to 102 S.cm™ at RT and a Young modulus of 115 GPa but can undergo a
reduction reaction in the presence of Li-metal. LAGP has a lower conductivity of 10* S.cm™
at RT and 125 GPa but greater electrochemical stability (6 V vs. Li*/Li)%,

Another family of oxides is the perovskites, with the formula ABOs (A = Nd or La and
B = Al or Ti). Li* can diffuse by jumping in the plane to an adjacent vacancy through a square-
planar bottleneck made of oxygen forming the corners of the octahedra. The best known in this
family is Laos7-xLisxTiOs (LLTO), with an ionic conductivity of up to 1.53.10°2 S.cm™* at RT®®
and high Young modulus (200 GPa), but it faces the same problem of reduction of Ti** to Ti**
as LATP®,

The garnet oxides are derived from the ideal formula AsB2(X04)3 with A = Ca, Mg, Y;
B = Al, Fe, Ga, Ge, Mn, Ni, V and C = Al, As, Fe, Ge, Si. Where A, B, and C are eight, six,
and four oxygen-coordinated cation sites, which crystallize in a face-centered cubic structure.
Another unique and crucial aspect is ionic conduction. Commonly studied garnets typically
contain five to seven Li atoms per formula unit, they have more Li than that can be
accommodated at the tetrahedral sites, leaving excess Li which occupy the octahedral sites in
the garnet structure. This class of SIE has a Young modulus of around 150 GPa. To obtain
appreciable ionic conductivity at RT, Li can be added into the structure by adjusting the valence
of the A and B cations, leading to several stoichiometries of Li-conducting garnets such as
LisLasM2012 (M = Nb, Ta, Sb) or LizLasM2012 (M = Zr, Sn) (non-exhaustive list)®®. These
compounds have demonstrated very good stability with respect to Li-metal, a stability range of
up to (> 6 V vs. Li*/Li), and higher conductivities (102 S.cm? at 25 °C) for
Lis.4lasZr1.4Taos012%°.

In the garnet family, the LizLasZr2012 (LLZO) phase was first mentioned in 2007 by
Murugan et al.”®. This SIE exhibits an ionic conductivity of 7.74.10“ S.cm™ at 25 °C. LLZO is
known in two crystallographic forms (Figure 1-10), the non-conducting tetragonal phase (10
S.cm™) and the conducting cubic phase (10 S.cm™). The transition between these two phases
generally occurs between 200-700 °C™. The parameters for obtaining the cubic phase will be
detailed in Chapter V.

20



(b)

ULIOJSURL |, ‘

I t-LLZO transformed t-LLZO
b

) (d)
X =1—x

Transform: {y’ =y+ 025
z' =z-0.125

. [ZrO,] Octahedron
. [LaO,] Dodecahedron
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respectively. The distribution of Li in tetragonal phase (d), and cubic phase (e)."

Two factors are crucial for obtaining LLZO with the best performance: its synthesis and
its densification. Various synthesis methods exist for the preparation of LLZO, the most
common being the solid-state method”®. This technique involves mixing the precursors in a ball
milling, i.e. grinding the powders using a ball mill or planetary machine. Other studies have
reported the sol-gel method for the synthesis of LLZO. One of the last possible processes is the
Pechini method, which introduces an acid that chelates the metal ions. The manufacturing
process will have an impact not only on the densification temperature of the LLZO but also on
its particle size distribution.

After a solid-state method, a pellet is usually produced and then it is sintered at high
temperature for a relatively long time (<1230 °C for 36 h) to obtain a dense ceramic’®. It has
been shown that in this approach, it is difficult to obtain the desired stoichiometric composition.
Additionally, the high sintering temperature introduces impurities accompanied by Li loss’ ™.
The sol-gel method allows the fabrication of LLZO at lower temperatures (800-900 °C),
impeding the Li loss and the formation of impurities in the powders. Shimonichi et al.” have
developed sol-gel LLZO allowing its sintering at 1180 °C for 35 h. They achieve a conductivity
of 1.6.10* S.cm™ at RT. Regarding the Pechini method, Jin et al.”” have densified Al-doped
LLZO at 1200 °C for 6 h and they achieved finer particles than solid state processing and a
conductivity of 2.0.10* S.cm™ at RT.
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LLZO densification is essential to obtain a porosity-free ceramic with the best
conduction properties. One strategy is to add additives to improve densification during heat
treatment. Janani et al.”® studied the influence of the addition of various additives (LisBOs,
LisPO4, and LisSiO4) on the density of the LLZO pellet after a heat treatment at 900 °C and
1200 °C. With a heat treatment at 900 °C, the introduction of LisBO3 showed the best relative
density (76%) with a conductivity of 1.3.10° S.cm™ at 33 °C. At 1200 °C, the addition of
LisSiO4 showed the best relative density (96%) and ionic conductivity (6.1.10* S.cm™ at 33
°C).

To obtain LLZO compounds with a high relative density and therefore high ionic
conductivity, it is necessary to sinter the LLZO at high temperature or/and to dope the material
to obtain the cubic phase, which is the most conductive. Unfortunately, high-temperature
treatment often induces the loss of Li and thus the formation of impurities at the grain
boundary’®. These impurities can hinder ionic conductivity. What's more, ceramic-based SIE is

generally thick (~1 mm) and therefore difficult to integrate into ASSB devices. With this in

mind, they can be integrated into the design of composite materials.
11.3. Solid Composite Electrolyte

As we have seen in the previous sections, the two families of SE have different
advantages, but their limitations hinder their use in ASSB systems. Composite solid electrolyte
(SCE) design has therefore emerged to mix different types of electrolytes, which would make
it possible to combine the advantages of both families, such as improving oxide manufacturing
processes and improving the electrochemical properties of polymers®3. This would combine the
advantages of both electrolyte types while compensating for their drawbacks. SCE is a
heterogeneous assembly or mixture of at least two materials, whether conductive or not (Figure
1-11)
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Figure I-11. Categories of the existing materials for SCE™.

Depending on their inorganic and polymer contents, SCEs can be divided into two
categories. The first is a predominantly polymeric SCE, where the inorganic filler, whether
conductive or not, mainly improves the mechanical properties of the polymer phase, which in
turn is conductive to Li* ions. The second class is a predominantly inorganic SCE, where a
conductive or non-conductive polymer phase is added to mainly improve the material's
flexibility and processability. The manufacturing processes for SCEs are essential to obtain the
best electrochemical performance and the lowest possible resistance at the interface of the two
materials. In the literature, we find 3 classes of processes for SCE manufacturing. The first is
known as solution casting, the second as mechanochemical casting, and the third as
electrospinning. SCE design can involve a number of different processes: the inorganic filler
can be nanoparticles or nanofibers, in which case the casting process is the most common. On
the other hand, inorganic fillers can take the form of 3D networks, and so the processes used
can be impregnation if the 3D network is inorganic, or electrospinning if the 3D network is a
combination of polymer and inorganic materials. The different ways of preparing SCE will be
discussed throughout this section. In addition, for this section, we'll focus on composites based

on PEO-like polymers and oxide for the inorganic part.
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111.3.1. Non-conductive filler

In section I11.1.1, we noted that it was necessary to increase the mechanical properties
of the SPE. In addition to the cross-linking and copolymerization strategies, it is possible to
incorporate inorganic fillers into the polymer matrix to reinforce it. Inert inorganic fillers are
introduced in small quantities so as not to interfere with Li* conduction in the polymer matrix,
preventing percolation of the inorganic network. Different types of oxide were studied, with
different morphologies and structures. Inorganic oxides such as aluminum oxide (Al203) and
titanium oxide (TiO2) are used as mechanical reinforcements. Silicon oxides (SiO2), on the
other hand, were initially used for mechanical reinforcement, but also to improve
electrochemical properties by reducing the crystallinity of PEO chains.

It was in 1982 that Weston et al.® first reported the incorporation of Al20s into a PEO-
LiTFSI matrix. They demonstrated that the addition of 10 vol% Al20s had a negligible impact
on the polymer's ionic conductivity but improved its mechanical stability at temperatures above
100 °C. Indeed, it was not possible to measure conductivities above 110 °C for PEO-LITFSI
without Al20s as they tend to short-circuit, probably due to excessive softening of the
amorphous polymer. For the solid electrolytes with 10 vol% Al20s, no evidence of deformation
is observed up to 120 °C. In 1999, Croce et al.®! used Al20z and TiOz as agents in PEO-LiX
matrices to improve mechanical stability (not quantify) in the 30-80 °C temperature range. In
these examples, the inorganic fillers act more as "solid plasticizers" to reduce the crystallinity
of the SPE®2. It was later (2002) that Shin et al.®® demonstrated the benefits of incorporating
non-conductive inorganic fillers on electrochemical properties. In a PEO-LICF3SOs system
with micron-sized TiOz2 particles, they described the possibility of improving the electrolyte||Li-
metal interface by reducing the contact area between the Li-metal and the electrolyte while
maintaining a conductivity of 2.16.10* S.cm for 15 wt% of TiO..

This study has opened up a new area of research into the use of inorganic fillers, not
only to improve the mechanical properties of SPEs but also to improve their electrochemical
performance.

Ji et al.%, studied the evolution of the conductivity at 25 °C of a PEO-LiCIO4 SPE as a

function of the SiO2 nanoparticle (~12 nm) concentration. In Figure 1-12, it can be seen that

adding 10 wt% SiO2 to the SPE increases the ionic conductivity by two orders of magnitude.
The SPE without SiOz crystallizes around 32 °C, remaining in an amorphous state above this

temperature. This explains its low conductivity at 25 °C. When 10 wt% of SiO2 is added, the
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electrolyte exhibits very few crystalline domains in amorphous matrix. When conductivity is
measured at 25°C, an increase of two-order of magnitude in conductivity is observed, due to
the fact that at this temperature the electrolyte has amorphous domain. Unlike other electrolytes,
where the crystallization temperature is higher than 25 °C, crystalline phases are present when
measuring conductivity (at 25°C), thus reducing Li* diffusion. The authors propose that the
increase in the degree of crystallization observed with the addition of 10 wt% SiO2 may be
attributed to the role of the filler as a potential crystallization site or to its ability to induce

molecular interactions between polymer chains, leading to a reduction in chain mobility.
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Figure 1-12. Evolution of ionic conductivity at 25 °C in PEO-LiCIO, with SiO, weight

proportion®,

The use of non-conductive inorganic fillers improves the mechanical properties by
strengthening the SPE but also increases its ionic conductivity by reducing or eliminating its

crystallinity.
111.3.2. Conductive filler

Conductive fillers Li-rich have been also investigated in order to improve the
performances of the SPE. In their papers, Wang et al.®® introduced a comparative study on the
effects of the chemistry of the different types of particles in SPE PEO-LiClOs, including from
5 to 20 wt% of LATP, SiO2, and TiO2. The best result in conductivity is obtained for 10 wt%
of LATP (1.7.10* S.cm™ at 20 °C). This study demonstrates the positive impact of adding Li-
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rich inorganic fillers to the SCE design. For the conception of this SCE, the authors have used

the solution casting method.
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Figure 1-13.Schematic representation of SCE fabrication using solution casting process®.

This method is represented in Figure 1-13 and is the most common. Using a liquid
solution that can be applied in a wide range of shaping processes, such as deposition in a Teflon
mold or tape casting (doctor blade). This method involves mixing polymer precursors, salts,
and inorganic fillers in a solvent. This mixture is then deposited using the chosen method and
the solvent is evaporated to obtain the SCE. This method produces thin objects, is low cost, and
scalable.®” The important thing with this method is to choose a good solvent. It must be inert to
the electrolyte used but also volatile to allow easy evaporation. One of the most commonly used
solvents is acetonitrile (ACN, boiling temperature at 82°C) because PEO has good solubility in
this solvent and most of the ceramics are stable in it. Li et al.®® used the sol-gel method for the
fabrication of LLZO nanoparticles and obtained the cubic phase. They prepared a SCE using
the casting solution method, mixing 10 wt% LLZO in an ACN/PVDF/PEO/LITFSI solution
(Figure 1-13). They measured almost the same ionic conductivity of 4.2.10° S.cm™ vs. 3.10°
S.cm™® at 30 °C for SPE. In contrast with this work, other studies have shown a clear
improvement. Chen et al.% used the solid-state method for LLZO fabrication and obtained
micrometer particles. They reported the manufacture of a SCE based on PEO-LiTFSI (~107
S.cm™ at 30 °C) and an optimum of 7.5 wt% LLZO with an ionic conductivity of 5.5.10* S.cm
1 at 30 °C. To understand this increase, it is necessary to monitor the crystallinity rate in the
SCE. The electrolyte without LLZO has a crystallinity ratio of 54%, with the addition of 7.5
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wt% LLZO this rate decreases to 22%. As the crystalline domains are less present, Li* diffuses
more easily into the SCE. Surprisingly, the latter articles show an order of magnitude higher
ionic conductivity than the Li et al. article®. The differences that can be noted between these
two articles are the presence of PVDF in the first, the size of LLZO (particles nanometer vs.
micrometer), and the slight difference in the proportion of LLZO mass introduced (10 wt% vs.
7.5 wt%).

In section 111.3.1, the use of nanoparticles appeared to be favorable to achieving an ionic
conductivity of the order of 10* S.cm™, so we can deduce that this parameter is not the one that
influences this result. To understand whether the transition from 7.5 wt% to 10 wt% of LLZO
is the cause of the drop-in conductivity, it is essential to examine higher weight proportions.

Choi et al.2°, measured an ionic conductivity of 1.0.10° S.cm™ at 35 °C by incorporating
52.5 Wt% LLZO in a PEO-LiCIO4 (~ 10® S.cm™ at 35 °C) matrix. LLZO was synthesized by
the Pechini method and a tetragonal phase was obtained. Using Differential Scanning
Calorimetry (DSC) analysis, the authors demonstrate the shift (65°C to 50°C for 0 to 52.5 wt%
of LLZO, respectively), at lower temperatures, of the endothermic reaction with increasing
LLZO content. This means that the addition of LLZO maintains the SCE in an amorphous state
at lower temperatures and therefore higher conductivity. According to the latter article, the
weight proportion of LLZO could be the reason for the order-of-magnitude difference in ionic
conductivity. However, one aspect that has not been addressed is the difference in morphology
of LLZO particles. Unfortunately, to our knowledge, no studies has been carried out on the
impact of LLZO morphology. On the other hand, it is possible to examine another SCE
manufacturing process that uses LLZO fibers.

At the beginning of section 111.3, we briefly discussed the fabrication of continuous 3D
LLZO arrays using the electrospinning method. This method is widely used for the fabrication

of SCEs. This method can be used in two different ways (Figure 1-14).
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The first (Figure 1-14a) is to fabricate the 3D LLZO fiber network by electrospin the
precursor of LLZO followed by heat treatment. Once the network of LLZO has been obtained,
it can then be impregnated with the polymer solution. Fu et al.*° used this method, they dropped
the 3D LLZO cubic network with a solution of PEO/LITFSI/ACN. A SCE with 20 wt% LLZO
was obtained and showed a thickness of 40-50 um. An ionic conductivity of 2.5.10* S.cm™ at
RT was measured. Unfortunately, the increase in conductivity compared with PEO alone is not
explained. DSC analyses that could allow us to see the impact of the addition of the 3D LLZO
network on crystallinity are not given. In view of the results previously presented with LLZO
powder, we can assume that 3D LLZO reduces the crystallinity of PEO and therefore improves
its conductivity at RT.

The second option (Figure 1-14b) is to electrospun the LLZO/PEO-LITFSI mixture
directly. Guo et al.® presented the use of a core-shell nozzle in which a solution of
LLZO/PEO/LITFSI/ACN is present in the core and PEO/LiTFSI/ACN in the shell. These two
mixtures are electrospun to produce PEO-LITFSI fibers containing around 11 wt% of LLZO
particles. This technique produces objects with a thickness of 135 um to 200 um. What's
interesting about this article is that it compares SCE obtained by electrospinning to SCE
obtained by tape casting. They observe by DSC that the PEO melting peak shifts towards the
lowest temperatures, from PEO-LIiTFSI alone (67.9 °C), to tap-casting (64.8 °C) and finally to
SCE made by electrospinning (62.9 °C), explained by the authors, as different degrees of
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crystallinity which is in accordance with the XRD. SCE made by electrospinning has the lowest
melting temperature, an ionic conductivity (1.5.10* S.cm™ at 35 °C) almost two orders of
magnitude higher than PEO-LITFSI, indicating a lower degree of crystallinity. Furthermore,
Stress-strain curves obtained by Dynamic mechanical thermal analysis (DMTA) have enabled
to measure of tensile strength. The SCE fabricated using the electrospinning method achieves
the best result (7.46 MPa), higher than the PEO-LITFSI (2.62 MPa), and the SCE prepared by
the tap-casting method (5.94 MPa). They explain that this improvement can be attributed to the
mechanical reinforcement effect of uniformly dispersed LLZO and interwoven microfibers.

The two manufacturing processes using the electrospinning method ultimately give
similar conductivities.

Finally, whether LLZO particles, LLZO fibers, or SCE fibers are used, the ionic
conductivity is between 10°and 10 S.cm™ at RT. It is difficult to understand why there is an
order of magnitude between the different articles quoted above. However, it is important to
remember that the addition of LLZO generally improves ionic conductivity in most cases
compared with the polymer alone. This highlights the good synergy between PEO and LLZO.

Another method for manufacturing SCE is to use mechanochemical processes. This
technique includes two processes, the first is ball-milling (Figure 1-15), which is generally used
before tape-casting, and the second is the cold-sintering process (CSP), which is used to obtain
SCE directly. CSP was introduced by Randall et al.%? and is used to obtain dense ceramics at
low temperature under axial pressure, it was subsequently used to manufacture SCE. CSP will
be detailed in Chapter V.
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Figure 1-15.Schematic view of the SCE preparation using a ball milling®.

As mentioned earlier, ball-milling is used before the casting methods studied above.
This will improve the contact between the two electrolytes. Zagorski et al.*® studied the
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manufacture of SCE with 10 vol% LLZO doped with Gallium in PEO-LITFSI. They used the
ball-milling process to mix LLZO/PEO/LiTFSI/ACN and then poured the slurry into a Teflon
mold or carried out tape-casting. They measure a slightly lower conductivity for SCE than PEO-
LiTFSI (4.5.10* S.cm™? than 7.0.10* S.cm™ respectively at 70 °C). This result is in
contradiction with previously reported results, where the addition of inorganic filler improves
ionic conductivity. The authors explain that this may be due to the PEO chosen as a reference
and indicate that their values are often underestimated. On the other hand, SCE shows a much
lower interfacial resistance with Li-metal electrodes for SCE than PEO-LITFSI (33 vs. 300
Q.cm? respectively).

In section 111.1.4, we discussed the advantages of using si-SPEs to increase the number
of transport and avoid the growth of dendrites®2. Unfortunately, the grafting of the anion to the
polymer network greatly reduces the conductivity of the system®, so they are very interesting
candidates for the manufacture of SCEs, where the inorganic would improve conductivity
performance by creating an interface between the two electrolytes more favorable to Li*
diffusion. Yu et al. have developed a SCE based on a 3D-LATP network produced using the
electrospinning method. The polymer matrix is a si-SPE composed of poly[bis(2-(2-
methoxyethoxy)ethoxy)phosphazene] (MEEP) and LiTFSI containing 86 wt% Ethylene
carbonate/Dimethyl carbonate (EC/DMC). The homogeneous solution of LiTFSI, MEEP,
benzophenone (UV initiator), ACN, and LATP was sandwiched between Mylar foil, pressed to
the desired thickness, and in-situ polymerization through UV light exposure was carried out.
They obtained a self-standing film of 150 - 250 um with a volume ratio of LATP and polymer
solution is about 4:1 (approximately 33 wt% of LATP). The composite electrolyte exhibits an
ionic conductivity of 2.3.10* S.cm™ at 20 °C which is slightly lower than for si-SPE for a
single-ion (around 3.10* S.cm™), probably due to the lower amount of plasticizer (32 wt%
EC/DMC) in the composite membrane than in the si-SPE membrane (86 wt% EC/DMC). A t*
of 0.94 for SCE (vs. 0.93 for si-SPE) is measured and the electrochemical window is improved
from 4.9 t0 5.4 V (vs. Li*/Li) when LATP is added to the polymer.

Lechartier et al.*® produced a SCE based on LLZO particles (400-600 nm size) in a
single ion polymer matrix. Single ion polymer is composed of crosslinking polymer
(Poly(ethylene glycol) methyl ether methacrylate and poly(ethylene glycol) dimethacrylate)
and plasticizer (propylene carbonate; PC). Using the casting method in Teflon mold and in-situ
UV-photopolymerization, they obtained a flexible, self-supporting film 1mm thick containing
up to 50 wt% LLZO. They obtained the best conductivity (1.1.10* S.cm™ at 25 °C) for SCE

30



with 40 wt% LLZO vs. 4.8.10° S.cm™ for the polymer. Here too, it is necessary to add a
plasticizer to obtain such a high ionic conductivity (30 wt% PC) with a single-ion polymer
(3.10°" S.cm™* at 20°C for the polymer without PC*). Interestingly, they found a decrease of t*
from 0.73 for si-SPE to 0.57 for SCE at 26 wt% LLZO. Although they cannot unequivocally
explain this decrease, they assume the presence of anionic impurities from the LLZO or poor
grafting of the anion to the polymer network.

We can see that different processes are used to manufacture SCE. Whether by solvent
evaporation or in-situ polymerization, the processes have a crucial role to play in the

performance of SCE.
IVV. Mechanism of conduction for Li ion in SCE

Previous results have shown an improvement in the ionic conductivity performance by
adding conductive or non-conductive fillers. The mechanism conducting to this augmentation
of the ionic conductivity is not always discussed and understood. But it is very important to
know how the Li* moves in these composites in order to design the best SCE.

To study the diffusion mechanism of Li*in SCE, Yang et al.*® used solid-state Li
Nuclear magnetic resonance (NMR) with selective ®Li-isotope labeling and a ®Li—'L.i isotope-
replacement strategy. To determine the different Li ion pathways, a symmetrical cell made from
SLi leaflets and deposited on SCE was electrochemically cycled (|Li/SCE/®Li). During cycling,
the SLi ions were removed from the electrode and then diffused into the electrolyte to be
deposited on the second electrode. As cycling proceeds, the ®Li ions replace the ’Li ions in the
electrolyte, revealing the Li ion diffusion pathway (Figure 1-16¢). By analyzing the NMR
spectra obtained from the reference materials (LLZO nanowires and PAN-LiCIO4) they were
able to identify the Li peaks characteristic of each material (2.4 and 0.9 ppm respectively;
Figure 1-16b). On the SCE NMR spectrum, in addition to the peak at 0.9 ppm, they observed
the appearance of a new peak at 0.85 ppm, which they attributed to LiClO4 within the PAN
with a local structural environment that is modified by the LLZO nanowires. Quantification of
the Li NMR spectrum of the SCE reveals that 37.4% of the Li resonates at 0.85 ppm and 62.6%
of the Li at 0.90 ppm, which suggests that 37.4% of the PAN polymer matrix is modified by
the LLZO nanowires. To determine the diffusion phase of Li ions, they look at the evolution of
the NMR spectrum after 10 galvanostatic cycles of the cell described above. They show that
the intensity of the peak at 0.85 ppm increases, while that at 0.9 ppm remains unchanged. They

conclude that Li* prefers to diffuse through the modified regions of the PAN than through the
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unmodified regions. For them, this result demonstrates that a small amount of LLZO (5 wt%)
is required to significantly modify the local Li* environment in the polymer phase and improve
conductivity by 4.06.1077 S.cm™ for PAN-LiCIOa4 to 1.31.10™* S.cm™ at 20 °C for SCE with 5
wt% of LLZO nanowires. They explain that the increase in conductivity is not due, not like
with PEO, to a decrease in crystallinity, but by increasing the dissociation of Li* and the ClO4
anion, which in turn increases the concentration of free Li* in the SCE. This dissociation is
made possible by LLZO's high dielectric constant (40-60) and Lewis’s base surface groups with
a high affinity for the anion. This was supported by a comparative study, replacing LLZO with
Al203 nanowires (non-conductive), the latter with a dielectric constant of 9, which is lower than
LLZO. The conductivity of SCE Al2Os is an order of magnitude lower than that of SCE LLZO.
This demonstrates that a high dielectric constant promotes salt dissociation and hence ionic

conductivity.
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Figure 1-16. (a) Schematics of the symmetrical °Li/SCE/°Li cell and possible Li transport
pathways during battery cycling. (b) °Li NMR spectra of the SCE sample, a blank sample with only
PAN and LiClO4, and undoped LLZO NW powder. (c) ®Li NMR spectra comparison between the as-
made (pristine) and cycled SCEs®®.

Interestingly, Wang et al.% carried out a parametric study of the impact of the weight
proportion of LATP (65 nm of average particle size) in cation transport properties. Maximum
conductivity is obtained for 10 wt% (4 vol%) of LATP, i.e. a concentration at which percolation
via LATP particles involving direct contact is unlikely. However, based on a phase distribution
calculation model, they deduce that the maximum conductivity observed is compatible with

percolation through the interphase. They also show that above a certain percentage of inorganic
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content (10 wt%), ionic conductivity decreases. This decrease is thought to be due to the
agglomeration of the LATP particles, which reduces the interphase volume fraction. This opens
the way to different conduction mechanisms depending on the volume fraction of inorganic
filler.

Zheng et al.%” used high-resolution solid-state ®’Li NMR to understand the Li diffusion
pathway in an SCE composed of a PEO-LiCIO4 matrix with 50 wt% LLZO. They have used a
similar approach like Yang et al.%. First, the individual materials are studied. A single °Li
resonance at 0.2 ppm was observed for LiClO4 within the PEO polymer matrix and at 2 ppm
for pure cubic LLZO. In the SCE NMR spectrum, the two characteristic peaks of the raw
materials are found, plus a shoulder at 1.4 ppm. This peak is attributed to Li at the PEO-LLZO
interface. The resonance of interfacial Li is significantly broader than that of LLZO and LiClO4
in PEO, indicating a high degree of structural disorder at the interface. The chemical shift of
interfacial Li (1.4 ppm) is closer to that of LLZO Li (2.0 ppm), suggesting that interfacial Li
originates from the LLZO surface and is strongly affected by the PEO matrix.

After cycling the SLi/SCE/®Li cell, it shows a significant increase in the LLZO peak
(39%) and a slight increase in the interfacial Li resonance (6%) (Figure 1-17). This means that
a large amount of ’Li has been replaced by °Li in the LLZO, confirming that Li* mainly diffuses
through the LLZO particles.

biased potential
_—

6Li Electrolyte °Li
_ !, Li ‘ ‘

Interface
H 6Li shift 6/ ppm

Figure 1-17. Schematics of the symmetrical ®Li/SCE/Li cell and possible Li transport pathways
during battery cycling. Comparison of the NMR spectra of battery before and after cycling®’.

The same team therefore investigated the compositional dependence of the three factors
that determine ionic conductivity, including ion mobility, ion transport pathways, and the
concentration of active ions in SCE with PEO-LiTFSI and LLZO®%. They illustrated the

conduction pathways of Li ions in Figure 1-18. They explained that for a low LLZO content
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(<20 wt%) the SCE behaves like a polymer electrolyte but differently because it is modified by
the LLZO particles. As the weight proportion of LLZO increases (> 50 wt%), a critical point is
reached where the LLZO particles are percolated and the SCE conduction functions like a
ceramic electrolyte. However, LLZO particles are diluted by the polymer matrix, so LLZO

particles have a much lower ionic conductivity than dense ceramic pellets.
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Figure 1-18. Schematics of Li-ion diffusion pathways in PEO(LiTFSI)/LLZO SCEs for different
LLZO weight proportion®.

In conclusion, the understanding of Li ion diffusion in SCE is the subject of much
research. It is important to note that, depending on the quantity of inorganic introduced into the
polymer phase, the diffusion mechanisms differ. Analytical techniques such as NMR or
impedance spectroscopy are therefore essential for understanding diffusion phenomena. It has
been shown that when the inorganic content is less than 20%, Li ion diffusion occurs mainly
through the polymer phase. However, this can be modified by the presence of the inorganic
filler, which makes it more conductive, either by improving the dissociation of Li* and the anion
or by reducing the crystalline domains of the polymer. On the other hand, at a high level of
inorganic charge (50 wt%), the LLZO lattice percolates and becomes the diffusion route for Li
ions. To our knowledge, no study to date has shown the passage of Li* from one phase to the

other.
V. Interface PEO||LLZO

When designing the SCE, it is important to understand the interface between the two
components. As mentioned earlier, to our knowledge, no study demonstrates the migration of
Li* ions between the LLZO and the polymer matrix, and vice versa. Some studies have designed
multilayer structures to induce the transfer from one matrix to the other and investigate the
interfacial resistance. Chapter 1V will be dedicated to this investigation, so we won't go into

detail in this section.
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Gupta et al.* designed a tri-layer cell to analyze the interfacial kinetics of Ta-doped
LLZO (LLZTO) with PEO (Figure 1-19).

Thermocouple LLZTO Thermocouple
hole hole

PEO-LITFSI
Figure 1-19. Schematic of a three-layer cell Au/PEO-LiTFSI/LLZTO/PEO-LiTFSI/Au®.

By using EIS measurements and deconvolution of each phenomenon occurring in this
tri-layer setup, it is possible to determine the interfacial resistance (Rinterfacial) between the two
electrolytes and the parameters influencing it. The tri-layer structure consists of a LLZTO
pellet, sintered at high temperature, sandwiched between two PEO-LIiTFSI membranes. By
knowing the EIS response of each electrolyte and employing a defined electronic circuit, it is
possible to measure the value of Rinterfacial. They demonstrate that the LLZTO||PEO-LITFSI
interface is the limiting factor for the ionic conductivity of the tri-layer structure. This
LLZTO||PEO-LITFSI interface can be affected by the presence of impurities on the surface of
the LLZTO pellet and also by the difference in Li* concentration ([Li*]) of the two electrolytes.
They explain that impurities, such as Li2COs, can lead to an increase in Rinterfacial because it is
highly resistive. Moreover, Li2COs increases the oxygen density on the surface of the LLZTO,
which induces electrostatic repulsion with the oxygen in the PEO, resulting in a higher hopping
distance for Li*. By applying a second heat treatment to the pellet to remove the Li.COs layer,
they observed a decrease in Rinterfacial from 14.57 to 0.20 kQ.cm? for the untreated pellet vs. the
retreated pellet at 700 °C respectively. To demonstrate the influence of the Li* concentration
gradient on the value of Rinterfacial, the authors prepared several batches of PEO-LIiTFSI, with
different [EO]:[Li] ratios. After EIS measurements, they observe that Rinterfacial first decreases
to reach a minimum (0.44 kQ.cm?) at a ratio of 15:1 and then increases again (Figure 1-20).
Ideally, as the [Li*] increases, the difference in concentration between the two electrolytes
would decrease and so would Rinterfacial. But this is not the case, and they explain this by the

precipitation of the Li-salt in the PEO, so it does not participate in conduction.
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Figure 1-20. Effect of EO:Li in the PEO-LITFSI electrolyte on the PEO-LIiTFSI||LLZTO

interfacial impedance®.

Langer et al.'® carried out a similar study on a tri-layer of LLZO and PEO-LiClOs..
Using the same methodology as the authors previously cited, the EIS measurements made it
possible to determine the factors influencing the value of Rinterfacial. In this study, what it denotes
from the previous one is the integration in the electronic circuit of an element accounting for
the roughness of the LLZO pellet. By fitting the impedance data with a Levie element, the two
contributions of the pores and the ionic transition across the phase boundary can be separated.
This study revealed that ionic movement across the interface is an obstacle.

EIS measurements and the use of electronic circuits are powerful tools for defining and
deconvoluting the phenomena occurring at the interface of the two electrolytes. This has
enabled the interfaces to be optimized. Kuhnert et al.1®! have investigated the modification of
the LLZO surface to reduce Rinterfaciat With respect to PEO. To do this, they treated the LLZO
by plasma etching and, using a sol-gel reaction, created a covalent bond with a spacer that
would enable the PEO to be bound to the LLZO surface. The use of this spacer avoids
electrostatic repulsion between the oxygens on the surface of the LLZO and the oxygen in the
PEO. This reduced the value of Rinterfacial.

The manufacture of an SCE today is currently very promising for their use in ASSBs.
However, the interfaces between the two electrolytes need to be fully understood in order to

optimize their manufacture.
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VI.

Conclusion and thesis perspectives

As studied previously, electrolytes are an essential component in the emergence of
ASSBs. SPEs have the advantage of being easily integrated into the current Li-ion battery
manufacturing process. Unfortunately, these batteries operate at high temperatures (>60 °C), so
the energy produced in the battery is also used to heat the system, which reduces their
performance. At RT, SPEs have low conductivity (<10 S.cm™). In addition, SPEs have poor
mechanical properties, which can cause issues when batteries operate at high temperatures. SIE,
on the other hand, has better conductivity performance at RT (103-10* S.cm™). Sulfur
electrolytes, which have demonstrated high performance and ductility that makes them easy to
densify and compensates changes in volume in electrode, make them very attractive.
Unfortunately, these materials are less chemically stable and give off dangerous gases when
exposed to humidity. This means that great care needs to be taken when developing them, and
makes battery manufacturing processes difficult. Oxides, on the other hand, show a high ionic
conductivity at RT and much better chemical stability with respect to Li-metal or humidity. But
the high Young's modulus indicates that the materials are very brittle and it is difficult to use
them in thin layers. In addition, their synthesis and densification require very high temperatures,
which would imply a very high-cost manufacturing process. And it would not be possible to
incorporate them into current battery manufacturing processes.

To overcome the problems presented by SPE and SIE, a new category has been created.
SCEs combine the advantages of both families while reducing their shortcomings. The
manufacture of SCEs nevertheless involves optimizing the mixing process so that it is as ideal
as possible for the conduction of Li ions. In addition, a great deal of work needs to be done on
the proportions of each of the components in the SCE so as not to hamper conduction and
mechanical properties. It is also necessary to understand the phenomena involved in conduction
in SCE.

In this work, we have therefore chosen to manufacture a SCE based on a PEO network
and LLZO. The interest of this work is, first, to study the synthesis of a SPE network (Chapter
I1). We will then study the factors influencing the thermal and mechanical properties of a cross-
linked network. In order to be able to compare with the literature, we will contrast a SPE
containing the LiTFSI additive with a si-SPE to observe the impact of anion grafting on ionic

conductivity and electrochemical properties.
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Once the SPE had been studied, it was possible to use it into a SCE. To understand the
interfacial phenomena of these two components, an electrochemical impedance analysis study
was carried out on multilayers (Chapter 1V). The impact of in-situ polymerization on the
interfacial resistance between PEO and LLZO will be demonstrated.

Following the example of the studies presented in section IV, we have chosen to design,
manufacture and characterize a panel of SCE compositions. To produce a predominantly
polymeric SCE, we have chosen to fabricate an LLZO network by electrospinning, which will
be impregnated with a capillary SPE solution and then subjected to in-situ polymerization
(Chapter 111). In contrast, for a predominantly inorganic compound, we explored cold-sintering

coupled with in-situ polymerization to form the polymer network (Chapter V).
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Chapter II.



Correlation between lonic and Mechanical Properties of Solid PEO
Polymer Electrolyte

Buildings points:

Designing PEO networks through a straightforward and solvent-free copolymerization
process

Understanding the correlation between storage modulus, glass transition temperature,
and ionic conductivity

Determining the transport number using electrochemical (Bruce-Vincent) method and
diffusion coefficient measurement (NMR)

Investigation and comparison of electrochemical properties between networks with Li-
salt and Li-monomer
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Résumeé

L’étude des électrolytes solides polymeres a base de poly(éthyléne oxide) pour les
batteries tout solide est tres prometteuse et suscite de nombreuses recherches. Les électrolytes
polymeéres présentent I’avantage d’étre facilement mis en forme et transposables aux procédés
de fabrication actuels des batteries Li-ion. Malheureusement, les conductivités a température
ambiante restent limitées (10° — 10° S.cm™). De plus, les électrolytes a base de PEO présentent
des nombres de transport faibles (t* ~ 0,3). Bien qu'a des températures plus élevées (> 60°C),
ces électrolytes montrent des conductivités acceptables (~ 102 S.cm™), cela entraine une
dégradation des propriétés mécaniques. Une des solutions pour atténuer cette perte mécanique
consiste a utiliser des polymeres réticulés plut6t que des polymeres linéaires.

Ce chapitre présente la synthése et la caractérisation d’une série de réseau PEO, dans
I'un des cas contenant un sel de Li, et dans I'autre, un monomere de Li dont le contre-anion peut
étre greffé aux chaines de PEO. La synthese de ces réseaux a été réalisée en utilisant deux
précurseurs polymeres liquides et commerciaux, ce qui a permis d’effectuer une
copolymérisation sans solvant et d’obtenir un réseau amorphe. Ceci permet de s’affranchir des
problémes de cristallinité causant généralement la chute de la conductivité ionique a
température ambiante. Pour confirmer le greffage de 1’anion aux chaines PEO, la mesure de la
fraction soluble a été employée. Les analyses des propriétés mécaniques et thermiques ont
démontré I'homogénéité des membranes polymeres.

Une étude portant sur I'impact de la densité de réticulation sur la température de
transition vitreuse (Tg), le module de stockage (E”) ainsi que sur la conductivité ionique a révélé
une corrélation entre ces trois parameétres. Lorsque la densité de réticulation augmente, une
diminution de la conductivité ionique est observée, accompagnée d’une hausse de la Tg et de
E’. Cela confirme le role de la mobilité des chaines PEO. De maniére intéressante, la valeur
unitaire de 1 a été mesurée pour le nombre de transport selon deux methodes (électrochimique
et mesure des coefficients de diffusion) pour le réseau contenant I’anion greffé. De plus, sa
stabilité électrochimique a été repoussée a des valeurs de potentiel élevé (6 V) ouvrant ainsi la
possibilité d'utiliser ces polymeéres dans la formulation de cathode a haut potentiel. Cependant,
la conductivité de ce réseau demeure insuffisante (107 S.cm™). Par conséquence, il est
nécessaire d’améliorer la chimie de réticulation afin de réduire le module de stockage et

d’augmenter la conductivité ionique.
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Correlation between lonic and Mechanical Properties of Solid PEO
Polymer Electrolyte

The article was submitted to ACS Applied Materials & Interfaces and is under revision.

Abstract

Poly(ethylene  oxide) (PEO)  networks with or  without anionic
bis(trifluoromethanesulfonyl)imide (TFSI) grafted groups are promising electrolytes for Li-
metal all solid-state batteries. However, the current state of knowledge about the physico-
chemical characteristics of the polymer networks needs to improve to achieve both the
mechanical and ionic properties required for electrolyte materials of Li batteries. To address
this issue, we aim to identify the effect of the crosslinking density of the PEO network and the
ethylene oxide/lithium ratio on the mechanical properties (glass transition temperature, storage
modulus) and the ionic conductivity. A series of cross-linked PEO polymer (si-SPE for single
ion Solid Polymer Electrolyte) was synthesized through a solvent-free radical copolymerization
initiated thermally of commercially available lithium 3-
[(trifluoromethane)sulfonamidosulfonyl]propyl methacrylate (LIMTFSI), Poly(ethylene
glycol)methylether methacrylate (PEGM) and (poly(ethylene glycol) dimethacrylate)
(PEGDM). Instead of LIMTFSI as an ionic species, a series of cross-linked PEO polymers (SPE
for Solid Polymer Electrolyte) have been synthesized with LiTFSI. Most of the polymer films
synthesized are flexible, homogeneous and thermally stable. Interestingly, a correlation
between ionic conductivity and mechanical properties was highlighted in both SPE and si-SPE
series. lonic conductivity increases with a decrease of glass transition, o relaxation temperature
and storage modulus, attesting that Li* transport depends on the polymer chain flexibility and
the Li*/EQ interaction.

Keywords

Cross-linked polymer network — Solid Polymer Electrolyte — Single ion conductor —
Transport number — Mechanical properties
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Introduction

Growing demand for portable energy storage urges researchers to improve the storage
capacity of the batteries. While Li-ion technology approaches the limit of their capacities,
research efforts are devoted to the next generation of Li batteriest. Li-metal is an anode of
choice thanks to its high theoretical capacity but it suffers from security issues due notably to
the formation of dendrites. The latter results from irregular metallic Li electrodeposits induced
by, the formation of the solid electrolyte interphase (SEI) layer, coming from the contact of Li-
metal with organic liquid electrolyte?3. On the other hand, polymer-based Solid-State Batteries
(SSBs) have attracted great attention in recent years due to their enhanced safety over
conventional liquid electrolytes in terms of electrolyte leakage, wide operation temperature,
and dendrite growth®>. In these systems, the classical polymer electrolyte is based on
polyethylene oxide (PEO), due to its excellent capability to dissolve Li-salts, thanks to the
complexation of Li* with ethylene oxide sites and its interesting ionic conductivity yet at
relatively high temperatures (> 60 °C). More specifically, the PEO/lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI) system has been widely studied because of the
high dissociation and plasticizing capabilities of LiTFSI, that which lead to better ionic
conductivities compared to other salts®’. However, the high crystallinity and the low
mechanical strength of PEO are still issues to be improved®. Specifically, its crystallization at
ambient temperature limits its ionic conductivity, due to the reduction of amorphous
conductivity pathways caused by the spherulitic growth®.

Many strategies have been explored to enhance the ionic conductivity of solid polymer
electrolytes (SPE) based on PEO (Table 11-1).

Among them, adding a plasticizer into the PEO matrix allowed the suppression of its
crystallinity as well as decreasing ion-pairing of the Li-salt, increasing ionic mobility. Aprotic
organic solvent and low molecular weight PEO have been added to the PEO-LiX matrices.
Even though the ionic conductivity value of 104 S.cm™ has been reached at room temperature,
a loss of mechanical properties has also been observed with a liquid plasticizer. On the other
hand, while propylene carbonate (PC) and ethylene carbonate improved ionic conductivity but
unexpectedly reduced the Li transport number of the plasticized polymer electrolyte’®. Another
strategy encountered is to increase the oxygen ether sites in order to increase the matrix polarity,
thus the ionic mobility'!. Balsara’s group has extensively explored this strategy based on the
synthesis of poly- (1,3,6-trioxocane) (P(2EO-MOQ)), a polyether containing two ethylene oxides
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and one methylene oxide in their units!*2, The ionic conductivity of the resulting SPE with
LiTFSI is lower than that the same electrolyte based on PEO, interestingly with an improvement
in Li transport number from 0.08 to 0.2. Additionally, by blending the P(2EO-MO) with PEO
led to a new matrix for SPE, with however a similar ionic transport property as the conventional

PEO matrix with best results solely reporting an ionic conductivity around 10* S.cm™, even at
temperatures as high as 60 °C.
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Table I1-1. Main characteristics of PEO-based SPEs reported in the literature.

PEO-based polymer matrix Additive/ lonic Electro- t* Authors/Ref
Solvent conductivity  chemical
(S.cm) windows  Transport
number

Linear polymer

PEO Linear LiTFSI 10°3@60°C 0.15-0.44 Devaux and al.13

@90°C

Polymer blend

PEO-P(2EO-MO) LiTFSI/ 10 @90°C 0.08t00.2 Gao and al.2

@90°C
THF

PEO-PFSILi MeCN 2.10*@80°C 0-5.5V 0.9 Shi and al.**

Phenylsulfonyl(trifluoromethyl- ~ MeCN/H20 2.10*@90°C 0.90-0.92 Nguyen and al.®

sulfonyl)imide lithium salt /

PEO @90°C

LiPSsTFSI-PEO DMF 1.104@90°C 0-4.5VvV 0.91@60°C Ma and al.t

Copolymer

combPEO LiTFSI/ 10 @60°C 0-4.5V 0.15@90°C  Devaux and al.1®

CH2Cl/MeCN

P(STFSILi)-b-PEO-b- Dioxane 1.10°@60°C 0-6.5V 0.85@90°C  Bouchet and al.?

P(STFSILi)

Li[PSTFSI-co-MPEGA] DMF or MeOH 8.10°@25°C 0.94@60°C Feng and al.Y

PS-b-P(MALIi-co-OEGMA) THF/MeOH 2.10°@20°C  0-5V 0.84@90°C  Rolland and al.18

PEO-PSLITFSI DMF 3.108@25°C 0.95@90°C  Inceoglu and al.*®

poly(PEGM)-b-poly(LiMTFSI)  DMF 2.10%@25°C  0-4.5V 0.83@70°C  Porcarelli and al.?°

PMATFSI-b-PEO-b-PMATFSI  Dioxane 3.10%@60°C  0-4V 0.8-0.92 Devaux and al.?
@90°C

Network

PEGM-PEGDM LiTFSI/PC 2.10%@25°C 0.14@70°C  Lechartier and al.22

PEGM-PEGDM-LIiMTFSI PC 1.10“@25°C  0-5.5V 0.89-0.91 Porcarelli and al.%
@70°C

PEGM-PEGDM-LIMTFSI PC 5.10°@25°C 0.73@60°C Lechartier and al.%

Lithium poly (bisphenol A MeCN 2.107@25°C  0-5.5V 0.92@60°C  Zhang and al.>*

borate) / PEO

Lithiated mimic neurons in Acetone 1.10“@25°C 0.974 Li and al.2®

PEGMA

The design of nanostructured block copolymer electrolytes (BCEs)>2¢-?8, generally with

PEO blocks, has been proposed to improve the mechanical properties of the SPE, typically at
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temperatures higher than the melting temperature of PEO. For instance, Bouchet et al.'® have
designed a large number of BCEs based on either 1/ linear polyethylene oxide (PEO) or 2/
combination of PEO as the ionic conductor block, and poly(styrene) as the structural block
(combPEO), using LiTFSI as electrolyte. The authors concluded that combPEQ blocks allow
the suppression of PEO crystallization and mechanical properties of the BCEs depend only on
the molecular weight (Mn) and the volume fraction of the polystyrene block. Finally, these self-
standing BCEs were obtained with a typical ionic conductivity of PEO/LITFSI systems, ca. 10°
4S.cm™ at 60 °C for the optimized design.

To obtain self-standing and highly conducting SPE at room temperature, Mecerreyes
et al.?® have reported the synthesis of single-ion conducting polymer electrolyte gel via an in
situ radical copolymerization of PEGM and PEGDM in the presence of PC. These self-standing
materials showed a combination of high Li transport number (0.86 £ 0.02 at 25 °C) and high
ionic conductivity at ambient temperature (¢~ 10™* S.cm™) but required the presence of
carbonate solvent.

In these various works, the materials are mainly characterized by their ionic
conductivity, often measured at different temperatures, which makes them difficult to compare.
Transport numbers are rarely mentioned, as the potential stability range of the materials.
Finally, the characterization of the mechanical properties is only very little approached. Thus,
the relationships between these different properties are rarely studied.

The present work reports a simple design of SPE combining (i) PEO network for both
self-standing characteristics and crystallization suppression with (ii) LIMTFSI monomer for
single-ion conducting properties. A systematic investigation on the effects of the crosslinking
density of the PEO network and the ethylene oxide/lithium (EO/Li) ratio on the glass transition
temperature (Tg), storage modulus (E") and the ionic conductivity of electrolyte materials has
been carried out. PEGM and PEGDM were selected as precursors of PEO networks because
they are liquid and allow a solvent-free synthesis. The variation of the proportions between the
two precursors allows for modifying the crosslinking density. The EO/L.i ratio was modulated
by dissolving different amounts of methacrylate salts (LIMTFSI) in the PEGDM/PEGM
mixtures with which they were then copolymerized to graft the anion on the PEO network. The
Li transport numbers and the electrochemical stability window of the most promising samples
were then evaluated. All these properties were systematically compared with those of the
polymer network with un-grafted anions, synthesized by replacing methacrylate salt with
LiTFSI additive.
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Experimental
1.1 Materials

Poly(ethylene glycol) methyl ether methacrylate (PEGM, Mn =500 g.mol™, Sigma Aldrich),
poly(ethylene glycol) dimethacrylate (PEGDM, Mn=750 g.mol~, Sigma Aldrich) and lithium
3-[(trifluoromethane)sulfonamidosulfonyl]propyl methacrylate (LiMTFSI, Specific Polymer).
2,2'-azobis(2-methylpropionitrile) (AIBN, initiator, 98%, Sigma Aldrich) was recrystallized in
methanol before used. Bis(trifluoromethylsulfonyl) amine lithium salt (LiTFSI, > 99%, Sigma
Aldrich) and lithium metal (99.9% Sigma Aldrich) were kept in the glove box (H20 < 0.1 ppm).

1.2. Materials synthesis

Single-ion solid polymer electrolyte (si-SPE) synthesis: PEGM, PEGDM and LIMTFSI were
introduced in a vial according to the desired proportions (Table 11-2) and stirred at room
temperatures until LIMTFSI was completely dissolved (2 h). 2% of AIBN was added to the
mixture, which was then degassed and flushed with nitrogen until the AIBN was dissolved (2-
3 h). The mixture was poured into a mold made with two glass plates separated by a Teflon
gasket. The gasket thickness was 125 um or 500 um. The molds were then placed in an oven
at 70 °C for 2 h and then at 90 °C for 1 h. The resulting polymer membranes were dried under
vacuum (10-15 mbar) at 70 °C in a glass oven (BUCHI B-585) for 12 h. The membranes were
kept in a glove box (at ambient temperature and H20 < 0.1 ppm) until their characterization.
SPE-synthesis: PEGM, PEGDM and AIBN were introduced in a vial at the desired quantities
(Table 11-2). The vial was then placed in a glove box (H20 < 0.1 ppm) and the required amount
of LiTFSI was added to the mixture. The mixture was stirred until the LiTFSI was dissolved (1
h). The SPE membranes were synthesized using the same mold, the same synthesis and storage
protocol as those for the si-SPE.

The samples were named respectively si-SPExy and SPExy, where x is the LIMTFSI or LiTFSI
weight proportion in the material and y is the PEGDM weight proportion. The 80:20
PEGM:PEGDM ratio without LIMTFSI or LiTFSI was used as the reference and was noted
pristine (Table 11-2).
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Table 11-2.Sample Compositions and main characteristics of SPE,y and si-SPExy polymer
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11.3. Characterization

The soluble fraction of the different materials was quantified by solid/liquid extraction of a
known weight (Wo) sample with an automated Soxhlet extractor BUCHI SPEED-
EXTRACTOR E-914 and methanol as extraction solvent. For extraction, 3 cycles of 10 min
were carried out at 80 °C under 100 bars. After extraction, the samples were dried under vacuum
(10-15 mbar) at 60 °C until constant weight and then weighted (We). The soluble fraction was
calculated as follows:

Wo—-WEg

% soluble fraction = * 100 Equation 1

0

Differential Scanning Calorimetry (DSC) measurements were performed ona DSC Q20 (TA
Instruments). Samples from 10 mg to 20 mg were introduced in an aluminum capsule. They
were first cooled to -80 °C and, after an isotherm of 1 min, a temperature ramp was applied (10
°C.min) up to 150 °C. Then, an isotherm at 150 °C was applied for 1 min, and the temperature
was decreased to -80 °C with a cooling rate of 10 °C.min. This cycle was repeated twice. The
glass transition temperature (Tg) was measured on the second cycle, with the TA Universal
Analysis software, by drawing the tangents to the heat flow curve at temperatures above and
below the glass transition. The accuracy on Tgis + 4 °C.

Dynamic mechanical thermal analysis (DMTA) was carried out with a DMA3200 (TA
Instruments) operating in tensile mode (strain: 0.05%, pre-tension: 0.01 N). The measurements
were typically performed on 10 x 7 x 0.5 mm (length x width x thickness) samples at a
frequency of 1 Hz and ranging from -80 °C to 150 °C (after a 1 minute isotherm at -80 °C) with
a 3 °C.min! heating rate. The setup provided the storage and loss moduli (E' and E"). The
damping parameter or loss factor (tan 8) was calculated as tan 6 = E"/E'. Ta. corresponds to the
temperature where tan & is maximum.

Thermogravimetric analysis (TGA) was performed using a NETZSCH STA 409 PC/PG.
Samples with an average weight ca. 20 mg were placed in a platinum pan and heated from 30
°C to 900 °C at 10 °C.min. Synthetic air with a flow rate of 60 mL.min" was used as the
sweeping gas. The thermal stability of SPEis.16 and si-SPE21.16 was analyzed by TGA (Figure
SIL.11-1), they do not exhibit any degradation up to 200 °C which is highly satisfactory for
electrolytes.

Electrochemical impedance spectroscopy (EIS) was carried out using a 1260 Solartron FRA
device between 107 Hz and 10 Hz, with a perturbation of 100 mV at the open circuit voltage

(OCV). The sample was assembled in a Swagelok-type cell using two stainless-steel blocking
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electrodes. The contact pressure was maintained with a spring (0.4 MPa). Data quality was
evaluated using the Lin-KK Tool. 23! The distribution of relaxation time (DRT) analysis was
performed using the MATLAB toolbox DRTtools.

To estimate the ionic conductivity of the samples, the intercept of the first semicircle in EIS
measurements was considered to correspond to the bulk resistance (Rouk) from which the

conductivity was estimated using the following relation:

o=— Equation 2
Rpulk*S

where e is the thickness and S is the surface area of the sample. The measurement was carried
out every 10 °C between 20 and 80 °C. The temperature was controlled using an environmental
simulation chamber (Memmert). Cells were allowed to reach the thermal equilibrium for at
least 1h before each test.

The Li transport number, the stability in potential and stripping plating measurements were
carried out on a Bio-logic SP300 with a Swagelok-type cell. All cells were assembled in a glove
box under argon (H20 < 0.1 ppm). A Li-metal/polymer electrolyte/Li-metal cell was assembled
and subjected to a 60 mV polarization bias (AV) to determine the initial (i°) and steady state
(i) currents. EIS was performed by applying a 100 mV perturbation between 108 Hz and 0.1
Hz at the OCV. In addition, the bulk resistance corresponds to the first semi-circle according to
the characteristic frequencies. The values are ~ 10°% Hz for SPE and ~10* Hz for si-SPE @ 25
°C (5.10° Hz for SPE1s16 and 6.10° Hz for si-SPE21,16 @ 80 °C)!*%?, The bulk resistance was
measured before (R%ui) and after (R*buik) polarization. tui+ was calculated using the following
equation?’:

tro, = FORE-(AVoi®Riyy)
Li+ ™ j04RY | *(AV-i®*R)

Equation 3

Note that the second cycle at low frequency corresponds to the response of the Li/polymer
interface before (R%n) and after polarization (R int), according to their characteristic frequencies
(~ few Hz).

Cyclic voltammetry (CV) was used to determine the electrochemical stability window of the
solid polymer electrolytes at 70 °C. The electrochemical cell was assembled by sandwiching
the block copolymer between the working electrode, and a metal Li foil as a reference and
counter electrode, simultaneously. Stainless steel and copper were used as the working
electrode during anodic and cathodic stability measurements, respectively. Potential scans were
carried out between OCV and 7 V versus Li*/Li at a constant scan rate of 1 mV.s ! to determine

the anodic limit.

62



Galvanostatic cycling was employed to evaluate the critical current density (CCD). The
symmetric cells were assembled in a Swagelok-type cell. The contact pressure of 0.4 MPa was
maintained with a spring. First, the CCD value was estimated. To do so, the starting current
density was 0.01 mA.cm and the current was subsequently increased up to 0.08 mA.cm™. An
increase of the current by 0.04 mA.cm was selected for each step. The plating and stripping
were performed for 1h and separated by a rest period of 5 min, respectively. The measurement
was stopped when the potential reached 4.5 V according to the working conditions of the
cathode materials. After determining the CCD, the current density was fixed just below the
CCD value, i.e. 0.2 mA.cm™ for si-SPE21.16 and 0.12 mA.cm™ for SPE1s.16, for a period of 100
cycles of stripping and plating (200 h) to study the stability of the polymer against Li-metal
electrode.

Li and TFSI diffusion coefficients were measured by NMR spectroscopy. Experiments were
performed on a Bruker Av"' 300 spectrometer, operating at 116.64 MHz for ’Li and
282.38 MHz for '°F, equipped with a 5 mm BBFO probe (z gradient, Gmax=49.7 G.cm™) ora 5
mm DIFF30 probe (z gradient, Gmax=1200 G.cm™) associated to a ’Li/’D or °F/D insert.
Measurements were made at 84° + 1 °C on a stripe of polymer electrolytes (~20 x 4 x 0.3 mm?),
introduced in a 5mm standard NMR tube. A pulsed field gradient stimulated spin echo
sequence, with bipolar gradients and longitudinal eddy current delay (ledbpgp2s, from the
Bruker standard library) was used. The eddy current delay was set to 5ms and a smooth square
shape (SMSQ10.100) was chosen for the gradient pulses. From 16 to 32 gradient values were
used, ranging from 2% to 90% of the maximum gradient strength. The diffusion delay (D20)
and the gradient pulse length (P30) were optimized for each sample and nucleus ('Li or °F) in
order to obtain an echo intensity below 10% at the strongest gradient, except for the °F
measurements on the Si-SPE21.16 sSample in which TFSI is grafted to the polymer network does
not diffuse. Measures were performed with at least two different pairs of parameters (D20 and
P30) to ensure reliability. The evolution of the echo intensity (or area) as a function of the
gradient strength g was fitted with the standard Stejskal-Tanner formula to determine the

diffusion coefficient D% :

I 2(ar 8 .

— = exp(—D(y8g) (A — —)) Equation 4

Io 3

where lo is the echo intensity at zero gradient, y is the gyromagnetic ratio of the observed

nucleus ("Li or *F), & the bipolar gradient pulse length (2*P30) and A’ the corrected diffusion
delay (D20+P30/24-D16/2, with D16 being the gradient recovery delay that was set at 0.2 ms).
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The longitudinal (T1) and transverse (T2) relaxation times were measured with inversion

recovery and cpmg pulse sequences, respectively.
Results and discussion

i.1. Single-ion solid polymer electrolytes polymer network synthesis

A series of single-ion solid polymer electrolytes (si-SPE) has been synthesized in an
one-pot and solvent-free reaction from poly(ethylene glycol) methyl ether methacrylate
(PEGM, Mn 500 g.mol?), lithium 3-[(trifluoromethane)sulfonamidosulfonyl]propyl
methacrylate (LiMTFSI) and poly(ethylene glycol) dimethacrylate (PEGDM, Mn 750 g.mol™),
used as crosslinker. Another series of solid polymer electrolytes (SPE) was obtained by
replacing LIMTFSI monomer with LIiTFSI salt. The free-radical polymerization of the
methacrylate function was initiated by 2 wt% of 2,2'-azobis(2-methylpropionitrile) (AIBN)
concerning the monomers. A thermal curing of 2 h at 70 °C, followed by a post-curing of 1 h
at 90 °C, was then applied.®. The synthetic scheme of (single-ion) solid polymer electrolytes
is presented in Figure IlI-1 and their composition as well as their main physico-chemical
characteristics are summarized in Table I1-2. The obtained materials were self-standing and
easy to handle in most cases. Depending on their composition, they change from flexible to
hard and up to very brittle (Table 11-2).
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Figure 11-1. Synthesis scheme of different (a) single-ion solid polymer electrolyte (si-SPE) and

(b) solid polymer electrolyte (SPE).

First, the formation of the polymer networks for SPE and si-SPE samples was verified
by the solid/liquid extraction with methanol, which can solubilize all precursors (Figure 11-2).
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Indeed, if the copolymerization is efficient, only LiTFSI salt can be removed from SPE. The
pristine PEGM:PEGDM 80:20 network without Li monomer or Li-salt, contained only 2 wt%
of soluble fraction, attesting to the polymer network formation. As expected, the soluble
fractions of the SPE samples increase linearly with the weight proportion of LiTFSI salt and
they are only slightly higher than the quantity of LiTFSI salt introduced during the synthesis.
This result indicates that the addition of LiTFSI into the PEO network precursor does not
modify the formation of the PEO network.

On the other hand, the series of si-SPE synthesized from PEGM:PEGDM 80:20 mixture
with different contents of LIMTFSI exhibits at most 6 wt% of soluble fraction (Figure 11-2),
witnessing the efficient copolymerization of the different monomers: the Li-salts monomers
(LIMTFSI) are grafted onto the polymer networks.

35 T T T T T T T T

Soluble Fraction (% wt)
= = N N w
o al o al o
1 1 1 1 1
1 1 1 1 1

&)
1

o

10 15 20 25 30 35 40 45
% wt LIMTSI or LiTFSI

®
]
u u
T
5

o

Figure 11-2. Soluble fractions si-SPEs (M) and SPEs (®) versus the Li content added in the
synthesis while keeping the same weight ratio of PEGM:PEGDM = 80:20.

The copolymerization efficiency was also approved by the absence of polymerization
exotherm during the first DSC scan of resulting materials (Figure SI.11-2). Furthermore, the
DSC analyses demonstrate the amorphous character of all the synthesized polymers since no
crystallization exotherm was detected (Figure SI.11-3). Tq4 values of the different materials were
determined from these DSC thermograms. While the pristine sample exhibits a Tq of -60 °C,
the presence of only 5wt% of Li-salt or Li monomer increases the Ty to -55 or -52 °C,
respectively. This increase is linked to the strong interaction of the Li* to the PEO chains, as
usually reported in the literature®3*. This effect is more remarkable with Li monomer, where
the Tg reaches -29 °C at 40 wt% of MTFSI. Indeed, in the latter case, not only the interaction

65



of Li/PEO chains occurs but also the introduction of ionic monomer (MTFSI) within the
polymer network rigidifies the network itself, leading to a more pronounced increase in Tg. In
addition, the T can also be tuned by modulating the weight ratio between the PEGM:PEGDM,
thus varying the crosslinking density (Table 11-2). Consequently, the T4 can be tuned to -31 °C
for SPE and to -19 °C for si-SPE.

11.2. lonic conduction properties

The Li conductivity of different samples was measured at ambient temperature. The
values evolve from 10° S.cm™ to 10® S.cm™, depending on the anionic grafting, the EO/Li
ratio, and the cross-linking density. The variation of the Li conductivity was then plotted as a
function of Ty and is reported in Figure 11-3. It follows a linear variation with Tg, independently
to the Li concentration, to the Li source (grafted or un-grafted), and the PEO polymer structure
(linear or cross-linked). It should be emphasized that for the conductivity measurements, carried

out at 25 °C, the samples are all in the rubbery state since the Tg is lower than -20 °C.
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Figure 11-3. lonic conductivity at 25 °C with respect to Tq for SPE1sy Series (®) and si-SPE y

series (M). Linear SPE (@) and linear si-SPE (™) correspond to the samples prepared without PEGDM.

To better understand the dependence of ionic conductivity with Tg, the different
parameters (grafting of anionic moiety, cross-linking density, and EO/Li ratio) have been
studied separately. First, for a similar Tg, the ionic conductivity is lower by about two orders of
magnitude when the anionic moiety is grafted. For example, SPE1s.41 and si-SPE21.40 (T around
-40 °C) exhibit a conductivity of 3.10° and 3.10® S.cm™, respectively. Second, increasing the

cross-linking density (PEGDM proportion) decreases the Ty and induces an important impact
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on the ionic conductivity (see si-SPE21y and SPE1s.y series: Figure 11-3 and Table 11-2). For si-

SPE, the highest conductivity value measured at 25 °C is as high as 4 x 107 S.cm™ and is

observed for the sample with the lowest content of cross-linker (si-SPE21.4) and thus lowest Tg

(-46 °C). Note that the sample without a crosslinker exhibits the same conductivity but with a

higher Tq (-40 °C). These results agree with Yu et al.>®> who showed for an electrolyte polymer
the lower ionic conductivity is observed for the higher cross-linking agent. Interestingly,
introducing more PEGDM increases the crosslink density of the material, which causes an

increase of the storage modulus as previously reported in other materials®. The medium in

which the Li* must move becomes more elastic (less viscous). To study this latter parameter,

samples containing different proportions of PEGDM were analyzed by DMTA (Figure 11-4 and
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vs. T for pristine network, si-SPE21.16 and SPE1s.16 Samples.

As expected, the storage modulus in the rubbery state (above 0 °C) increases from 1 to

20 MPa when the PEGDM proportion increases from 4 to 79 wt%. Simultaneously, the
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mechanical relaxation temperature T,, measured at the maximum of the tand peak, increases
from -26 for 4 wt% of PEGDM to -3 °C for 79 wt% of PEGDM.

Generally, PEO networks with grafted salts are not always homogeneous. For instance,
the free-radical copolymerization of PEGDM:PEGM with 2-acrylamido-2-methyl-1-
propanesulfonic acid (AMPS) leads to materials showing a phase separation®”. DMTA can be
used to investigate the homogeneity of LIMTFSI in the si-SPE samples. Indeed, DMTA is often
a more sensitive technique than DSC as far as the detection of the occurrence of phase
separation is concerned. Thus, the detection of a single peak for the a-relaxation associated with
the segmental chain motions can be taken as the characteristic of a homogenous material. The
tand of different si-SPE21y samples as a function of temperature exhibits a single peak (Figure
SI.11-4a), indicating the absence of phase separation in the synthesized network®. Interestingly,
it was found that the grafting of the anion (MTFSI) to the pristine polymer induces a significant
rise of the a relaxation temperature (T.) from -45 to -15 °C (Figure 11-4b) which is confirmed
by a simultaneous increase of the Tq from -60 to -41 °C. The same effect was observed, yet to
a lesser extent (shift of T, from -45 to -23 °C), on the SPE1s.16 Sample, containing the same
proportion of Li*. The augmentation of T, was related to the decrease of the mobility of the
polymer chains upon the anion grafting to the polymer network as well as to the strong
interaction of Li* with ethylene oxide units in the PEO chains?.
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Figure 11-5 represents the logarithm evolution of the ionic conductivity as a function of
the storage modulus (E’) for the si-SPE21y series. It clearly shows that the ionic conductivity is
inversely and strongly dependent on the storage modulus. This behavior is very similar to that
of the well-known Walden rule relating the equivalent conductivity (A) of a liquid electrolyte
to its viscosity (An = constant). The Walden rule has been extended to solid electrolyte by
relating the conductivity to the structural (segmental) relaxation based on dielectric
spectroscopic data®. In that case, the authors concluded that the polyether-Lithium electrolytes
(i.e. PEO-Li-salt) present a universal behavior where ion and polymer dynamics are strongly
coupled. To our knowledge, the dependence of the viscoelastic properties of a solid to its
storage modulus has never been established before. In our case, thanks to the special
composition of the samples, critical parameters (ionic concentration, ethylene oxide content)
can be kept constant by varying the modulus of the samples solely changing PEGDM:PEGM

ratio.

1075 3
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Figure 11-6. Variation of the ionic conductivity at 25 °C as a function of EO/L.i ratio for SPE (o)

and si-SPE (o) electrolytes with a PEGM:PEGDM ratio of 80:20.

Next, the dependence between the conductivity and the Li* concentration was
investigated while keeping the PEGDM:PEGM ratio constant. Figure 11-6 shows the evolution
of the ionic conductivity of polymer electrolytes as a function of EO/L. ratio.

For both SPE and si-SPE electrolytes, the ionic conductivity increases with the EO/Li
ratio, until it reaches ca. 20. For the SPE series, a maximum in conductivity is observed for an
EO/Li ratio around 20, similar to those reported in the literature for PEO/Li-salt systems. For

the si-SPE series, the conductivity stabilizes for higher ratios. Previously, a decrease of the
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conductivity was observed by Mindemark et al.*’ for Li based SPE and by Bouchet et al.2 for
salt-grafted SPE when the EO/Li ratio increases. This behavior is usually attributed to a trade-
off between the increase in charge carrier content, the increase in Tg, the crystallization of PEO,
and the salt dissociation. For instance, Maurel et al. * have shown on PEOQ/LiTFSI samples an
optimum in conductivity for an EO/L. ratio of 20. In our case, the EO/L. ratio has little effect
on the conductivity. It is likely that at a high concentration of Li (low EO/LI), the high content
of complex Li-EO induces an increase in the storage modulus of the material and therefore a
simultaneous decrease of the conductivity happens, as shown previously (Figure 11-5). At lower
concentrations (EO/Li above 20), the stabilization in conductivity in the case of si-SPE is a
trade-off between the decrease in Li concentration and the increase in dissociation of Li-salt.
On the contrary, the conductivity of SPE tends to decrease with the increase of the EO/Li ratio,
due essentially to the decrease in salt concentration, as it is already highly dissociated. This
issue will be further discussed in the following part, where the si-SPE21.16 and SPE1s.16 were
subjected to different characterizations. These two samples have the same crosslink density,
and similar [EQ]/[Li] ratios but the anion is grafted at si-SPE21.16 but not at SPE1s.1s.
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Figure 11-7. Arrhenius plot for SPE1s16 EO/Li=24 (e) and si-SPE1.16 EO/Li =24 (m).

The temperature dependence of the conductivity is depicted in Figure I1-7. The si-
SPE21.16 polymer electrolyte with immobilized anions has a notably lower ionic conductivity
than SPEis.16, which contains mobile anions, over the entire range of studied temperatures.
Interestingly, the absence of any change in the slopes of the In(c) vs. 1000/T plots (Figure 11-
7) seems to indicate that both polymer electrolytes do not undergo any crystallization process
in the studied temperature range in agreement with the DSC results. The ionic conductivity of
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si-SPE21.16 and SPEis.16 follows Arrhenius model: o (T) = o, * exp(— i—;). From the plot of

In(c) versus 1000/T, the activation energies (Ea) for SPEisi6 and si-SPE21.16 have been
estimated at 0.64 eV and 0.62 eV, respectively. The similar Ea for both samples demonstrates
that the Li* ions pathway along the polymer network obeys a similar diffusional mechanism.
Compared to literature data on single ion polymer electrolytes®, this higher activation energy
value (0.62 eV compared to 0.22 eV) attests to a different mechanism of Li transport in our

polymer matrix.
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Figure I1- 8. Determination of the Li transport numbers by Bruce and Vincent method of (a) Li/
SPE1s16/Li and (b) Li/si-SPE21.16/Li with polarization experiment and EIS spectra before (red) and after

(black) polarization.

The Li* transport number (tLi+) of both SPE1s.16 and si-SPE21.16 was determined using
the method proposed by Bruce and Vincent*3, taking into account also the bulk resistance before
and after polarization!’. The results of EIS and polarization experiments are given in Figure I1-
8. The transport number was calculated according to Equation 3. The tvi+ value was found to be
0.31 for SPEzs.6 at 25 °C. This low value, classically observed for PEO/Li-salt electrolyte??,
indicates a limitation of Li* progression due to its coordination with the EO chains, while TFSI-
is much less influenced****. For the si-SPE21.1s sample, this value is equal to 1.00, confirming
the total grafting of the LIMTFSI to the polymer network. This value is an excellent result as
the tui+ is generally reported to be close to unity (from 0.83 to 0.96) in most of single-ion
conductors (cf Table SI.11-1)?. The main difference between the literature results and ours is
the presence of solvent. In order to check this assumption, the si-SPE21.16 sample was swollen
with propylene carbonate. Once swollen, the t* of this sample decreases from 1 to 0.7, attesting

to the role of PC in the transport of Li*?2,
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To confirm the previous t* values, the diffusion coefficients of Li* and TFSI- were
measured by pulsed field gradient nuclear magnetic resonance (PFG-NMR) spectroscopy using
the “Li or °F signals, which fall around 0 ppm and -78 ppm, respectively*. The diffusion
coefficients determined at 84+ 1 °C for SPEas.16 and Si—SPEz1.16 are reported in Table 11-3. The
main reason for selecting to perform the measurements at this temperature was that the
relaxation times (T2) are too short at room temperature. However, at higher temperatures,
relaxation times increase and become compatible with PFG-NMR. The following relaxation
times were observed for SPEisis: T1("Li)=320 ms, T2(’Li)=120 ms, T1(**F)=1700 ms and
T2(**F)=520 ms; and for si-SPE21.16: T1('Li)=280 ms, T2("Li)=20 ms, T1(**F)=690 ms and
T2(**F)=100 ms. In si-SPE21.16, the T2 is notably shorter, in line with a lower local mobility of

the species. The transport numbers were then estimated with the following equation?’ :
tLiv = T
Dyi + Drrs
where Dvi and Drrsi represent the diffusion coefficient measured in NMR spectroscopy
for the Li and TFSI respectively. The obtained transport numbers are presented in Table I1-3.
A value of 1.0 was obtained for si-SPE21.16 and 0.31 for SPEis.1s, both in very good
agreement with the results obtained by the Bruce and Vincent method. Summarizing, the
transport number value of 1.0 confirms that the ionic current in si-SPE21.16 is exclusively due to
Li* and their counter-ions (MTFSI) are covalently grafted to the polymer network (Table 11-3).
Table 11-3.Diffusion coefficients at 84 °C, transport numbers and molar ionic conductivities of
SPE;1s.16 and si-SPE>1 16.

Dui Drrsi t'NMR t'el [Li] ANmR Aeis a

Sample
(m2.sh)2 (m2.sh)P (84°C) (25°C) (mol/L) (Q@tm?) (QLm?°  Ars/ANvRr

SPEs,16 6.85x101?  1.54x10  0.31 0.31 0.72 6.9x10°  5.8x10° 0.84
si-SPEz116  1.05x10712  <1x101° 1.00 1.00 0.80 3.1x10% 2.1x10° 0.39

2 uncertainty on Dy is £0.05x102 m?.s%; ® uncertainty on Drs is £0.02x10™ m2.s (but for si-SPE21 16);
¢ based on conductivity values measured at 80 °C

On the other hand, from diffusion coefficient, it is possible to calculate the molar ionic
conductivity of the material using the Nernst—Einstein relation:

ONMR NAe2 _
Anmr =T=W(D++D )

with Avogadro’s number (Na), the fundamental charge (e), the Boltzmann constant (k)

and the absolute temperature (T). These values can be compared with those obtained from EIS
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measurements, through the ratio Aeis/Anmr, Which gives an indication on the proportion of
charged species that contribute to ionic conduction. This ratio is considered as ionicity for ionic
liquids or the degree of dissociation of liquid electrolytes®®*°, Table 11-3 summarizes the
diffusion coefficients and dissociation value (o) of both SPE1s.16 and si-SPE21.16. In our case,
the dissociation value of SPE is high, reaching 0.84 which is among the highest values reported
in the literature even for liquid electrolytes (a < 0.8 for LiPFs in PC or EC)>°%, This result is
interesting as it suggests that the incorporation of the Li-salt within this network with dangling
PEO chains allows keeping a high level of dissociation with a t* value similar to those obtained
in the classical liquid electrolyte (LiPFe/carbonate solvent t* ~0.3 — 0.4)°2. The resulting low
conductivity in our SPE case is mainly caused by the high viscosity/modulus of the medium,
which is unavoidable due to the solid nature of the SPE. The dissociation value of si-SPE (0.39)
is slightly higher than values reported in the literature for single-ion conducting solid polymer
electrolyte (0.30)%3.

This feature has a considerable advantage over the ungrafted system due to their
potential to reduce the build-up of ion concentration gradients, which is especially meaningful
for fast charging applications,® and suppress Li dendrite growth,> which should improve the
cycling stability and safety of the device.

The electrochemical stability window of SPEis.16 and si-SPE21.16 were investigated by
cyclic voltammetry (CV) at 70 °C (Figure 11-9). Cathodic scans showed a couple of reversible
redox peaks between -1.0 V and 7.0 V vs. Li at a scan rate of 1 mV.s™. The characteristic at the
end of reduction at 0.0 V for si-SPE21.16 and -0.5 V for SPEis1s was attributed to the Li
deposition on the working electrode. The oxidation peak at 5.5 V for SPE1s.16 reflects the anodic
stability of the electrolytes. The strong increase in current is probably associated with the
decomposition of the anion as the anodic stability of the electrolyte is usually linked to the
electrochemical stability of the anion®. The si-SPE21.16 sample exhibits a slight increase of
current at high potential, indicating oxidation of the anion grafted to the polymer chains close

to the electrode/electrolyte interface.
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by CV at 70 °C with a scan rate of 1 mV.s™. ([J) Indicates the stability of the polymer vs. Li-metal.

The increase in current for SPE1s.16 appears at a lower potential probably due to the
presence of ungrafted anion in the polymer electrolyte. On the contrary for si-SPE21.16, as the
anions are grafted, anionic stability is postponed to higher potential values (6 V), as solely
anions close to the interface can be oxidized . These experiments confirm the importance of
using the si-SPE21.16 polymer in the formulation of composite positive electrodes with high
potential cathode materials, due to its larger potential stability windows®. To our knowledge,
a such high stability of si-SPE21.16 has not been reported for polymer electrolytes, thanks to the
grafting of the electrolyte anion as well as the absence of solvent during the whole fabrication
process®®,

In order to investigate the possibility of using these electrolytes in Li-metal batteries,
the long-term electrochemical stability of both si-SPE21.16 and SPE1s.16 against Li-metal was
studied. Symmetric Li/polymer electrolyte/Li cell was cycled at a constant current density of
0.2 mA.cm for si-SPE21.16 and 0.12 mA.cm for SPE1s.16 at 70 °C (Figure 11-10). This current
density has been determined according to the value measured in Figure SI.11-6. The voltage of
the Li/ SPE1s.16/Li cell increases to 4.5 V after cycling for 70 h, while the voltage of the Li/si-
SPE21.16/Li reaches solely 2 V after 200 h of cycling. On the other hand, in contrast to the
significant increase of the resistance for the Li/ SPE1s.16/Li cell from ~ 1.8.10* Q.cmto ~ 4.5.10°
Q.cm (Figure 11-10d), the Li/si-SPE21.16/Li cell showed a slight increase from ~ 2.5.10° Q.cm
vs. ~ 3.8.10° Q.cm (Figure 11-10c), confirming the stability of the si-SPE21.16 polymer /Li
interface. Accordingly, the grafting of the anion to the network limits an overpotential in the

cell, allowing a more stable system over time.
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Figure 11-10. Galvanostatic cycling at 70 °C of (a)Li/si-SPE21.16/Li and (b)Li/SPEs16/Li and (c),
(d) Nyquist plots of respective electrolyte before (black) and after (red) cycling. Both electrolytes have

a thickness of 250 pm and an area of 0.5 cm?.
IV. Conclusion

This work reports the synthesis and characterization of a series of cross-linked PEO
polymers containing grafted (si-SPExy) or ungrafted (SPExy) LiTFSI. The synthesis is a simple
in situ thermal copolymerization of commercial LIMTFSI, PEGM and PEGDM carried out
without solvent. In parallel, a crosslinked PEO polymer network was synthesized, in which
LiTFSI salt was dissolved. Flexible free-standing films of amorphous polymer electrolyte were
prepared by thermal polymerization of 2 hat 70 °C and 1 h at 90 °C which allows easily varying
the composition of SPExy and single-ion conducting SPE (si-SPExy). The measurement of the
soluble fraction indicates a satisfying copolymerization of the different monomers. DMTA and
TGA analyses demonstrate the homogeneity of the synthesized polymer films and their thermal
stability, respectively. The ionic conductivity as well as the Tq and E” modulus for the various
polymer electrolytes have been measured, from which a correlation between the ionic

conductivity and the mechanical properties (Tg and E’) of the solid polymer film have been
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demonstrated. The ionic conductivity (o) decreases with the increase of Ty or T, and notably
of E’, confirming the role of the PEO chain flexibility and the Li*/PEO interaction in the
transport of Li* in the PEO matrix. The unity value (1.00) of the transport number is confirmed
by the electrochemical method and by diffusion coefficients in the case of si-SPE. The si-
SPE21.16 exhibits a od mechanical robustness: self-standing for a wide range of temperature -70
°C to 100 °C (storage modulus at 25 °C E’ = 3 MPa), a low Tg value of around — 40 °C, and a
transport number of 1.0, which has never been reported in the literature to our knowledge. In
addition, its anionic stability is postponed to higher potential values (6 V). However, its ionic
conductivity of 2,107 S.cm™ at ambient temperature is too low. To improve this value, the
storage modulus of the material must be decreased by changing the cross-linking chemistry of
the PEO.

Supporting information

DSC thermograms for si-SPE; DMA analysis for si-SPE; TGA thermograms for SPE and si-
SPE; NMR experiments Attenuation curve for °F and ’Li for SPE and si-SPE; Table of
comparison of Li transport number; CCD determination at 70 °C for Li/SPE/Li and Li/si-
SPE/LI.
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Supporting information

Correlation between lonic and Mechanical Properties of Solid PEO

Polymer Electrolyte
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Figure SI.11-2. First DSC scans thermograms recorded on different si-SPE samples showing the

absence of polymerization exotherm.
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Figure SL.11-5. NMR experiments Attenuation curve for (a), (c) *°F signal for si-SPEz116 and SPE1s 1
respectively and (b); (d) attenuation curve for "Li signal for si-SPE; 16 and SPE 1516 respectively.

The attenuation curve observed for the °F signal in si-SPE21,16 (Figure SI-5a) shows almost no
decay (~5%). It was yet fitted with 2 components to account for this weak decay. The major
component corresponds to a diffusion coefficient that was set at 1.0.10° m2.s™%, It is associated
to "immobile" species. The minor component corresponds to a diffusion coefficient of ~ 4.10
12m2?,s1, This small amount of weakly mobile species could correspond to short oligomers or

ends of chains.
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Table SI.11-1. Comparison of lithium-ion transport number values for single-ion conducting

electrolytes reported in literature.

Authors/Ref Polymer Solvent t*
Nguyen and al.! Li-PVDF DMF 0.87+0.3
Bouchet and al .2 P(STFSILi)-b-PEO-b-P(STFSILI) Dioxane 0.85
Porcarelli and al.® LiMTFSI-PEGM-PEGDM PC 0.84-0.91
Borzutzki and al.* Polysulfonylamide (with -C(CF3)) / PVdF-HFP  THF 0.9
Porcarelli and al.® poly(PEGM)-b-poly(LiMTFSI) DMF 0.83
Feng and al.® Li[PSTFSI-co-MPEGA] DMF or MeOH 0.94
Rohan and al.” MTF-Li/PVDF-HFP DMF 0.88
Zhang and al.® lithium poly (bisphenol A borate) / PEO MeCN 0.92-0.96
Humbeck and al.® Tetraarylborate polymer DMSO, DMF, MeOH  0.89-0.93
Rolland and al.* PS-b-P(MALi-co-POEGMA) THF/MeOH 0.84
Pan and al.!? Lithiated poly(bis(4-carbonyl benzene NMP 0.92
sulfonyl)imide-co-bis(4-amino benzene
sulfonyl)imide) / PVDF-HFP
Xu and al.? lithium poly (glutaric acid DMF 0.8
aluminate)
Shi and al.*® PEO-PFSILi MeCN 0.9
Inceoglu and al.** PEO-PSLITFSI DMF 0.95
Nguyen and al.*® phenylsulfonyl(trifluoromethylsulfonyl)imide MeCN/H,0 0.90-0.92
lithium salt / PEO
Li and al.%® Lithiated mimic neurons in PEGMA Acetone 0.974
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Figure SI.11-6. CCD determination at 70 °C of (a) Li/si-SPEx 16/Li and (b) Li/SPEis16/Li and (c), (d)
Nyquist plots of respective electrolyte before CCD determination (black) and after CCD determination

(red) cycl

ing.

The starting current density was 0.01 mA.cm and the current was subsequently doubled to
achieve 0.08 mA.cm and after ramped by 0.04 mA.cm™ steps. The plating and stripping
were performed respectively for 1 h and separated by a rest period of 5 min.
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Chapter 111.



Study of Al-LLZO morphology impact on ionic conductivity and

mechanical properties of solid composite electrolyte

Introduction

Li-ion batteries are now the leading technology for energy storage!. Unfortunately, this
technology uses liquid electrolytes containing inorganic solvents that are flammable and
decompose at high voltage. Additionally, Li dendrites are easily formed in the presence of liquid
electrolyte, which not only causes safety issues but also limits the use of Li-metal as negative
electrode?. To circumvent all these limitations, the development of all-solid batteries (ASSB)
has attracted a lot of interest®. They are considered as the next generation of electrochemical
energy storage devices because of their safety and high energy density (400 Wh.kg™)2.
Nevertheless, one of the challenges in designing ASSB is the development of a solid electrolyte
with an ionic conductivity at room temperature (RT) equal to that of the liquid electrolyte (10
2.103S.cm™) and with a wide window of electrochemical stability (> 4.5 V vs. Li*/Li).

In the state of the art of this PhD manuscript (chapter | p.11-31), a variety of solid
electrolytes were presented”. Briefly, solid polymer electrolytes (SPE) have demonstrated their
interest regarding their manufacturing process, which can be easily transposed to the current
battery manufacturing process. The most widely studied polymer as an SPE is polyethylene
oxide (PEO).Wright et al.> has shown that PEO was a good matrix for solubilizing alkaline salts
without using solvents. But, SPEs based on PEO exhibit satisfactory conductivity solely at high
temperatures (102 S.cm™ at 60 °C)® with poor mechanical strength.” On the contrary,
LizLa2Zr3012 (LLZO) garnet appears to be a promising candidate because of its high ionic

conductivity (~ 1.10° S.cm™), and its wide electrochemical stability window (0 to ~ 6 V vs.

Li*/Li)8. But to process it for ASSB, high temperatures (+ 1000 °C) are needed to densify it in
order to achieve the promising conductivity of 1.103 S.cm™ at room temperature®. This shows
that none of the electrolytes pre-cited fulfill all together the criteria of high conductivity and
easy processability. To prevent low conductivity of SPE, some strategies have proposed to
disperse conductive or non-conductive inorganic particles in the SPE, leading to the synthesis
of solid composite electrolyte (SCE)™¥. In the design of SCE, one of the objectives is to break
the crystalline domains of the PEO polymer to enhance the ionic conductivity of the solid
electrolyte at RT, but also to improve the mechanical properties at higher temperatures (> 60

°C)!. Generally, this SCE exhibits a low content in inorganic particles (<30 wt%).
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Interestingly, adding inorganic particles in polymer can favor reactivity between the two phases,
leading to the formation to solid interface!2. Some studies have shown that the formation of this
interface enhances the ionic conductivity of the SCE. Interestingly, other studies have shown
the improvement of the ionic conductivity of the SCE due to a better dissociation of the Li-salt,
due to interaction of anion with the LLZO particle®>*4,

In this work, we have chosen to design a predominantly polymeric SCE based on a PEO-
LiTFSI network. This PEO network was synthesized from Poly(ethylene glycol) methyl ether
methacrylate (PEGM) and Poly(ethylene glycol) dimethacrylate (PEGDM) as commercial
liquid precursors. These monomers allow a solvent-free synthesis that will facilitate the
impregnation by capillary of the Lis.2sAlo.2sLa2ZrsO12 (Al-LLZO) 3D scaffold, chosen for its
ionic conductivity, its chemical stability toward PEO matrix and its wide electrochemical
stability (> 6 V vs. Li*/Li). To design the SCE, we have used two different strategies. First, we
have dispersed the inorganic particles into the polymer precursor mixture before the
polymerization was carried out. Second, we have designed a 3D ionic conductor inorganic
scaffold that is further impregnated with the PEO precursor mixture which were then
polymerized. The morphology and the microstructure of the SCE have been studied by scanning
electron microscopy while the mechanical properties of the SCE by rheology measurements.

The ionic conductivity at room temperature has been measured by impedance spectroscopy.
Il. State of the art

The synthesis of LLZO particles were presented in Chapter | (p.20). There are three
known synthesis methods for LLZO particles: solid-state, sol gel and Pechini method®®. Another
recently developed synthesis method for obtaining a new LLZO morphology is electrospinning,
which will be described in detail in this section. We will discuss its definition and the history
of the electrospinning method, before focusing on the synthesis of 3D LLZO scaffolds. Next,
we will then present the various bibliographic references demonstrating their integration into
SCE.

1.1 Electrospinning method and synthesis of LLZO 3D scaffold
11.1.1. Electrospinning: definition and history

Electrospinning (Figure 111-1) enables the fabrication of fibers in the nanometer scale.

This technique uses electrohydrodynamic processes to stretch and form fibers from a polymer
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solution. During electrospinning process, the electrostatic forces overcome the surface tension

of the electrospun solution allowing the stretching of the liquid as nanometer-scale fiber

diameters. This approach allows the fabrication of nanofiber materials with unique properties

and can find application in various fields®.
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+, Temperature
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O Concentration O Molecular Weight
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@ Voltage

( ) Flow Rate

@ Collector

Figure I11-1. Schematics of electrospinning set-up®’.

The electrospinning process involves five distinct steps that are summarized below.

Electrospinning solution: A polymer is dissolved in a suitable solvent to form
a liquid solution. The development of this solution is a critical parameter because
it greatly affects the stretching of the jet. If the polymer concentration is too low,
the applied electric field and surface tension cause the entangled polymer chains
to break into fragments before reaching the collector. These fragments form
beads or beaded nanofibers. Increasing the concentration of the polymer in the
solution leads to an increase in viscosity due to the chain entanglements, which
overcome the surface tension and ultimately result in uniform electrospun
nanofibers. On the other hand, too high a concentration of the polymer solution
hinders the flow of the solution through the needle. Depending on the choice of
polymer and solvent, the optimal viscosity of the solution is not the same (800-
4000 cp with 2.5 — 5 wt% of PEO in aqueous solution *8 or 1.7-215 cp with 7.5
— 20 wt% of polyacrylonitrile (PAN) in Dimethylformamide®®). This choice is
therefore crucial for forming homogeneous fibers. In addition, the choice of
polymer and solvent depends on the desired properties of the final fibers, such

as chemical composition and mechanical strength.
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Electrostatic charging: The polymer solution is placed in a specially designed
syringe or reservoir, typically equipped with a fine needle at its tip. An electric
voltage is applied between the needle's tip and a collecting surface located at a
certain distance. The needle can be replaced by a nozzle or a core-shell reservoir.

e Formation of the polymer jet: When the electric voltage reaches a critical
threshold, it induces an electric charge on the surface of the polymer liquid. The
electrostatic charges repeal the liquid droplets towards the needle, forming a
cone at its tip. This cone, known as the Taylor cone, is crucial for the
electrospinning process.

e Liquid Stretching and solvent evaporation: The Taylor cone undergoes
electrohydrodynamic instability, resulting in the stretching and thinning of the
polymer liquid into a fine jet. As the jet travels towards the collecting surface,
the solvent gradually evaporates, allowing the fiber to solidify and harden.

e Fiber collection: The solid, ultrafine, and electrostatically charged fibers are
collected on the opposite surface, typically a plate or a rotating drum, forming
an as-spun mat of fibers that deposit in a random or ordered manner, depending
on the configuration of the collecting surface.

As shown in Figure I11-1, many parameters need to be optimized during electrospinning.
These parameters can affect the size and the orientation of the fibers, but also the thickness of
the mat recovered.

The first patent was issued in 1902 by John Francis Cooley?°. In 1934, Antonin Formhals
invented the process for manufacturing textile yarns from cellulose acetate using an applied
voltage of 57 kV and acetone and monomethyl ether as solvents?:. This was followed by a
number of patents, which described the process of preparing fine fibers by drawing spinning
solutions through a nozzle using a high electric current.

Today, more than 200 universities and research institutes around the world are studying
the electrospinning process, and every year the number of research papers on the
electrospinning process increases??. Over the last ten years, some 35,000 papers have been
published on the subject of electrospinning (Figure 111-2).
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Figure 111-2. Number of publications over the last 10 years. Generated from the website:

webofscience.com on August 28™ 2023.

The electrospinning method is widely used to produce polymer fibers, but has been less
studied to form inorganic fibers. To do this, two approaches are used: i/ the inorganic particles
are suspended in the polymer solution or ii/ the precursors of the inorganic compound are
solubilized with the polymer solution. This method requires post heat-treatment, leading to

decomposition of the polymer to form the inorganic scaffold.
11.1.2. Synthesis of oxides 3D scaffold

In early 2000, Li and Xia?® described the electrospinning synthesis of an amorphous 1D
TiO2 structure, by mixing the inorganic precursors to the polymer solution. TiO2 nanofibers
(20-200 nm length) were prepared by calcining the as-spun mat composed of 3.4 wt%
poly(vinyl pyrrolidone) (PVP) and 11 wt% titanium tetraisopropoxide in solution in acetic acid
and ethanol.

Since the publication of this result, highly conductive Li ceramics have also been
produced using the electrospinning method. In 2015, Yang et al.?* described the electrospinning
of LLZO nanofibers starting from the inorganic precursors. The electrospinning solution is
composed of a 1:1 volume ratio between a solution containing Li, La and Zr nitrate precursors
dissolved in dimethylformamide (DMF) with acetic acid and a solution with PVP (15 wt%)
dissolved in acetic acid. The final solution contained 0.12 mol.L* of inorganic precursors and
7.5 wt% of PVP. The solution was electrospinned onto a flat stationary collector at 10 cm from
the needle, with a voltage of 7 kV and a flow rate of 0.12 mL.h%. The as-spun nanofibers exhibit
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a diameter ranging from 100 to 200 nm (not shown). To obtain the cubic LLZO structure, a
calcination at 700 °C for 3 or 5 h is necessary. During this treatment, the fibrous structure is
lost while the particles seem to be sintered all together (Scanning Electron Microscopy (SEM)
images in Figure 111-3). This is a promising result, considering that cubic LLZO is typically
achieved through a sintering temperature of + 1000°C®?® (densified pellet). Regrettably, the
authors did not report the formation of a self-standing membrane.

Figure 111-3. SEM images of LLZO nanofibers after calcination at 700 °C for (a) 3 h and (b) 5

Interestingly, in 2016 Fu et al.?® reported the fabrication of a 3D percolative scaffold of
Al-LLZO synthesis A stoichiometric quantity of Al-LLZO nitrate precursors was dissolved in
dimethylformamide (DMF) with 15 vol% of acid acetic. 10 wt% of PVP was dissolved in DMF.
The salt and PVP solutions were mixed at a 1:1 volume ratio. The solution was electrospinned
onto drum collector (rotation speed not specified) at 10 cm from the needle and the voltage was
high (20 kV). The as-spun nanofibers were then dried under vacuum for 24 h. The nanofiber
as-spun mat was then calcinated with a heating rate of 10 °C.min"* at 800 °C for 2 h in flow air
to obtained the cubic Al-LLZO structure. After thermal treatment, the average diameter of the
nanofibers measured by SEM image is 138 nm. According to this work, an inorganic membrane
can be preserved as lately they used it as a scaffold for the fabrication of SCE (see section
[1.2.1). However, in the article, no image of the 3D Al-LLZO scaffold was reported.

More recently (2019), Zhao et al.” have shown the fabrication of a 3D Al-LLZO
scaffold from an electrospinning solution using a binary H20:EtOH (1:1) mixture, a more
friendly solvent (compare to DMF). The electrospun solution was made of 6.5 wt. % of PVP
and a PVP:salt mass ratio of 1:4.4. The electrospinning process was carried out with a feed rate
of 1 mL.h7!, a voltage of 15kV and a distance of 15 cm between the needle and the drum

collector. The rotation speed was controlled to 60 revolutions per minutes (rpm). Importantly,
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the humidity of the electrospinning chamber was close to 45% to control the morphology of the
fiber and its solidification?®. After electrospinning, the as-spun mats were kept in a vacuum
oven at 60 °C for 2 h, and then they were calcined with a heating rate of 2 °C.min at 800 °C in
air for 4 h to obtain the cubic LLZO structure. Following calcination, they successfully obtained
the cubic LLZO phase with a minority impurity phase (Figure 111-4a). The resulting membrane
appears to possess a considerable level of macro-porosity, as seen in Figure I11-4b. Based on
the SEM and Transmission Electron microscopy (TEM) images (Figure I11-4c), the fibers

exhibit a diameter of 245 nm and consist of sintered nanoscale particles bound together.

a) — Garnet fiber 800°C| P)

—— PDF#80-0457 Aligned LLZO NFs

BN

[0 e il
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Figure 111-4. (a) XRD patterns of LLZO nanofibers with PDF#80-0457 (LisLazNb2012) as a
reference: (¢) unidentified intermediate phase; (%) La.Zr.0-. (b) Digital image of the aligned LLZO

nanofibers membrane and (c) SEM and TEM image of LLZO nanofibers®’.

According to the literature, fibers of cubic LLZO can be achieved but it seems to be
difficult to obtain a self-standing 3D LLZO membrane, as few people have yet demonstrated.
Importantly, none of the studies has measured the ionic conductivity of either 3D inorganic
LLZO fibers or LLZO fibers pressed as pellets.
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11.2. Fabrication of SCE
11.2.1. Fabrication of SCE based on PEO/3D LLZO scaffold

The presence of porosity in the 3D LLZO scaffold makes it possible to incorporate a
polymer matrix and thus fabricate an SCE. Interestingly, the continuous 3D LLZO scaffolds
may support Li transport in the interconnected LLZO nanofibers.

Fu et al.?®, whose description of the formation of the 3D scaffold is given above,
described the preparation of a SCE from the 3D LLZO scaffold. For that, a
PEO/LIiTFSI/Acetonitrile (ACN) solution was dropped onto the 3D LLZO scaffold in order to
impregnate it. After impregnation, the SCE was first dried in air and then under vacuum to fully
remove the solvent. To improve both the infiltration of the 3D LLZO scaffold with the polymer
and the contact at the nanofiber/PEO-LITFSI interface, the SCE was heated at 60°C, which is
close to the melting temperature (Tm) of the polymer (65 °C). The SPE obtained has a thickness
of 40-50 pum, which is relatively thin compared to SIE (~1 mm for LLZO pellet?®®) but close
enough to SPE (10-50 pum for BlueCar, Bolloré technology based on PEQO/PVDF-HFP).
Thermogravimetric analysis (TGA) of the SCE showed that it is composed of around 20 wt%
of LLZO. Electrochemical impedance spectroscopy (EIS) measurements showed an ionic
conductivity of the SPE of 2.5.10* S.cm™ at RT, which is much lower than the one found
classically for PEO-LiTFSI (between 10°-10° S.cm™ at RT®%). Interestingly, this article shows
an improvement in ionic conduction compared with the polymer matrix, and the achievement
of athin SCE. However, it was not discussed the impact of the addition of the 3D LLZO scaffold
on the crystallinity of the PEO and the mechanism of conduction in this SCE. While the design
of PEO-based SCEs with a 3D LLZO scaffold is recent, there are not many studies on the

subject.
11.2.2. Fabrication of SCE based on PEO/LLZO particles

On the contrary, the synthesis of SCE from LLZO powder has reported in the literature
and results have already been discussed in Chapter I (section 111.3.2, p.25). In this part, we will
concentrate our discussion on few examples. Chen et al.!! reported the design of SCE
combining PEO-LITFSI polymer matrix and cubic LLZO particles in one-step using the tape
casting process. First, PEO/LITFSI was dissolved in ACN and then LLZO powder was added

in different weight ratios varying from 2.5 to 10 wt%. The solution was poured onto a Teflon
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plate and dried at 60 °C under vacuum for 24 hours. A maximum conductivity of 5.5.10* S.cm’
L at RT is measured for a content of 7.5 wt% of LLZO and a thickness of 45 pm. The addition
of LLZO therefore enabled a slight increase in ionic conductivity compared with the polymer
matrix (10° S.cm™). They explain this gain in conductivity by the decrease in the crystalline
phase of PEO due to the addition of inorganic LLZO particles. This is confirmed by differential
scanning calorimetry (DSC) analyses, with PEO crystallinity decreasing from 53.83% to
21.63% as the amount of LLZO increases from 0 to 7.5wt% respectively. However, for higher
concentration of LLZO (10 wt%), the crystallinity ratio increases compared to 7.5 wt%
concentration, due to the difficulty in dispersing the LLZO inorganic particles in the PEO
matrix. In addition, they describe a positive synergy between LLZO and PEO-matrix in the
transport of Li*: there is an improvement of the concentration of free Li* due to the attraction
of the anion TFSI- with the LLZO surface!?. In this article, the LLZO inorganic particles were
introduced in small quantities, so as they are not percolated and cannot support the Li* diffusion
through a continuous pathway.

In contrast, Choi et al.®? studied SCEs with much higher contents of LLZO (42.5t0 82.5
wit%). PEO, LiClO4 and LLZO (tetragonal phase) were mixed in ACN, and the slurry was
casted onto a glass plate. The solvent was evaporated at RT in a dry room and the final thickness
of SCE is around 100 um. The highest conductivity obtained was 4.42.10* S.cm™ at 55 °C and
around 10 S.cm™ at 35 °C for an amount of 52.5 wt% of LLZO in SCE. The conductivity
increases by three orders of magnitude compared to the one observed for PEO-LiCIO4 (around
10® S.cm™ at 35 °C) and two order of magnitude compared to that of tetragonal LLZO pellet
(around 107" S.cm™ at RT). In this case, we suppose that the LLZO is percolated and can support
Li* diffusion. Additionally, the increase in conductivity can also be attributed to the decrease of

the crystalline phase proportion in the PEO matrix that was confirmed by DSC analysis.
1.3. Conclusion

Finally, whatever the morphology (3D scaffold or particle), the structure (cubic or
tetragonal) of the LLZO and the quantity introduced into the SCE, the ionic conductivity is
driven by the polymer phase or the LLZO||PEO interface. In general, the improvement in
conductivity is due to the reduction in the crystalline domain of PEO matrix with the
introduction of LLZO. However, it has been suggested that LLZO can also participate in ionic
transport by increasing the concentration of free Li* and in a better dissociation of ion pairs.
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In Chapter I1, we have reported the synthesis of two PEO networks: i/ one contains Li
salt (PEO-LITFSI, called SPE in Chapter Il), ii/ the second one is single-ion SPE containing
Li* as the TFSI counter-anion is grafted onto the PEO chains (si-SPE). Unfortunately, the
conductivities of these two PEO networks (10° and 107 S.cm™ at RT for PEO-LiTFSI and for
si-SPE, respectively) are insufficient to be directly integrated into ASSB. Furthermore, it was
difficult to manufacture them as a self-standing membrane with a thickness < 100 um. In this
chapter, we have studied the opportunity to fabricate SCE based on PEO-LIiTFSI network and
Al-LLZO. To control the properties of the SCE, we have proposed to synthesize two different
SCE, exhibiting two different microstructures by using different processing methodologies:

i/ an one-step approach that consists in casting a solution containing the pre-dispersed
inorganic LLZO particles into a liquid monomer mixture. One of the main benefits of this
method is that the monomer mixture can be quickly polymerized without any visual particle
sedimentation and the need for additional organic solvent.

1i/ a two-step approach that consists in the synthesis a porous 3D LLZO scaffold that is
then impregnated by the liquid monomer mixture. The benefits of using liquid monomer allows
an impregnation of the Al-LLZO 3D scaffold without solvent. In addition, the in-situ thermal
polymerisation leading to the PEO-network is carried out without the addition of organic

solvent. These both points are the originality of our work compared to previously studies.
I11.  Methods
.1 Materials

Poly(ethylene glycol) methyl ether methacrylate (PEGM, Mn = 500 g.mol%, Sigma Aldrich) and
poly(ethylene glycol) dimethacrylate (PEGDM, Mn=750 g.mol, Sigma Aldrich) were dried at
25 °C under vacuum (10-15 mbar) before use. 2,2’-azobis(2-methylpropionitrile) (AIBN,
initiator, 98%, Sigma Aldrich) was recrystallized in methanol before use.
Bis(trifluoromethylsulfonyl) amine lithium salt (LiTFSI, > 99%, Sigma Aldrich), lithium metal
(99.9% Sigma Aldrich, 0.38mm thick) and Lis.2sAlo.2sL.a2Zr3012 (Al-LLZO, 400 to 600 nm D50,
Ampcera) were kept in the glove box (H20 < 0.1 ppm) to avoid any modification.

For the synthesis of 3D Al-LLZO scaffold, LiNOs (99.99% trace metals basis Sigma Aldrich),
La(NO3)3.6H20 (99.99% Sigma Aldrich), AI(NO3)3.9H20 ( > 98%, Sigma Aldrich),
Zr(OCH2CH2CHz3)s  (Zirconium Propoxide 70wt% in 1-propanol, Sigma Aldrich),
Polyvinylpyrrolidone (PVP, (CsHoNO)n, Mw 1,300,000, K85-95, Acros), CHsCOOH (Acetic
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acid glacial, Carlo Erba Reagents) and EtOH (Absolute, Sigma Aldrich) have been used as

received.
1.2 Materials procedure

Procedure for PEO-LIiTFSI precursor solution and synthesis of the membranes: detailed
can be seen in Chapter Il section 11.2 (p.59). The PEO-LIiTFSI network precursor solution uses
PEGM and PEGDM monomers, while the PEO-LITFSI brush solution uses only the PEGM
monomer.

Procedure for producing the electrospinning solution: Only the solution leading to the
fabrication of pure 3D Al-LLZO will be detailed in this section, while the other tested solutions
will be included in the appendix 1. Firstly, 4.4 wt% of PVVP were dissolved at RT in a binary
EtOH:H20 (1:1) solvent. In parallel, Zirconium propoxide and 8 equivalents of acetic acid were
stirred at RT until the solution becomes milky white (approximately 3-4 h). Then PVP solution
was added to it. After, stoichiometric amounts of nitrate salts (Li, La, and Al) were added one
by one, ensuring that each salt is completed dissolved before the addition of the next one
(approximately 2 h for each salt). The concentration of nitrate salts in the final solution is 1.19
mol.L except an excess of 15 wt% of LiNO3 was added to compensate the Li-loss during heat
treatment at high temperature3334, The final solution is colorless and slightly viscous.
Procedure for fabrication of 3D AI-LLZO scaffold: An industrial-scale electrospinning
equipment (Inovenso, Nanospinner) was used. The electrospinning process was carried out at a
flow rate of 2 to 3 mL.h"%. A voltage between 20-23 kV was applied, and a distance of 15 cm
was maintained between the nozzle and the drum collector. The rotation speed was set at 600

rpm, and the humidity level was fixed at ~10% relative humidity (RH). The electrospinning

tests were carried out at room temperature (25 + 5 °C).

The as-spun mats were collected from the drum collector onto an aluminum foil and carefully
peeled off to be stored in parchment paper.

For membrane densification, three pieces of as-spun mats were stacked on top of each other
and placed between two parchment papers. Using a manual press (Scamex 20T), a pressure of
100 bars at 50 °C was applied for 10 min. The pressed as-spun mats were then recovered and
placed in an alumina crucible for calcination. The thermal treatment was conducted in a tubular
furnace (Nabertherme) with a dry air flow (0.8 L.min). A heating program of 200°C for 2h

and 850°C for 4h with a ramp rate of 5 °C.min"! between each temperature was applied. The
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resulting 3D Al-LLZO scaffold is white, very brittle and its thickness varies around 10 - 20 um
(see images Appendix 1, test 7). It was then recovered and stored in a glove box.

Procedure to obtain SCE composed of 3D Al-LLZOscattoid and PEO-LITFSI (network or
brush):

In the glove box, the 3D Al-LLZO scaffold was placed on a glass plate. Using a glass pipette,
drops of the PEO-LIiTFSI precursor solution were deposited at the corners of the scaffold. Once
it was impregnated (appearing wet), the glass plate was placed on a heating plate with a glass
dome covered with aluminum foil. A thermal program of 70 °C for 2 h and 90 °C for 1 h was
applied to polymerize the PEO precursor mixture. Once the plate has cooled down to RT, the
resulting membrane was stored in the glove box. It retains a white color, is self-supporting and
is approximately 20-40 pm thick.

Procedure to obtain SCE composed of Al-LLZOpartice and PEO-LIiTFSI (network or
brush): 24 wt% Al-LLZO particles were introduced in PEO-LITFSI precursor solution in a
glove box. The mixture was stirred using a magnetic bar for 2 h. The solution was then cast
between two glass plates (following the same process as for the fabrication of polymer
membranes, Chapter Il section 11.2 p.59) separated with a Teflon mold of 75 um and 250 um
thickness. The solution was then polymerized at 70 °C for 2 h and at 90 °C for 1 h in an oven.
The resulting SCE were dried under vacuum (10-15 mbar) at 70 °C in a glass oven (BUCHI B-
585) for 12 h to avoid any presence of H20. The membranes were kept in a glove box (H20 <
0.1 ppm) upon to their characterization. SCE are named Al-LLZOparticle/PEO-LITFSI network
and Al-LLZOparticte/PEO-LITFSI brush when the precursor solution used is PEO-LITFSI
network and PEO-LIiTFSI brush, respectively. Images of these membranes are shown in
Appendix 2.

11.3. Characterizations

Electrochemical impedance spectroscopy (EIS) was carried out using the same methodology
as in Chapter Il section 11.3 (p.61).

When a pressure of more than 0.4 MPa is required, a cell designated for ASSB testing was used
(designed by Romain Dugas, College de France). The figure in Appendix 3 shows the structure
of this cell. The SCE was placed in the center of this cell and using a set of screws and a dynamo

wrench, pressures of up to 110 MPa can be applied.
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To estimate the ionic conductivity of the samples, the intercept of the first semicircle (high
frequency) was considered and it corresponds to the bulk resistance (Roui) from which the

conductivity was estimated by using the following relation:

e

0O =
Rpulk*S

Equation 1

where e (cm) is the thickness and S (cm?) the surface area of the sample.

Thermogravimetric analysis (TGA): The thermal properties were performed using same
method of Chapter Il section 11.3 (p.61).

X-ray diffraction (XRD): The identification of crystalline phases was performed using a D8-
Advance diffractometer with a Cu-Ka source equipped with a LynxEye detector. X-ray
diffraction data were analyzed using the DIFFRAC.EVA software.

Rheological measurements: The shear modulus was estimated from the slope of shear stress
as a function of shear strain (first 5 points) obtained by rheological measurement using plate-
plate configuration on a rheometer (Anton Paar, MCR 302) with an 8 mm insert. A controlled
amplitude oscillatory test was employed, with a linear shear strain ramp ranging from 1% to
10%, while maintaining a constant frequency of 0.01 Hz.

Morphology analysis: To study the morphology of both 3D AI-LLZO scaffold and SCE,
imaging was performed using a Hitachi FEG-SEM (Field Emission Gun Scanning Electron
Microscope) model Su-70 at an acceleration voltage of 10 kV.

The Lithium-ion transport number: the stability in potential and stripping plating
measurements were carried using the same method as in Chapter Il section 11.3 (p.62). On
Nyquist plot, the bulk resistance corresponds to the first semi-circle (high frequency) according
to the characteristic frequencies of the bulk SPE. The bulk resistance was measured before
(R%ui) and after (R”bui) polarization. The second cycle at low frequency correspond to the
response of the Li||SCE interface before (R%nt) and after polarization (R™int), according to their
characteristic frequencies of ~ few Hz. tLi+ was calculated using the following equation®:

. . 0
1% *RPu1c* (AV=i®*Rihe)
. 0 X

i0%RP 1 *(AV—i®*R{0 )

tLi+ =

Equation 2

IVV. Results and discussion

SPE based on linear PEO/Li-salt exhibits low conductivity at RT (10°-10° S.cm™)
mainly due to its semi-crystalline characteristic, reducing the mobility of Li*3L. Chapter Il has

reported the synthesis of amorphous cross-linked PEO/LITFSI network having ionic
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conductivity of 10° S.cm™ at 25 °C. But, this conductivity is still low, compared to liquid
electrolyte. To implement this SPE in ASSB, different strategies can be envisioned: i/ reduce
the thickness of the electrolyte in order to reach low ohmic resistance or ii/ improve the ionic
conductivity through a highly advanced strategy that consists in incorporating inorganic

particles or 3D inorganic scaffold*®2¢,
V.1 Elaboration of SCE with Al-LLZO particles

Lechartier et al.®® have previously reported the fabrication of a SCE using identical
monomer precursors (ratio PEGM :PEGDM, 12 :88 in weight), 5.8 wt% of LiTFSI, 26 wt% of
LLZO particles and with the addition of 37.5 wt% of propylene carbonate (PC), which is not
our case. Unfortunately, only NMR study are available for this SCE. On the other hand, a more
detailed study was carried out in this article, on an SCE replacing LiTFSI with a LIMTFSI
monomer (like si-SPE, Chapter II). The ionic conductivity was measured within a range of 5.10
> to 1.10* S.cm? at 25 °C for LLZO quantities ranging from 0 to 50 wt%. They have
demonstrated interesting ionic conductivity of 1.4 x 10* S.cm™ at 25 °C for 40 wt% of LLZO
and high transference number (t* = 0.57 for 26 wt% of LLZO). This value is surprisingly low
for an SCE whose anion is supposed to be grafted and therefore non-mobile.

In our study, we have chosen to design SCE electrolyte containing 24 wt% (7 vol%) of
Al-LLZO with LIiTFSI as source of Li in organic phase. This SCE is named Al-
LLZOparticle/PEO-LITFSI network. The polymer precursor solution is prepared following the
procedure described in Chapter 11 and the design of the Al-LLZOparticie/PEO-LITFSI network is
carried out according to the detailed procedure in the section 111.2. This SCE is self-standing,
flexible and visually homogenous white. It could be manufactured with a thickness of 75 and
250 pm (Appendix 2). FEG-SEM images and EDX mapping (Figure 111-5) show good
dispersion of LLZO particles across the SCE thickness.
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a) e

50 pm

250pm

Figure 111-5. (a) FEG-SEM images and (b) EDX mapping of Al-LLZOparice/PEO-LITFSI
network cross-section.

These observations are very encouraging as it was impossible to fabricate self-standing
PEO-LITFSI network with this proportion of PEGM:PEGDM (80:20) with a thickness of
75um. To confirm these visual observations, the shear moduli were estimated from rheologic
measurements. The values of 0.11 and 0.16 MPa are measured for PEO-LIiTFSI network and
Al-LLZOparticle/PEO-LITFSI network membrane, respectively. Contrary to their macroscopic
mechanic properties, these two materials therefore have the same shear modulus. Similarly, the
ionic conductivity of the Al-LLZOparticte/PEO-LITFSI network (results reported in the Appendix
4) was equal to 8.10° S.cm™ at 25 °C. This value is close to the one observed for PEO-LIiTFSI
network, demonstrating that there is no improvement in ionic conductivity in the SCE. Since it
was difficult to achieve higher concentration of Al-LLZO particles in SCE keeping good
homogeneity of membrane and that the quantity of Al-LLZO particles added is low to achieve
the percolation of the inorganic network, we have decided to synthesize SCE using a continuous
Al-LLZO scaffold.
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V.2 SCE with 3D Al-LLZOscaffold
IvV.2.1. Elaboration of 3D Al-LLZOscaffold
IvV.2.1.1. Elaboration of as-spun 3D scaffold

Appendix 1 shows the non-exhaustive list of different tests carried out to obtain a self-
standing membrane by electrospinning using PVP as supporting polymer. We set the
electrospinning voltage to 20-23 kV, the needle distance to the collection drum to 15 cm, and
carefully set the collection drum speed to 600 rpm. A binary EtOH:H20 (1:1) or a tertiary
EtOH:DMF:H20 (0.67:0.22:0.11) mixture was employed as the solvent, based on the works of
Zhao et al.?” or Rosenthal et al®’, respectively. Based on this literature, the inorganic precursor
concentrations were set at 1.19 and 0.12 mol.L? for the tertiary and binary solutions,
respectively. Unfortunately, the concentration of 0.12 mol.L™* was not sufficient to achieve a
self-supporting membrane after heat treatment (see picture test 1 in Appendix 1). The rest of
the study will therefore be carried out with the electrospinning solution having a concentration
in inorganic precursor of 1.19 mol.L* in a binary EtOH:H20 (1:1) and 4.4 wt% of PVP (test 7
in Appendix 1).

The appearance of the as-spun mat was investigated by FEG-SEM imaging (Figure
111-6). A diameter of around 1-3 um is observed in the FEG-SEM images. This is higher than
the diameter measured (577 nm) in the literature?’. The difference can be linked to the
electrospinning parameters that differ (feed rate of 1 mL.h!; voltage 15 kV; distance of 15 cm;
rotation speed of 60 rpm; 45% RH). In this study, the RH imposed during electrospinning is
lower (~10% RH), the rotation speed is faster (600 rpm), the voltage is higher (20-23 kV) and

as well as the solution flow rate (2-3 mL.h%).
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IvV.2.1.2. Optimisation of the thermal treatment

After selecting the appropriate electrospinning solution, the cubic-LLZO scaffold was
obtained by sintering and removing the PVP polymer. The heat-treatment was performed in
tubular furnace in dry air (flow 0.8 L.min). To avoid the formation of Lithium carbonate. A
thorough investigation of the heat treatment process was undertaken. The heat-treatment was
the following:

- aheating ramp of 5 °C.min up to 200°C and a dwelling at this temperature for 2 h,

to gently decompose the PVP (TGA analysis, Appendix 5)

- a heating ramp of 5 °C.min*! up to 750°C, 800°C, 850°C, 900°C or 1000°C for 4

hours to nucleate and sinter the LLZO particles.

The XRD analyses (Figure 111-7a) were performed to determine the temperature and

duration needed to achieve the pure cubic phase.
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Figure I11-7. XRD patterns of the various LLZO scaffold calcination at different (a) temperatures
and (b) dwelling time at 850°C. PDF#01-084-7686 (AI-LLZO cubic) is used as a reference (|). (A)

LaxZr,0O7 (Pyrochlore) (%) LLZO tetragonal

Interestingly, the cubic phase is achieved at 750 °C. The attainment of the cubic phase
at such a low temperature is likely attributed to the high specific surface area of the 3D Al-
LLZO membrane compared to conventionally densified pellets?®. However, for heat-treatment
higher than 900 °C, a pyrochlore impurity appears due to lithium loss during the heat
treatment®. Consequently, the temperature of 850 °°C is chosen to improve sintering between
particles and avoid the apparition of secondary phases. In order to optimize sintering between

the particles, we have studied the impact of the dwelling time at this temperature (going from
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1 h to 8h) and the diffractograms were reported in Figure I11-7b. It can be seen i/ the presence
of the tetragonal phase with a dwelling time of 1 h and ii/ the appearance of the pyrochlore
phase after a dwelling time of 8 h. Accordingly, we have selected the dwelling time of 4 hours.
The obtained 3D Al-LLZOscaffold iS very fragile and exhibit a thickness of 40 um (see picture
Appendix 1, test 7).

The overall morphology of the 3D Al-LLZOscafrold has been then studied by FEG-SEM
analyses and the results were reported in Figure 111-8. The FEG-SEM images reveal that the
inorganic scaffold is continuous and retains the three-dimensional structure obtained by
electrospinning. The fiber diameters range is around 1-1.5 um. Interestingly, the fibers appear
to be interconnected and consist of sintered Al-LLZO microparticles of ~1 pum, which is
comparable to the diameter of the fibers. There features are promising as they can provide
mechanical support and a continuous pathway for Li* transport. Unfortunately, it was not
possible to determine the ionic conductivity of this scaffold due to its brittle structure.

Importantly, the significant porosity in the 3D Al-LLZOscaffold Can be used to efficient
infiltrate the monomer mixture for SCE synthesis.

Figure 111-8. FEG-SEM images of 3D Al-LLZOcaffold.
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1V.2.2. Elaboration of SCE with 3D Al-LLZOgcaffoid

To synthesize the SCE, the 3D AI-LLZO scaffold was impregnated with the PEO-
LiTFSI network precursor solution through capillary method. The PEO-LITFSI network
precursor solution was deposited drop-by-drop on the 4 corners of the 3D scaffold, enabling the
polymer to infiltrate the scaffold's structure. Once the entire scaffold has been wetted by the
PEO-LITFSI network precursor solution, a heat treatment of 70 °C for 2 h and 90°C for 1 h,
generally used for the synthesis of the PEO network (Chapter 11 —section 11.2, p.59) was applied
on a hot plate with an aluminum-covered glass dome inside a glove box. Finally, we obtain the
SCE Al-LLZOscaffola/PEO-LITFSI network.

The volumetric concentration of PEO network was estimated by weighing the
membrane before and after impregnation. The Al-LLZOscatfold/ PEO-LITFSI network contains
30 wt% of Al-LLZO (i.e 9 vol%). To confirm this result, we have performed TGA analysis
(Appendix 6). The TGA analysis exhibits a one-step degradation process, initiated at around
200°C, that was mostly attributed to the degradation of the polymeric matrix. The residue at
600°C correspond to the composition of the inorganic LLZO content in the SCE. A value of
30 wt% is observed, indicating around 9 vol% of Al-LLZO. Accordingly, we have 70 wt% of
polymer, if the mass loss of Al-LLZOscatfold IS Nt considered. If we consider the mass loss of
inorganic (10%), the weight proportion of polymer is 60%. This difference can be explained by
adsorption of water and CO: at the surface of Al-LLZOscaffold during the preparation and
stabilization of sample in the TGA.

To observe the morphology of the SCE, FEG-SEM analyses were conducted (Figure
[11-9). Figure I11-9 shows the view of the cross-section (made in liquid nitrogen) and the top
view of the composite membrane. It is interesting to note that all the fibers appear to be covered
by a layer of polymer, and at the same time, the porosity of the 3D Al-LLZOscaffold appears to
be appropriately filled. Thus, the polymerization did not degrade the morphology of the fibers.
The polymer-coated fibers appear thicker (3 pm) than Al-LLZOscaffold fibers. A thickness of 20-
30 um is measured on the cross-section. Importantly, note that the thickness obtained for the
composite depends on the thickness of the calcined scaffold as well as volume proportion,

which can vary between 9-11.
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cross-section (down).

In contrast to the 3D Al-LLZOscaffold, the Al-LLZOscatfold/ PEO-LITFSI network can be
manipulated allowing the estimation of its ionic conductivity using EIS. The Nyquist plot was
reported in Appendix 7) and exhibit the same behavior of the PEO-LIiTFSI network. The
obtained conductivity is 1.10° S/cm at 25 °C which is similar than the one observed for PEO-
LiTFSI single network and close to the one observed for the Al-LLZOparticle/PEO-LITFSI
network made of dispersed Al-LLZOyaricle microparticles (8.10° S.cm™). Zheng et al.4
investigated the Li* diffusion in LLZO/PEO-LiClO4 composite using NMR and reported that
at 20 wt% LLZO content in the composite, conduction occurs primarily through the polymer
matrix. However, at 50 wt% and above, Li* diffusion is achieved by the LLZO. In our case, at
30 wt%, it appears that we are closer to the 20 wt% scenario.

The incorporation of a 3D Al-LLZOscaffold in an SCE does not lead an improvement in
ionic conductivity compared to the PEO-LIiTFSI network alone. However, it is noteworthy that
this approach allowed the production of self-standing and thin objects in the range of a few tens
of micrometers in thickness, which is not achievable with the PEO-LITFSI network alone and
Al-LLZO alone.
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Unfortunately, we were unable to measure amplitude shear oscillation because the Al-
LLZOscatfold/ PEO-LITFSI network is too brittle. Nonetheless, to ascertain whether there is any
additional benefit in using 3D Al-LLZOscaffoid instead of Al-LLZO particles, we have decided to
impregnate the 3D Al-LLZOscaffold With @ PEGM-LITFSI (PEO-LITFSI brush) polymer
precursor solution. PEO-LITFSI brush is a linear PEO with dangling chains. Nevertheless, this
solution resulted in a gel-like rather than a self-standing membrane, making challenging to
handle it (see Appendix 2).

V.3 Contribution of 3D Al-LLZOscaffoid VS. Al-LLZO particles in PEO-LITFSI
brush

In Chapter 11, have described the manufacture of a PEO-LIiTFSI brush material. This
electrolyte exhibits a slightly higher ionic conductivity (2.10° S/cm) compared to a PEO-
LiTFSI network (1.107° S/cm) with the same Ethylene Oxide on Li (EO/Li) ratio. Unfortunately,
this material cannot be utilized as a solid electrolyte due to its gel-like behavior. It is therefore
interesting to observe the impact of the Al-LLZO particles or the 3D Al-LLZOscatfold ON this type
of polymer. Initially, 10 vol% of Al-LLZO particles was introduced into the PEO-LiTFSI brush
precursor solution, and the material was shaped using the polymer membrane preparation
method (Chapter Il - section 11-2). The standard thermal polymerization program was applied.
After polymerization, the set-up was recovered to remove the Al-LLZOparticle/PEO-LITFSI
brush from the mold. Unfortunately, 10 vol% was not enough to obtain a self-supporting
membrane (see picture in Appendix 2). When removing from the mold, the material sticks to
the glass plates and numerous small bubbles are present. A test with two films of Mylar on the
glass plates was tried to prevent the composite from sticking to the glass plates, but gave the
same result. So, it is not possible to measure shear modulus or ionic conductivity on this
composite.

We then impregnated a 3D Al-LLZOscaffold With the PEO-LITFSI brush precursor
solution. Using the same method as described above, i.e. the same protocol of capillary
impregnation and polymerization heat treatment, the Al-LLZOscaffold/PEO-LITFSI brush
composite was prepared. Capillary impregnation is easier with PEO-LITFSI brush precursor
solution, as it is less viscous. The resulting composite is easy to handle, flexible and self-
standing (see Appendix 2). Al-LLZOscarroid/PEO-LITFSI brush contains approximately 9 vol%
Al-LLZO, estimated using the same method described for Al-LLZOscaffold/PEO-LITFSI
network. In order to observe the polymer impregnation into the 3D Al-LLZOscatfold, FEG-SEM
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analyses were carried out (Figure 111-10). The thickness of the material is around 40 pum, as

estimated by FEG-SEM microscopy (Figure 111-10). As before, capillary impregnation fills the

pores and coats the LLZO fibers.
. S 7 Sl
e

Flgure 111-10. FEG-SEM images of Al- LLZOscam.d/PE L|TSI brushln cross -section (Ieft) and
top view (right).

lonic conductivity was determined using EIS (Nyquist plot Figure 111-11), and a value
close to 1.10° S.cm™ was measured. This value is comparable to the PEO-LiTFSI brush and
both composites produced with PEO-LiTFSI network. These results seem to corroborate the
observations reported by Zheng et al.**. Below 50wt% (~ 20 vol%) of LLZO, ionic conductivity

is mainly governed by the polymer phase.
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Figure I11-11. Nyquist plot at 25°C of () PEO-LiTFSI network, () Al-LLZOscattos/ PEO-LITFSI

brush, (®) Al-LLZOxafos/ PEO-LIiTFSI network, and (@) Al-LLZOparici/PEO-LIiTFSI network.
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Another way of determining the conductive phase in SCEs is to study the transport
number. In ceramics, t* is equal to 1 because only Li* ions are mobile?, whereas for PEO-LiTFSI
brush, t* must be less than 0.5 because both (Li* and TFSI") ions diffuse. In Chapter II, we
indicated a t* of 0.3 for PEO-LiTFSI network. The transports number (t*) was measured on the
Al-LLZOscatrold/PEO-LITFSI brush using the method developed by Bruce and Vincent®. The
results of the EIS experiment and polarization are presented in Appendix 8. According to
Equation 2, a t* value of 0.28 was calculated at 25 °C. This result is close to that of the PEO-
LiTFSI network and confirms that Li* ions diffusion takes place mainly in the polymer matrix
of the Al-LLZOscafola/ PEO-LITFSI brush.

This study enabled us to highlight the mechanical contribution of the 3D Al-LLZOscaffold
that can offer to an SCE. Unfortunately, no improvement in ionic conductivity was measured.
Therefore, it is necessary to increase the volume proportion of Al-LLZO in the SCE to hope to
see its contribution. However, the current 3D Al-LLZOscafrold does not allow us to do this, so we
need to make it denser. Nonetheless, further experiments exploring the enhancement of the 3D
Al-LLZOscatfold density are reported in the following section.

V.4 Prospects for improving the 3D Al-LLZO porous scaffold

To increase the density of the 3D Al-LLZOscaffold, an initial approach involved the
modification of the parameters of the electrospinning solution. Unfortunately, as we saw in
section 1V.2.1.1, increasing the reagent concentrations in the solution did not allow producing
a membrane by electrospinning.

Another strategy consists in adding commercial Al-LLZO (400-600 nm) particles to the
electrospun solution to increase the content of LLZO. However, the sedimentation of the LLZO
microparticles was generally observed in the electrospun solution. Thus, this approach only
slightly increased the reagent concentration from 1.19 mol/L to 1.20 mol/L and did not improve
the densification of the 3D Al-LLZO scaffold as it can be seen in Figure 111-12. Furthermore,

the diameter of the fibers is finally the same as without the addition of Al-LLZO particles (~ 1

um). As a result, it became necessary at this point to explore alternative techniques for
densifying the 3D Al-LLZOscaffold.
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Figure 111-12. FEG-SEM images of 3D Al-LLZOscastold elaborated with addition of Al-LLZO

particles.

Hérou et al.® described the densification of a 3D carbon scaffold by pressing the as-
spun polymer membrane to increase connectivity between the fibers. To do so, they stacked
several as-spun polymer membranes to each other and they applied different pressures. They
show that the contact points between the layers of nanofibers increases by bending around each
other at 40 bars. Between 60 and 80 bar, the nanofibers begin to fuse and after 80 bar the fibrous
morphology disappears.

Based on this paper, 3 pieces of as-spun mat were superimposed and an uniaxial pressure
of 100 bar at 50 °C was imposed for 10 min. We chose to apply a pressure of 100 bar to promote
fibers fusion. Tests at higher temperatures (80 °C) were tried, but the mat showed brown spots,
indicating that the polymer was starting to decompose. By comparison the FEG-SEM analysis
of the as-spun mats and the ones pressed at 100 bars at 50°C for 10 min, it can be seen that the

quantity of pores decreases and a flattening of the fibers (Figure 111-13).
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for 10 min.
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We have then applied the same heat treatment (step at 200°C for 2h and 850°C for 4h
with 5°C.mint ramp). FEG-SEM analyses (Figure 111-14) show less apparent porosity and the
flattening of the fibers. The fibers nevertheless retain a similar diameter of around 3um. One
intriguing observation is that the sintered particles composing the fiber are significantly smaller,

with sizes around 120 nm (vs 1 pum for 3D Al-LLZO not pressed). To our knowledge, it is

difficult to obtain such small particles for LLZO.

Nk A J e € < e
Figure 111-14. FEG-SEM images of 3D Al-LLZOsusmod after pressing with heating and

calcination.

Once the 3D Al-LLZOscaffold has been densified (named Al-LLZOscaffold-densified), it has
been impregnated by capillarity with the polymer precursor solution. For this study, we have
selected the PEO-LIiTFSI network precursor solution, as the use of PEO-LITFSI brush did not
improve ionic conductivity. Same procedure for impregnation was applied: the solution was
deposited at the corner of 3D Al-LLZOscaffold-densified and let impregnated. First, we observed that
the impregnation takes more time (approximately 30 min compared to 10 min), probably due
to the change in the porosity of the LLZO scaffold. Polymerization was carried out under the
same conditions.

We estimated the amount of Al-LLZO by weighing in the SCE to be between 18 and
37% (50 and 72% by weight respectively), assuming that all the pores of the 3D Al-LLZO
scaffold are filled with polymer. This confirming that the hot-pressing treatment improves the
density of the Al-LLZO scaffold. Importantly, we note a disparity in the volume fraction of Al-
LLZO, probably linked to the difficulty in impregnating the 3D scaffold in this case.
Interestingly, the increase in the %vol. of AI-LLZO can also be seen in the FEG-SEM
photographs in Figure 111-15. Unfortunately, as the Al-LLZOscaffold-densified/ PEO-LITFSI network
is more brittle than Al-LLZOscatfold/PEO-LITFSI network, it was more difficult to do a cross-

section in liquid nitrogen as cleanly as previously. For this membrane, thicknesses measured
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with the palmer are of the order of 70-80 um, which is significantly thicker than previously.
This was expected, as the 3D Al-LLZOscaffold-densified Was thicker than 3D Al-LLZOscaffold before
impregnation. It is not possible to densify a single piece of 3D Al-LLZOscffoi, if a self-

supporting object is to be obtained after heat treatment.
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Figure 111-15. FEG-SEM images of Al-LLZOcaffold-gensitied/ PEO-LITFSI network in cross-section
(left) and top view (right).

The ionic conductivity of the Al-LLZOscaffold-densified/ PEO-LITFSI network was measured
by EIS using the same set-up as for other SCEs (swagelock, 0.4 MPa). But, a capacitive
response was achieved. To check whether the pressure applied was insufficient, another type of
set-up was used (see Appendix 3). This cell uses a set of screws to apply different pressures and
Nyquist plots were recorded (Figure 111-16). A minimum pressure of 63 MPa must be applied
to measure an ionic conductivity close to 10 S.cm™ for the various samples. This value is
different from the conductivity of PEO-LiTFSI network (10° S.cm™) and high-temperature
sintered AI-LLZO (10* S.cm). This low conductivity may be explained by the poor
connectivity of AlI-LLZO particles in the LLZOscaffold-densified as discussed by Zheng et al.** 2 or
to the orientation of the Al-LLZO fibers in the plane of the membrane, i.e. perpendicular to the
perturbation during EIS measurement*°. Another possibility is that the PEO-LiTFSI network is
not properly connected due to the reduced pore volume in 3D densified Al-LLZOdensified OF itS

lower proportion.
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Figure 111-16. Nyquist plot at 25 °C of Al-LLZOscaffold-densified/ PEO-LITFSI network for at
different pressures: () 0.4MPa, (m) 38 MPa, (=) 63 MPa, (m) 86 MPa and (m) 111 MPa.

V. Conclusion

We have designed several SCEs using one-step or two-step approaches. The originality
of our work is to use a solvent-free mixture of commercially liquid monomers to form the
polymer matrix of the SCE by thermal polymerization. In the one-step approach, the LLZO
particles were first dispersed in the mixture of the liquid monomers and they were then
thermally polymerized, allowing a good dispersion of the LLZO particles. In the two-step
approach, the mixture of liquid monomers was used to impregnate a 3D LLZO scaffold,
previously synthesized by electrospinning process. The use of liquid precursors allows a better
impregnation by capillarity.

In the one-step approach, we have shown the advantage of SCE design in improving the
mechanical properties of SCE compared to pure polymer. This is demonstrated by visual
observation of SCEs with 7 vol% AI-LLZO particles compared to the pure PEO-LITFSI
network. Additionally, the Al-LLZOpartice/PEOLITFSI membrane is self-standing and exhibits
a thickness of 75 pum, which was not possible with the PEO-LITFSI polymer. Unfortunately,
the ionic conductivity of the polymer was not improved, probably due to the low concentration
of Al-LLZO particles.

For the two-step approach, we have first defined the experimental conditions allowing
the synthesis of porous 3D inorganic cubic LLZO scaffold by combining electrospinning and

heat-treatment at moderate temperature (850°C, 4 hours). These 3D inorganic LLZO scaffold
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was then impregnated by the precursors of either a PEO-LITFSI network or a PEO-LIiTFSI
brush. Interestingly, the use of 3D Al-LLZOscaffold allows obtaining very thin self-standing
membranes (20-40 pum). However, an ionic conductivity of 10° S.cm™ was achieved at room
temperature similar to that of the PEO-LITFSI network or PEO-LITFSI brush. This low
conductivity was attributed to low content of Al-LLZO in the SCE, due to the high porosity of
the 3D Al-LLZOscaffold.

To increase the density of the 3D Al-LLZOscatfold, We have performed a hot-pressing
(50°C at 100 MPa during 10 min) treatment on electrospun membrane. The hot-pressed
membrane was then calcined at 850°C during 4 hours to crystallize the cubic Al-LLZOscaffold
and sinter the particles along the fibers. FEG-SEM images show the densification of the
scaffold, which was then confirmed during the impregnation step. Indeed, a volume fraction of
8 and 37 % of LLZO in the SCE was achieved. Unfortunately, this increase in vol. fraction of
LLZO did not allow an enhancement of the ionic conductivity as a value of 10°S.cm™ has been
measured at room temperature. This result may be explained by the low connectivity of Al-
LLZO particles in the membrane, the orientation of AI-LLZO fibers in the plane of the
membrane and/or the low connectivity of the PEO-LIiTFSI network. Efforts will be required to
enhance the density and connectivity of particles within the Al-LLZO scaffold. Nevertheless,

this is a promising avenue for future research.
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Chapter V.



Understanding the Li* transport through the PEO network||Al-
LLZO interface by using Electrochemical Impedance Spectroscopy

Buildings points:
e Formation of AI-LLZO/PEO network multilayers through in-situ and ex-situ
polymerization
e Employing electrochemical impedance spectroscopy to discern interface resistances
e Integration of a TLM element accounting for micro and macro transport across Al-

LLZO|PEO network interface phenomena
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Résumé

L’¢laboration d’¢lectrolyte composite polymere/inorganique pour les batteries tout-
solide nécessite une compréhension approfondie du transport des ions Li* aux interfaces entre
les deux matériaux. En utilisant la spectroscopie d’impédance €lectrochimique, il est possible
d’appréhender cette problématique. Nous avons opté pour la fabrication de tri-couches afin
d’étudier le déplacement des Li* aux interfaces. Ces multicouches sont composées de la
céramique Lis2sAlo2sLasZr012 (Al-LLZO) en raison de sa conductivité ionique élevée (10
S.cm™ a température ambiante) et des réseaux polymeéres, PEO. Les phases polyméres
sélectionnees (Chapitre 1), sont des réseaux poly(éthyléne oxyde) (PEO) dotés de chaines
pendantes incorporant un sel de Li ( non greffé, 10° S.cm™) ou un monomeére de Li (greffé, 10
7S.cm™), ce qui permet de greffer I’anion au réseau PEO. Cela a permis de modifier a la fois la
mobilité et la distribution des Li* a I’interface. Pour concevoir les tri-couches, nous avons soit
procédé a la polymérisation du réseau PEO sel de Li directement sur les deux faces de la pastille
Al-LLZO (in-situ), soit le contact entre les réseaux PEO (synthétisé en amont) et la pastille Al-
LLZO est maintenu par un ressort (ex-situ). Cela a permis d’évaluer I’impact de la
polymérisation in-situ sur le transfert des Li* mais aussi, d’observer I’influence de la
distribution des Li" a I’interface en opposant réseau PEO greffé et non greffé (ex-situ). En
utilisant un circuit équivalent intégrant le Modele de Ligne de Transmission (TLM) pour
interpréter les différentes données d'impédance observées au sein de ces structures
multicouches, nous avons pu identifier trois composantes clés influencant le comportement des
Li* : Ri refléte la résistivité du chemin ionique direct a I'interface réseau PEO|JAI-LLZO alors
que Rt et Ct correspondent a la résistance/capacitance réparties, liées au transfert des Li* entre
les deux électrolytes. De maniere intéressante, la valeur de Ri est plus élevee dans le cas de la
polymérisation in-situ, probablement di a une distance de saut plus grande pour le Li* entre la
phase inorganique et polymere. Cela peut étre causé par des réactions secondaire, lors de la
polymérisation in-situ et/ou une répulsion électrostatique. En revanche, la valeur de Rt semble
indépendante de la maniére dont le polymeére est assemblé sur la surface du Al-LLZO et de la
maniere dont les Li* sont introduits dans le réseau PEO (non greffés vs. greffés). Cette résistance
est attribuée au changement d'environnement des ions Li* entre Al-LLZO et le réseau PEO. De
plus, I’estimation des énergies d’activation de Ri et Rt a permis de mettre en evidence que le
passage direct (Ri) des Li* est favorisé et de confirmer la modification de I’interface réseau

PEOJAI-LLZO lors de la polymérisation in-situ.
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Understanding the Li* transport through the PEO network|Al-LLZO

interface by using Electrochemical Impedance Spectroscopy

Project of Article

Abstract

The design of composite Poly(ethylene oxide) (PEO)-garnet electrolyte for all solid-
state batteries requires understanding the transport of Li* at the polymer|jinorganic interfaces.
To do so, we develop a multilayer design to characterize the Li* transport at the composite
interfaces using impedance spectroscopy. First, Lis.2sAlo.2sLasZr.012 (Al-LLZO) ceramics have
been selected because of its ionic conductivity of 10 S.cm™ at ambient temperature. A polymer
network with PEO dangling chains has been chosen as an organic phase because it is easily
synthesized from commercially available liquid precursors such as poly(ethylene glycol)
methyl ether methacrylate (PEGM) and poly(ethylene glycol) dimethacrylate (PEGDM) via a
free radical polymerization. The lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) or
lithium sulfonamide methacrylic monomer (LiMTFSI) were included in the PEO network
leading to ungrafted and grafted lithium counterions, respectively, to both modify the mobility
and the distribution of Li* at the interface. The polymerization of the PEO network has also
been performed onto the AI-LLZO surfaces to study its impact on Li* transport. Using the
Transmission Line Model to describe the different impedance spectra of these multilayers, we
have shown that the Li* can be described by two elements: Ri which represents the resistance
of the direct ionic path at the PEO network||Al-LLZO interface, and Rt and C: that correspond
to the distributed Li* transfer resistance/capacitance between the two electrolytes. Finally, Ri is
influenced by the polymerization carried out in the presence of Al-LLZO, whereas Rt is the

same regardless of the strategies used to synthesize the multilayers.
Keywords

Multilayer LLZO/PEO network, Electrochemical impedance spectroscopy, Transmission Line
Model
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Introduction

All-solid-state lithium batteries (ASSBs) are considered as next generation of
electrochemical energy storage devices because of their safety and high energy density of up to
400Wh/kg. This is possible through the use of Li-metal as the negative electrode. One critical
component in ASSBs is the electrolyte, as none of the existing electrolyte family up to now
fulfills all the requirements including ionic conductivity, processability, electrochemical and
chemical stabilities toward Li'. In this context, the design of composite materials seems to be
the most realistic solution in the short term?. Usually, the polymer improves the processability
of the electrolyte but at the expense of the ionic conductivity while the inorganic materials have
better ionic conductivity with poor processability. One of the challenges when designing
composite materials is to tune the inorganic|jpolymer interface since it controls several
properties such as the transport of Li*. Before designing the best composite, it is necessary to
understand the experimental conditions favoring the transport of Li* at this interface®*. To our
knowledge, few studies have been reported on the understanding of the transport of Li* at the
PEO||ceramic interface. Zheng et al.> demonstrated by NMR analysis that the content of LLZO
in a PEO-L.i salt polymer (made by ball-milling and solution casting) impact Li* mobility. On
one hand, a composite with a high mass fraction of polymer (80-95 wt%) exhibits ionic
conductivity close to that of the polymer (~ 10 S.cm™). On the other hand, a high mass fraction
of LLZO (= 50 wt%) leads to lower ionic conductivity (10° — 107 S.cm™) attributed to the poor
LLZOJ|LLZO contact that restricts Li* transport in the inorganic percolated network. To explain
this result, several hypotheses have been drawn including the modification of the crystallinity
of the PEO or the transport mechanism along or through the LLZO||polymer interface. The
latter has been studied by Brogioli et al.® through the estimation of the activation energy of ionic
conduction at the interface by impedance spectroscopy. Interestingly, they estimated a high
activation energy barrier for Li* between the two phases (LLZO-PEO), demonstrating the
difficulty of Li* in moving from one phase to the other. To overcome this limitation, Kuhnert
et al.” investigated the surface modification of LisslasZriaTaosO12 (LLZTO) particles by
covalently grafting PEO chains. To do so, the surface-terminated oxygen of LLZTO particles
is first activated by plasma etching and a sol-gel chemistry reaction was performed with (3-
glycidyloxypropyl)trimethoxysilane (Si-R) in order to covalently bonded Si-R layers on top of
LLZTO particles. The surface layers terminated by an epoxy group react then with the hydroxyl
group of the PEOs, allowing the functionalization of the surface by PEO chains. Interestingly,
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this functionalization modifies the charge surface of LLZTO. As a result, the PEO segments
organize themselves around the LLZTO particles, in a way that the jump distance of Li*
between the LLZTO and the PEO polymer is drastically reduced. As a consequence, the Li*
easily crosses the LLZTOJPEO interface, as shown by the resistance measurement using
impedance spectroscopy.

To quantify the interface resistance, Gupta et al.® designed a multilayer PEO-
LiTFSI/LLZTO/PEO-LITFSI system and studied the Li* transport through these multilayers by
impedance spectroscopy. Their interest was the estimation of interface resistance between the
two electrolytes (PEO-LITFSI and LLZTO). The impedance spectra exhibit two distinct
frequency-dependent phenomena on the Nyquist representation, corresponding to two semi-
circles. The semicircle at high frequency (HF) is attributed to the bulk response corresponding
to both the resistance of the PEO-LITFSI polymer and the bulk LLZTO. The second one at a
medium frequency (MF) is attributed to the interface and noted Rinterface. TO estimate the value
of Rinterface, they proposed the following electronic circuit: (CPEbul//Rbu) +
(CPEinterface//Rinterface) + MauWhere CPEbui//Ruouik represents the total capacity and resistance of
the 3 electrolytes bulk layers, CPEintertace//Rinterface the capacity and resistance between the two
electrolytes and Mau the capacitive phenomenon due to the use of blocking gold electrodes. A
Rinterface OF 15 kQ.cm? at 30 °C is estimated. Interestingly, they observe a decrease of this value
with the surface cleaning of the LLZTO (0.2 kQ.cm?) by heat treatment and with the
modification of the concentration of Li* in the polymer electrolyte. Increasing the Li*
concentration in the polymer changes the gradient concentration between the two electrolytes,
then favoring Li* transport. The same behavior has been observed on multilayers with
Liz+x+yAlxTi2—xSiyP3-yO12 (LATP) and PEO-LIiTFSI.® Using a methodology comparable to
Gupta et al., they demonstrated that the interfacial resistance, Re, is inversely proportional to
the concentration of Li* in the polymer in the range of 0.01-2.5 M (Rct ~ 2.10° Q.cm? and 20
Q.cm? respectively at 70 °C). Finally, in their studies on PEO-LiClO4/LLZO/PEO-LiClO4
multilayers, Langer et al.'° observed an additional ion transfer process which they attributed to
interface processes. To model and to estimate its contribution to the overall response, they
proposed to use a de Levie element in their equivalent circuit: Rse + ZdeLevie + CPEd Where Rse
represents the total resistance of the electrolytes, ZdeLevie IS used to represent the porous structure
of the interface between the two electrolytes and finally CPEa for the capacitance at the

blocking electrodes. Often, ZdeLevie is used for porous electrodes to separate contributions of Li*
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diffusing in the pores from the ionic transport across the phase boundary'!?. In these
conditions, a Rinterface Of 9 kQ.cm?at 70 °C was estimated.

Inspired by these literature studies, we designed a multilayer LiTFSI-PEO
network/LLZO/LiTFSI-PEO network to study the transfer of Li* at the LLZOJLiTFSI-PEO
network interface. Compared to work performed in the literature, we have selected the LiTFSI-
PEO network because of its amorphous nature along a wide temperature range and the ability
to synthesize directly it on the surface of LLZO pellet by using liquid monomers. Importantly,
this LiTFSI-PEO exhibits a conductivity of 10° S.cm™ at 25 °C!3 which is two orders of
magnitude lower than the one measured on dense Lis.sLasZr2Alo2012 ceramic’* (10* S.cm™ at
25 °C). Interestingly, our approach allows eventually the grafting of the PEO network onto the
LLZO surface and induces a modification of the free volume at the interface, in comparison
with the classical LiTFSI-PEO network system. In addition, it is also possible to graft the
lithium counterions to the polymer chains (using MTFSI monomer instead of LiTFSI) allowing
control of unbound ion concentration at the interfaces. To characterize diffusion phenomena at
the interface, we have implemented in the equivalent circuit the well-known Transition Model
Line (TML). This element was first introduced by Euler and Nonnnenmacher*® to describe the

hindered diffusion of Li* in pores of classical Li-ion electrodes in contact with liquid electrolyte.
Il.  Experimental

11.1. Materials

Lis2sAlosLasZrO1  (Al-LLZO, 400 to 600nm D50, Ampcera) and Lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI, > 99%, Sigma Aldrich) was kept in the glove box
(H20 < 0.1 ppm). Poly(ethylene glycol) methyl ether methacrylate (PEGM, Mn= 500 g.mol*,
Sigma Aldrich) and poly(ethylene glycol) dimethacrylate (PEGDM, Mn=750 g.mol, Sigma
Aldrich) were dried at 25 °C under vacuum (10-15 mbar) before used. 2,2’-azobis(2-
methylpropionitrile) (AIBN, initiator, 98%, Sigma Aldrich) was recrystallized in methanol
before used. For the synthesis of LisBOs (LBO), H3BOs (Alfa Aesar) and LiOH (Alfa Aesar)

have been used in stoichiometric proportion.
1.2. Materials synthesis

Synthesis procedure for Al-LLZO ceramics: LBO was first synthesized by dissolving HsBO3

and LiOH into distilled water in a 1:3 molar ratio and stirred vigorously at 50 °C to make a
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homogeneous solution. The solution was then dried at 120 °C and stirred under low rpm. The
resulting powder was finally heat-treated at 600 °C for 12 h. Al-LLZO ceramics were obtained
from commercial Al-LLZO powder manually ground with 5wt% of LBO. 1g of the ground
powder mixture was then pressed under 296 MPa to achieve 13 mm pellets. Excess of lithium
source was adopted to compensate for the lithium loss (volatilization) during sintering. To do
so, the pellets were covered in an Al203 crucible with commercial Al-LLZO powder. These
pellets were then sintered under air in an alumina crucible with a heating rate of 5 °C.min* at
780 °C during 5 h and then with a heating rate of 1 °C.min"*at 1150 °C for 12 h in a muffle
furnace. The sintered pellets exhibit a thickness of about 2 mm and a diameter of about 10-12
mm. The relative density is about 90%.

Synthesis procedures of polymer electrolyte: Polymer electrolyte syntheses were performed
as previously reported in Naboulsi et al.*2,

For LiTFSI/polymer precursors mixture, PEGM, PEGDM and AIBN were introduced into a
vial at the desired quantities (ratio PEGM/PEGDM: 80/20 wt/wt, 2 wt% AIBN by respect to
the total monomer weight). The precursor solution was stirred until the total solubilization of
AIBN then flushed with nitrogen. The vial was then introduced in a glove box (H20 < 0.1 ppm).
Finally, the required amount of LiTFSI (18 wt%, EO/Li = 24) was added to the PEGM/PEGDM
solution and stirred until the LiTFSI was completely dissolved.

For single-ion polymer electrolyte, PEGM, PEGDM and LIMTFSI were introduced in a vial
according to the desired proportions (ratio PEGM/PEGDM: 80/20 wt%, 21 wt% of LIMTFSI,
EO/Li = 24) and stirred until the total solubilization of LIMTFSI (2 h) at room temperature. 2
wt% of AIBN concerning the total weight of PEGM, PEGDM and LiMTFSI were added to the
mixture, which was then stirred and flushed with nitrogen until the AIBN was dissolved.

For the synthesis of the polymer membranes, the precursor mixtures were poured into a mold
made with two glass plates separated by a Teflon gasket (thickness = 250 um). The mold was
then placed in an oven at 70°C for 2 h and then at 90°C for 1 h. The resulting polymer
membranes were then dried under vacuum (10-15 mbar) at 70 °C in a glass oven (BUCHI B-
585) for 12 h and then kept in a glove box (H20 < 0.1 ppm) before use.

Synthesis of the (PEO network||[LLZO|| PEO network) multilayers: Two different
approaches have been used for the fabrication of the multilayers to control AI-LLZO||polymer
interface. As a first approach, the polymer layer was synthesized on the surface of the AI-LLZO
pellet; this approach will be called “in-situ” in the rest of the manuscript. In the glove box, the

Al-LLZO pellet surface was first cleaned on both sides with silicon carbide sanded polishing
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paper. A quantity of the chosen precursor mixture is deposited with a micropipette (Vol=10 pL
to achieve a final thickness of around 0.2 mm) on one side and spread with the tip of the
micropipette on the whole surface (0.99 cm?). On a hot plate, a thermal curing of 2 h at 70 °C,
followed by a post-curing of 1 h at 90 °C was applied to obtain the Al-LLZO/polymer bilayer
assembly. The assembly was then cooled to room temperature. The second polymer layer was
synthesized on the uncovered side of the AlI-LLZO with the same procedure leading to a
multilayer assembly PEO network||[LLZO|| PEO network, and called “in-situ” multilayer in the
rest of the manuscript.

In a second approach, two polymer films (thickness of ~ 0.250 mm) were first prepared as
previously described (i.e. synthesis procedure of polymer membrane) and then assembled with
Al-LLZO pellet to the configuration of PEO network||LLZO|| PEO network in a Swagelok cell
and the contact is maintained with a spring (0.4 MPa). This approach is called “ex-situ” in the
rest of the manuscript. The two multilayers are defined as "in-situ” and “ex-situ™ and are
described in Figure IV-1and Table SI.IV-1. Several multilayer tests were carried out to check
the reproducibility of the tests, but only three samples will be discussed here.

Testing procedure: The multilayers (in-situ and ex-situ) and polymer electrolyte were then
placed in a Swagelok-type cell using two stainless-steel blocking electrodes (BE). For the Al-
LLZO, a metallization with 50 nm Au has been performed. For all the cells, the contact was

maintained with a spring (0.4 MPa).
1.3. Characterization

Electrochemical impedance spectroscopy (EIS) experiments were carried out using a 1260
Solartron FRA device between 10” Hz and 101 Hz, with a perturbation amplitude of 100 mV at
the OCV (open circuit voltage), recording 11 points per decade. The activation energy was
estimated from the complex impedance spectra measured every 10 °C from 30 °C to 80 °C.
Temperature was controlled using an environmental simulation chamber (Memmert). Cells
were allowed to reach the thermal equilibrium for at least 1 h before each measurement.

Calculation of the capacitance from the Constant Phase Element (CPE). Using the Zview
software for the impedance data refinement, the CPE element includes two components, Qo and

a, respectively. The equivalent capacitance is calculated according to the following equation®:

1
C = @R@

- Equation 1

with R, the resistance in parallel to the CPE element in the electrical equivalent circuit.
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Results and discussion

To understand the transport of Li* into composite electrolytes, it is important to
characterize the transport of Li* at the interface of the PEO network and Al-LLZO ceramics. To
do so, we have designed PEO network/Al-LLZO/PEO network multilayers (Figure 1\VV-1). Two
approaches have been proposed to tune the PEO network]||Al-LLZO interface. In the “in-situ”
approach, the PEO network layer is synthesized directly onto the surface of Al-LLZO ceramics,
while in the “ex-situ” one the PEO network layer was first synthesized and then maintained

onto the surface of Al-LLZO ceramics by applying a constant pressure (0.4 MPa) via a spring.
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Figure IV-1. Schematic representation of (a) in-situ LiTFSI-Multilayer, (b) ex-situ LiTFSI-
Multilayer and (c) ex-situ LIMTFSI-Multilayer.

.1 Designing the electrical circuit corresponding to describe the PEO
network/Al-LLZO/PEO network multilayers

Before studying the different multilayers, we have independently characterized the Li*
transport in the individual electrolytes (LiTFSI-PEO network and Al-LLZO ceramics) by using
an Au/electrolyte/Au (or BE) cell configuration. The results are reported in Figure SI.1V-1. The
values of the different electrical elements used in the model, at all studied temperatures, are
summarized in Table SI.1\VV-2 and

Table S1.1V-3 for the PEO network and Al-LLZO, respectively for all the temperatures.
According to the literature!’, the BE/LiTFSI-PEO network/BE spectra can be divided into two

parts (Figure S1.1V-1a). The ionic motion in the material mainly governs the HF response, while
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the low frequency (LF) one is governed by the electrode polarization. Indeed, with a LF
perturbation signal, Li* tends to accumulate at the interface with the blocking electrodes,
leading to a depletion of positive charges on the opposite metallic electrodes. The LiTFSI-PEO
network resistance, Rpolymer, and capacitance, CPEpolymer, Were extracted from the impedance
data by fitting the spectra using the classical Rswagelock + CPEpolymer//(Rpolymer+ CPEgg) Debye
equivalent circuit shown in the inset of Figure Sl.IV-la. Figure Sl.IV-1a shows selected
samples and fitted spectra, where CPE was used to take into account the non-ideality of the
capacitors (described in the method), Rswagelock IS the resistance of the setup (cell, cables) and
CPEse represents the capacitive response of the blocking electrode.

Table 1V- 1. Values of electrical circuit elements at 30 °C for BE/LITFSI-PEO network/BE and
AU/AI-LLZO/Au.

RLLzo-bulk or CLizobukor  Rirzogp  CrLizo-gb Conductivity
Sample
polymer (€2) polymer (F) (Q) (F) (S.cm‘l) at 30°C
AlI-LLZO 2830 2.10™ 1306 7.10° 5.6.10°
LiTFSI-PEO network 1700 6.10™ 1.9.10°

From the modeling of the impedance data of the LiTFSI-PEO network using the
classical equivalent circuit, a capacitance value of 6.10'! F (Equation 1) and a conductivity
value of 1.9.10° S.cm™ at 30 °C were estimated (Table 1V- 1). Figure SI.IV-1b represents the
impedance spectra of the Au/Al-LLZO/Au cell. This latter exhibits three different domains.
According to the literature®8, the first semi-circle at HF is associated with the motion of Li* into
the bulk AI-LLZO grains, since a value of 2.10"** F for the capacitance (Table V- 1) has been
estimated from a CPELLzo-buik Of 6.101° F.cm™ (Equation 1). The second semicircle at MF
corresponds to the grain boundaries (GB) response with a capacitance of 7.10°F (Table IV- 1).
Finally, the capacitive response, CPEsg, at LF is attributed to the AI-LLZOJ/Au blocking
interface. From the bulk and grain boundaries resistances, an effective ionic conductivity of
5.6.10° S.cm™ was estimated for our Al-LLZO ceramic.

We have then studied the in-situ LiTFSI-Multilayers by impedance spectroscopy with
the same setup configuration and the experimental data (represented in a Nyquist plot) are
reported in Figure V-2,
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Figure IV-2. Nyquist plot at 30 °C of in-situ LiTFSI-Multilayer and its schematic representation.
Numbers at the data points indicate the power of frequency. a, b, ¢ and d on top of the Nyquist plot

represent the different frequency zones.

The impedance spectrum of this multilayer exhibits four different zones: a semi-circle
at HF (4.10°Hz, zone a), a contribution at HF-MF (3.10* Hz, zone b) followed by a shoulder at
MF (200 Hz, zone c), and a capacitive response at LF (zone d) corresponding to the charge
accumulation at the blocking electrode surface (modeled by CPEge). The HF response (107-10°
Hz, zone a) was attributed to the transport of Li* into both the LiTFSI-PEO network and LLZO,
according to the apparent frequency of the two reference cells for both individual electrolytes
(see Figure SI.IV-1a. and 2b). Accordingly, the HF-MF corresponds to the grain boundaries
response of the LLZO (zone b), as the apparent frequency corresponds to the one found for
LLZO GB (see Figure SI.IV-1b). These different features are modeled by CPELLzo-buik //
(Rpotymer //CPEpolymer + RLLzO-bulk + RLLz0-gb//CPELLzO-gb). In addition to these, there is a MF
contribution superimposed with the LLZO GB, which we have attributed to the LiTFSI-PEO
network||Al-LLZO interface as the fit of the impedance spectra with the contribution of solely

the two electrolytes in series is poor (Figure 1V-3a).
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Figure 1V-3. Nyquist plot at 30 °C of (e) in-situ LiTFSI-Multilayer, (—) fit according to the
equivalent circuit presented respectively (a), (b) and (c). a, b, ¢ and d on top of the Nyquist plot represent

the different frequency zones.

According to Isaac et al.®, a resistance in parallel with a constant phase element model
this latter contribution. Using the equivalent circuit reported in Figure 1V-3b, the result of the
fit with the experimental data is very good in the a and b zones, but is poor in zone ¢, probably
because of a non-ideal or more complex interface in our case. To deeper analyze the impedance
spectrum, we propose to replace this last contribution with a TLM (represented by DX in the
equivalent circuit) element in our equivalent circuit (see Figure 1\VV-3c) in order to better
describe the heterogeneity of our LiTFSI-PEO network||Al-LLZO interface. In the TLM (see
Figure SI.IV-2), Ri translates the resistivity of the ionic path in the pores of the electrode (filled
with liquid electrolyte) and Rct and Cai translate the charge transfer resistance and the double
layer capacitance®®. Inspiringly, in our LiTFSI-PEO network||Al-LLZO interface, Ri is
attributed to the resistivity of the direct ionic path at the LiTFSI-PEO network]||Al-LLZO
interface (facilitated ionic transfer regions), while Rt and C: correspond to the distributed Li*
transfer resistance/capacitance between the two electrolytes (hindered ionic transfer regions).
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This supplementary distributed Ri//C: element is the signature of a more tortuous (or an
energetically costlier) path for the Li*. The use of a ZdeLevie €lement, which is equivalent to a
TLM, was previously used by Langer et al.*° to describe the ion-transfer process due to interface
processes including distributed Li* transition across the interface at the PEO-LiClOsand LLZO.
Finally, the equivalent circuit shown in Figure 1VV-3c has been proposed to fit our experimental

data and the fit (reported in the same figure) is in excellent agreement.
11.2. Understanding and studying PEO network]|Al-LLZO interface resistance

The LiTFSI-PEO network]||Al-LLZO interfacial resistance of in-situ LiTFSI-Multilayer
at 30 °C has been evaluated to be ~ 16 kQ.cm?, considering it is mostly coming from R; in the
TLM element (as it gives the amplitude of the real part of the corresponding impedance — zone
a in Figure 1V-2). The value of interfacial resistance of in-situ LiTFSI-Multilayer at 30 °C is
higher than the one estimated by Gupta et al. on PEO-LITFSI/LLZTO/PEO-LITFSI multilayer
(Rinterface = 0.2 kQ.cm?)®. The main difference between their study and our work, whether the
polymer is linear or reticulated, is that the PEO network is formed in-situ on the surface of the
Al-LLZO. To check whether this implies a difference in resistance of the LiTFSI-PEO
network||Al-LLZO interface, an ex-situ LiTFSI-Multilayer is thus studied. The polymer is
formed ex-situ and held to the surface of the AI-LLZO pellets by pressure during the
electrochemical test.

The shape of the impedance plot (Figure 1V-4) is similar to the one obtained for in-situ
polymerization. By using the same equivalent circuit, proposed in Figure 1\VV-3c, the values of
Riand R: for all studied temperatures, are summarized in Table SI.IV-4 and Table SI.I\V-5for
in-situ LiTFSI-Multilayer and ex-situ LiTFSI-Multiplayer. For ex-situ LiTFSI-Multilayer, the

resistance R; for the composite interface is ~ 2.3 kQ.cm? at 30 °C.
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Figure 1VV-4. Nyquist plot at 30 °C of (e) ex-situ LiTFSI-Multilayer, (—) fit according to the

equivalent circuit presented. Numbers at the data points indicate the power of frequency.

This value is much lower than the one observed for in-situ polymerization (16 kQ.cm?).
However, the main difference between the two multilayer is that the LiTFSI-PEO network is
formed in-situ, favoring covalent bonding between PEGM-PEGDM and the Al-LLZO ceramics
through two different possible mechanisms (described in Figure 1V-5). In the first mechanism,
the free radicals from the initial state of the polymerization can be transferred to the hydroxyl
group on the surface of the Al-LLZO ceramics that allowing the grafting of PEGM or PEGDM
on the ceramics (see Figure IV-5a). In the second one, transesterification could occur between
the methacrylate of the precursor PEGM or/and PEGDM and the hydroxyl on the surface of the
LLZO (see Figure 1V-5b). This covalent bonding probably accentuate the electrostatic repulsion
between LLZO and the oxygen of the PEO chain, increasing the distance for Li* hopping
between the polymer and LLZO?*?!, The grafted methacrylate function can subsequently
participate in the formation of a PEO network grafted on the LLZO surface. IR spectroscopy
analyses were carried out to validate the hypothesis of a covalent bond between the PEO
network and the AI-LLZO ceramic, but unfortunately, the concentration of the PEO chain
grafted to the surface of the ceramic is probably too low to be detected due to the 2D

morphology of the interface.
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PEO network activated by the free radicals from AIBN, (b) Hypothesis on the reaction between Al-
LLZO and methacrylate from precursor solution of LITFSI-PEO network.

The in-situ formation of the PEO network does then appear to be less favorable to direct
Li* ions transport at the LiTFSI-PEO network]||Al-LLZO interface, in the whole range of
temperatures (Figure IV-6a). However, this tendency is not observed for the diffusion
phenomena described by Rt in the TML element (Figure 1V-6b). Rt represents the transfer of
Li* ions from the AlI-LLZO to the PEO network, and its value is influenced by the differences
in dielectric constant and Li* concentration between the two compounds. The fact that Rt is
similar for both in-situ and ex-situ multilayers is to be expected, as the Li* concentration in the
two polymer networks is the same and the dielectric constants should be close. This also
indicates that in-situ polymerization does not macroscopically modify the polymer.
Interestingly, the change of Ribetween the in-situ and the ex-situ polymerization approaches is
an indication that the PEO chains directly grafted onto the Al-LLZO surface induce a distance
of jump for Li* different, affecting the direct Li* transport.?%?*

Compared with the work performed on the LLZTO|PEO-LITFSI interface (Ri =
0.2 kQ.cm?)®, the value measured for Ri of our ex-situ LiTFSI-Mutlilayer (2.3 kQ.cm?) at 30
°C is an order of magnitude higher. This may be due to differences in the conductivity of
ceramics (Al-doped LLZO vs. Ta-doped LLZO) or to the surface chemistry of LLZO. After
high-temperature sintering (1225 °C), a second heat treatment is carried out at 700 °C to remove
impurities®. Most of the results in the literature are obtained at 70 °C, since the conductivities
of PEO at this temperature (10 S.cm™) are compatible with batteries application. We have,

therefore, compared our Ri values at 70 °C with the literature. A value of ~ 0.2 kQ.cm? was
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measured, which is an order of magnitude lower than that of Langer et al.*? (9 kQ.cm? at 70 °C)

measured on a symmetrical multilayer cell with LLZO and PEO-LiCIQa.
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Figure 1V-6. Evolution of the interface resistance (a) Ri and (b) R: as a function of temperature
for (m) in-situ LiTFSI-Multilayer and (e) ex-situ LiTFSI-Multilayer.

To analyze the importance of Li* distribution at the interface, and in particular the
distance Li* has to travel between the polymer EO groups and the Li* sites in Al-LLZO, the
anion was grafted to the polymer chain. The impact of this modification on interfacial processes,
including resistive and/or diffusional phenomena, was evaluated. For this purpose, we designed
an ex-situ LIMTFSI-Mutilayer, comprising two single-ion polymer membranes synthesized
according to Naboulsi et al.'® The results are gathered in Figure IV-7.
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equivalent circuit presented and numbers at the data points indicate the power of frequency for ex-situ
LiMTFSI-Multilayer and (e) ex-situ LiTFSI-Multilayer.

First, the impedance spectra are comparable in shape to ex-situ LiTFSI-Multilayers at
extremely high and low frequencies. The main differences occur in the impedance values
obtained, and at the MF range, where a shoulder appears much more attenuated and flatten. The
impedance differences may be related to the high resistance of the single-ion polymer
membrane (107 S.cm™)!® compared to the polymer membrane with LiTFSI (10° S.cm™),
inducing than a much larger first semicircle (HF). Using the equivalent circuit of Figure 1V-3c,
it is then possible to fit the Nyquist plot and estimate the values for Ri and Rt (i.e. Table SI.1V-
6)

Figure 1V-8a represents the variation of Ri as a function of the temperature. For ex-situ
LiIMTFSI-Multilayer, it can be seen that Ri is an order of magnitude higher than the one
observed for ex-situ LiTFSI-Multilayer. For ex-situ LIMTFSI-Multilayer, the hopping distance
for Li* to cross the interface is fixed and probably more important as the anion is attached to
the polymer chain. Interestingly, Rt (Figure 1VV-8b) for ex-situ LIMTFSI multilayer compares
well with the one for ex-situ LiTFSI multilayer. Ri and Rt are influenced by the chemical
composition of the materials brought into contact and by the energy barrier that Li* must
overcome to pass from one dielectric material to the other (inorganic and polymer). Given that
the polymers are of the same chemical nature, the only difference between the two systems

studied is the distribution of Li at the interface. LiTFSI is free in the PEO network whereas
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LIMTFSI is grafted to the PEO network, which perhaps implies that more Li is present at the
interface for PEO-LiTFSI. This difference in the value of Ri confirms its attribution to the
transport of the Li* between the AI-LLZO and the PEO network.
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Figure IV-8. (a) Evolution of the interface resistance (a) Ri and (b) R: as a function of

temperature for (e) ex-situ LIMTFSI-Multilayer and (e) ex-situ LiTFSI-Multilayer.

From the variation of Ri and Rt with temperature, we estimated the activation energy
(Ea) for each of these phenomena as a function of the assembly processes (Figure SI.1V-3 and
SIL.IV-4, Table I1V-2). We find that the activation energies for Ri and Rtare comparable in the
case of ex-situ LiTFSI and LIMTFSI, showing that the energy barrier for the Li* to cross the
interface by this shaping process is identical. This is because the polymers are held to the surface
of the AI-LLZO pellet by pressure. Conversely, the activation energies for LiTFSI are different
between in-situ and ex-situ. For Ri, they are lower for the in-situ multilayer (0.38 eV for in-situ
compared with 0.54 eV for ex-situ). This suggests a modification of the Li* transport
mechanism at the interface, probably linked to the assembly process such as the in-situ
polymerization. Furthermore, in the in-situ multilayer, we note that the activation energies for
Riand Rt are different. Just as the values of Ri are lower than R:. These values tend to show that

the preferred transport mechanism is the direct one.

143



Table IV-2. Activation energy is estimated for interfacial resistances (Ri and R;) for the three

multilayers.
Ea (RI) R2 Ea (Rt) R2
Sample
eV eV
in-situ LiTFSI-Multilayer 0.38 0.99 0.60 0.98
ex-situ LiTFSI-Multilayer 0.54 0.99 0.53 0.98
ex-situ LIMTFSI-Multilayer 0.54 0.96 0.43 0.99

IVV. Conclusion

We have studied the transport of Li* ions through the cross-linked PEO network||LLZO
interface by designing multilayer architectures. Our interest was to understand how Li* ion
moves through the composite interface in order to define the physical-chemical parameters
influencing most of its transport. In this context, we have used our knowledge of the synthesis
of cross-linked PEO network from liquid polymer precursor to investigate the impact of grafting
cross-linked PEO network to Al-LLZO surface, and of the depletion of Li* at the interface by
grafting anions (TFSI) to the PEO chain. Impedance spectroscopy has been advantageously
used for evaluating the various resistances (polymer, Al-LLZO and interface) based on an
equivalent circuit integrating a TLM element, to better highlight heterogeneities at the
interfaces. Interestingly, we found that the Ri representing the direct transport of Li* at the
composite interface was larger in the case of in situ polymerization, due probably to a larger
jump distance of Li* between the inorganic and organic phases. On the contrary, the Rt value
appears to be independent of the way in which the polymers are assembled onto the Al-LLZO
surface and the manner that Li* is brought to the PEO network (LiTFSI salts vs. grafted anion)
as this resistance is attributed to the change of environment of Li* going from Al-LLZO to PEO
network. Interestingly, the estimation of the energy of activation from Ri and R: confirms the
modification of the cross-linked PEO network]||Al-LLZO interface for the assembly by in-situ

polymerization. In particular, the direct transport of Li* appears more favorable.
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Supporting information

Table of sample composition and characteristics of the various multilayer designs; Nyquist plot
at 30°C of LiTFSI-PEO network, Al-LLZO; Table of values of electrical circuit elements at all
temperatures for LiTFSI-PEO network, LIMTFSI-PEO network and Al-LLZO; Representation
of TLM element; Table of values of Ri, CPEi, ai and Rt electrical circuit elements at all
temperature for in-situ LiTFSI-Multilayer, ex-situ LiTFSI-Multilayer and ex-situ LIMTFSI-
Multilayer; Arrhenius plot of the interfacial resistance Ri and Rt for in-situ LiTFSI-Multilayer,
ex-situ LiTFSI-Multilayer and ex-situ LIMTFSI-Multilayer.
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Supporting information

Understanding the Li* transport through the PEO network]Al-

LLZO interface by using Electrochemical Impedance Spectroscopy

Table SI.IV-1. Sample composition and characteristic of the various multilayer design

Thickness (cm)

Sample Polymerization  Type of polymer Total polymer LLZO  Area (cm?)
in-situ S PEGM-PEGDM-
LiTFSI-Multilayer n-sit LiTFS 0032 0234 099
ex-situ . PEGM-PEGDM-
LITFSI-Multilayer ex-sit LiTFS! 0.057 0230 0.9
ex-situ . PEGM-PEGDM-
LIMTFSI-Multilayer ' LIMTFSI 0.051 0185 0.9
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Figure SI.1V-1. Nyquist plot at 30 °C of (a) BE/LiTFSI-PEO network/BE, (b) Au/Al-LLZO/Au and (—
) fit according to the equivalent circuit presented respectively. Numbers at the data points indicate power

of frequency.

Table SI.IV-2. Values of electrical circuit elements at all temperature for BE/LiTFSI-PEO network/BE
and BE/LIMTFSI-PEO network/BE.

Temperature LiTFSI-PEO network LiIMTFSI-PEO network
E)oc) Rpolymer CPEponmer o Rpolymer CPEponmer o
(Q) (F.Cm'z) polymer (Q) (F.Cm'z) polymer
30 1700 9.0.1010 0.83 95327 1.2.10° 0.76
40 850 6.1.1010 0.86 44327 1.4.10° 0.76
50 400 7.2.1010 0.87 20849 1.8.10° 0.76
60 200 7.0.10%0 0.91 12170 2.2.10° 0.75
70 100 5.0.10%0 0.96 5219 3.1.10° 0.74
80 50 7.0.10°1° 0.99 3818 3.7.10° 0.74
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Table SI.IV-3. Values of electrical circuit elements at all temperature for Au/Al-LLZO/Au.

Al-LLZ
Temperature O
o LLZO-bulk LLZO-bulk LLZO-gb LLZO-gb
( C) R CPE OlLLZO-bulk R CPE OLLZO-gb
(Q) (F.cm?) (Q) (F.cm?) g
30 2830 5.5.10°10 0.80 1306 1.0.107 0.77
40 1919 9.6.10°10 0.77 705 6.0.10°8 0.84
50 1291 2.0.10° 0.74 366 3.6.10°8 0.90
60 942 5.0.10° 0.69 218 2.5.108 0.94
70 704 2.0.10°8 0.63 111 1.7.10°8 0.99
80 460 8.0.10° 0.70 97 4.8.108 0.88
R R
YW (
RC( RC! Rc
Cdl Cc\ Cdl

Figure SI.IV-2. Representation of TLM element.

Table SI.IV-4. Values of Ri, CPE;, aiand R electrical circuit elements at all temperature for BE/in-situ
LiTFSI-Multilayer/BE.

Tempera’ture in'Situ LlTFSI'MUItlIayer

(°C) Ri (Q.cm?) Rt (Q.cm?) CPE: (F) at

30 1.6.10% 3.6.10° 3.1.108 0.83
40 1.1.10* 8.2.10* 4.6.10° 0.85
50 5.9.10% 3.9.104 9.0.10° 0.77
60 4.0.10° 1.7.10% 1.0.107 0.78
70 2.9.10° 9.9.10° 1.1.107 0.78
80 2.0.108 6.8.10° 2.3.107 0.72

Table SI.1V-5. Values of R, CPE;, aiand R electrical circuit elements at all temperature for BE/ex-situ
LiTFSI-Multilayer/BE.

Temperature ex-situ LiTFSI-Multilayer
(°C) Ri (Q.cm?) Rt (Q.cm?) CPE: (F) at
30 2.3.10° 1.2.10° 7.3.10°® 0.73
40 1.1.10° 7.7.10* 4.9.10® 0.76
50 6.0.102 4.1.10* 3.9.10°® 0.79
60 3.0.102 1.6.10* 9.8.10° 0.92
70 1.6.10? 1.3.10¢ 1.0.108 0.87
80 1.3.10? 7.4.10° 1.1.10°8 0.88
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Table SI.IV-6. Values of Ri, CPE;, ojand R; electrical circuit elements at all temperature for BE/ex-situ

LiMTFSI-Multilayer/BE.

Temperature eX'SitU LlMTFSI'MUIt”ayer
(°C) Ri (Q.cm?) Rt (Q.cm?) CPE: (F) at
30 2.2.104 1.7.10° 6.7.10° 0.78
40 7.9.108 9.7.10* 2.0.10® 0.91
50 3.3.10% 3.8.104 3.8.10% 0.86
60 2.7.108 3.6.104 3.2.10% 0.92
70 2.4.10° 2.3.10* 9.3.10° 0.75
80 1.0.10° 1.5.104 5.8.108 0.79
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Figure SI.IV-3. Arrhenius plot of the interfacial
Multilayer and (e) ex-situ LiTFSI-Multilayer.
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Figure SI.1VV-4. Arrhenius plot of the interfacial resistance (a) Ri and (b) R for (e) ex-situ LIMTFSI-

Multilayer and (e) ex-situ LiTFSI-Multilayer.
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Chapter V.



Improvement of lonic Conductivity of the AI-LLZO composite
through in-situ synthesis of the PEO networks during the cold-
sintering process

Buildings points:
e Fabrication of predominantly inorganic composite electrolytes using the CSP through
in-situ polymerization and one-pot synthesis
e Enhancement of ionic conductivities in the composites compared to the pure polymer
network
e Identification of Li* diffusion pathway at the PEQJ|AI-LLZO network interface through

the EIS method and measurement of Ea.

154



Résumé

Pour la conception de batteries tout solide, il est essentiel de concevoir un électrolyte
solide offrant les meilleures performances. De nombreuses recherches se sont portées sur les
électrolytes composites, car ils permettraient de combiner les avantages des électrolytes
inorganique et polymere, tout en masquant leurs défauts respectifs. Pour élaborer un électrolyte
composite majoritairement inorganique, 1’utilisation du procédé de frittage a froid (cold-
sintering process, CSP) s’avere prometteuse. Ce procédé a été développé pour fritter et/ou
compacter des céramiques a plus basse température (< 200 °C) que le frittage conventionnel.
Les composites ainsi réalisés comprennent comme phase inorganique le grenat LizLasZr2012
(LLZO), choisi en raison de sa stabilité a Iair et sa haute conductivité ionique (10 S.cm™ a
température ambiante). Aprés une étude détaillée dans le chapitre 11, les phases polyméres
choisies sont composées d’un réseau de polymere doté de chaines pendantes de poly(éthyléne
oxyde) (PEO). Ces réseaux sont obtenus via une polymérisation radicalaire thermiquement
activée, ce qui permet de réaliser une polymerisation in-situ pendant le CSP et d’obtenir
I’¢lectrolyte composite par une synthése one-pot. Nous avons pu étudier I’impact de la nature
de la phase polymere (contenant des sels de Li ou non et le greffage du contre anion aux chaines
PEO) sur la conductivité ionique du composite. De plus, d’autre phases inorganiques autres que
le LLZO ont également été étudiées. Des nettes améliorations des conductivités ioniques ont
été observees lors de la fabrication de pastilles par CSP en comparaison avec les réseaux PEO
seuls (sans sel : 108 vs. 10° S.cm™, sel de Li : 10®° vs. 10 S.cm™ et greffé : 107 vs. 10° S.cm
). En revanche, la nature de la phase inorganique ne semble pas avoir un impact prédominant
sur la conductivité des pastilles CSP, tant qu’elle est une source de Li (10° vs. 10® S.cm™ pour
LLZO vs. SiO2). Sur la base de ces observations et du circuit équivalent utilisé pour modéliser
les mesures de spectroscopie d’impédance électrochimique, nous avons proposé que le
transport des ions Li* dans les composites CSP se produit principalement a I'interface du réseau
PEOJILLZO. De plus, nous avons démontré une modification de I'assemblage des chaines PEO
a la surface du LLZO par le CSP. Les résultats obtenus mettent en évidence une tres faible

énergie d’activation (0.1 eV) et une tres bonne synergie entre le LLZO et le PEO.
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Improvement of lonic Conductivity of the Al-LLZO composite through in-

situ synthesis of the PEO networks during the cold-sintering process

Project of Article.

Abstract

The design of composite electrolytes for all-solid-state batteries is a subject of extensive
research. However, it is challenging to create electrolytes that are predominantly inorganic. To
address this, we employed the cold-sintering process (CSP). The ceramic material chosen for
this purpose is Lis.2sAlo.2sLasZr2012 (Al-LLZO) due to its high ionic conductivity (10* S.cm™
at ambient temperature). The polymer phase consists of a network based on poly(ethylene
oxide) (PEO) derivatives with dangling chains. The formation of the PEO network is achieved
through thermally activated radical polymerization, allowing for an in-situ polymerization
process and one-pot synthesis of the composite electrolyte during CSP. Interestingly, we
demonstrated that the ionic conductivity of the CSP pellet changes with the nature of the
polymer 10* to 10° S.cm® for a PEO network with non-grafted and grafted ion pairs,
respectively. Furthermore, the diffusion of Li* is not influenced by the nature of the inorganic
material, as long as it contains Li. A significant increase in ionic conductivity was observed in
the composite pellet compared to the pure grafted PEO network (10 to 107 respectively).
Lastly, the study of electrochemical impedance spectroscopy measurements revealed a
modification in the assembly of PEO chains on the surface of Al-LLZO during CSP. This was

confirmed by the low activation energy value (0.1 eV) measured.
Keywords

Cold sintering process, composite LLZO-PEO network, transmission line element (TLM)
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Introduction

Recently, solid-state batteries have grown a lot of attention as a feasible alternative to
traditional liquid electrolytes in Li-ion batteries (LIBs). The concept of all solid-state batteries
has the potential to overcome the electrochemical limits of the standard liquid-based LIBs. It
also offers enhanced safety, power and energy density over a wider range of operating voltages
and temperatures.?. One of the biggest challenge is to design a solid electrolyte (SE) with high
ionic conductivity and a wide electrochemical window®®. Among the various electrolytes
available in the literature, oxide-based electrolytes including Garnet and NASICON-like meet
criteria of conductivity of 10 S.cm™ at 25 °C®. However, the scope of options becomes more
limited when the electrochemical stability against lithium metal and high-potential cathode
materials is taken into account. Lithium Garnet LizLa2ZrsO12 (LLZO) has a high ionic
conductivity (1.10° S.cm™ at 25 °C) and also a wide electrochemical stability window (0 to ~
6 V vs. Li*/Li), making it a promising electrolyte candidate for the development of solid-state
LIBs’. Table V-1 shows a non-exhaustive list of different LLZO compositions, their heat
treatment and the conductivity obtained.

Table V-1. Comparison of Composition & Crystal structure, Heat treatment and ionic

conductivity for LLZO reported in literature.

Authors Composition & Crystal Heat treatment Conductivity
structure (sintering) @25°C (S.cm™)
Murugan et al* LizLasZr2012 (cubic) 1230°C / 36h 7.74.10*
Awaka et al® LizLasZr2012 (tetragonal) 1040°C / 48h 1.63.10°°
Kotobuki et al® Al20z-added LLZO 1000°C / 36h 1.4.10%
Mori et al'° Lis.2sGao.2sLasZr2012 800-1000°C / 12h 1.4.10°3
Xiang et al'! Lie.4Gao.2LasZr2012 1200°C / 18h 1.09.10°3
Yoon et al*2 Ta- Li7LasZr2012 1000°C / 4h 2.1.10*

In 2007, Murugan et al.! have, for the first time, described LLZO crystal structure. The
material was synthesized at high temperature (1230 °C) and exhibits a cubic structure with an
ionic conductivity of 7.74.10* S.cm™ at 25 °C. Awaka et al. have subsequently reported a
tetragonal LLZO phase with an ionic conductivity of 1.63.10° S.cm™ at 25 °C after

densification at 980 °C under air. Interestingly, the difference in conductivity between the two
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polymorphs is related to the distribution of Li in the different crystallographic sites.'® Indeed,
the distance in the LLZO between two sites of Li is smaller in the cubic phase, consequently
increasing its ionic conductivity.’* In-situ XRD experiments have shown a gradual
transformation of tetragonal LLZO into cubic LLZO at about 200 °C . Furthermore, Geiger
et al.’* have studied the influence of the nature of the crucible on the synthesis of the LLZO
polymorphs. Thus, the cubic structure is stabilized, through the doping of the Garnet structure
by Al coming from the crucible. Using a solid-state synthesis approach, Kotobuki et al.® have
shown that it is possible to lower the sintering temperature to 1000 °C and to stabilize the cubic
polymorph by adding a small amount of Al203 (1.25 mol%). A maximum of conductivity of
1.4.10% S.cm™ at 30 °C was obtained for the sintered LLZO pellets. Other doping has been
studied including Gallium and Tantalum (Table V-1)3. For example, Mori et al.'° have doped
LLZO with Ga and achieved a conductivity of 1.10°3S.cm™. Yoon et al.'? have densified Ta-
doped LLZO (LLZTO) ceramic at 1100 °C for 4 h and they achieved an ionic conductivity of
2.1.10* S.cm™ at 25 °C. Ga doping of LLZO gives an order of magnitude higher ionic
conductivity than Al or Ta doping. Unfortunately, the electrochemical stability of Ga-
substituted LLZO towards Li-metal is much lower than that of Al-substituted LLZO due to the
leaching of Ga into the grain boundary when in contact with Li-metal®®. The integration of
LLZO doped with Ta or Al in a Li-metal battery will therefore be easier. If we focus on the
price of the dopant, Al is much cheaper than Ta (around 2 vs. 250 $.kg™)*".

The ionic conductivity is generally measured on LLZO pellets which are usually
synthesized following ceramic sintering processes that require long processing times (above 10
h) and high temperatures equal or superior to 1000 °C. Usually, the fabricated pellets have a
diameter of 8 to 12 mm at maximum and a thickness in the millimeter range. Generally, a
polishing step is required to achieve a smooth surface and to remove degradation residues to
improve LLZO|| Li interface and consequently avoid Li dendrite. This polishing step is long
and results in a significant waste of raw material, which is a major drawback for the
development of solid-state batteries with a lithium Garnet electrolyte. From an industrial
outlook, it is thus urgent to investigate alternative fabrication methods for electrolytes that
enable larger-scale and faster production at lower costs including lower sintering temperature
and shorter time.

In this perspective, Randall et al.!8 reported in 2016 a new processing method called
cold-sintering process (CSP) allowing the fabrication of dense materials (90-95.7%) like NaCl,

Alkali molybdates and V20s at extremely low temperatures (< 200 °C) under uniaxial pressure
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(100 -800 MPa) within a short time (15 — 60 min). This is possible because of the use of a
transient solvent during the processing that facilitates the densification via a judicious coupling
of dissolution and precipitation processes. Importantly, temperature and pressure are
experimental parameters that govern these two processes. For instance, they have shown a
relative densification of 93% at 180 °C under 430 MPa on polycrystalline BaTiO3z nanoceramics
using deionized water'®. Lately, they extended this approach for the densification of ionic
conductors including LiisAliosGe1s5(PO4)s (LAGP). They achieved densification of 80% with
solely a treatment of 120 °C under 400 MPa for 20 min using either ethanol or water as the
transient solvent. However, the ionic conductivity of the as-prepared CSP ceramic is low
(3.6.10°% S.cm™) in comparison to high sintered LAGP (10* S.cm™). This low conductivity
value is related to the presence of an amorphous low conducting phase at the grain boundary
(GB) that lower the total conductivity. A post-thermal treatment at 650°C for 5 min allows an
increase of ionic conductivity up to 5.4.10°S.cm™ due to the crystallization of more conducting
phases in the grain boundaries?®. To improve ionic conductivity and control the transport of Li*
ions at the grain boundaries, Li-containing salts were added during the CSP processing to form
a composite (LAGP-LICIO4) like electrolyte. The total conductivity reaches a value of
6.35.107° S.cm, which is slightly higher than that of 3.79.107° S.cm™ of pure LAGP?. An
improvement of the ionic conductivity in LAGP and Li12Alo2Ti1s(PO4)s (LATP) ceramic
electrolytes is achieved by using bis(trifluoromethanesulfonyl)imide lithium (LiTFSI) salt in
aqueous solution as transient solvent. For example, the addition of LiTFSI during CSP led to
an increase in the conductivity from 7.6.10° S.cm™ to 1.8.10* S.cm™ for LAGP, and from
2.7.10°S.cm™t01.8.10* S.cm™ for LATP?. Other salts (LiOH, for example) or a combination
of salts (LIOH-LiNOz) have also been tested. For example, it has been shown that the ionic
conductivity is highly dependent on the LiOH content: the ionic conductivity evolves from
8.0.10° to 1.8.10 S.cm™ for LiOH content ranging from 0.39 to 0.47 (mol ratio) at room
temperature®,

The densification of LLZO by CSP has also been investigated®?°. Wang et al. have
demonstrated that the dissolution-precipitation process occurs in LLZO pellet and a density up
to 87.7 % was achieved at 350 °C under 350 MPa for 5 min with deionized water or nitric acid
aqueous solution?*. Unfortunately, the dissolution of LLZO was incongruent, leading to a
preferential dissolution of Li and Al. Consequently, the non-conducting B-LisAlO4 nanocrystals
precipitate in the grain boundaries. This results in a very low conductivity of 3.8.10° S.cm™,

far below the 10~ S.cm™ value found in conventional sintered ceramics®. Interestingly, the low
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conductivity at the grain boundaries can be readily improved with the addition of low mass
fractions of polypropylene carbonate (PPC, 3.2 wt%) and salts (lithium
bis(trifluoromethanesulfonyl)imide, LiTFSI or LiClIO4, 1.5 wt%). Indeed, the PPC-salt
composite favor the transport of Li* at the LLZO||LLZO interfaces. Seo et al.?® produced LLZO
composite pellets by pressing a LLZO/PPC/LiClO4 mixture, using DMF as a transient solvent,
under 400 MPa at 120 °C for 1.5 h. They demonstrated the importance of DMF in the
incongruent dissolution of the extreme surface of the LLZO particles. Furthermore, DMF has
been shown to act as a plasticizer between LLZO/LLZO particles. Accordingly, it will improve
the conductivity at the LLZOJPPC-LiClOs interface by both favoring the dissolution and
precipitation processes and by increasing the free volume of PPC. The CSP composite pellet
exhibits an ionic conductivity of 4.10* S.cm™ with a relative density of 80-90% while the CSP
composite pellet without DMF was close to 107 S.cm™ at ambient temperature.

Kuhnert et al.?” studied the interfacial resistance between LLZTO and PEO in composite
electrolyte made by tap solution casting method. They demonstrated a decrease of this
interfacial resistance by grafting PEO chains at LLZTO via epoxy groups. To achieve this, the
surface-terminated oxygen on LLZTO particles is initially activated through plasma etching
and followed by a sol-gel chemistry process involving (3-glycidyloxypropyl)trimethoxysilane
(Si-R). This reaction facilitates the covalent attachment of Si-R layers onto the LLZTO
particles. Subsequently, the surface layers, terminated with an epoxy group, react with the
hydroxyl groups of the PEOs, thereby enabling the functionalization of the surface with PEO
chains. This improvement is linked to a diminution of the free volume between the LLZTO
particle and the solid polymer PEO electrolyte, probably due to a better rearrangement of the
PEO chains at the LLZTO surface.

Inspired by this work, in the present paper, we will focus on the design of LLZO-PEO
network composites rich in LLZO using CSP through an in-situ polymerization of a PEO like
network. Interestingly our studies?®, on PEO network/LLZO/PEO network multilayers, have
shown that in-situ polymerization induce a modification of the PEO arrangement at the LLZO
interface. In contrast to previous studies, where the ceramic network is pre-formed, we have
then studied how the polymer network formation during ceramic shaping was affected.

Accordingly, we have studied the assembly of PEO-network and LLZO ceramics under the
effect of pressure and temperature, to manufacture an Al-LLZO composite. As we did before,
we have selected Poly(ethylene glycol) methyl ether methacrylate (PEGM) and Poly(ethylene
glycol) dimethacrylate (PEGDM) as precursors of the PEO network?. Besides to be
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commercially available and in liquid form, these monomers allow a solvent-free synthesis that
could be easily implemented in the CSP process. In our strategy, the liquid monomers are first
mixed with the LLZO powder and the mixture is then introduced in the set-up of CSP to carry
out a free-radical polymerization. We have chosen three different amorphous solid polymer
electrolytes. The aim is to measure the impact of the polymer phase on the conductivity of the
LLZO-PEO composite. According to Naboulsi et al.?°, LiTFSI dissolved in the solid polymer
electrolyte (LiTFSI-SPE) exhibits a conductivity of 10° S.cm™ at room temperature while a
conductivity of 107 S.cm™ was achieved when the TFSI group is grafted to the PEO network
(solid polymer electrolyte called Si-SPE).

Using electrochemical impedance spectroscopy (EIS) measurements, we will try to
understand the synergy between the PEO networks and the LLZO. The impact of the polymer
and inorganic phases on ionic conductivity and activation energy will also be studied.
Furthermore, this study has enabled us to highlight the favourable synergy between the PEO
network and the Al-LLZO in the diffusion of Li*, thanks to the CSP.

Il. Experimental

11.1. Materials

Poly(ethylene glycol) methyl ether methacrylate (PEGM, Mn=500 g.mol?, Sigma Aldrich),
poly(ethylene glycol) dimethacrylate (PEGDM, Mn=750 g.mol~, Sigma Aldrich) and lithium
3-[(trifluoromethane)sulfonamidosulfonyl]propyl methacrylate (LiIMTFSI, Specific Polymer)
were dried at 25 °C under vacuum (10-15 mbar) before use. 2,2'-azobis(2-methylpropionitrile)
(AIBN, initiator, 98%, Sigma Aldrich) was recrystallized in methanol before use.
Bis(trifluoromethylsulfonyl) amine lithium salt (LiTFSI, > 99%, Sigma Aldrich),
Lis.2sAlo.2sLa2Zrs0O12 (Al-LLZO, 400 to 600 nm D50, Ampcera), Li13AlosTii7(PO4)s (LATP,
300 nm, Ampcera), acetonitrile (ACN, anhydrous 99.8%, Sigma-Aldrich), silicon dioxide
(SiOz2, 400-500nm synthesized by the Stober method and dried for 24 h in a vacuum at 150 °C)
and dimethylformamide, N,N- (DMF, anhydrous 99.8%, package under inert gas, Alfa Aesar)
were kept in the glove box (H20 < 0.1 ppm). For the synthesis of Tetragonal LizLasZr2012
(tetra-LLZO) Li2COs (ABCR, > 99 %), La(OH)s (Sigma-Aldrich, > 99.9 %) and ZrO2 (Alfa

Aesar, >99.5%) have been used.
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1.2. Materials procedure

Procedure for solid polymer electrolyte without Li solution (PEO-network): PEGM,
PEGDM and AIBN were introduced in a vial at the desired quantities (ratio PEGM/PEGDM:
80/20, 2 wt% AIBN by weight respect to the monomer) which was then degassed and flushed
with nitrogen until the AIBN was dissolved.

Procedure for single-ion solid polymer electrolyte (Si-SPE) solution: PEGM, PEGDM and
LiMTFSI were introduced in a vial according to the desired proportions (ratio PEGM/PEGDM:
80/20 and EO/Li = 24) and stirred until the total solubilization of LIMTFSI (2 h) at room
temperature. 2% AIBN by weight with respect to PEGM, PEGDM and LIMTFSI were added
to the mixture, which was then degassed and flushed with nitrogen until the AIBN was
dissolved.

Procedure for solid polymer electrolyte (LiTFSI-SPE) solution: PEGM, PEGDM and AIBN
were introduced in a vial at the desired quantities (ratio PEGM/PEGDM: 80/20, 2 wt% AIBN
by weight respect to the monomer) which was then degassed and flushed with nitrogen until
the AIBN was dissolved. The vial was then introduced in the glove box (H20 < 0.1 ppm) and
the required amount of LiTFSI was added to the mixture (EO/Li = 24). The mixture was stirred
until the LiTFSI was dissolved.

Synthesis procedures for polymer membranes: the precursor mixtures were poured into a
mold made with two glass plates separated by a Teflon gasket (thickness = 250 um). The mold
was then placed in an oven at 70°C for 2 h and then at 90°C for 1 h. The resulting polymer
membranes were then dried under vacuum (10-15 mbar) at 70 °C in a glass oven (BUCHI B-
585) for 12 h and then kept in a glove box (H20 < 0.1 ppm) before use.

Tetra-LLZO Synthesis: Tetragonal LizLasZr2012 (t-LLZO) sample was prepared by solid-state
reaction between Li2COs, La(OH)s and ZrOz in 1.05/2.31/1 mass proportion (total mass 8 g),
with 10 % excess (of total mass) of Li2COs to take into account Li evaporation. The precursors
were ground using an agate mortar and pestle, were placed in an alumina crucible and heated
at 950 °C for 12 hours, then cooled down to room temperature throughout 7 h. The heat
treatment was done in tubular furnaces under dry-air conditions. This process was repeated
once, with intermediate grinding to improve single phase purity of the final materials. The
sample consists of light-yellow powder of tetragonal LizLasZr2012 (Figure SI.V-1).
Procedure for cold-sintering preparation: Commercial Al-LLZO powder (or t-LLZO or

LATP), DMF, ACN and polymer precursor solution were introduced in mortar to the desired
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proportion (Table SI.V-1). ACN is used to homogenize the mixture. The amount of DMF and
ACN introduced into the CSP set-up is 7 and 38 wt% respectively, with respect to the mass of
inorganic®®. The mixtures were ground manually with a pestle for 3 min in a glovebox. The
powder mixture was introduced into the cold sintering machine (diameter: 12.7 mm) between
two aluminum foils and compacted between 777-920 MPa and the following heat program was
imposed: 70 °C for 2 h, 90 °C for 1 h and 120 °C for 30 min. The pellet was removed after heat
treatment from the mold at 70 °C and put into the glove box. Solid self-standing pellets with a
thickness ranging from 1 to 0.5 mm are obtained depending on the amount of inorganic

introduced. The compacity of the composite pellets is determined using the ratio:

Pexperimental

Equation 1

Ptheoric
m
T*R2xt

Equation 2

Pexperimental =
with m is the mass (@), R the radius (cm) and t the thickness of the pellet (cm).

Ptheoric = (XLLZO * dLLZO) + (Xpolymer * dpolymer) Equation 3

with y the volumetric fraction and d the density (g.cm) of materials.
1.3. Characterization

Electrochemical impedance spectroscopy (EIS) was carried out using a 1260 Solartron FRA
device between 10" Hz and 10 Hz, with a perturbation amplitude of 100 mV at the OCV (open
circuit voltage). The sample was assembled in a Swagelok-type cell using two stainless-steel
blocking electrodes (BE). The contact pressure was maintained with a spring (0.4 MPa).

To estimate the ionic conductivity of the samples, the intercept of the first semicircle was
considered to correspond to the bulk resistance (Rwuk) from which the conductivity was

estimated by using the following relation:

e

(o] Equation 4

Rpulk*S

where e is the thickness (cm) and S is the surface area of the sample (cm?2). The measurement
was carried out every 10 °C between 30 °C and 80 °C. Temperature was controlled using an
environmental chamber (Memmert). Cells were allowed to reach the thermal equilibrium for at
least 30 min before measurement.

Calculation of the capacitance from the Constant Phase Element (CPE) by using the Zview
software for the impedance data refinement, the CPE element includes two components, Qo and

a, respectively. The equivalent capacitance is calculated according to the following equation®L:
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3
C = w Equation 5
with R, the resistance in parallel to the CPE element in the electrical equivalent circuit.
The characteristic frequency (fc) is calculated from the R and CPE of the equivalent circuits

according to the following equation®? :

f _ 1
¢ 2*TxR*C

Thermogravimetric analysis (TGA) was performed using a NETZSCH STA 409 PC/PG.

Equation 6

Samples with an average weight of ca. 20 mg were placed in a platinum pan and heated from
30 °C to 900 °C or 1000°C at 10 °C.min™ . Synthetic air with a flow rate of 60 mL.min"* was

used as the sweeping gas.
I11.  Results and discussion

.1 Contribution of polymer phase during cold-sintering on ionic conductivity

In this study, we have focused on the contribution of a cross-linked polymer phase to
the fabrication of composite LLZO/PEO like network solid electrolyte by cold-sintering.

First, we have studied the impact of DMF in the process of densification of Al-LLZO
ceramics. Al-LLZO powder was mixed with DMF and ACN to ensure a homogenous mixture.
The mixture was then heated it up at 70 °C for 2 h then 90 °C for 1 h and finally 120 °C for 30
min under 777 MPa. This temperature profile was chosen, according to the one used for
polymerization®. A supplementary heating step at 120°C has been added to ensure the cold
sintering process. The Al-LLZO-CSP pellet exhibits a relative density of 60%. The impedance
plot (Figure V-1, black) shows an ionic conductivity of 2.5.10° S.cm™ (with a resistivity of
4.10° Q.cm) for the Al-LLZO CSP-pellet.
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Figure V-1. (a) Impedance plot at 25 °C for (m) Al-LLZO CSP-pellet, (m) PEO network, Al-
LLZO/PEQ network CSP pellet (m) with and (m) without DMF.

The low ionic conductivity obtained for Al-LLZO CSP-pellet compared to sintered Al-
LLZO (10* S.cm™)? is probably linked to the low compacity of the pellet (60%, Equation 1).
Consequently, a significant part of the pellet (porosity) hinders the transport of Li. Additionally,
this low conductivity value compared to the one achieved on sintered LLZO shows that in these
conditions the Al-LLZO powders are solely compacted but not sintered.

In an attempt to enhance the contact between the AI-LLZO particles, the PEGM-
PEGDM polymer (PEO network) precursor solution was mixed with the inorganic particles in
the presence of ACN and DMF, and the mixture followed the thermal treatment previously
described. First, we observe an improvement in the compacity of the CSP pellet (74%, Equation
1). This improvement is linked to the additional polymer. Interestingly, the impedance plot
(Figure V-1, purple) of the Al-LLZO/PEO network CSP pellet exhibits a smaller semi-circle,
indicating a better ionic conductivity (1.0.10° S.cm™). This improvement in ionic conductivity
attests of the importance of adding the solid polymer electrolyte to improve the transport of Li
at the particle||particle interface. Another interesting feature is the gain in ionic conductivity
when compared to the ionic conductivity of the neat PEO network solid electrolyte (Figure V-
1, grey). Indeed, the Nyquist plot of PEO network (Figure SI.V-2a) shows an important semi-
circle, leading to an ionic conductivity of around 10® S.cm™. Accordingly, the ionic
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conductivity of Al-LLZO/PEO network CSP pellet is higher than the Al-LLZO CSP pellets and
the pure solid electrolyte polymer, indicating a positive synergy between the two components.

To explain this synergy and the role of DMF in our CSP system, an Al-LLZO/PEO
network CSP pellet was synthesized without the addition of DMF under the same conditions.
The Nyquist plot of Al-LLZO/PEO network CSP pellet without DMF (Figure V-1 (brown))
shows a very high resistance leading to an ionic conductivity of 4.5.10® S.cm™. This value is
comparable to that of polymer alone indicating that, without DMF, the synergy between the
components is different. Interestingly, a gain of three orders of magnitude in conductivity is
measured for the Al-LLZO/PEO network CSP pellet with DMF (1.10° S.cm™). To check that
the increase in conductivity on the CSP pellets in the presence of DMF and the PEO network
was not due to swelling of the PEO network by DMF, a PEO network membrane was made
with 27 wt% DMF using the polymer membrane preparation method. A conductivity of 1.4.10°
8 S.cm™* was measured (Figure SI.V-2b). This shows the importance of DMF in the dissolution
process of the surface of Al-LLZO particles, as well as its role as a plasticiser?. If the DMF
dissolves Li ions from the surface of Al-LLZO particles, the latter can then migrate towards the
polymer phase and enrich it with free Li".

To check this assumption, we add Li-salts in the PEO-network either by dissolving
LiTFSI in the PEO solid polymer (LiTFSI-SPE) or by grafting it to the PEO-network (Si-SPE).
The impedance results represented in the Nyquist plot for Al-LLZO/LIiTFSI-SPE and Al-
LLZO/Si-SPE CSP are reported in Figure V-2.
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Figure V-2. Impedance plot at 25 °C for CSP composite pellet of (=) Al-LLZO/LIiTFSI-SPE,
(w) AI-LLZO/Si-SPE and (m) Al-LLZO/PEO network.
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A conductivity of 1.10° S.cm? is found for the AI-LLZO/Si-SPE CSP pellet.
Surprisingly, this value matches well with the one observed for the Al-LLZO/PEO network CSP
pellet, where an enrichment in Li of the polymer network is supposed to happen during the CSP
process. So, when the counter-anion is grafted onto the pendant chains of the PEO network, the
Li* from the polymer precursor solution does not significantly contribute to ionic conductivity.
Thus, as for PEO network, the design of a CSP pellet improves conductivity compared with the
pure Si-SPE (107 S.cm™, Figure S1.V-2¢) by a factor of 100. Interestingly, a conductivity of
1.10* S.cm (Figure V-2, orange) is found for the Al-LLZO/LiTFSI-SPE CSP pellet, i.e. when
the Li* and counter anion are more mobile in the PEO network and can concentrate at the
interface. This is once again higher than the LiTFSI-SPE membrane (of 1.10° S.cm™, Figure
SI.V-2d). This value compared well with the one found in the literature for LLZO/PPC-
LiClO4%, but also for other oxides such as LATP and LAGP (10* S.cm™)?2. However, the Al-
LLZO/LIiTFSI-SPE CSP pellet ionic conductivity is one order of magnitude higher than the one
found for Al-LLZO/PEO network and Al-LLZO/Si-SPE CSP pellets, which indicates that Li-
salt is involved in conduction. As the inorganic network is solely compacted and not sintered,
this tends to show that the polymer phase participates in conduction, potentially forming a
continuous path within the composite CSP pellets. To highlight once again that the increase in
ionic conductivity during CSP is not solely due to the addition of DMF to the polymer phase, a
TGA analysis was carried out. Figure S1.VV-3 shows a comparison of the TGA spectra for the
Al-LLZO/LITFSI-SPE CSP pellet, the LiTFSI-SPE membrane and the commercial Al-LLZO.
A mass loss of 13% was observed for the Al-LLZO/LiTFSI-SPE CSP pellet and 9% for the
commercial Al-LLZO. Decomposition of the polymer membrane occurs between 200°C and
600°C. When the mass loss of the commercial Al-LLZO is considered, approximately 4% by
weight mass loss is observed for the Al-LLZO/LiTFSI-SPE CSP pellet. This value corresponds
to the amount of LiTFSI-SPE precursor solution introduced during the CSP process (i.e. 13
vol%). Consequently, after CSP, no residual DMF remains. As the measured conductivity is
not the same as for solid polymer electrolyte, this suggests that the CSP process might have
modified the polymer or caused a different arrangement of PEO chains.

The impact of the inorganic phase volume proportion ranging from 0 to 90 vol% of Al-
LLZO in the AI-LLZO/Si-SPE CSP pellet was studied. The evolution of the compacity
(calculated with Equation 1) and the ionic conductivity as a function of the inorganic vol.
fraction were reported in Figure V-3. First, a decrease of the compacity from 90 to 70% is
observed with an increase of the vol. fraction of Al-LLZO from 50% to 90% (Figure V-3a).
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Additionally, a compacity of 60%, i.e. a porosity of 40%, was measured on the Al-LLZO CSP
pellet. To fill all the pores of CSP pellet, it is necessary to add more than 40 vol% of polymer
phases. However, for a volume of 50 vol% of Al-LLZO (50 vol% of si-SPE), a compacity of
90% is measured. This is certainly due to the fact that the Al-LLZO particles have intrinsic
porosity (probably due to aggregates) and therefore the polymer cannot fill them. We have then
compared the compacity of composite made by CSP and by casting method for a composite
containing 50 vol% of AI-LLZO and 20 vol% of Al-LLZO, respectively. The compacity is
approximately the same (90%) for the two composites, confirming the presence of 10% of close
porosity in both composites. Therefore, achieving 100% compacity will not be possible, and
for a content of 87 vol% of Al-LLZO, the compacity will be around 75% according to our

process parameters.
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Figure V-3. Evolution of (a) compacity and (b) conductivity at 25 °C for composite pellet Al-
LLZO/Si-SPE for different %vol of Al-LLZO. (blue symbol) Polymer synthesis method, (black symbol)
CSP and (red symbol) sintering at high temperature.

The evolution of ionic conductivity as a function of % vol. of Al-LLZO (Figure V-3b)
shows that the addition of 20% in vol. of Al-LLZO is sufficient to increase conductivity by an
order of magnitude compared to the solid electrolyte polymer, Si-SPE (going from 107 S.cm™*
to 10° S.cm™). This enhancement may be explained by a preferential conductivity at the
LLZO||PEO network interface. Then, the ionic conductivity is constant with a value of 5.10°
S.cm™ between 50 and 70% in vol. of Al-LLZO. An increase of the ionic conductivity by one
order of magnitude (2.10° S.cm™) is then observed for a composite containing 90% in vol of
Al-LLZO. This value in conductivity is not comparable either to the one for Al-LLZO CSP
pellet (2.5.10° S.cm™) or for Si-SPE polymer (1.107 S.cm™). To understand which phases
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(LLZO, Si-SPE or LIiTFSI-SPE, LLZO|PEO) conduce Li*, we have then modeled our

impedance data by an equivalent circuit.
11.2. Study of macroscopic conduction using EIS and equivalent circuit

To fit the impedance data of the composite Al-LLZO/PEO network, we proposed the

equivalent circuit shown in Figure V-4.
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Figure V-4. (a) Equivalent circuit to fit impedance data of CSP pellet and (b) Representation of
TLM (DX element in the equivalent circuit).

Inspired by our previous work on understanding the transport of Li at the Al-
LLZOJ|PEO interface, the equivalent circuit is the following: Rswagelock + CPE // (R + DX +
CPEsge), where the Rswagelock IS the resistance of the setup (cell, cables), CPE and R elements
represent the conducting phase, Transmission Line Model (TLM; represented by DX in the
equivalent circuit) is characteristic of the AI-LLZOJ||PEO network interface and CPEge
represents the capacitive response of the blocking electrode. Ri corresponds to the resistance of
the direct ionic path at the PEO network]||Al-LLZO interface (macroscopic diffusion pathway),
while Rt and C: represent to the distributed resistance/capacitance for Li* transfer between the
two electrolytes (hindered ionic transfer regions). This additional distributed R¢//C: element is
actually the signature of a more tortuous (or an energetically costlier) path for the Li*. The
measured values of the elements of the fit are shown in Table SI.V-2.

Interestingly, from the R and CPE elements, we can estimate the characteristic
frequency (fc, calculated with Equation 6) of the semicircle that is intrinsically characteristic of
the materials involved in the Li-ion transport®3. All the values estimated from these impedance

data are summarized in Table V-2.
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Table V-2. Values of f; at 30 °C for CSP pellets and solid polymer electrolyte.

Sample fc (Hz)
PEGM-PEGDM 9.102
LiTFSI-SPE 3.108
si-SPE 2.104
Al-LLZO 2.10°
Al-LLZO/PEGM-PEGDM 8.10°
Al-LLZO/LIiTFSI-SPE 5.108
Al-LLZO/Si-SPE 8.10°

First, we have estimated the fc value of the semi-circle for AlI-LLZO/PEO network CSP
pellet at 8.10° Hz, which is different from the one of PEO network (9.102 Hz), and the one of
Al-LLZO CSP pellet (2.10° Hz). This behavior is also observed for Al-LLZO/Si-SPE CSP
pellet, where a fc of 8.10° Hz is observed compared to 2.10* Hz for Si-SPE. Interestingly, fc
calculated for Al-LLZO/LiTFSI-SPE CSP pellet at 5.10° Hz is comparable to the one of LiTFSI-
SPE polymer at 3.10° Hz. Importantly, the estimation of the fc showed that neither the fc value
of Al-LLZO nor that of the polymer was found. This implies that another phase conducts the
Li*, which may be the interface or the polymer that has been modified.

To further explore the conduction path in the CSP composite pellet made with Si-SPE,
we investigated two novel pellets where the inorganic Al-LLZO phase has been changed either
by tetra-LLZO with an intrinsic ionic conductivity of 1.10° S.cm™® or LATP with an ionic
conductivity of 10* S.cm™ 22, Interestingly, these phases exhibit either different ionic
conductivity for tetra-LLZO or different surface chemistry for LATP. Based on the Nyquist
plot (Figure V-5), a conductivity of ~ 3.10°S.cm™ was measured for the tetra-LLZO/Si-SPE
and LATP/Si-SPE CSP pellets. Those values are comparable to the one found for Al-LLZO/Si-
SPE CSP pellet (1.5.10° S.cm™). Thus, the ionic conductivity is similar whatever the chemistry
and the conductivity of the inorganic phase. This seems to indicate that the transport of Li* in
the CSP composite is not supported by the inorganic phase, neither by the polymeric phase. It
is important to note that the ionic conductivity of tetra-LLZO/si-SPE is higher than the
conductivity of sintered tetra-LLZO. These results support the hypothesis that Li* from
inorganic phase solubilizes into the polymeric phase to an optimum concentration, creating at

the interface a new phase that is responsible for the conduction.
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Figure V-5. Nyquist plot at 30 °C for (=) Al-LLZO/Si-SPE, (m) tetra-LLZO/Si-SPE and (m)
LATP/Si-SPE.

The role of the polymer network was further studied by estimating the ¢/c ratio, which
shows whether the polymer's conductivity changes during CSP process (Table V-3). € is driven
from € = R X CPE, and the higher the &/c ratio, the more the material is perceived as an insulator

to the diffusion of Li".
Table V-3. Values Ri, Rt and ¢/c of electrical circuit elements at 30°C for CSP pellets and PEO

network.
Sample Ri (Q) Rt (Q) g/o
PEGM-PEGDM 2.0.10%
LiTFSI-SPE 0.15
si-SPE 1.1.10%
Al-LLZO/PEGM-PEGDM 15 8.6.10° 0.18
Al-LLZO/LITFSI-SPE 13 1.4.103 7.4.10*
Al-LLZO/Si-SPE (87/13) * 13 5.2.10° 0.44
Al-LLZO/Si-SPE (50/50) * 12 5.1.10% 1.58
tetra-LLZO/Si-SPE 15 1.3.10% 0.02
LATP/Si-SPE 15 8.7.10° 0.96
* % in vol.

For the two polymer membranes (PEO network and Si-SPE), this ratio is 2.0.10* and
1.1.10%, respectively. These values are then compared to the ones determined for the composite
CST pellets (see Table V-3). Al-LLZO/PEO network (0.18) and Al-LLZO/Si-SPE CSP pellets

(0.44) are similar values but not comparable to those of the pure polymers. However, they are
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comparable to that of LiTFSI-SPE (0.15), which may indicate an enrichment of the polymer
phase in free Li* during the CSP. Therefore, a decrease in this ratio is observed with the use of
CSP. This is also the case for LiTSI-SPE and Al-LLZO/LiTFSI-SPE CSP pellets (1.5.10 vs.
7.4.10* respectively). Based on the value of the &/ ratio, we concluded that the polymer
network is noticeably modified during the CSP process.

This modification may result from an evolution in the Li concentration in the polymer
phase due to the incongruent dissolution of the Al-LLZO particles, preferentially Li and Al ions.
Accordingly, we synthesized a composite CSP pellet with 87% vol. SiO2 (SiO2/Si-SPE) under
the same conditions. Interestingly, the CSP pellet exhibits a compacity of 79% (Equation 1) and
an ionic conductivity of 1.4.10® S.cm™ at ambient temperature. This value is smaller than the
one observed for AL-LLZO/Si-SPE CSP pellet, attesting the need of an inorganic phase
containing Li and its incongruent dissolution to favor the dissolution of Li.

Finally, we have investigated the variation of the resistance Ri of the TLM, as it
represents the resistivity of the direct macroscopic contact at the Al-LLZOJ||PEO network
interface. Ri is indeed constant whatever the nature of the Li ion conducting inorganic and
polymer phase. This tends to demonstrate that Ri varies only with the way the interface is
created. Here, since the manufacturing process is the same, Ri remains unchanged (around 13
Q, Table V-3).

We have then studied the variation of the values of Rtand Ct in the TLM (Table V-3 and
Table SI1.V-2), as they correspond to the distributed Li-ion transfer resistance/capacitance
between the two electrolytes. These parameters should vary according to the difference in
chemical composition and the energy gap for Li to pass from one dielectric material to the other
(inorganic and polymer). First, we notice that the R: value changes with the nature of the
inorganic material (LATP vs. tetra-LLZO vs. Al-LLZO). and the vol. fraction of AI-LLZO in
the CSP pellet. Rt is an order of magnitude higher for tetra-LLZO than for Al-LLZO,
unfortunately the dielectric constants of these two materials are not known and cannot help
explain this difference. On the other hand, we observe two orders of magnitude difference
between the R: value for the CSP composite with LATP vs. Al-LLZO (8.7.10°vs. 5.2.10° Q
respectively). This difference may be due to different material dielectric constants, but also to
surface chemistry. This confirms the role of the inorganic material and then its role in the
modification of LLZO|| PEO network interface.

Finally, an order of magnitude increases of Rt with the decrease in % vol. from 87 to 50

of Al-LLZO suggests that the transport of Li* at the interface of LLZO|| PEO network depends
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on the proportion of each of the compounds. This implies a different modification of the
polymer and therefore a different ionic conductivity (5.0.10°vs. 1.5.10° S.cm™ for 50 and 87
vol% AI-LLZO respectively).

11.3. Understating the conduction mechanism with activation energy

To confirm that the Li ions move preferentially at the Al-LLZO||PEO interface, we have
measured the energy of activation (Ez) of the different Al-LLZO-PEO composites (87% in vol.
of Al-LLZO (Figure SI.V-4a). Values of 0.10, 0.13 and 0.11 eV for Ea were calculated for Al-
LLZO/LITFSI-SPE, Al-LLZO/Si-SPE and Al-LLZO/PEO network, respectively. These values
are different from the ones measured for high-temperature sintered Al-LLZO (Eaare 0.32 and
0.62 eV for the bulk and grain boundaries respectively, Figure V-6) and for solid polymer
electrolyte (Ea measured are 0.64 and 0.62 eV for SPE and Si-SPE respectively)?®. This is an
indication that the Li* transport in the composite is different from the one observed for SPE and
Al-LLZO phases. He et al.3* obtained an activation energy (Ea) of 0.15 eV for a composite
electrolyte consisting of PEO-LITFSI and 12 wt% LLZO, manufactured using a solution casting

process.
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Figure V-6. Arrhenius plot for (m) Si-SPE membrane (=) Al-LLZO/Si-SPE (m) bulk and (m)
Grain boundary of high temperature sintered Al-LLZO.

In addition, to check that our composites are temperature stable. The temperature
conductivity was measured both when the composite was heated and when it was cooled (Figure
SI.V-4b). No significant difference was observed, demonstrating the stability of our system

after assembly.
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IV. Conclusion and perspectives

In this work, Al-LLZO/PEO network composite is designed by combining CSP
synthesis and in-situ polymerization of PEO network containing either ungrafted LiTFSI or
grafted TFSI onto the PEO chain. First, we show that the conductivity of the hybrid CSP pellet
changes with the nature of the PEO network, going from 10° S.cm™ to 10 S.cm™ for Si-SPE
and LiTFSI-SPE. Interestingly, the ionic conductivity is not linked to the nature of the inorganic
materials, as the conductivity is the same 10° S.cm™ for CSP composite pellets containing
LATP, AI-LLZO or tetra-LLZO. On the other hand, inorganic materials must contain Li
(SiO2/Si-SPE 10 S.cm™).

We have also demonstrated the importance of DMF in the CSP and its role in the
enrichment of the polymer solid electrolyte with Li*. Indeed, composite CSP pellet containing
PEO network exhibits a conductivity of 10° S.cm™ at the ambient temperature, which is three
orders of magnitude higher than the one observed for pure PEO network solid electrolyte. Using
inorganic material containing Li-ion is also important, as CSP composite pellet containing SiO2
and Si-SPE exhibit poor ionic conductivity, an order of magnitude lower than the one observed
for Si-SPE solid polymer electrolyte. Based on these observations and regarding the
comprehensive EIS model, we have proposed that the Li-ion transport in these CSP composite
electrolytes occurs mainly at the interface Al-LLZOJ||PEO network. More interestingly, we have
demonstrated, by comparing the values obtained for Ri (representing the direct contact
resistance of the AI-LLZOJPEO network) and Rt (transport of Li* from Al-LLZO to PEO
network), a modification in the assembly of the PEO chains at the surface of Al-LLZO by the
CSP, which was further highlighted by the very low Ea measured.

Supporting information

XRD patterns of tetra-LLZO; Table of sample composition and mains characteristic; Nyquist
plot at 30 °C for all PEO network; TGA analysis of Al-LLZO/LiTFSI-SPE CSP pellet; Table
of values R, CPE, f¢, Ri, Rt, CPEt, at and ¢/c of electrical circuit elements at 30 °C for CSP
pellets; Arrhenius plot for Al-LLZO/si-SPE (heating and cooling), Al-LLZO/LiTFSI-SPE and
Al-LLZO/PEO network CSP pellet.
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Supporting information

Improvement of lonic Conductivity of the AI-LLZO composite
through in-situ synthesis of the PEO networks during the cold-

sintering process
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Figure SI.V-1. XRD patterns of tetra-LLZO with PDF#01-078-6708 (LLZO tetragonal) as a reference.

Table S1.V-1. Sample Compositions and main characteristics.

Pellet %vol %vol Volume Volume Compacity Conductivity
elle

Inorganic  Polymer DMF (uL) ACN (pL) (%) @30°C (S.cm™)
Al-LLZO 100 0 68 454 60 25.10°
Al-LLZO/PEGM- 5
PEGDM 87 13 34 227 74 1.0.10
Al-LLZO/SPE 87 13 34 227 73 1.5.10"
Al-LLZO/Si-SPE* 87 13 34 227 76 1.5.10"
tetra-LLZO/Si-SPE 87 13 34 227 82 3.4.10°
LATP/Si-SPE 87 13 22 114 77 3.0.10°
SiO/Si-SPE 87 13 68 454 79 1.4.10°
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Figure S1.V-2. Nyquist plot at 30 °C for (a) PEO network, (b) PEO network with DMF, (c) Si-SPE
membrane and (d) LiTFSI-SPE membrane. Numbers at the data points indicate power of frequency

(H2).

100 4 =
80 -
—~ ]
S 60 - 1
€ £ ]
D . g 1
(] = ]
= 40 14
4’3‘»3 Evl:‘:l &:I‘D 1-:::0
20 Temperature FC})
0 T T T T T T
0 200 400 600 800 1000

Temperature (°C)

Figure S1.V-3. Thermogravimetric analysis of (—) commercial Al-LLZO, (—) LiTFSI-SPE membrane
and (—) Al-LLZO/LiTFSI-SPE CSP pellet under air atmosphere at 10°C.min™.
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Table S1.V-2. Values R, CPE, f;, Ri, Ri, CPE;, o and ¢/c of electrical circuit elements at 30 °C for CSP

pellets.
Sampl R(Q) CPE(F) BoRog Q) CPE: /
ampie o t Ot €/6
(H) (@ (F)
Al-LLZO 3.8.10* 1.3.10%° 087 2.10°
Al-LLZO/PEGM-PEGDM  4.2.10° 6.6.10° 0.83 8.10° 15 8.6.10° 3.2.10% 0.69 0.18
Al-LLZO/LIiTFSI-SPE 2.6.102 4.3.10° 093 5.10° 13 1.4.10° 15.10%° 0.66 7.4.10*
Al-LLZO/Si-SPE (87/13) *  2.8.10° 1.6.10° 0.80 8.10° 13 5.2.10° 1.8.107 0.96 0.44
Al-LLZO/Si-SPE (50/50) *  9.5.10° 1.6.10° 0.80 3.10° 12 51.104 3.2.107 0.64 1.58
tetra-LLZO/Si-SPE 1.1.10° 6.6.10°° 0.88 210®° 15 1.3.10* 1.0.10° 0.64 0.02
LATP/Si-SPE 1.1.108 2.7.10% 0.74 2.10° 15 8.7.10° 1.1.107 0.98 0.96
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Figure SI.V-4. Arrhenius plot for (a) (w) Al-LLZO/Si-SPE, (m) Al-LLZO/LIiTFSI-SPE, (m) for Al-
LLZO/PEO network and (b) Al-LLZO/Si-SPE pellet (») heating and (m) cooling.
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General conclusion

All solid-state batteries (ASSB) are considered the next generation of batteries. Indeed,
the safety provided by the non-flammable solid electrolyte (SE) and the increased energy
density, achieved by utilizing Li-metal compared to Li-ion technology, make these technologies
highly appealing®. The development of SE is at the heart of this advancement, and new avenues
for more efficient and sustainable energy solutions are in progress. Throughout this study, we
have explored various strategies in the design, synthesis, and characterization of SE, with a
particular focus on polymer (SPE) and composite materials (SCE). The mechanical, thermal
and electrochemical properties of these new solid electrolytes have been then investigated. This
conclusion will highlight the key achievements of this study and underscore the remaining
challenges as well as the prospects in this constantly evolving field.

The first area of study aimed at developing SPE that could be integrated into SCE.
Understanding the parameters and mechanisms that impact the electrochemical properties and
ionic conductivity of SPEs is crucial for their optimal integration into SCE design. To achieve
this, two networks of poly(ethylene oxide) (PEO) were investigated from a solvent-free
synthesis. The choice of a PEO network instead of a linear PEO was made to enhance the
mechanical properties at high temperatures and to achieve an amorphous structure. The first
involved a dissolved Li-salt (PEO-LITFSI network), while the second incorporated a Li
monomer allowing the grafting of the counter anion onto the PEO chains (PEO-LIMTFSI
network). By varying the network cross-linking ratio, a correlation was established among glass
transition temperature (Tg), storage modulus (E'), and ionic conductivity. The increase in the
cross-linking ratio leads to a rise in both the Tq and the E’, concomitant with a decrease in ionic
conductivity. Increasing the cross-linking ratio enhances the elastic nature of the SPE,
consequently reducing viscosity, which can modify the diffusion of Li*. Interestingly, a
transport number of 1 was measured for the PEO-LIMTFSI network using the Bruce and
Vincent method,? and the measurement of diffusion coefficients through nuclear magnetic
resonance. A transport number of unity holds significance in preventing the build-up of ion
concentration gradients, which is particularly crucial for applications involving fast charging?®,
but also, to suppress Li dendrites growth, which should then improve cycling stability and
device safety®. The cycling stability of PEO network has indeed been demonstrated on a Li-
metal symmetric cell. The cyclability of PEO-LIMTFSI network is better than that of PEO-
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LiTFSI as we have demonstrated by 200 h of cycling vs. 70 h, respectively. The stability domain
has also been extended up to 6 V for the PEO-LIMTFSI network, which suggests the possibility
of using it in various formulations of high-voltage cathode materials. Despite the low
conductivity measurement at RT for the PEO-LiMTFSI network (107 S.cm™) compared to the
PEO-LIiTFSI network (10° S.cm™), the PEO-LIMTFSI polymer exhibits several interesting
parameters that make it a potential candidate in SCE fabrication.

Once the SPEs are optimized, they can be integrated into an SCE. For the inorganic
materials, we have selected LizLasZr012 (LLZO) for its high ionic conductivity and its stability
against Li. First to design SCE, we chose to examine the influence of incorporating
Lis.2sAlo.2sLasZr2012 (Al-LLZO) particles into optimized SPE on the mechanical properties and
ionic conductivity of the SCE in comparison to the pristine one. The decision was made to
exclusively focus on the PEO-LITFSI network whose ionic conductivity is best among studied
SPE. The synthesis of SCE was performed by the dispersion of Al-LLZO particles in liquid
monomers, which were then polymerized. The addition of 7 vol% (24 wt%) of AI-LLZO
particles did not demonstrate an enhancement in conductivity compared to that of the PEO-
LiTFSI network (8.10° vs 1.10° S.cm™). In addition, no significant improvement in shear
modulus was observed (0.11 MPa for the PEO-LIiTFSI network and 0.16 MPa for SCE).
Nevertheless, an improvement in mechanical property is achieved as SCEs flexible self-
standing membrane with a thickness of 75 um can be obtained, which is not the case for both
the PEO-LIiTFSI network (brittle unmanipulable membrane) nor the pure Al-LLZO (rigid brittle
compact pellet). As a fraction in volume of 7% of AI-LLZO did not result in a percolated
inorganic phase, a 3D Al-LLZO scaffold was designed using the electrospinning method to
enhance the connected pathway of Al-LLZO, thus enabling the creation of a continuous Li*
diffusion route. First, we have optimized the electrospun solution and the heat-treatment to
obtain a cubic 3D Al-LLZO scaffold. Interestingly, this 3D scaffold allowed the fabrication of
an SCE by a simple capillarity impregnation by the liquid precursors of network polymer. A
10 vol% of Al-LLZO SCE was synthesized in which a percolated network of inorganic material
was achieved. Unfortunately, even with the pre-formation of a 3D AI-LLZO percolation
pathway, the SCE conductivity is close to that of PEO-LiTFSI network (10° S.cm™). However,
a self-standing object with a thickness of approximately 20 um was obtained, which is highly
interesting for reducing the ohmic resistance of the solid electrolyte. Furthermore, the influence
of the Al-LLZO morphology (particles vs. scaffold) was highlighted by producing an SCE using
linear polymer with dangling chains (PEO-LITFSI brush). This PEO-LiTFSI brush forms a
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viscous material, and the addition of 10 vol% of Al-LLZO particles does not result in a self-
standing object. On the other hand, the utilization of the 3D AI-LLZO scaffold enables the
achievement of self-standing membranes. Attempts to increase the inorganic density of the 3D
Al-LLZO scaffold were conducted, resulting in an increased volume fraction of Al-LLZO (18-
37 vol%) in the SCE. However, this led to a decrease in conductivity (10° S.cm™). In the
literature, the decrease in ionic conductivity with the increase in the proportion of LLZO in the
SCE is attributed to poor particle||particle contact, which obstructs the diffusion of Li*. In our
case, the particles appear to be sintered together® from FEG-SEM images, but this may not be
enough. One possible reason for this decrease in conductivity in this condition could be
attributed to the orientation of the fibers, which are not perpendicular to the applied current® or
the poor connection of the polymer matrix in the SCE.

In a third approach, aiming to gain a better understanding of the phenomena involved in
the transport at the PEOJAI-LLZO interface, we opted to develop multilayer structures to
characterize the transport of Li* at the composite interface, employing the electrochemical
impedance spectroscopy (EIS) method. An in-situ polymerization of the PEO-LiTFSI network
at the surface of the AI-LLZO dense pellet was performed to mimic the reaction between Al-
LLZO and PEO network, that will be encountered in the fabrication of SCE by “cold-sintering”,
thanks to the liquid monomer. Additionally, this design allows optimization of the PEO|AI-
LLZO interface. First, the PEO-LITFSI network was synthesized successively on both faces of
the Al-LLZO pellet (in-situ copolymerization). For comparison, multilayers where the SPE was
previously polymerized and applied on Al-LLZO pellet in the multilayer (ex-situ) was carried
out. To extract the interface response in EIS, we opted to model it using a Transmission Line
Model (TLM). We demonstrated that the transport of Li* can be represented by two elements:
Ri, which accounts for the direct macroscopic passage of Li* at the PEO|JAI-LLZO interface,
and Rt and Ct, which account for the resistance/capacitance of the Li* transfer distribution
between the two materials. Thus, Rt represents the energy gap to be overcome to pass from one
electrolyte to the other. We demonstrated that in-situ copolymerization favors direct Li*
transport with a very low activation energy (Ea = 0.38 eV). However, its effectiveness remains
limited due to its higher resistance value compared to ex-situ polymerization (16 vs 2.3
kQ.cm?). We concluded that in-situ polymerization could lead to secondary reactions that
hinder Li* diffusion through static repulsion between the oxygen present on the LLZO surface
and those of the PEO.
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In a final approach, we chose to create a predominantly inorganic SCE involving a
process that induces a dissolution and reprecipitation of the Al-LLZO surface. For this purpose,
the cold-sintering process (CSP) enables the synthesis of an one-pot SCE and an in-situ
polymerization of the PEO network by mixing the Al-LLZO particles with the solution of the
monomer precursors. The pellets obtained through CSP are self-standing and have a thickness
of approximately 500 um. Reducing this thickness is challenging due to the high ceramic
content in the pellets (~ 90 wt%). CSP allows for easy modulation of both the polymer and
inorganic phases. Interestingly, a conductivity of 10* S.cm™ at RT was achieved for a CSP
pellet containing PEO-LiITFSI network/Al-LLZO, which is an order of magnitude higher than
that of the PEO-LIiTFSI network alone. Interestingly, two orders of magnitude increase in
conductivity were observed for the CSP pellet containing PEO-LIMTFSI/AI-LLZO (10° S.cm
1y compared to the PEO-LiMTFSI network. By replacing Al-LLZO with tetragonal LLZO (with
lower conductivity, 10 vs 10 S.cm™, respectively), we observed that the ionic conductivity
remained unchanged. Through equivalent circuit modeling of EIS measurements, we
demonstrated a different organization of PEO chains at the interfaces of PEO|inorganic
particles with the CSP, facilitating Li* conduction through this phase. This interface is highly
favorable to Li* diffusion, as evidenced by a measured Ea of 0.1 eV.

In conclusion, we have highlighted the distinct synergies among the various SCE
fabrication processes, emphasizing the importance of optimizing these approaches. The
differences between capillary impregnation and the CSP method are not only in composition
but also in the fact that Al-LLZO is sintered before capillary impregnation. This implies that
the polymer might not aid in the conduction of grain boundaries and penetration between
particles, unlike in CSP. During CSP, the particles||particles interface formation occurs in the
presence of the polymer phase, leading to its modification and improved synergy.

The continuing development of solid electrolytes for ASSB inevitably drives research
teams around the world into a frantic race for results and "innovations." Unfortunately,
understanding the transport mechanism is performed by solely few groups. Throughout this
work, we have endeavored to understand the transport mechanisms in our SCEs using
impedance spectroscopy, coupled with data modeling using more advanced equivalent circuits.

This step is essential for a better understanding of the interfaces involved in SCE fabrication.
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Appendix

[reagent] Yowt solution Electrospinning
Test (mol.LY) PVP Solvent aspect condition Aspect of as-spun Heat treatment
Drum Collector; Calcination at 200 °C for 3h
d 15 cm; 650 ¢ and 700°C for 1 h
EtOH:DMF:H:0 RPM; 10%EH; \1\ /
d > t]
1 0.12 73 067022:011) [omogenous o 1 nl Y/ .
17-20kV E -
4 ! _
5 12 g EtOH-DMF:-H:0O The salts dissolve; PVP is added, it does not dissolve; additional solvent (5 and then 10
- (0.67:0.22:0.11) ml) 1s added, but 1t st1ll does not dissolve
EtOH:DMF:H:0 . i
b < .
3 1.2 5 (0.67-0.22:0.11) PVP 1is not dissolve
DMFE:Acetic :
4 0.65 6 acid (1-1) Homogenous Not working parameters
5 0.36 38 HMWHHM_”WM@M% Homogenous Electrospray
6 1.29 16 DME-THF (1:1) Not homogenous
Drum Collector; Calcination at 200 °C for 4h
d15cm; 600 S and 850 °C for 4 h
REPM; 10%RH;
* . - = =
7 1.19 44 EtOH:H:0 (1:1) Homogenous 2.3 mL 1l: 20.
25 kV

¥ | “‘
T —

Appendix 1: Summary table of tests for 3D Al-LLZO scaffold synthesis.

* Many attempts have been made to increase the [reagent] to improve the densification of the A-LLZO scaffold, but they did not vield successful
outcomes. Trials using double nozzles as well as core-shell nozzles were conducted without resulis.
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Appendix 2: Summary table of sample thickness, shear modulus and aspect
of SPE and SCE.

Thickness Shear modulus

Sample Aspect
P (um) (MPa) P
PEO-LIiTFSI network 250 0.11 ‘? :
— _'.2‘,_.__.}-_
je!
s
PEO-LIiTFSI network 75 - \ o L
ROSFIEE
AW
PEO-LITFSI brush 250
AI‘LLZOpowder/PEO‘LiTFSI
network 250 0.16
Al-LLZOpowder/PEO-LITFSI 75 i
network
Al-LLZOpowder/PEO-LITFSI
250
brush
Al-LLZOgcstoie/ PEO-LITFSI 20-30
network
Al-LLZOscatore/ PEO-LITFSI
40
brush
AI' L Lzoscaﬁold-densifiedlpEO' 70-80

LiTFSI network
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Appendix 3: 3D images of ASSB cell.

Appendix 4: Nyquist plot of Al-LLZOparticle/PEO-LITFSI network.
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(®) PEO-LITFSI network and (e) Al-LLZOparticle/PEO-LITFSI network.
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Appendix 5: Thermogravimetric analysis to determine the PVP’s
decomposition temperature.
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Appendix 6: Thermogravimetric analysis to determine the proportion of Al-
LLZO in Al-LLZOscatfod/ PEO-LITFSI network.
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Appendix 7: Nyquist plot at 25 °C of Al-LLZOscattold/ PEO-LITFSI network.
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Appendix 8: Bruce et Vincent method for Al-LLZOscattold/ PEO-LITFSI
brush to determine the transport number (t%).
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Determination of the lithium transport numbers by Bruce and Vincent method of Al-
LLZOscatfod/ PEO-LITFSI brush with polarization experiment and EIS spectra before (red) and

after (black) polarization.
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Abstract

The development of all solid-state batteries is essential if we are to make a success of the
ecological transition and the deployment of all-electric vehicles. One way of developing this
sector is to produce an all-solid electrolyte (SE). Poly(ethylene glycol)-based polymer SEs have
the advantage of being adaptable to current Li-ion battery manufacturing processes.
Unfortunately, their conductivity remains limited (10 - 10° S.cm™) at ambient temperature.
Interestingly, inorganic SEs, such as LizLasZr2012, are good ionic conductors (102 S.cm™), but
they require costly and energy-intensive shaping processes. This thesis aimed to develop
composite SEs that combine the advantages of these two materials. The work focused on the
design of a high-performance composite SE and the study of transport mechanisms at the
interface of these two materials. An in-depth study of a polymer SE was carried out in order to
optimize its synthesis from liquid and commercial monomers. Taking advantage of this
synthesis design, various composite SE shaping processes (low-temperature sintering, electro-
assisted extrusion, evaporation casting) were explored in order to control the mixing of the two
materials and their interface. Electrochemical impedance spectroscopy has been widely used to

understand transport phenomena in composite SEs.
Résumé

Le développement de batteries tout solide est essentiel pour réussir la transition écologique et
le déploiement de véhicules tout électriques. Le développement de cette filiere pourra se faire,
entre autres, par I'élaboration d’un électrolyte tout solide (SE). Les SE polymeres a base de
poly(éthyléne glycol) présentent I'avantage d'étre adaptables aux procédés actuels de fabrication
des batteries Li-ion. Malheureusement, leur conductivité reste limitée (10° — 10° S.cm?) a
température ambiante. Les SE inorganiques, comme le LizLasZr2012, sont en revanche de bons
conducteurs ioniques (10 S.cm™), mais ils nécessitent des procédés de mise en forme coliteux
et énergivores. L’objectif de cette thése était le développement de SE composites qui combinent
les avantages de ces deux matériaux. Les travaux ont porté sur la conception d'un SE composite
performant et 1’étude des mécanismes de transport a lI'interface de ces deux matériaux. Une étude
approfondie sur un SE polymére a été menée afin d'optimiser sa synthése a partir de monomeéres,
liquides et commerciaux. En utilisant cette approche de synthese, il a été possible de mettre en
ceuvre différents procédés de mise en forme de SE composite (frittage basse température,
extrusion électro-assistée, coulée évaporation) afin de controler le mélange des deux matériaux
et leur interface. La spectroscopie d'impédance électrochimique a été largement mise en ceuvre

pour comprendre les phénomenes de transport dans les SE composites.



